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Abstract

Photoreceptor ribbon synapse releases glutamate to postsynaptic targets. The synaptic ribbon may
play multiple roles in ribbon synapse development, synaptic vesicle recycling, and synaptic
transmission. Age-related macular degeneration (AMD) patients appear to have fewer or no
detectable synaptic ribbons as well as abnormal swelling in the photoreceptor terminals in the
macula. However, reports on changes of photoreceptor synapses in AMD are scarce and
photoreceptor type and quantity affected in early AMD is still unclear. Here, we employed
multiple anatomical techniques to investigate these questions in Cc/2”~/Cx3cr1™~ mouse on
Crb1% hackground (DKO rd8) at one month of age. We found that approximately 17% of
photoreceptors over the focal lesion were lost. Immunostaining for synapse-associated proteins
(CtBP2, synaptophysin, and vesicular glutamate transporter 1) showed significantly reduced
expression and ectopic localization. Cone opsins demonstrated dramatic reduction in expression
(S-opsins) and extensive mislocalization (M-opsins). Quantitative ultrastructural analysis
confirmed a significant decrease in the number of cone terminals and nuclei, numerous vacuoles in
remaining cone terminals, reduction in the number of synaptic ribbons in photoreceptor terminals,
and ectopic rod ribbon synapses. In addition, glutamate receptor immunoreactivity on aberrant
sprouting of rod bipolar cells and horizontal cells were identified at the ectopic synapses. These
results indicate that synaptic alterations occur at the early stages of disease and cones are likely
more susceptible to damage caused by DKO rd8 mutation. They provide a new insight into
potential mechanism of vision function lost due to synaptic degeneration before cell death in the
early Stages of AMD.
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INTRODUCTION

Photoreceptors release glutamate, both in tonic or transient fashions, to postsynaptic bipolar
cells (BCs) and horizontal cells (HCs) (Sterling and Matthews, 2005). To support these
functional requirements, photoreceptor terminals are highly specialized with the presence of
synaptic ribbon, which tether numerous synaptic vesicles near the presynaptic release site
(Dowling and Boycott, 1966). Synaptic ribbons play multiple roles in ribbon synapse
formation, recycling of synaptic vesicles, and synaptic transmission (Matthews and Fuchs,
2010; Regus-Leidig et al., 2010; Sterling and Matthews, 2005; Wan et al., 2005). A study
done in zebrafish reported that knockdown of bipolar cellular ribeye, the main component of
synaptic ribbon, resulted in the disappearance of synaptic ribbons (Wan et al., 2005).
Additionally, functional deletion of bassoon, a cytomatrix protein associated with ribbon,
causing disassociation of ribbon from the active zone, led to impaired photoreceptor
synaptic transmission and ectopic synapse formation in mutant mice (Dick et al., 2003;
Regus-Leidig et al., 2010; tom Dieck et al., 2005). Thus, investigating ribbon synapse
formation and maintenance is important for better understanding of visual signal
transmission in physiological conditions and in many retinal diseases, including those of
retinal degeneration.

CCL2, a CC chemokine and released from retinal glia, binds to CCR2 receptor to mediates
adhesion of inflammatory cells to vessels (Rutar et al., 2011). Aging Cc/2™~ mice were
found to have features of age-related macular degeneration (AMD) (Ambati et al., 2003),
indicating Cc/2plays a key role in AMD pathogenesis (Forrester, 2003). CX3CR1, a
receptor for CX3CL1/fractalkine chemokine, is expressed in various immune cells and
microglia in the retina (Imai et al., 1997; Niess et al., 2005; Savarin-Vuaillat and Ransohoff,
2007; Sunnemark et al., 2003). We and others have reported that CX3CR1 polymorphisms
are associated with AMD and further demonstrated a decreased number of CX3CR1
transcripts and protein in AMD (Anastasopoulos et al, 2012; Chan et al., 2005; Combadiére,
2007; Tuo et al., 2004; Yang et al, 2010). Cx3cri-deficient mouse has been reported to
develop AMD-like features (Combadiére et al., 2007; Raoul et al., 2007). We hypothesized
therefore that both Cx3cri and Cc/2 double deficiency might have a synergistic effect to
form a phenotype displaying focal retinal lesions with early onset and high penetrance (Chan
etal., 2008; Tuo et al., 2007). As expected, Ccl2”~1Cx3crl™~ mouse on Crbl® background
(DKO ra8) exhibits AMD-like focal retinal lesions that include degeneration of
photoreceptors and RPE, accumulation of lipofuscin A2E, and immunological features, such
as increased deposition of complement factors and macrophages (Chan et al., 2008; Chu et
al., 2013; Ramkumar et al., 2010; Ross et al., 2007; Tuo et al., 2007; Zhou et al., 2011), and
locate mainly in the inferior posterior pole. Although there has been some recent
controversy surrounding the model after discovery of the rd8 mutation in C57BL/6N mouse
(Luhmann et al., 2012; Mattapallil et al., 2012; Vessey et al., 2012), and the rd8 mutation is
critical for the development of focal retinal degeneration in DKO rd8mice, it is clear that
these important AMD-like phenotypes in DKO rd8that track the pathology of human
patients are in addition to the mild retinal dystrophy associated with the Crb/? background
found in C57BL/6N mouse (Chu et al., 2013; Mattapallil et al., 2012). Moreover, it has been
demonstrated that potential AMD therapeutic interventions, such as enriched omega-3 diet
and AAV5-mediated sFLTO1 gene therapy effectively arrested AMD-like focal retinal
lesions on DKO ra8mice (Tuo et al., 2009, b). While the exact mechanisms by which these
genes and their products interact are unclear, the strain still remains a useful tool for AMD
research.

The main reason for central vision loss in human AMD is likely cone degeneration rather
than rod death (Mustafi et al., 2009). However, the debate on whether cones or rods are
more affected is still ongoing. Photoreceptor topography studies with mid- to late-stage
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AMD patients suggest rods are preferentially more vulnerable than cones because parafoveal
rods degenerate early whereas foveal cones appear to be well preserved (Curcio et al., 1993,
1996). However, a study on aging and AMD patients demonstrated anomalies in the cone
distal axon and extensive redistribution of cone L/M opsin (Shelley et al., 2009), suggesting
that cones may be susceptible in AMD. This result is consistent with the finding of fewer or
no detectable synaptic ribbons in the photoreceptor terminals over drusen in AMD patients
(Johnson et al., 2005). Although functional studies reveal the involvement of cones and rods
in AMD (Curcio et al., 1993, 1996; Hogg and Chakravarthy, 2006; Jackson et al., 2002;
Owsley et al., 2001), the morphological discrepancies mentioned have yet to be resolved,
particularly on the subcellular level for photoreceptor terminals. In addition, the extent of
photoreceptor damage and distribution of photoreceptor pigments remain unclear in early
AMD. Using multiple morphological techniques, we investigated photoreceptor loss,
subcellular changes of photoreceptor synapses, expression of synapse-associated proteins,
and photoreceptor opsin and their histopathological susceptibility to damage in DKO rd8
mice at one month of age.

MATERIALS AND METHODS

Animals

Ccl2™~ mice (obtained from Drs. Bao Lu and Barrett Rollins of Children’s Hospital,
Harvard Medical School) were crossed with Cx3crZ™~ mice (provided by Dr. Philip
Murphy of the NIAID/NIH), strains which were recently identified on the C57BL/6N rd8
background (C57BL/6N, Mattapallil et al., 2012), to generate a double knock out Ccl2™~
and Cx3cr1™" mice (DKO rad8mice, Chan et al., 2008; Tuo et al, 2007). C57BL/6N and
DKO rd8mice were bred in a 12-h light/12-h dark cycle house. Care and handling of
animals were approved by the Institutional Animal Care and Use Committee in accordance
with the NIH guidelines.

Tissue preparation of light microscopy immunofluorescence

Retinal tissue for light microscopy (LM) immunofluorescence study was prepared as
described previously (Zhang and Diamond, 2006). Briefly, mice were euthanized by CO2,
and then both eyes were removed and hemisected. Six DKO rd&and four C57BL/6N mouse
eyes at one month of age were used. The cornea, lens, and vitreous were removed under a
dissecting microscope. The posterior eyecups were fixed in 4% paraformaldehyde in 0.1 M
phosphate buffer (PB) at pH 7.4 for 15 to 30 min at room temperature (RT). For frozen
sections, the eyecups were cryoprotected in graded sucrose solutions (10, 20, and 30% wi/v,
respectively), and cryostat sections were cut at 14 um, mounted, and stored at —20°C. For
retinal whole mounts, three retinas from mice 4 weeks of age were isolated from the eyecups
and then cryoprotected, which were processed free floating.

Immunofluorescence

The sources and working dilutions of primary antibodies are listed in Table I. The primary
antibodies were diluted in phosphate buffer saline (PBS, pH 7.4) containing 2% NDS, 1%
bovine serum albumin (BSA, Sigma), 0.3% Triton X-100. Retinal sections were rinsed,
blocked 1 h in 5% donkey serum, and incubated in primary antibodies overnight at 4°C.
After washes in PBS, appropriate secondary antibodies conjugated to FITC, Cy3, or Cy5
(1:200-400; Invitrogen) were applied for 2 h at RT. In double- and triple-labeling
experiments, sections were incubated in a mixture of primary antibodies followed by a
mixture of secondary antibodies. Whole mount retinas were incubated for 5 to 6 days in an
antibody-against CtBP2 (1:100) and for 2 days in the secondary antibody. Slides and whole
mounts were rinsed before and after antibody incubations and finally cover-slipped with
Vecta shield with or without DAPI (Vector). Immunofluorescence was visualized with a
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Zeiss LSM-510 confocal microscope through 40x/1.0 and 63%/1.4 oil immersion objectives
at a resolution of 1024 x 1024 pixels. For whole mount retinas, stacks of 15 optical sections
were scanned with a step of one micron using LSM5 Pascal 3 software, from which 62
randomly selected synaptic ribbons were analyzed in NIH ImageJ to determine their mean
lengths. The brightness and the contrast of the final images were adjusted using Adobe
Photoshop 6.

Tissue preparation of electron microscopy (EM)

Retinal tissue for EM study was prepared as described previously (Zhang and Diamond,
2006). Briefly, a total of 4 mice at one month of age were used for EM study. Strips (1-2
mm x 2—4 mm) of eye posterior segment (around the optic disc) were fixed in 2%
paraformaldehyde and 2% glutaraldehyde in 0.1 M PB, pH 7.4 for 12 h at RT. After
washing with rinsing buffer (RB, 4% sucrose and 0.15 mM CaCl, in PB, pH 7.4 at 4°C),
tissues were then postfixed in 1% OsO,4 in 0.1 M PB for 1 h at 4°C. After rinsing and
dehydration, tissues were embedded in Durcupan resin for 72 h at 60° C. Regions of interest
for EM examination were pre-screened on one micron thick sections stained with toluidine
blue under LM. Then 70 to 90 nm ultrasections were collected in 200 mesh grids,
counterstained with 5% uranyl acetate and 0.3% lead citrate. Ultrasections were viewed on a
JEOL 1010EM at 60 KV and digital images were acquired at x8000 to x30,000
magnifications by AMT software (Advanced Microscopy Techniques, Corp.).

EM quantitative analysis

Forty photomontage images, with a total area of 5280 pm? in the outer plexiform layer
(OPL), were obtained in C57BL/6N and DKO rd8groups. In DKO ra8mice, only regions of
the OPL over the lesions (outward migrating photoreceptor nuclei) were analyzed. Synaptic
terminals of cone and rod were identified based on previous morphological studies of rodent
retina. Briefly, cone pedicles are large in size and show electron-lucent appearance
containing multiple synaptic ribbons, whereas rod spherules are small in size and show
electron-dense appearance containing only one synaptic ribbon (Carter-Dawson and La Vail,
1979). The number of photoreceptor terminals and synaptic ribbons was quantified.

Cell counting

A total photoreceptor count was conducted on LM images. One micron sections from the
resin blocks were stained with 1% toluidine blue and photoreceptor nuclei in a fixed area
were manually counted. The fixed areas included the entire lesion covering the OPL to the
RPE plus 50 pm adjacent to the lesion in DKO rag8mice and the same area in C57BL/6N
mice. Ultrasections containing these fixed areas were cut for EM. Cone and rod were
identified, based on their distinct nucleus heterochromatin (Carter-Dawson and LaVail,
1979), and counted on low power EM images.

Data analysis

RESULTS

Statistical analysis was performed using Stata 8 (Stata, College Station, TX). Numerical data
are presented as mean + SD. Two-tailed Student’s #tests were used to compare the means.
Chi-square test was used to compare the distribution of the photoreceptor terminals.
Significance was concluded at £< 0.05.

Early focal morphological changes of photoreceptors and RPE in DKO rd8 mice

Histological and immunohistochemical analysis exhibited displacement of photoreceptors in
opposite directions in C57BL/6N and DKO ra8mice (Fig. 1). In C57BL/6N mice, most
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retinal architecture was intact at low magnification (Figs. 1A and 1C). Occasionally, a few
clusters of photoreceptor nuclei, visualized by DAPI staining, protruded toward the inner
nuclear layer (INL) as the early dystrophic retinal lesions (Figs. 1A-1D). Concomitantly,
synaptophysin-labeled photoreceptor terminals (Fig. 1B), calbindin D-labeled HCs (Fig.
1D), and PKC-labeled rod BCs (RBCs, data not shown) also extended into the INL.
Although the number of inward protrusions of photoreceptors was variable in individual
region, the outer margin of the outer nuclear layer (ONL) appeared normal. In contrast,
some photoreceptor nuclei protruded into the outer retina, resulting in an irregular outer
margin of the ONL in DKO rd8mice (Figs. 1F, 1G, and 1H). Such lesions were rarely
observed in C57BL/6N mice. Furthermore, postsynaptic RBC dendrites (Fig. 1E) and
presynaptic photoreceptor ribbons (Figs. 1G and 1H) labeled by PKC-and CtBP2-antibodies,
respectively, were located in the ONL, suggesting ectopic synapses in the outer retina (also
see Figs. 7 and 8). Similar outward migrating photoreceptor nuclei were also evident in pre-
screened thick sections and low power EM images of DKO ra8mice, a phenotype which
were noticeably absent in C57BL/6N mice (Figs. 2A-2D, 2G1, and 2H1). Importantly, EM
data illustrated that, unlike in C57BL/6N mice, there were significantly more aggregated
lipofuscin-like lysosomes in the RPE and thickening of Bruch’s membrane in DKO rd8mice
(Figs. 2G2 and 2H2). These findings are in agreement with our previous studies (Ramkumar
etal., 2010; Tuo et al., 2007, 2012a). Moreover, LM cell counting indicated a significant
reduction of photoreceptors (~17%) over the focal lesion region when compared with areas
50 microns away from the lesions in DKO rd8 (53 £ 8.6 vs. 69 + 2.6, £=0.000186) or from
C57BL/6N mice (53+8.6 vs. 70£3.9, P=0.000149, respectively) (Fig. 2E). Furthermore,
cell counting in EM images established that cone nuclei made up approximately 4% of the
photoreceptor nuclei in DKO rd8 mice when compared with 7% in C57BL/6N mice (Fig.
2F).

Reduced expression and ectopic location of synapse associated proteins in DKO rd8 mice

To investigate whether photoreceptor terminals were also damaged due to degeneration of
the photoreceptor somata, CtBP2 immunostaining was performed in C57BL/6N and DKO
rd8mice, respectively. In the retinal vertical sections, intensely continuous CtBP2 labeling
was evident in the outer plexiform layer (OPL) in C57BL/6N mice (Fig. 3A). In DKO rd8
mice, however, CtBP2 labeling in the OPL was markedly reduced and scarce CtBP2 punctas
were visible in the ONL (Fig. 3B). In whole mount retinas, CtBP2 immunoreactivity show
an even distribution of ribbons in the OPL in C57BL/6N mice (Fig. 3C), in contrast to
apparent focal loss of ribbons in the OPL in DKO rd8mice (Fig. 3D), even after a stack of
15 frames Z-axis scan (1 pm step) were collected to rule out loss of fluorescent signals due
to tissue folding (data not shown). The mean intensity of CtBP2 expression in whole mount
retinas was significantly greater in C57BL/6N mice than in DKO rd8mice (Fig. 3E, P=
0.001, 7= 4 eyes in each). Length of synaptic ribbons was significantly different between
DKO rd8and C57BL/6N mice (1.1 £ 0.3 pm vs. 1.8 + 0.3 um, respectively, £=0.0001)
(Fig. 3F, n=62 in each).

We also evaluated the distribution of synaptophysin, a major synaptic vesicle protein, and
vesicular glutamate transporter 1 (VGLUT1), a protein participating in glutamate synaptic
transmission in the CNS including retina. Similar to CtBP2, both synaptophysin and
VGLUT1 labeling was found primarily in the OPL, and occasionally in the INL in C57BL/
6N mice (Figs. 4A, 4B, and 4E). In DKO rd8mice, however, labeling of both proteins was
readily visible in the ONL (Figs. 4C, 4D, and 4F).

Mislocalized or reduced expression of photoreceptor pigments in DKO rd8 mice

Immunohistochemical study of cone-opsin and rod rhodopsin expression was carried out in
retinal sections taken from vertical planes near the optic nerve in C57BL/6N and DKO rd8
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mice. In C57BL/6N mice, the co-expression of S- and M-opsin was evident in ventral (Figs.
5A1-5A3) and dorsal cone OS (Figs. 5C1-5C3), although a few S-opsin did not show
Mopsin labeling (arrow in Fig. 5A3), consistent with reported results in wild type mice
(C57/BL6J without ra8background) (Applebury et al., 2000; Haverkamp et al., 2005). In
DKO rd8mice, however, S-opsin labeling was dramatically decreased in both ventral and
dorsal regions, resulting in the reduced area of retina with co-expression of S- and M-opsins
(Figs. 5B1-5B3, 5D1-5D3). Meanwhile, S-opsins in the ventral region are more extensively
mislocalized throughout the inner segment (IS), ONL, OPL, and even INL (Fig. 5B1),
whereas those in dorsal region show less mislocalization (Fig. 5D1). M-opsin in both ventral
and dorsal region was widely mislocalized in cytoplasmic membranes of soma and axons,
particularly in cone pedicles (Figs. 5B2 and 5D2), which were barely labeled for S-opsin.
Interestingly, rhodopsin mislocalization appeared less significant relative to cone opsin in
DKO rd8mice. Rhodopsin labeling in the ventral region was mainly concentrated in the IS
and INL but scarcely seen in the soma, axons and OPL in DKO rd8 mice (Figs. 5C1-5C3).
These results suggested that cone opsins were more extensively redistributed and more
severely reduced than rhodopsin in DKO rd8 mice.

Distinct abnormalities of cone and rod terminals in DKO rd8 mice

To further examine the early subcellular changes of abnormal terminals, EM was conducted
on C57BIV 6N and DKO rd8mice. In C57BL/6N mice retina, cone pedicles and rod
spherules were tightly organized and packed as a regular band in the OPL (Fig. 6A). Both
cone and rod terminals contained synaptic ribbons (Figs. 6B and 6C; arrows) characterized
by electron-dense rod-shaped profiles that are surrounded by numerous synaptic vesicles,
and form deep invaginated ribbon synapses with two HC processes and one RBC dendrite
(Fig. 6B). In DKO rd& mice retina, however, both types of terminals exhibit several distinct
ultrastructural alterations. First, photoreceptor terminals in the OPL were highly
disorganized such that a normal band of terminals, as shown in Figure 6A, was disrupted
(Fig. 6D). Second, deep synaptic invaginations at axon terminals were shallower or
flattened, resulting in seeming extrusion of postsynaptic elements (Figs. 6E and 6F). Third,
two terminals appeared to be rare synaptic ribbons (Figs. 6E and 6F), and remaining ribbons
were shortened (arrow in Fig. 6E) or floating in the cytoplasm (Fig. 6E, double arrows),
which is consistent with LM results. Fourth, some cone pedicles contained numerous
vacuoles and swelling mitochondrial, resulting in an extremely lucent and atrophic
appearance (Figs. 6E and 6F). In contrast, rod terminals showed a lesser degree of damage,
suggesting different degenerative stages between the two types of photoreceptors. Fifth, rod
spherules but not cone pedicles retracted into the ONL, consistent with our LM results,
where ectopic synaptic contacts were formed with processes of HC and RBC (Fig. 7).

To precisely evaluate these abnormalities, we sampled 1497 and 1427 photoreceptor
terminals under EM in C57BL/6N and DKO rd8 mice, respectively, and counted the
distribution of cone and rod, and determined presence of ribbon in terminals (Table I1). The
results showed that the number of cone pedicles was four times greater in C57BL/6N than
DKO rd8(8% vs. 2%), suggesting cone terminals were significantly reduced in DKO rad8
mice (P < 0.01). The percentage of non-ribbon cone terminals was three times greater in
DKO rd8than C57BL/6N mice (41% vs. 17%, £< 0.01). A similar ratio was also recorded
in rod terminals (58% vs. 32% in DKO rg8and C57BL/6N mice, respectively, < 0.01).

Remolding of RBC and HC processes, but not cone bipolar cells, in DKO rd8 mice

To investigate the responses of cone bipolar cells (CBC), RBC, and HC to the degeneration
of photoreceptor terminals, double-immunofluorescent labeling with antibodies against
HCN4, CaB5, PKC, calbindin-D, and CtBP2 was performed on retinal sections of C57BL/
6N and DKO rd8mice. HCN4 was expressed in OFF-CBC, whereas CaB5 was in both ON-
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CBC and a few RBC. The OFF-CBC dendrites were exclusively in the OPL in both C57BL/
6N and DKO ra8mice, even though CtBP2 punctas were visible in the ONL in DKO ra8
mice (Figs. 8A-8C), suggesting that lack of OFF-CBC sprouting. CaB5 labeled dendrites
were exclusively in the OPL in C57BL/6N mice (Fig. 8D) but a few dendrites were evident
in the ONL in DKO rd8 mice (Figs. 8E and 8F). The latter pattern was similar to PKC
labeled RBC, which showed a close association between sprouted dendrites and CtBP2-
labeled synaptic ribbons (Figs. 8H and 8I). Thus, CaB5 labeled dendrites in the ONL (Fig.
8E) most likely originated from RBC rather than CBC. Similarly, calbindin-D labeled HC
processes extended into the ONL and showed an association with ectopic CtBP2 puncta
(Figs. 8K and 8L).

Expression of glutamate receptors in the sprouting of RBC and HC processes

To investigate the possible functional involvement of ectopic rod synapses observed by EM,
double-labeling experiments of specific glutamate receptor antibodies with markers for RBC
and HC were performed on DKO ra8mice. An antibody against mGIuRG is an activity-
dependent marker for ON-pathway including the dendrites of RBC (Nomura et al., 1994;
Vardi and Morigiwa, 1997), whereas an antibody against GIuR2/3, ionotropic glutamate
receptor, is a marker associated to the processes of HC. The results showed that both
mGIuR6 (Fig. 9A; A1-A3) and GIluR2/3 (Fig. 9B; B1-B2) puncta were ectopically
expressed in the sprouting of RBC dendrites and HC processes, respectively, suggesting that
the extended dendrites and processes are likely functional.

DISCUSSION
Early degeneration of photoreceptors and RPE in DKO rd8 mice

This study confirms focal retinal lesions with abnormalities in Bruch’s membrane, RPE, and
photoreceptor cells, as well as elevated ocular A2E in the DKO rd8mice, as evidenced in
our previous studies (Chan et al., 2008; Tuo et al., 2007). Although photoreceptor loss has
been mentioned in various AMD mouse models (Ramkumar et al., 2010), the proportion of
photoreceptors affected in the early stage of disease remains unclear. Our study
demonstrates an approximate 17% reduction of photoreceptors within lesion sites in DKO
rd8mice (Fig. 2E), which is comparable to a previous study citing 30% reduction of
photoreceptors over drusen in human AMD eyes (Johnson et al., 2005). The lesions with
reduced photoreceptors are focal since no reduction is seen at 50 pm surrounding the lesion.
Thus, these early focal retinal lesions in DKO ra8 mice may not be detectable by
electroretinography (ERG) as evidenced in Crb1" mouse exhibiting large areas of retinal
atrophy (Aleman et al., 2011). However, focal-field ERG is required to examine the function
of cones, as local cone nuclei were reduced in the ONL (Fig. 2F). It is suggested that
photoreceptor degeneration, primarily over the drusen may eventually lead to cell death in
AMD patients (Curcio et al., 1993, 1996; Johnson et al., 2005). The reduction of cone
photoreceptors at lesion sites suggest an initial, primary lesion-based degeneration as
pointed out in a recent study (Zhou et al., 2011).

The reason for photoreceptor atrophy might be attributed to several factors. First, numerous
studies cite the phagocytosis of atrophied RPEs (Khandhadia et al., 2012; Klein et al., 1992;
Lopez et al., 1996), because photoreceptors and RPE cells maintain an intimate structural
and functional relationship (Johnson et al., 2005) and residual bodies as well as lipofuscin
accumulation are increased in the RPE (Ramkumar et al., 2010; Tuo et al., 2007; Fig. 1B2).
Second, Fas/FasL mediated apoptosis is involved in photoreceptor degeneration (Dunaief et
al., 2002; Zacks et al., 2007) and has been reported in DKO rag8mice (Cao et al., 2010). A
third factor might be related to the activation of microglia and Mdiller cells, which may
cause adjacent photoreceptor death (Ross et al., 2007; Shen et al., 2011; Tuo et al., 2007;
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Zhou et al., 2009). In addition, light can also intensify the degenerative process of the
photoreceptors (Ambati et al., 2003; Lai et al., 1978).

Cone degeneration is more severe than rod degeneration in young DKO rd8 mice

A study in the LRAT~ model suggested that cone opsin plays a major role in determining
the degeneration rate of cones (Zhang et al., 2011). Our immunohistochemical data in DKO
rd8mice shows that S-opsin expression is dramatically reduced, whereas M-opsin is more
extensively redistributed when compared with rhodopsin, suggesting that cone opsins may
be more prone to damage in DKO rd@8retina. This is in agreement with a study from aging
non-AMD patients (Shelley et al., 2009). To our knowledge, this is the first morphological
evidence showing distinct reduction and/or mislocalization of photoreceptor opsins in an
AMD animal model. Similar reduction or redistribution of cone opsin was well-documented
to precede cell death in other retinal degeneration models that manifests early cone
degeneration (Fisher et al., 2001; Jacobson et al., 2007; Vasireddy et al., 2006; Zhang et al.,
2011; Znoiko et al., 2005).

Approximately 50% of cone and rod terminals lose their synaptic ribbons and surviving
ribbons are shortened and/or floating in the cytoplasm, suggesting that both cones and rods
are degenerative at this stage. This finding is similar with what has been illustrated in AMD
patients that show fewer or no detectable synaptic ribbons over drusen (Johnson et al.,
2005). Preferential reduction if cone terminals and atrophy in the surviving cone terminals
both suggest that cone damages occur earlier than are rods. This result supports the notion
that cones are more susceptible to damage in human AMD (Shelley et al., 2009). As a result,
the glutamate transmission from affected photoreceptors to postsynaptic targets is likely
diminished due to these synaptic abnormalities. Although further functional investigations
including multifocal ERG or postsynaptic recording are warranted to confirm this notion, a
recent functional study has demonstrated that acute disruption of synaptic ribbons, even
without affecting the ultrastructure of the ribbon, markedly reduces both sustained and
transient components of neurotransmitter release in mouse bipolar cells and salamander
cones (Snellman et al., 2011).

Plasticity of rod but not cone synapse in DKO rd8 mice

Although ectopic photoreceptor synapses have been described during the late stage in mouse
models of various retinal degeneration and detachment (Chang et al., 2008; Gouras and
Tanabe, 2003; Lewis et al., 1998; Marc et al., 2003; Peng et al., 2000), little is known about
similar changes in AMD mouse models. A close association of CtBP2 with PKC and
Calbindin indicates a structural relationship between ectopic synaptic ribbons and the
sprouting of RBC and HC. EM analysis further confirms normally structured ectopic rod
ribbon synapses in the ONL, compatible with a report in AMD patients (Sullivan et al.,
2007) and results in other retinal degeneration models (Lewis et al., 1998; Marc et al., 2003;
Peng et al., 2000). Our results imply that photoreceptor terminals have a structural plasticity
in response to retinal disorders (Li et al., 1995; Specht et al., 2007; Zhang et al., 2005).
Moreover, the co-localization of mGIuRS, an activity-dependent marker for ON-pathway
(Nomura et al., 1994; Vardi and Morigiwa, 1997) with ectopic RBC dendrites and the co-
localization of GIuR2/3 with ectopic HC processes strongly suggest that ectopic rod
synapses are most likely functional, though immunogold EM and functional investigations
are still required to confirm this hypothesis. This reminiscent of aged remodeling of aberrant
processes of ON-bipolar cell (Liets et al., 2006; Terzibasi et al., 2009). In contrast, there is
no sprouting of CBC and no ectopic cone synapses in the ONL in DKO rd& mice, consistent
with an observation made from AMD patient samples (Gouras and Tanabe, 2003) and
results in other retinal degeneration mouse models (Lee et al., 2012; Lewis et al., 1998;
Marc et al., 2003; Phillips et al., 2010). The discrepancy in plasticity between cones and
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rods remains unclear; however, that ectopic contacts develop at the tips of RBC dendrites in
retinal development, suggests the rod pathway might possess a more robust capacity to form
ectopic synapse (Bayley and Morgans, 2007; Liets et al., 2006). This may also imply that
cones are more inclined to lesions than rods, or another possibility is that RBC dendrites
were mechanically retracted by rod spherules (Fisher et al., 2005). It would be of interest to
address this issue with further functional studies.

Are synaptic abnormalities observed here due to Crb1'dS alone?

Although it can be argued that synaptic abnormalities presented here in DKO ra8 mice are
solely due to rd8 mutation with retinal dystrophy (Aleman et al., 2011; Chang et al., 2002;
Luhmann et al., 2012; Mattapallil et al., 2012; Mehalow et al., 2003; Vessey et al., 2012),
several distinct histopathology and immunology differences between C57BL/6N and DKO
rd8mice are recognized by Chu et al. (2013) and the present results.

Distinct inward vs. outward migrating photoreceptor nuclei were found in C57BL/6N and
DKO rd8mice (Figs. 1 and 2), respectively, suggesting different spatial patterns of
photoreceptor degeneration in these two strains. Moreover, outward migrating photoreceptor
nuclei were prominent in DKO rd8mice at one month whilst inward retinal folds or rosettes
that are typical lesions for Crbl™ mice usually appear at 5 weeks (Chang et al., 2002),
indicating that there may exist different temporal patterns of photoreceptor degeneration in
these two lines. These different photoreceptor degeneration patterns exclude the possibility
that synaptic changes observed here are due to rd8background alone.

Furthermore, liposuscin A2E level in DKO rd8 mice was found to be at least three times
higher than that in C57BL/6N, Crb1@8, or C57BL/6J mice, consistent with the
ultrastructural evidence of lipofuscin accumulation in RPE of DKO rag8mice (Chu et al.,
2013). Additionally, more active immunological markers were detected in DKO ra8
compared with other three strains (Chu et al., 2013). These distinct immunopathological
features render DKO rd8mice a suitable model of AMD, even though the exact mechanism
of pathogenesis in DKO rad8 mice might be complicated by possible interactions of Cc/2,
Cx3crl, and other genes in C57BL/6N. It can be used for screening potential AMD drugs
and therapies (Chu et al., 2013; Patel et al., 2008). For example, the AMD-like lesions, but
not the minor retinal dystrophy found in C57BL/6N, were alleviated with TSG-6
recombinant protein, AAV5-mediated sFLTO1 gene therapy, naloxone, or quercetin (Shen et
al., 2011:see Fig. 2; Tuo et al., 2012a: see Fig. 2; 2012b: see Fig. 3; also see Cao et al., 2010:
Fig. 5). These results further suggest that degeneration in C57BL/6N-related ra8
background, which manifests as retinal dystrophy toward the inner retina, is different from
that in Ccl2~1Cx3cr1™~ modification of the /a8 mutation, which shows focal retinal AMD-
like lesions. Further molecular and functional investigations are required to explore the
underlying mechanisms.

CONCLUSIONS

This study demonstrates, for the first time, that cone synapse and opsin, but not rod synapse
and rhodopsin, are markedly decreased in focal retinal degenerative lesions in the early
phase of photoreceptor degeneration in DKO rd8mice, and that some rod spheres, but not
cone pedicles, form ectopic synapses with postsynaptic processes that express glutamate
receptors. Such distinct changes may imply that cones are likely more vulnerable to damage
in DKO rd8 mutation.
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Synaptophysin ™

Fig. 1.

Comparison of retinal degeneration between C57BL/6N and DKO rd8mice (abbreviates
them as B6N and DKO, respectively, in all figures and legends) at one month old. A-D: In
B6N mice, most of the retinal architecture is unremarkable (A, C). Occasionally, a few or
subpopulation of photoreceptor nuclei visualized by DAPI staining, protruded toward the
INL in focal regions of retina (arrows in A, C). Correspondingly, a few synaptophysin-
labeled photoreceptor terminals (B, double arrows) and Calbindin D-labeled HC (D) extend
into the INL. E-H: In DKO mice, some photoreceptor nuclei migrate into the retinal inner
and outer segments in local regions (horizontal arrows in F, G, and H), resulting in an
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irregular outer margin of the ONL (dashed lines in F, G, H). Correspondingly, PKC-labeled
RBC dendrites (E, arrow) and CtBP2-labeled synaptic ribbons (arrows in G and H) stretch
into the INL. Scale bar: 20 pm for A, C, 10 um for B, D, E-H. ONL, outer nuclear layer.
OPL, outer plexiform layer. INL, inner nuclear layer. IPL, inner plexiform layer. HC,
horizontal cell. GCL, ganglion cell layer).
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Fig. 2.

Early focal degeneration of photoreceptors and RPE in DKO mice. A-D: Histological
sections in B6N (A) and DKO (B-D) retinas illustrate outward migrating photoreceptors in
low (B) and high magnifications (circles in C, D), which was absent in BEN mice (A). E:
Histogram shows the number of photoreceptor nuclei in a fixed area (rectangles in B) on
B6N and DKO (lesion and 50 um lateral to the lesion) mice (mean + SD, **£< 0.001). F:
The percentages of cone and rod nuclei in the ONL in B6N and DKO mice, respectively. G,
H: EM images show outward migration of photoreceptor nuclei (H1), thickening of Bruch’s
membrane (H2, a vertical line) and lipofuscin accumulation in the RPE (H2, arrows) in
DKO mice, which are not detected in B6N mice (G1-2). Scale bar: 50 pm for A and B, 20
pum for C and D, 500 nm for G1 and H1, 100 nm for G2 and H2.
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Fig. 3.

Confocal images showing CtBP2 IR immunoreactivity in BEN and DKO mice. A, B: On the
vertical sections, intense CtBP2 IR is evident in the OPL, in which a cluster of cone pedicles
(arrows) is visible in B6N mice (A), whereas CtBP2 labeled puncta are often found in the
ONL in DKO mice (B, arrows). C, D: In whole mount retinas, CtBP2 labeled synaptic
ribbons are rod-like and evenly distribute through the OPL in the B6N mice (C), whereas in
the DKO mice there are circular areas lacking CtBP2 IR immunoreactivity and surviving
synaptic ribbons are ring-shaped (D). E: The mean intensity of CtBP2 IR in DKO mice is
two times less than that in B6N mice (mean = SD, ***£< 0.001). F: The mean length of

Synapse. Author manuscript; available in PMC 2014 August 01.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 19

ribbon is significantly shorter in DKO groups (mean £ SD, ***P< 0.001). Scale bar: 10 pm
for A-D.
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Fig. 4.

Confocal images showing synaptophysin and VGLUT1 IR immunoreactivity on the vertical
sections in the B6N and the DKO mice. A, B: Intense synaptophysin IR is always evident in
the OPL, but occasionally detectable in the INL (B, arrow) in the B6N mice, indicating
inward protrusion of photoreceptor terminals. C, D: In DKO mice, synaptophysin labeled
punctas are found in the ONL (arrows). E, F: Similarly, VGLUT1 labeling is found in the
OPL in the B6N mice, whereas in the DKO retina VGLUT1 puncta is readily visible in the
ONL (F, arrow). Scale bar: 20 um for A-F.
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Confocal images showing triple-labeling of cone M- and S-opsin and rod rhodopsin IR on
the vertical sections in the B6N and the DKO mice. A, C: In the B6N mice, the co-
expression of S- and M-opsin is evident in cone OS, either ventral (A1-3) or dorsal (C1-3),
whereas a rare cone that appears to express S opsin only (arrows). B, D: In the DKO mice,
S-opsin appear dramatically decreased, resulting in reduced co-expression of S- and M-
opsin (B1-3, D1-3). Furthermore, S-opsin in ventral region is more extensively
mislocalized throughout the IS, ONL, OPL, and even INL (B1), whereas those in dorsal
region are less mislocalized (D1). M-opsin is widely mislocalized in cytoplasmic
membranes of soma (D2, double arrows) and axons (B2, D2), particularly in cone pedicles
(arrows in B2, D2). Rhodopsin mislocalization is evident in the IS and INL of the ventral
region but rarely in the soma, axons and OPL in DKO mice (C1-3), whereas those in the
dorsal region appear normal (D1). Scale bar: 20 um for all.
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Fig. 6.

EM micrographs showing the degeneration of photoreceptor terminals in DKO mice
compared with B6N mice. A—C: In the B6N mice, the cone pedicles (CP) and rod spherules
(RS) are organized regularly in the OPL (A), in which CP contains various synaptic ribbons
(B, arrows) and RS has only one ribbon (C, arrows). D—: The DKO mice show highly
disorganized photoreceptor terminals in the OPL (D). At high power, DKO retinas show
marked reduction of synaptic ribbons and shallower or flattened invaginations in both CP
(E) and RS (F). Some CP contain short and “floating” ribbons (E, arrows), but numerous
vacuoles (E, asterisks). Synaptic vesicles appear loosely packed in these two degenerate CP
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(E). However, RS had less vacuole (F) compared with CP. Scale bar: 2 um for A and D, 500
nm for B, Cand E, F.
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Fig. 7.

EM micrographs showing ectopic rod synapses in the ONL in the DKO mice. A: A rod
spherule retracts into the ONL (A1, square), where a new ectopic rod synapse is illustrated
at high power image (A2). A similar example is shown respectively on B1 and B2, however,
only two HCs are observed in this case. Arrows, ribbons; asterisks, vacuoles; H, HC; B,
RBC. Scale bar: 2 ym for Al and B1, 500 nm for A2 and B2.
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Fig. 8.

Confocal images showing postsynaptic neuron on the vertical sections in the B6N and the
DKO mice. A—C: HCN4 IR shows that OFF-CBC dendrites are exclusively in the OPL
(vertical arrows) in B6N (A) and DKO mice (B, C), though CtBP2 punctas are visible in the
ONL in DKO mice (arrows in B, C). D—F: CaB5 labeled dendrites are exclusively in the
OPL of B6N mice (vertical arrows in D) whereas a few dendrites are evident in the ONL in
DKO mice (arrows in E, F). G-L: PKC-labeled RBC dendrites (G) and Calbindin-labeled
HC processes (J) are restricted in the OPL of B6N retinas. In DKO mice, however, fine
PKC-labeled RBC dendrites and Calbindin-labeled HC processes are extended into the
ONL, which demonstrate a close association with CtBP2-labeled synaptic ribbons (arrows in
H, I, K, and L). Scale bar: 20 um for A, D, G and J; 10 um for B and others.
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Fig. 9.

Confocal images showing glutamate receptor labeling in the DKO mice. A: mGIuR6 puncta
are ectopically expressed in the ONL and colocalized with the sprouting of RBC dendrites
labeled by PKC (arrows). A1-A3 illustrate three points shown in A through xy; xz, and yz
planes (arrows), confirming a colocalization of two proteins. B: Similarly, GIuR2/3 puncta
are ectopically expressed in the ONL and colocalized with the sprouting of HC processes
labeled by Calbindin (arrows). High magnified images are illustrated in Bl and B2. Scale
bar: 20 pm.
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List of primary antibodies used for immunofluorescence

Antibody Cdll type/target Dilution  Source

Mouse anti-CtBP2 Synaptic ribbons 1:100 BD Transduction Lab
Mouse anti-synaptophysin  Synaptic vesicles 1:500 Millipore

Rabbit anti-L/M opsin Red/green cone outsegments 1:1000  Millipore

Goat anti-S opsin Blue cone outsegments 1:100 Santa Cruz Biotech
Mouse anti-Rhodopsin Rod outsegments 1:100 Millipore

Mouse anti-PKC Rod bipolar cells 1:100 Sigma

Rabbit anti-PKC Rod bipolar cells 1:10000  Santa Cruz Biotech
Rabbit anti-HCN4 OFF cone bipolar cells 1:1500  Alomone Lab

Rabbit anti-CaB5 ON cone bipolar cells 1:1000 F Haeseleer, Seattle, WA
Mouse anti-Calbindin D28  Horizontal cells 1:200 Millipore

Sheep anti-mGIuR6 On-bipolar cell dendritic tips 1:100 C. Morgans, Portland, OR
Mouse anti-GIuR3 Horizontal cell processes 1:100 Millipore

Guinea pig anti-VGLUTI Vesicular glutamate transporter 1~ 1:20000  Millipore
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TABLE Il

Distribution of the photoreceptor terminals of C57BL/ 6N rd8 and DKO rd8 mice

C57BIV6N rd8 DKO rd8
No. (%) No. (%) P

Total terminals 14974 14274
Cone terminals 109 (8) 27(2)
Rod terminals 1388 (92) 1400 (98) <0.01
Cone terminals
With ribbon 90 (83) 16 (59)
Without ribbon 19 (17) 11(41) <0.01
Rod terminals
With ribbon 946 (68) 588 (42)
Without ribbon 442 (32) 812 (58)  <0.01

a . .
The samples were collected from EM sections processed from four eyes of each strain.
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