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ABSTRACT  Mouse models of retinitis pigmentosa (RP) are essential tools in the pursuit to under-
stand fully what cell types and processes underlie the degeneration observed in RP. Knowledge of 
these processes is required if we are to develop successful therapies to treat this currently incurable 
disease. We have used the rd10 mouse model of RP to study retinal morphology prior to photo-
receptor loss, using immunohistochemistry and confocal microscopy on cryosections, since little 
is known about how the mutation affects the retina during this period. We report novel findings 
that the mutation in the rd10 mouse results in retinal abnormalities earlier than was previously 
thought. Defects in rod and cone outer segments, bipolar cells, amacrine cells and photoreceptor 
synapses were apparent in the retina during early stages of postnatal retinal development and prior 
to the loss of photoreceptors. Additionally, we observed a dramatic response of glial cells during 
this period. Microglia responded as early as postnatal day (P) 5; ~13 days before any photoreceptor 
loss is detected with Müller glia and astrocytes exhibiting changes from P10 and P15 respectively. 
Overall, these findings present pathological aspects to the postnatal development of the rd10 retina, 
contributing significantly to our understanding of disease onset and progression in the rd10 mouse 
and provide a valuable resource for the study of retinal dystrophies. 
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Introduction

Retinitis pigmentosa (RP) encompasses a set of hereditary dis-
eases resulting in a progressive loss of rod and cone photoreceptors 
in the retina and eventual blindness. Mutations in a large variety 
of genes have been linked to autosomal-dominant, autosomal-
recessive and X-linked RP (Hartong et al., 2006). Included in this 
array of genes is phosphodiesterase-6b (pde6b), mutations in which 
account for 4-5% of autosomal-recessive cases. Pde6b codes for 
cGMP-specific phosphodiesterase 6b, an essential component in 
the rod signal transduction pathway, triggered by photon absorp-
tion (Cote 2004; Kennan et al., 2005).

Mouse models of RP have greatly advanced our understand-
ing of the disease. The best-characterized mouse model is the 
rd1 mouse, which carries a point mutation in pde6b (Pittler and 
Baehr 1991). Although this model has been widely used in the 
study of RP, the rapid loss of photoreceptors overlapping with 
postnatal development of the retina has resulted in limitations to 
its use (Carter-Dawson et al., 1978; Sanyal and Bal 1973). The 
development of potential treatments is difficult using this mouse 
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model, due to the narrow time frame before onset of disease, which 
coincides with retinal development.

The rd10 mouse model of RP also possesses a point mutation 
in pde6b (Chang et al., 2002; Chang et al., 2007; Han et al., 2013). 
This has proven to be a suitable model for studying the course of 
degeneration and developing treatments, as photoreceptors are 
lost at a rate that closely resembles disease progression in humans. 
In the rd10 mouse, loss of rods is observed from postnatal day 
(P)18 and peaks ~P21 (Barhoum et al., 2008; Gargini et al., 2007; 
Pennesi et al., 2012; Samardzija et al., 2012). This is accompanied 
by morphological changes in rod and cone outer segments as 
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well as a loss of photoreceptor axon terminals at P20 (Barhoum 
et al., 2008). Therefore, the nuclear and plexiform layers in the 
retina have established their mature state (Caley et al., 1972) 
before the onset of significant photoreceptor loss. Degeneration 
of photoreceptors follows a clear gradient from the central to the 
peripheral regions of the retina, with a delay of 2-3 days observed 
between these regions (Gargini et al., 2007). Degeneration also 
occurs more rapidly in the central retina in comparison to the 
periphery (Barhoum et al., 2008). Similar to human RP, rods are 
lost first, with cones persisting into adulthood (Barhoum et al., 
2008; Gargini et al., 2007).

In the rd10 retina, cells other than photoreceptors are also 
affected at time-points coinciding with photoreceptor loss. A 
shortening of horizontal cell processes, reduced bipolar cell 
connectivity with both the outer nuclear layer (ONL) and retinal 
ganglion cell (RGC) layer, as well as a reduction in the size of 
amacrine cell appendages were observed in the central retina 
at P20 (Barhoum et al., 2008; Puthussery et al., 2009). There-
fore, although the primary insult is present in rods, other retinal 
cell types are also affected by the mutation during the course of 
photoreceptor degeneration.

The above studies report on retinal degeneration coinciding 
with photoreceptor loss in the rd10 retina. However, there is little 
known about retinal development in the rd10 mouse prior to the 
appearance of signs of photoreceptor degeneration. We know 
that cells respond to the mutation before any signs of degenera-
tion in the ONL. For example, the rd10 retina presents signs of 
ER stress and calpain activation at P15 (Rodriguez-Muela et al., 
2015). It is clear from the above studies that cell types outside the 
ONL are affected by the degeneration of photoreceptors. There-
fore, we believe that study of the retina prior to photoreceptor 
loss deserves further attention, and that a more comprehensive 
analysis from earlier, developmental time-points is required to 
expand our understanding of how and when all cell types found 
in the retina are affected by the mutation.

A body of literature has characterized the various cell types 

found in the retina along with how they interact to form a complex 
circuit of neuronal and non-neuronal networks (Masland 2001; 
Masland 2012a; Masland 2012b). The fully developed retina 
presents itself as a highly organized structure, arranged into 
three nuclear layers separated by synaptic layers, known as 
plexiform layers. Fig. 1 illustrates the variety of cell types found in 
the mammalian retina and the layers they normally reside in. Six 
major neuronal cell types develop within the retina; rods, cones, 
bipolar cells, horizontal cells, amacrine cells and retinal ganglion 
cells, along with a single type of glial cell, the Müller glia. Two 
other glial cell types also reside in the retina but originate from 
other sources, namely astrocytes and microglia. Astrocytes arise 
from the brain and migrate to the retina through the optic nerve 
(Vecino et al., 2015). Müller glia and astrocytes are considered 
the macroglia of the retina and are neuron-supporting glial cells. 
Microglia are the resident macrophages, which migrate in to the 
retina from other sources in the central nervous system (Cuadros 
and Navascues 1998; Vecino et al., 2015). 

In the current study, we sought to provide a comprehensive 
analysis of development and degeneration in the rd10 retina from 
P5, studying a variety of cell types. To our knowledge, the rd10 
retina has not been studied so early on in development. The re-
sults of this study highlight a novel finding that rod photoreceptor 
outer segments begin to display abnormalities from P10 in the 
central retina. In support of the current literature documenting 
changes in bipolar cells, amacrine cells and horizontal cells as 
a consequence of the mutation in rods, we confirm that these 
changes are present but at earlier stages than was previously 
thought. Surprisingly and of significant interest, we show that 
microglia respond to the mutation from as early as P5, with Müller 
glia eliciting a response from P10. This study highlights for the 
first time, the presence of cellular alterations in the rd10 retina 
from P5. These changes were observed in a variety of retinal 
cell types. This study consequently furthers our understanding 
of the disease and should be considered when trialing potential 
treatments for RP using this mouse model.

Fig. 1. Simplified schematic of the fully developed mouse retina, illustrating the variety of cell types and connections found in the retina.
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Results

Rods and cones
In support of previous publications, we observed extensive loss 

of central and peripheral photoreceptors in the rd10 retina at P20 
compared to age-matched control mice (Fig. 2 A,B) (Barhoum 
et al., 2008). Terminal deoxynucleotidyl transferase dUTP nick 
end labeling (TUNEL) analysis revealed the presence of dying 
cells in the ONL from P15 in the central (Fig. 2A) and P20 in the 
peripheral retina (Fig. 2B). Measurement of ONL thickness con-
firmed a significant loss of photoreceptors from P20 in the central 
and peripheral rd10 retina (Fig. 2C). Previously undocumented, 
analysis of photoreceptor outer segments from P5 – P25 revealed 
defects at early time points. Rhodopsin immunolabeling revealed 
sparse rod outer segments from P10 in the rd10 central retina (Fig. 
3A). In the peripheral retina, rod outer segment morphology was 
abnormal from P15, suggesting a central to peripheral gradient in 
rod outer segment defects (Fig. 3B). Cone outer segments, iden-
tified by peanut agglutinin (PNA) displayed similar abnormalities 
from P15 in the central (Fig. 3A) and P20 in the peripheral rd10 
retina (Fig. 3B). Measurement of outer segment length confirmed a 

significant loss in rod and cone outer segments from P10 and P15 
in the central retina (Fig. 3C) and P15 and P20 in the peripheral 
retina respectively (Fig. 3D). These novel findings suggest that 
photoreceptor outer segments are abnormal prior to any loss of 
photoreceptors in the rd10 retina.

Inner nuclear layer
Due to the initial appearance of outer segment abnormalities in 

the central retina, we chose to focus on this region in our analyses 
of other cell types that might also be affected by the mutation in 
pde6b. Morphology of cells in the inner nuclear layer (INL) of the 
retina also showed abnormalities in the rd10 mouse at early de-
velopmental time points compared to control. Two markers were 
used to assess bipolar cell morphology. Visualization of CHX10, 
a marker of bipolar cell bodies, revealed normal quantities and 
localization of bipolar cells in the rd10 mouse from P5 – P20 (Fig. 
4A). A significant loss in CHX10 immunoreactivity was evident at 
P25 in the rd10 retina, suggesting a loss of bipolar cells following 
the loss of photoreceptors (Fig. 4 A,B(i)). This was supported by 
a significant decrease in INL thickness at P25 in the rd10 retina 
(Fig. 4C). Detection of protein kinase C alpha (PKCa) was used 

Fig. 2. TUNEL-positive cells 
are present in the rd10 
central ONL at P15 and pe-
ripheral ONL at P20. (A,B) 
Fluorescent microscopic im-
ages of TUNEL+ cells (green) 
in the central (A) and peripheral 
(B) ONL from P5 to P25 in the 
C57BL6 and rd10 retina. TU-
NEL+ cells were present from 
P15 and P20 in the central and 
peripheral rd10 ONL respec-
tively. Hoechst (blue) reveals 
the cell layers in the retina. 
Scale bar represents 50mm. 
(C) Quantification of ONL 
thickness in the central (i) and 
peripheral (ii) retina revealed a 
significantly thinner ONL from 
P20 in the central and periph-
eral rd10 retina compared to 
control. Asterisks indicate 
significant difference (N=3, 
t-test, *p<0.05, **p<0.01, 
***p<0.005).

B

C

A



130    S.L. Roche et al.

to study the extensions and terminals of rod bipolar cells. This 
revealed significantly less PKCa immunoreactivity in the inner 
plexiform layer (IPL) and outer plexiform layer (OPL) in the rd10 
retina compared to control, evident from P10 (Fig. 4 A,B(ii)).

Calbindin was used as a marker for horizontal cells. Fluores-
cence intensity of calbindin was significantly reduced in the rd10 
retina from P15 compared to control (Fig. 5 A,C(i)). This indicates 
a change in horizontal cell morphology, coinciding with the onset of 
cell death in the ONL (Fig. 2). Amacrine cells form a dense network 
of synapses with RGCs (Masland 2012b), visualized by staining for 
syntaxin-1 in the IPL. Syntaxin-1 immunoreactivity was significantly 
lower from P5 in the rd10 retina compared to control (Fig. 5 B,C 

(ii)), suggesting reduced synaptic connectivity between amacrine 
cells and RGCs prior to loss of photoreceptors (Fig. 5 B,C(ii)). 

Outer plexiform layer
Considering the rd10 mutation is found in rods of the ONL, we 

next analyzed the OPL for any abnormalities in pre-synaptic con-
nectivity between the photoreceptors and cells of the INL. Synaptic 
connections were assessed by visualizing levels of synaptophysin. 
Significantly less synaptophysin immunoreactivity was present 
in the rd10 retina from P5 compared to control (Fig. 6 A,B). This 
suggests that synaptic connectivity between the ONL and INL is 
reduced prior to any loss of photoreceptors in the rd10 retina.

B

C

A

D

Fig. 3. Rod and cone outer seg-
ments are significantly shorter 
in the rd10 retina from P10 and 
P15 respectively. (A) Confocal 
microscopic images of rod (rho-
dopsin; red) and cone (PNA; green) 
outer segments in the central 
retina from P5 to P25 in C57BL6 
and rd10 mice. Rod and cone 
outer segments appeared shorter 
from P10 and P15 respectively. 
(B) Confocal microscopic images 
of rod (rhodopsin; red) and cone 
(PNA; green) outer segments in 
the peripheral retina from P5 to P25 
in C57BL6 and rd10 mice. Rod and 
cone outer segments appeared 
shorter from P15 and P20 respec-
tively. Scale bar represents 50mm. 
(C,D) Quantification of (i) rod and 
(ii) cone outer segment length in 
the central (C) and peripheral (D)

C57BL6 and rd10 retina revealed significantly shorter rod and cone outer segments from P10 and P15 respectively in the central retina, and P15 and 
P20 respectively in the peripheral retina compared to control. Asterisks indicate significant difference (N=3, t-test, *p<0.05, **p<0.01, ***p<0.005).
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Macroglia
Müller glia and astrocytes were studied by visualizing gluta-

mine synthetase (GS) and glial fibrillary acidic protein (GFAP). 
These cells are considered the macroglia of the retina. GFAP, a 
cytoskeletal protein, is highly expressed in astrocytes but is also 
expressed in Müller glia in conditions of retinal insult (Grosche et 
al., 1995; Lewis and Fisher 2003; Xue et al., 2006). GS converts 
glutamate to glutamine and was used as a marker for Müller glia. 
There was a significant decrease in GS immunoreactivity from P10 
– P20 in the rd10 retina compared to control (Fig. 7 A,C(i)). GFAP 
immunoreactivity revealed increased expression in the RGC layer 
in the rd10 retina from P15 (Fig. 7 A,C(ii)). GFAP is known to be 
expressed in Müller glia and astrocytes (Chen and Weber 2002). 
GFAP was found co-localized with GS in the Müller glial endfeet 
(Fig. 7B; yellow) as well as in regions of the RGC layer where GS 
was not present (Fig. 7B; arrows) suggesting that both Müller glia 
and astrocytes are responsible for the increased expression of 
GFAP in the rd10 retina.

Microglia
Microglial number and phagocytic activity were assessed using 

markers for ionized calcium binding adaptor molecule 1 (Iba-1) and 
cluster of differentiation (CD68) respectively. Surprisingly, a signifi-
cant increase in the number of microglia was observed as early as 
P5 in the rd10 retina compared to control, in the RGC layer and IPL 
(Fig. 8 A,C(i)). CD68 immunoreactivity was also higher in the rd10 
microglia at P5 (Fig. 8A). This novel finding indicates the presence 
of a microglial response to the mutation in pde6b at least 13 days 
before photoreceptor loss at P18. The number of microglia in the 
RGC layer and IPL remained significantly higher at P10 in the rd10 
retina (Fig. 8 A,C(i)). At P15 increased numbers of CD68+ microglia 
were observed in the rd10 retina, in the photoreceptor layer (Fig. 
8 A,B,C(ii)). Increased numbers of microglia were present in the 
rd10 retina at P20 and P25 (Fig. 8 A,C) and were highly reactive 
for CD68 (Fig. 8A). In order to determine if increased numbers 
of microglia in the rd10 retina were due to proliferation within the 
retina, immunoreactivity of proliferating cell nuclear antigen (PCNA) 

B

C

A

Fig. 4. Bipolar cells display significant changes in their synaptic connections from P10 
and are lost from P25 in the rd10 central retina. (A) Confocal microscopic images of bipolar 
cell bodies (CHX10; green) and extensions (PKC-alpha; red) in the central retina from P5 to P25 
in C57BL6 and rd10 mice displayed a decrease in PKC-alpha immunoreactivity from P10 in the 
rd10 retina, in both the IPL and OPL (*). CHX10 immunoreactivity was decreased from P20 in 
the rd10 retina. Scale bar represents 50mm. (B) Quantification of fluorescence intensity revealed 
significant decreases in CHX10 and PKC-alpha immunoreactivity in the rd10 retina from P25 and 
P10 respectively compared to control. (C) Quantification of INL thickness revealed a significant 
decrease in the rd10 retina at P25 compared to control. Asterisks indicate significant difference 
(N=3, t-test, *p<0.05, **p<0.01, ***p<0.005).

in microglia was analyzed. 
In the control retina at P5, 
proliferating microglia were 
rarely observed, whereas 
high numbers of proliferat-
ing microglia were found in 
the rd10 RGC layer (Fig. 
9; *). Similar numbers of 
proliferating microglia were 
observed in both the C57 
and rd10 mice at P10 (Fig. 
9, *). As shown in Fig. 8, 
microglia were scarce at 
P15 in the C57 retina. In 
contrast, high numbers of 
microglia were found in 
the rd10 retina, close to the 
ONL in the particular, and 
appeared to be proliferat-
ing (Fig. 9). These results 
suggest that proliferation of 
microglia within the retina 
contributes, at least in part, 
to increased numbers of 
microglia in the rd10 retina.

Discussion

In this study we pres-
ent findings that retinal 
architecture in rd10 mice 
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Fig. 5. Horizontal cells and am-
acrine cells display significant 
changes in their morphology 
from P15 and P5 respectively 
in the rd10 central retina. (A) 
Confocal microscopic images 
of horizontal cells (calbindin; 
red) in the central retina from 
P5 to P25 in C57BL6 and rd10 
mice displayed a decrease in 
calbindin immunoreactivity from 
P15 in the rd10 retina. Scale bar 
represents 50mm. (B) Confocal 
microscopic images of amacrine 
cells (syntaxin-1; green) in the 
central retina from P5 to P25 in 
C57BL6 and rd10 mice revealed 
a decrease in syntaxin-1 im-
munoreactivity from P5 in the 
rd10 retina. Scale bar represents 
50mm. (C) Quantification of 
fluorescence intensity revealed 
significant decreases in calbindin 
and syntaxin-1 immunoreactivity 
in the rd10 retina from P15 and 
P5 respectively compared to con-
trol. Asterisks indicate significant 
difference (N=3, t-test, *p<0.05, 
**p<0.01, ***p<0.005).

Fig. 6. Pre-synapses in the OPL display alterations from P5 in the rd10 central retina. (A) 
Confocal microscopic images of pre-synapses in the OPL (synaptophysin; red) in the central 
retina from P5 to P25 in C57BL6 and rd10 mice revealed a decrease in synaptophysin im-
munoreactivity from P5 in the rd10 retina. Scale bar represents 50mm. (B) Quantification of 
fluorescence intensity revealed a significant decrease in synaptophysin immunoreactivity in 
the rd10 retina from P5 compared to control. Asterisks indicate significant difference (N=3, 
t-test, *p<0.05, **p<0.01, ***p<0.005).
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undergoes alterations from as early as P5; ~13 days before pho-
toreceptor loss begins. We also provide a comprehensive analysis 
of markers for various cell types that, to our knowledge, have not 
yet been studied in the rd10 mouse at such early time-points. Our 
results demonstrate that a variety of cell types are affected by 
the mutation in pde6b prior to any loss of photoreceptors. This 
is an important finding in the context of potential treatments for 
RP, as it suggests that treatments might need to target a variety 
of cell types and at an early pre-symptomatic stage. 

Rods and cones
It has previously been shown that rod outer segments display 

morphological abnormalities at P20 in the rd10 retina (Barhoum 
et al., 2008). Our results showing a disruption to rod outer seg-

ments in the central retina from P10, presents a novel finding 
that rods are affected by the mutation earlier than was previously 
shown (Fig. 3). We observed abnormal rod outer segments in the 
peripheral retina from P15, which agrees with the documented 
central to peripheral gradient of degeneration in the rd10 retina 
(Gargini et al., 2007). Cone outer segments remained unaffected 
in the central retina until P15 and in the peripheral retina until P20 
(Fig. 3), in support of studies detailing changes in cones later 
than rods in RP mouse models (Barhoum et al., 2008; Gargini 
et al., 2007). Pre-synaptic connectivity between photoreceptors 
and INL cells exhibited abnormal morphology from P5 (Fig. 6). 
These results indicate that one of the earliest structural changes 
of photoreceptors in response to the mutation, is in synaptic 
connectivity with cells in the INL, followed by alterations in outer 

Fig. 7. Changes in Müller glial and astrocytic activity are present from P10 and P15 respectively in the rd10 central retina. (A) Confocal micro-
scopic images of Müller glia (glutamine synthetase (GS); green) and GFAP (red) in the central retina from P5 to P25 in C57BL6 and rd10 mice revealed 
a decrease in GS immunoreactivity from P10 and an increase in GFAP immunoreactivity from P15 in the rd10 retina. Scale bar represents 50mm. (B) 
Confocal microscopic images of GS (green) and GFAP (red) immunoreactivity in the central retina of P20 rd10 retinas revealed high levels of co-localization 
in the RGC layer (yellow). Areas of GFAP immunoreactivity negative for GS staining were also evident (red; arrowheads), indicating GFAP immunoreactiv-
ity in astrocytes. Scale bar represents 25mm. (C) Quantification of fluorescence intensity revealed a significant decrease in GS immunoreactivity from 
P10 (i) and a significant increase in GFAP immunoreactivity from P15 (ii) in the rd10 retina compared to control. Asterisks indicate significant difference 
(N=3, t-test, *p<0.05, **p<0.01, ***p<0.005).
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Fig. 8. Microglia respond to the mutated rods as early as P5 in the rd10 central retina. (A) Confocal microscopic images of microglia (Iba-1; red 
and CD68; green) in the central retina from P5 to P25 in C57BL6 and rd10 mice revealed increased numbers of reactive microglia at P5 in the RGC 
layer. High numbers of reactive microglia were present in the rd10 ONL at P15 and P20. Scale bar represents 50mm. (B) Confocal microscopic im-
ages of microglia (Iba-1; red and CD68; green) in the central retina at P15 show phagocytic microglia in the rd10 ONL. Scale bar represents 50mm. (C) 
Quantification of microglial numbers revealed significantly more microglia from P5 in the RGC layer and IPL in the rd10 retina compared to control (i). 
Significantly more microglia were present in the rd10 INL at P20 (ii) and OPL & ONL at P15 (iii) compared to control. Numbers of microglia in the retina 
inclusive of all layers were significantly higher in the rd10 retina from P15 compared to control (iv). Asterisks indicate significant difference (N=3, t-test, 
*p<0.05, **p<0.01, ***p<0.005).

B

C

A



Early structural changes in the rd10 retina    135 

segments and eventual photoreceptor cell loss.

Inner nuclear layer
Changes in INL cells, coinciding with photoreceptor cell loss 

have previously been documented in the rd10 retina. A shorten-
ing of horizontal cell processes, reduced bipolar cell connectivity 
with both the ONL and RGC layer, as well as a reduction in the 
size of amacrine cell appendages, were observed in the central 
retina at P20 (Barhoum et al., 2008; Puthussery et al., 2009). Our 
analysis of INL cells in the central retina highlighted an early ef-
fect of the mutation on second-order neurons, before the loss of 
photoreceptors (Figs. 4 and 5). Changes to bipolar and amacrine 
cell morphology was noticeable prior to degeneration of the ONL. 
Bipolar cells were lost from P25 whilst their synaptic connections 
were noticeably sparser from P10 in the central retina. Amacrine 
cell synapses with RGCs appeared less dense from P5. Although 
surprising, these early changes in second-order neurons were 
not completely unexpected as it has previously been shown 
that structural changes became evident in rod bipolar cells and 
horizontal cells prior to photoreceptor loss in the Royal College of 
Surgeons rat (RCS), a model of RP (Cuenca et al., 2005). Similar 
to early alterations present in photoreceptors, our analyses on INL 
cells suggest that synaptic connectivity between cells of the INL 
and other cell layers is altered prior to any loss of photoreceptors. 

Macroglia
Astrocytes normally reside in the RGC layer, in close association 

with the vasculature via astrocytic processes (Bussow 1980). Our 
studies revealed an increase in GFAP levels in astrocytes of the 
rd10 retina (Fig. 7), which is indicative of reactive gliosis (Pekny 
and Lane 2007; Pekny and Nilsson 2005). This could lead to the 
formation of a glial scar that can inhibit proper functioning of the sur-
rounding tissue (Fawcett and Asher 1999), as inhibition of reactive 

gliosis in damaged retinas has been shown to be neuroprotective 
(Ganesh and Chintala 2011). 

Müller glia, the predominant glial cell type in the retina, are 
specialized radial glia that span the entire depth of the retina 
and contact all neurons and their processes as well as capillary 
networks (Vecino et al., 2015). These glial cells are essential 
for maintaining retinal structure and homeostasis in the healthy 
retina, and providing trophic support in disease states (Bringmann 
et al., 2009; Bringmann et al., 2006; Joly et al., 2008; Newman 
and Reichenbach 1996; Vecino et al., 2015). Postmitotic Müller 
glia also retain the remarkable ability to dedifferentiate into other 
retinal cell types (Blackshaw et al., 2004; Fischer and Reh 2001; 
Ooto et al., 2004; Singhal et al., 2012). Our results clearly show 
that Müller glia upregulate GFAP and downregulate GS from P10 
in the rd10 retina (Fig. 7). A similar result was observed in a light 
damage model of retinal degeneration (Grosche et al., 1995) and 
is a sign of Müller cell gliosis (Belecky-Adams et al., 2013). In 
the rd10 mouse, it is possible that Müller glia are attempting to 
dedifferentiate, in response to pathological changes taking place 
in the retina. Interestingly, Müller glia attempting to dedifferentiate 
in the adult rd10 retina has already been suggested by studies 
on the transcriptome (Uren et al., 2014). Our study adds to this, 
suggesting that Müller glial cells attempt to dedifferentiate during 
the initial stages of degeneration in the rd10 retina. It has already 
been shown that an upregulation of cytoskeletal proteins and 
downregulation of GS is associated with activated porcine Müller 
glia in culture (Hauck et al., 2003). In addition, decreased levels 
of GS in the Müller glial somata were observed following optic 
nerve crush (Chen and Weber 2002), which was interpreted as 
Müller glia initiating dedifferentiation in an attempt to replace dying 
cells. A reduction in GS could be additive to the already stressful 
environment in the rd10, as GS is known to be neuroprotective 
against retinal insult (Gorovits et al., 1997).

Fig. 9. Microglia proliferate 
within the rd10 retina from 
P5. Increased numbers of 
proliferating microglia (*; 
Iba1 & PCNA-positive) were 
observed in the rd10 retina 
at P5 and P15 compared to 
control. Proliferating microg-
lia were rarely observed in 
the C57 retina. Scale bar 
represents 50mm.
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Microglia
A surprising result from our analysis was observed in the mi-

croglia. Microglia are normally found close to the RGC layer and 
IPL (Santos et al., 2008), surveying and responding to the envi-
ronment in normal and disease states (Hanisch and Kettenmann 
2007; Kreutzberg 1996; Langmann 2007). They are essential in the 
clearance of unwanted debris left behind from dead cells (Egens-
perger et al., 1996). We have shown that microglia respond to the 
mutated rods as early as P5, by proliferating and changing to an 
activated phenotype (Figs. 8 and 9). It is becoming increasingly 
clear that microglia play an important role in both the healthy and 
degenerating retina (Karlstetter et al., 2010; Vecino et al., 2015), 
and may serve as a therapeutic target in treating RP (Yoshida 
et al., 2013; Zhao et al., 2015). The current literature presents a 
two-sided story on the role of microglia in disease states. Microglia 
appear to play beneficial as well as detrimental roles during retinal 
degeneration (Arroba et al., 2011; Langmann 2007), which likely 
depends on the severity of the insult (Lai and Todd 2008). 

In support of the notion that microglial activity promotes photore-
ceptor survival under stressful conditions are studies showing that 
microglia-derived trophic support protects photoreceptors in vivo 
(Harada et al., 2002) and in vitro during light-induced degeneration 
(Wang et al., 2011). In the rd10 retina, depletion of microglial progeni-
tor cells accelerates photoreceptor death (Sasahara et al., 2008), 
whilst depleting resident microglia attenuates insulin-like growth 
factor 1-mediated photoreceptor protection (Arroba et al., 2011).

In contrast, there is a body of literature supporting the idea that 
microglial activation precedes and possibly contributes to damage 
and cell death in the retina. One such study showed that media 
conditioned by activated microglia induces photoreceptor cell death 
in vitro, using 661W cells (Roque et al., 1999). In the rd10 mouse 
it has recently been shown that depleting microglia as well as 
inhibiting microglial phagocytosis resulted in increased protection 
of mutated photoreceptors (Zhao et al., 2015). It has also been 
shown in other mouse models of RP that NADPH oxidase activa-
tion in microglia resulted in rod cell death (Zeng et al., 2014) and 
inhibition of reactive gliosis prevents apoptosis of retinal neurons 
and provides neuroprotection (Ganesh and Chintala 2011; Peng 
et al., 2014). Interestingly, we also know that increased levels of 
reactive oxygen species are found in the ONL of rd10 retinas (Bhatt 
et al., 2010), potentially due to activated microglia. Collectively, 
these studies enforce the notion that the microglial response to 
injured photoreceptors can be a harmful and fatal one.

Our results clearly show that microglia respond to the mutation in 
pde6b ~13 days before photoreceptor loss (Fig. 8). Although this has 
never before been documented in the rd10 retina, it is not surprising 
considering a similar response of microglia has been observed in 
other models of photoreceptor degeneration and insult (Harada et 
al., 2002; Noailles et al., 2014; Roque et al., 1996; Santos et al., 
2010; Thanos 1992; Wang et al., 2014). In the rd mouse model of 
RP, microglial activation also preceded photoreceptor loss (Zeng 
et al., 2005) and microglia appeared to migrate from the RGC layer 
to the ONL, possibly in response to chemokine production by the 
diseased photoreceptors (Zeng et al., 2005). 

An interesting observation in the rd10 retina was that upon 
reaching the ONL, microglia extend their processes throughout 
the photoreceptors, intimately contacting clusters of cells (Fig. 8 
A,B). The presence of activated microglial cells in affected regions 
together with photoreceptor degeneration prompts the notion of 

microglial-driven degeneration. It is possible that microglia are 
attempting to save dying photoreceptors. However, based on the 
aforementioned literature, it may also be the case that this close 
interaction between cell types is part of the cascade of cell death 
that ensues a few days later. One such possibility is that microglia 
are exposing the photoreceptors to stressful stimuli, such as reac-
tive oxygen species or inflammatory mediators. This could lead 
to oxidative stress in the ONL (Zeng et al., 2014) and subsequent 
apoptosis (Carmody and Cotter 2000; Carmody et al., 1999), as 
photoreceptors are highly sensitive to changes in oxygen levels 
(Wellard et al., 2005). In support of this, anti-oxidants and anti-
inflammatories have been shown to slow photoreceptor cell death 
in rd10 mice (Komeima et al., 2007; Peng et al., 2014). Future 
studies will therefore be aimed at further understanding the role 
that microglia play in the course of degeneration in the rd10 retina.

In this study, we showcase the novel finding that substantial 
modifications in retinal architecture are present from as early 
as P5 in the rd10 retina, during stages of early postnatal retinal 
development. Abnormalities in photoreceptor outer segments and 
synapses, bipolar cells and amacrine cells are apparent prior to the 
loss of photoreceptors. These findings highlight the presence of a 
developmental pathology in the rd10 mice, whereby various cells 
of the retina undergo morphological modifications in response to 
the mutation in pde6b during a period of postnatal development. In 
addition, we observed significant responses of Müller glia, astrocytes 
and microglia during this time, with microglia eliciting a response 
from P5. These findings consequently deepen our understanding 
of the disease and thus will need to be considered when designing 
potential treatments. Future studies will be aimed at providing more 
detailed and mechanistic insight in to the role that glial cells play 
in the course of degeneration in the rd10 retina, with a particular 
focus on whether or not microglia could be a driving force behind 
the enormity of cell death associated with RP.

Materials and Methods

Animals
All animals were maintained and handled in accordance with the As-

sociation for Research in Vision and Ophthalmology statement for the Use 
of Animals in Ophthalmic and Vision Research. Homozygous rd10/rd10 
mice (B6.CXBI-Pde6brd10/J) were obtained from the Jackson Laboratory 
(Bar Harbour, ME, USA). C57BL6/J wild-type mice were used as controls. 

Primary Antibody /Lectin Used to identify Species & Dilution Source 

Rhodopsin Rod Outer Segments Rb, 1:200 Millipore 

TRITC-PNA Cone Outer Segments Lectin, 1:500 Vector Labs. 

CHX10 Bipolar Cells Gt, 1:100 Santa Cruz 

PKC-α Bipolar Cells Rb, 1:100 Santa Cruz 

Calbindin Horizontal Cells Rb, 1:500 Swant 

Syntaxin-1 Amacrine Cells Rb, 1:500 Millipore 

Synaptophysin Pre-synapses Ms, 1:500 Millipore 

GFAP Astroctyes Rb, 1:300 DAKO 

Glutamine Synth. Müller glia Ms, 1:100 Millipore 

Iba-1 Microglia Rb, 1:500 Wako 

Iba-1 Microglia Gt, 1:400 Novus Bio 

CD68 Microglia Rat, 1:500 AbD Serotec 

PCNA Proliferating cells Rb, 1:800 Cell Signaling 

TABLE 1

LIST OF PRIMARY ANTIBODIES 
USED FOR IMMUNOFLUORESCENCE ON RETINAL SECTIONS
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Mice were supplied by the Biological Services Unit, University College Cork 
and were humanely euthanized by cervical dislocation.

Immunofluorescence on retinal sections
Immunofluorescence on retinal sections was carried out as previously 

described (Wyse Jackson et al., 2016; Byrne et al., 2016). Eyes were 
enucleated and fixed at room temperature in 4% paraformaldehyde for 
1.5 hr. Following washes, eyes were cryo-protected in 15% sucrose in 
1xPBS for 1 hr, 20% sucrose for 1.5 hr and 30% sucrose overnight, all at 
4°C. Eyes were submerged and frozen in cryochrome (Thermo Scientific) 
and sectioned on a cryostat (Leica). Sections (7mm) were collected and 
stored at -80°C. Sections were blocked in 5% donkey serum in 1xPBS for 
30 min and incubated with primary antibody diluted in 5% donkey serum 
overnight at 4°C. Table 1 lists the details of all primary antibodies used. 
Following washes, sections were incubated with secondary antibody (Alexa 
Fluor donkey anti-mouse/rabbit/goat with either a 488 or 594 fluorescent 
probe; Molecular Probes &/or TRITC –PNA (Vector Labs.)) for 1 hr at 
room temperature. Eliminating the primary antibody in solution served 
as a negative control. Sections were mounted using Mowiol (Sigma) with 
anti-fade agent (Dabco; Sigma). 

Terminal dUTP nick-end labeling (TUNEL) of fragmented DNA
DNA strand breaks in retinal cell nuclei were detected by terminal dUTP 

nick end-labeling (TUNEL) on fixed tissue as previously described (Wyse 
Jackson and Cotter 2016). Frozen retinal sections were permeabilzed with 
0.1% Triton X for 2 min followed by incubation with terminal deoxynucleotidyl 
transferase (M1875) (Promega, Kilkenny, Ireland) and fluorescein-12-dUTP 
(#11373242910) (Roche, Lewes, UK) according to manufacturer’s instruc-
tions. Nuclei were counterstained with Hoechst 33342 (1mg/mL) (Sigma). 
Sections were incubated at 37°C for 1 h in a humidified chamber and 
following several washes in 1xPBS, were mounted in Mowiol. Sections 
were viewed under a fluorescence microscope (Leica DM LB2). For each 
treatment on mice, at least three animals were used and two fields (x40 
magnification) per section of at least three different sections were evaluated.

Microscopy
Sections were viewed using a Leica DM LB2 microscope with a Nikon 

Digital Sight DS-U2 camera. Images were taken at 40x using the software 
NIS-Elements version 3.0, Nikon, Japan. Confocal micrographs were taken 
using an Olympus Fluoview FV1000 laser scanning confocal microscope, 
using a 20x objective. Images were taken using the software Olympus 
Fluoview Ver 4.1a and are represented as maximum intensity projections 
from acquisition of z-stacks. Results are representative of at least three 
individual mice of the same strain and age. Identical microscope settings 
were used when visualizing specific markers in both mouse strains and 
at each time-point.

Quantification from immunohistochemically-labeled sections
Quantification of ONL thickness, INL thickness and outer segment length 

in retinal sections was carried out using ImageJ software. Average ONL 
and INL thickness was measured by taking measurements from at least 20 
sections per mouse. Per section, three distinct measurements were taken 
and averaged. Average outer segment length was measured by taking 
measurements from at least four sections per mouse. Per section, three 
distinct measurements of rod or cone outer segment length were taken 
and averaged. Fluorescence intensity measurements of CHX10, PKCa, 
calbindin, syntaxin-1, synaptophysin, glutamine synthetase and GFAP 
were carried out using ImageJ software on images taken from the same 
region and in the same orientation, at 40x magnification. These images 
were used to create plot profiles of the marker of interest and the area 
under the curve was measured as a readout of fluorescence intensity. This 
is a previously established method for such quantification (Irannejad et al., 
2013). Number of microglia was quantified by visualizing retinal sections on 
a fluorescence microscope and quantifying from 40x fields of views. Only 
microglia in which the nucleus was observed were counted.

Statistical analysis
Data were statistically analyzed using student t-test (Graph Pad, Prism 

6) with values of p < 0.05 being considered statistically significant. Graphi-
cal results are represented as mean ± standard error of the mean (SEM). 
Results are representative of at least three individual mice of the same 
genotype and age. 
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