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Abstract

Retinal pathologies common to human eye diseases, including abnormal retinal pigment epithelial
(RPE) cells, drusen-like accumulation, photoreceptor atrophy, and choroidal neovascularization,
have been reported in the Ccl2/Cx3crl-deficient mouse. The Ccl2 gene encodes the pro-
inflammatory chemokine CCL2 (MCP-1), which is responsible for chemotactic recruitment of
monocyte-derived macrophages to sites of inflammation. The Cx3crl gene encodes the fractalkine
receptor, CX3CR1, and is required for accumulation of monocytes and microglia recruited via
CCL2. Chemokine-mediated inflammation is implicated in retinal degenerative diseases such as
diabetic retinopathy, age-related macular degeneration, retinitis pigmentosa, and uveoretinitis, and
proper chemokine signaling from the RPE, Muller glia, and astrocytes is necessary to regulate
leukocyte trafficking. Therefore, this mouse, possessing aberrant chemokine signaling coupled
with retinal degenerative pathologies, presents an ideal opportunity to investigate the effect of
altered signaling on retinal homeostasis and photoreceptor degeneration. Since this mouse is a
recent development, more data covering the onset, location, and progression rate of pathologies is
needed. In the present study we establish these parameters and show two photoreceptor cell death
processes. Our observations of decreased glutamine synthetase and increased glial fibrillary acidic
protein suggest that Miller cells respond very early within regions where lesions are forming.
Finally, we demonstrate that retinal angiomatous proliferation contributes to pathological
angiogenesis in this Ccl2/Cx3crl-deficient mouse.
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1. Introduction

Recently, a double knock-out Ccl2~/~/Cx3crl ™/~ mouse was created in which one
chemokine and one chemokine-receptor gene, Ccl2 and Cx3crl, were eliminated and retinal
pathologies common to human eye diseases, including abnormal RPE, drusen-like
accumulation, photoreceptor atrophy, and choroidal neovascularization, were reported (Tuo
et al., 2007; Ramkumar et al., 2010). Detailed information on the genetic background and
the generation of this Ccl2~/~/Cx3crl ™~ mouse has been previously described (Chan et al.,
2008), and an analysis of the Ccl2~/~/Cx3cr1~/~ mouse model of AMD is available (Raoul
etal., 2010). The Ccl2 gene encodes the pro-inflammatory chemokine CCL2, also known as
MCP-1, which is responsible for chemotactic recruitment of monocyte-derived macrophages
to sites of inflammation (Huang et al., 2001). The Cx3crl gene encodes the fractalkine
receptor, CX3CR1, and is required for accumulation of monocytes recruited via CCL2
(Tacke et al., 2007). In retina, CCL2 and CX3CRL1 are expressed by retinal pigment
epithelium (RPE), Mller glial cells, and microglia (Lee et al., 2010; Carter and Dick., 2004;
Chan et al., 2005).

Chemokine signaling mediates a broad range of functions during inflammation and
immunity and is essential for leukocyte trafficking (Ransohoff, et al., 2007). Immune-
mediated inflammation and compromise of the blood-retina-barrier (BRB) are implicated in
retinal degenerative diseases such as diabetic retinopathy, age-related macular degeneration,
and uveoretinitis (Crane & Liversidge, 2008). CX3CRL1 signaling alters retinal microglia
dynamics (Liang et al., 2009) and regulates microglial neurotoxicity (Cardona et al., 2006).
In this Ccl2 and Cx3crl double deficient mouse, microglial accumulation has been reported
(Ross et al., 2008; Tuo et al., 2007), concomitant with drusen-like accumulation, RPE
alterations, and choroidal neovascularization (Tuo et al., 2007).

CCL2- and CX3CR1-mediated signaling are particularly important in monocyte trafficking
across the BRB (Crane & Liversidge, 2008). Unlike peripheral tissue, which only requires
extravasation of circulating leukocytes from the vascular endothelium, leukocyte infiltration
into retina requires passage of the BRB. Proper secondary chemokine signaling from cells
constituting the BRB, specifically RPE and vascular endothelial cells, is necessary to
regulate the passage of extravasated leukocytes into retinal tissue. Impaired signaling
increases the pro-inflammatory cytokines, tumor necrosis factor alpha (TNFa) and
interleukin 1-beta (IL-1p), that stimulate CCL2 synthesis by RPE (Kerkar et al, 2006; Lukiw
et al., 2003; Crane & Liversidge, 2008). These pro-inflammatory cytokines also lead to
upregulation of VEGF, the major pathogenic factor in retinopathy of prematurity, diabetic
retinopathy, and age-related macular degeneration (Gerhardt, 2008; Grisanti & Tatar, 2008).
Mdiller glial cells, which are closely associated with maintenance of the BRB (Tout et al.,
1993), have been identified as the source of VEGF responsible for neovascularization and
leakage in diabetic and oxygen-induced retinopathy (Bai et al., 2009; Wang et al., 2010).

Therefore, this Ccl2~/~/Cx3crl ™/~ mouse, possessing aberrant chemokine signaling, coupled
with retinal degenerative pathologies, presents an ideal avenue to investigate chemokine
signaling, BRB integrity, and, ultimately, retinal degeneration. Since the Ccl2~/~/Cx3cr1 /-
mouse is a recent development, more data covering the onset, location, and progression rate
of pathologies is needed. In the present study we assessed the onset, location, and
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progression of retinal pathologies using in vivo Spectral Domain-optical coherence
tomography (SD-OCT) imaging techniques coupled with histological and immunolabeling
methods. These results establish a foundation for subsequent investigations of
neuroprotective signaling and retinal degenerative mechanisms.

2. Materials and Methods

All animal experiments conformed to the Association for Research in Vision and
Ophthalmology statement for the Use of Animals in Ophthalmic and Vision Research and
were approved by the Institutional Animal Care and Use Committee for the Louisiana State
University Health Sciences Center (LSUHSC), New Orleans. Ccl2~/~/Cx3crl1 ™/~ breeder
mice, constructed on a C57BL/6 background (Chan et al., 2008), were sent from the
National Eye Institute and bred in the LSUHSC animal colony on a 12 h:12 h light-dark
cycle (0600 h ON:1800 h OFF) at an average illumination of 20 lux (sawdust bedding level
at cage center on ventilation rack). Animals were fed normal mouse chow and supplied with
water ad libitum. C57BL/6 male mice (Charles River Laboratories, Wilmington, MA) were
used as age-matched controls. Conventional techniques were employed for histology,
immunohistochemistry, and western blots. In brief, eyes were collected and prepared for
histology and immuno-localization, or the retinas were homogenized. All mice used for SD-
OCT and fundus photography were anesthetized with ketamine (200 mg/kg) and xylazine
(10 mg/kg), and pupils dilated with tropicamide (1%; Akorn, Inc., Buffalo Grove, IL). Non-
refractive contact lenses (Veterinary Speciality Products, Shropshire, Great Britain) were
used to protect the corneas from desiccation and improve image quality. High-resolution
angiography (HRA) and SD-OCT images were obtained using a Spectralis HRA+OCT®
imaging system (Heidelberg Engineering, Heidelberg, Germany), utilizing Spectralis
software, version 4.0.

2.1 Fundus Imaging

The HRA system utilizes a confocal scanning laser ophthalmoscope (cSLO) to obtain retinal
angiograms and reflectance images. Retinal reflectance images were obtained using an 820
nm laser diode for near infrared (NIR); 488 nm for red-free (RF), and 488 nm with a 500 nm
long pass emission filter for auto-fluorescence (AF) and fluorescein angiography.
Fluorescein injections were administered intraperitoneally (0.02 mL of 25% fluorescein;
Altaire Pharmaceuticals, Inc., Aquebogue, NY) and timing started immediately thereafter.
Early (40-60 s) and late (>600 s) phase images were taken and fluorescein leakage was
evaluated by an ophthalmologist specialized in fundus imaging.

2.2 Spectral Domain - Optical Coherence Tomography and En Face Image Processing

We utilized dual beam SD-OCT and cSLO of the Spectralis HRA+OCT® imaging system to
simultaneously acquire a series of transectional retinal images and an RF reference image
for each eye. Spectral illumination was from 488, 790, and 820 nm lasers with an additional
870 nm superluminescent diode. A real time eye tracker coupled the cSLO and SD-OCT
scanners to position and stabilized the OCT scan on the retina. Signal quality was greater
than 20 db, scan speed was 40,000 A-scans per second, and over 25 frames were averaged
per B-scan to increase signal-to-noise ratio. Axial resolution was 7 m/pixel optically and 3.5
um/pixel digitally. An average corneal curvature value of 0.672 mm was used to produce a
lateral optical resolution of 0.6635 um/pixel (Knott et al., 2010).

Previously, we found a very high correlation between outer retinal thickness assessed by
OCT and histologic data (R = 0.9042) (Knott et al., 2010). To accomplish this, we created
an ImageJ plug-in that interpreted binary raw files exported by the Spectralis software,
which enabled analysis of thickness measurements from along the entire retinal image.
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Consequently, we have utilized this procedure to obtain dimensional values from our OCT
images.

Sequential B-scans were captured of retinal areas containing lesions to produce a 3D OCT
data set. En face translations (Supplementary data, Fig 1) were created using ImageJ by re-
slicing the data orthogonal to both the A- and B-scans. The resulting en face images present
OCT data in a view angle analogous to that of cSLO.

2.3 Histology and Immunolocalization

2.4 Western

Conventional methods were employed to produce plastic sections for light microscopy.
Mice were sacrificed by CO, inhalation and cervical dislocation. Following removal of eyes,
corneas were slit and globes placed in fixative (2% glutaraldehyde and 2%
paraformaldehyde in 0.1 M sodium cacodylate) overnight at 4° C. Each eye was then hemi-
sectioned along the vertical meridian through the optic nerve, and the cornea notched near
the superior margin for section orientation. After rinsing in buffer, tissue was post-fixed for
1 h in sodium cacodylate-buffered 1% OsQy, rinsed again, dehydrated through an ethanol
series to acetone, and embedded in an Epon/Araldite epoxy mixture. Sections, 1 um-thick,
were obtained, stained with toluidine blue, viewed by light microscopy, and digitized for
analysis.

Immunolocalization was performed on 20 pm-thick cryosections. For orientation purposes, a
dot was placed on the superior edge of the cornea with a fine point permanent marker. Eyes
were treated as above using 4% fresh paraformaldehyde in phosphate buffered saline,
followed by cryoprotection in 15% and then 30% sucrose for 8 h and 24 h, respectively.
Eyes were oriented and embedded in OCT Compound (Tissue-Tek, Sakura Finetek;
Torrance, CA) just prior to sectioning. Sections were placed on glass microscope slides on a
32° C slide warmer for 30 minutes. Sections were rinsed, post-fixed with 100% cold
methanol, and permeablized with 1% triton-X 100, treated with 95° C citric acid for epitope
retrieval, blocked 1 h in 2% donkey serum, and placed in primary antibody for 48 h at 4° C.
This was followed by incubation with secondary antibody and nuclear staining for 1 h at
room temperature. Sections were then washed, coverslipped, and imaged. Primary
antibodies were rabbit polyclonal anti-GFAP at 1:1000 dilution (AB5804, Millipore;
Billerica, MA) and mouse monoclonal anti-Glutamine Synthetase at 1 pg/mL (MAB 302,
Millipore). Fluorescent detection was by secondary antibodies that recognized the host
animal of each primary antibody (0.4 ug/mL) (Invitrogen, Carlsbad, CA): AlexaFluor® 633
goat anti-rabbit 1gG (A-21070) or AlexaFluor® 568 goat anti-rabbit 19G (A-11011), and
AlexaFluor® 488 goat anti-mouse IgG (A-11001). Nuclei were stained with 10 pg/mL
Hoechst 33258 (H3569, Invitrogen). Sections were imaged on a Zeiss LSM-510 Meta laser
confocal microscope with either a 20x air or a 40x oil-immersion objective (Zeiss Plan-
NEOFLUAR 40x/1.3 Oil DIC). For three-dimensional reconstructions, image stacks were
acquired using the 40x oil-immersion objective. Optical slice thickness for all fluorophores
was 0.9 um. Image resolution was set to 0.45 pm per pixel and the z-interval was set to 0.45
um to ensure cubic voxel dimensions. Visualization of fluorescent signal was achieved as
follows (excitation; emission; pinhole @): Hoechst 33258 (405nm; 420-490nm; 1.27 Airy),
AlexaFluor® 488 (488 nm; 505-550 nm; 1.00 Airy), AlexaFluor® 568 (543 nm; 560615
nm; 0.94 Airy), AlexaFluor® 633 (633 nm; long pass 650 nm; 0.87 Airy).

Blot Analysis

Retinas were homogenized at 4 °C in RIPA buffer, containing broad-spectrum protease
inhibitors. Protein was quantified by Lowry assay and 20 ug per sample was electrophoresed
using an XCell SureLock® Mini-Cell (Invitrogen) in a NuPAGE® Novex 12% Bis-Tris Gel
(Invitrogen). Proteins were transferred to 0.2 um PVDF membranes using an iBlot® Dry
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Blotting System (Invitrogen) and blocked in 5% blotting grade non-fat dry milk
(170-6404XTU, Bio-Rad; Hercules, CA) for 1 h at room temperature. To probe GFAP and
actin, polyclonal rabbit anti-GFAP [1:1000] (see above) and mouse anti-actin [1:2000]
(A5441, Sigma-Aldrich; St. Louis, MO) primary antibodies were used. Bound primary
antibody was detected by HRP-linked chicken anti-rabbit IgG and chicken anti-mouse 1gG
secondary antibody at 0.02 pg/mL and was developed with the ECL-Plus Western-Blot
analysis system according to the manufacturer’s instructions (RPN2132, Amersham,
Arlington Heights, IL). Chemiluminescence was detected using a Fujifilm LAS-3000 digital
scanner. GFAP and actin bands were quantified at 50 and 43 kDa, respectively, using
Fujifilm Multigauge software.

Clinically, red-free and autofluorescent fundus examinations provide information about
drusen, lipofuscin, and RPE atrophy. Therefore, to initially explore the features of retinal
degeneration in the Ccl2~/~/Cx3cr1~/~ mouse, we used both red-free and autofluorescence
cSLO funduscopy. Numerous irregular-shaped bright regions were observed on 55-degree
red-free cSLO fundus images of three-month-old mutant mice (Fig 1A). Similar-shaped
areas of increased autofluorescence with granular hyperfluorescent spots were apparent by
55-degree autofluorescent cSLO (Fig 1B). Colocalization of the red-free and autofluorescent
features demonstrates that both imaging modalities detect the same abnormalities (Fig 1C).
To determine if these areas were representative of drusen, it was necessary to establish the
retinal layer within which they occurred. The only in vivo method currently available to
achieve this in mouse, is SD-OCT. Corrections of eye-motion artifacts, however, are
necessary to attain quality SD-OCT results of mouse retina. The autofluorescent cSLO was
insufficient for the correction algorithms employed by the Spectralis HRA+OCT system;
therefore, we used red-free cSLO (Fig 1D) in combination with 3D SD-OCT (Fig 1D-F).

The retinal cross section illustrated by the B-scan (Fig 1E) revealed focal hyper-reflective
columns distributed laterally throughout the retina. These columns traversed the ONL from
the OPL to the OLM, the inner/outer segment junction, or the RPE. The en face transform of
the 3D OCT data (Fig 1F), at the level of the outer nuclear layer (Fig 1E, blue line), showed
irregular-shaped patterns of hyper-reflectivity with granular texture (Fig 1F) that were
similar to the pattern observed by fundus autofluorescence (Fig 1B). Since 3D OCT
simultaneously captures a 30-degree cSLO image (Fig 1D) for registration and eye-motion-
artifact corrections, it was possible to identify the exact position of specific OCT hyper-
reflective columns within the red-free cSLO image (Fig 1D and F, red crosshairs; Fig 1E,
blue crosshair). This registration demonstrated that OCT abnormalities within the ONL
coincided with the irregular-shaped bright regions observed in red-free funduscopy. We
aligned and overlaid the 55-degree red-free and autofluorescence images with the en face
OCT image (Fig 1G-J) and found that all three imaging modalities colocalized (Fig 1J),
verifying that the dense regions observed by each imaging method were one and the same.

To determine if these dense regions observed by fundus imaging and OCT in the Ccl2~/~/
Cx3crl~/~ mouse were also present in control C57BL/6 mice, we similarly examined three-,
five, and 18-month-old eyes by autofluorescence and 3D-OCT. No autofluorescent regions
were found at these ages (data not shown).

3.1 Initial lesion formation and progression

Histological sections of the Ccl2~/~/Cx3crl ™ retinas were examined to determine the
structure of the ONL densities and establish a time course for the development of these
lesions. Initially, isolated columns of ONL nuclei (2-3 nuclei wide) are displaced through
the OLM toward the RPE, accompanied by thin regions of edema at the ONL—inner segment
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interface (Fig 2A, arrow). Displacement continues toward the RPE cell layer with
concomitant shortening of inner segments (Fig 2B). These lesions remain as discrete units
approximately three nuclei wide, despite formation of new nearby lesions (Fig 2C). Distally,
cellular debris appear as lesion development progresses. As ONL nuclei move toward the
RPE layer, gaps form in the OPL, within which several morphologically distinct types of
nuclei appear. Inner and outer segments shorten at the leading edge of the nuclear mass. In
regions between these lesions, outer segment tips vessiculate, shorten, detach, and appear
along the apical surface of the RPE. Cellular fragmentation increases as each packet of
nuclei advances (Fig 2D), and photoreceptor inner and outer segments are lost. Swelling and
vessiculation also disrupt the OPL, forming wedge-like protrusions into the ONL. Outer
segment damage in non-lesioned areas increases. Lesions in close proximity to others fuse,
forming large complex lesions that contain several distinct types of nuclei (Fig 2E).
Complete degeneration of the OPL at the proximal edge of the lesion results in a nucleus-
free region at the center of each lesion. Lesion progression halts as the most distal nuclei
contact the RPE apical surface. Large complex lesions accumulate as adjacent lesion
columns continue to form (Fig 2F). Finally, long thick cellular processes originating from
the inner retina penetrate these complex lesions.

Since lesions observed by cSLO, OCT, and histology colocalize, we next investigated the
effects of age and retinal location upon these lesions using SD-OCT and ¢SLO
autofluorescence. cSLO autofluorescence of two-, four-, and eight-month-old retinas
showed the distribution of lesions. Lesions predominate throughout the inferior retina, but
only occur sparsely in the superior retina, where they are confined to the inferior-most
regions (Fig 3A-C). The extent of the inferior retinal lesions exceeded our limit of detection.
However, the range of occurrence expands outward from the central inferior retina in a nasal
and temporal direction (Fig 3D-F), with the youngest lesions located peripherally. Hyper-
fluorescence increases as lesions age, except in areas of severe retinal degeneration, where
autofluorescence dramatically decreases as cells and reflective cellular material are lost (Fig
3F, arrow). Only occasional lesions appear in OCT B-scans of superior retina at two months
of age (Fig 3G), whereas inferior retina possesses numerous lesions (Fig 3G, arrows).
Examinations at four months of age reveal an increase in the frequency of inferior retina
lesions while superior retina remains relatively unaffected (Fig 3H, arrows). Severe
degeneration of inferior retina can be seen by eight months (Fig 3I, arrow), whereas superior
retina remains normal throughout the ages examined.

3.2 Long term lesion progression

Evaluation of histologic sections over an even greater age span corroborates OCT findings
and further details retinal degeneration occurring after four months of age (Fig 4). Superior
retina exhibits mild degeneration with age (Fig 4A—F). Disruption of photoreceptor outer
segments in small regions is apparent at 1.5 months (Fig 4B, arrows). By three months of
age, some outer segments appear vessiculated and the number of photoreceptor nuclei
begins to decrease (Fig 4C). Outer segments are shortened at four months with focal edema
present in the outer segment layer (Fig 4D, arrows). Edema is apparent throughout the entire
outer segment layer by 16 months (Fig 4E, arrow), yet, ONL thickness, by nuclei count, is
only moderately decreased. The density of the distal OPL, along the base of photoreceptors,
is also reduced, and there is evidence of cellular swelling in both the OPL and the ONL. At
27 months of age, both inner and outer segments are disorganized (Fig 4F). Nuclear density
of the ONL is significantly lower with focal regions exhibiting lateral expansion, despite
only a moderate reduction in the nuclear thickness of ONL from 1 month of age. Large
expanses of outer segments have degenerated (Fig 4F, arrow).

In contrast, inferior retina contains advanced complex lesions as early as one month (Fig 4G,
arrows). At 1.5 months, focal lesions begin to fuse with adjacent lesions to form large
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complexes (Fig 4H, circled region). Retinal regions between these complexes exhibit focal
edemas and reduction of outer segment length similar to that observed within the three-
month-old superior retina. As inferior retinal lesions age, modest degeneration of
photoreceptor nuclei occurs accompanied by enlarged somas, resulting in a temporary
increase in ONL thickness (Fig 41, vertical bar). Degeneration of the ONL continues and, in
regions containing older lesions, thickness begins to decrease. Edema occurs in the
subretinal space (Fig 4l, arrow) in areas associated with lesions. In the retinal regions
between lesions, the ONL thickness is decreased approximately 40%, inner segment length
is reduced, outer segments are severely shortened and vessiculated, and OPL is deteriorated
with numerous sites of edema. By four months, the degree of inferior retinal degeneration in
the most advanced lesions is severe (Fig 4J). Only vestigial outer segments remain (Fig 4J,
arrow) and ONL is thoroughly disorganized. Some identifiable ONL, 1-3 nuclei thick, is
still evident at 16 months of age but outer segments and OPL are completely lost (Fig 4K).
Remarkably, 1-2 rows of outer nuclei are still present in the inferior retina of a 27-month-
old Ccl27/=/Cx3cr1~/~ mouse (Fig 4L, arrow).

3.3 Lesion quantification by OCT

To quantitatively assess lesions, we evaluated thickness profiles of OCT B-scans using our
“Open Heyex Raw” plug-in for ImageJ (Knott et al., 2010). Total retinal thickness
represents the distance from the ILM to Bruch’s membrane, inner retinal thickness
corresponds to the distance from the ILM to the base of photoreceptors, and non-lesion outer
retinal thickness signifies the distance between Bruch’s membrane and the base of normal
OCT reflectance for the ONL (the RPE plus photoreceptors). Lesion profiles were calculated
using the three measured thickness profiles. Total retinal thickness in mouse is ordinarily
composed of roughly equal parts inner and outer retina, and despite the occasional presence
of lesions; this inner—outer proportion is unchanged in two-month-old superior retinas
(Supplemental data, Fig 2A). Decline in outer retinal thickness, however, is readily apparent
in inferior retina. Moreover, lesions constitute a significant fraction of the calculated outer
retinal thickness. By four months of age, inferior retina exhibits severe degeneration of outer
retinal thickness beyond 500 um from optic nerve (Supplemental data, Fig 2B), yet superior
retina remains unaffected. Normal outer retinal thickness persists in superior retina through
eight months but degeneration of outer retinal thickness continues in inferior retina
(Supplemental data, Fig 2C). Notably, lesions contribute minimally to the outer retinal
thickness. Retinal degeneration in the ages assessed was primarily confined to outer retina.
Minor alterations of inner retinal thickness become apparent at four months and are
amplified by eight months. Integrated area under the curves for lesion and non-lesion outer
retina reveals little impact on superior retina (Supplemental data, Fig 2D); lesion area is
minor and outer retinal area remains reasonably stable with age. Inferior retina contains the
majority of lesions (Supplemental data, Fig 2E). The fraction of outer retinal area composed
of lesion is 40-50% at two months. As inferior outer retinal area decreases with age, the
majority of reduction comes from the lesion fraction until all constituent cells have
degenerated. By eight months of age, lesions are no longer discernible in OCT B-scans,
leaving only the degenerating non-lesioned outer retina.

3.4 Neovascularization

A low rate of spontaneous choroidal neovascularization has previously been reported in the
Ccl27/=/Cx3cr1~/~ mouse (Tuo et al., 2007). Accordingly, we investigated leakage in the
Ccl27/=/Cx3cr1~/~ mouse using fundus fluorescein angiography and 3D OCT. Angiographic
leakage was detected in approximately 30% of mice older than seven months of age (Fig

5A, asterisk). Leakage was only observed in the inferior retina and occurred in focal regions
of autofluorescence. Simultaneous acquisition of 3D OCT permitted the inspection of
leakage areas by OCT B-scans (Fig 5B). At the site of leakage, a low-reflectance column
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extends through the OPL, OLM, and photoreceptor inner/outer segments, terminating where
RPE is perturbed (Fig 5B, arrow). Histologic inspection of retinas with similar pathologies
reveals localized RPE cell loss, accompanied by unidentified cells associated with retinal
capillaries that extend toward Bruch’s membrane (Fig 5C-F, arrows). Pigmented cells
surround these unidentified cells (Fig 5D—F). These retinal capillaries ramify into larger
vessels that contact Bruch’s membrane and extend parallel to its surface (Fig 5F, arrow).
Disturbed choriocapillary beds were noted adjacent to these angiogenic regions, but, in this
study, no discontinuity of Bruch’s membrane was observed at any stage of degeneration.

3.5 Mller cell response

Lesions originate as, and retain, a columnar format with distinct boundaries, suggesting
abrupt OLM disruption. We therefore asked if Miiller cells were undergoing changes during
lesion formation. Cryosections of three-month-old Ccl2~~/Cx3cr1 =/~ retinas were used due
to the presence of numerous focal lesions in inferior retina and limited abnormalities in
superior retina. Immunohistochemical localization of glutamine synthetase, a marker of
Muiller cell health, occurred in the OPL and at the distal and proximal ends of Muller cells at
the OLM and ILM in superior retina (Fig 6A, C). Typical Mller cell processes were also
evident. This labeling pattern was also apparent in non-lesion areas of inferior retina;
however, labeling at the OLM and OPL and in the Miiller cell processes was absent within
retinal lesions (Fig 6B, D, arrows). Age-matched control mouse (C57BL/6) retinas revealed
no difference in superior and inferior retinal labeling (Fig 6E—-H). However, there was a
difference when compared with superior retinas of the mutant animals. Whereas the mutant
retinas demonstrated strong labeling at the OLM, the ILM and the OPL, control retinas only
showed strong labeling at the ILM.

Three-dimensional reconstructions of glutamine synthetase labeling in a section of the retina
show that photoreceptor nuclei move distally toward RPE within the lesion sites. As viewed
from the RPE, glutamine synthetase labeling at the plane of the OLM is continuous in the
superior retina (Fig 61, red box, green label). Conversely, at the OLM within a lesion site,
inferior retinas exhibit large voids in glutamine synthetase label through which nuclei have
moved toward the RPE (Fig 6J, blue label).

Reduction of glutamine synthetase and precise loss of label with column-like precision
suggests a lesion-associated impairment of Muller cells. Therefore, we sought clarification
of Miiller cell involvement using the reactive gliosis marker, glial fibrillary acidic protein
(GFAP). Lysates of three- and six-month-old Ccl2~/~/Cx3cr1 ™~ retinas were compared
with 3.5-month-old C57BL/6 retinas by western blot (Fig 7A). At three months, prior to
significant retinal degeneration, yet when lesions are profuse, GFAP expression was 3.5 fold
higher than in controls (Fig 7B). Expression decreased slightly by 6 months of age, but was
still over three fold higher than controls. These results clearly identify increased Miiller cell
reactivity very early in lesion formation. Consequently, we employed immunofluorescence
to localize the increased GFAP expression. To enhance probability of detecting increased
GFAP early in lesion formation, we examined 1.5-month-old Ccl2~/~/Cx3cr1 ™~ retinas.
Within lesions of inferior retina, increased GFAP label was evident throughout the ONL and
within Miller cell end-feet (Fig 7E, F). Increased GFAP label was also noted in a column in
superior retina with a bright region located in the ONL (Fig 7C, D). Importantly, this
discrete labeling appeared at the site of a newly forming lesion.

4. Discussion

The goal of this study was to address in vivo the onset, location, and progression of retinal
pathologies in the Ccl2/~/Cx3cr1~/~ mouse. We demonstrate that granular hyperfluorescent
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areas within the fundus colocalize with abnormal SD-OCT reflectance in the ONL, and
correspond to lesions observed by histology.

These lesions are not typical aging features and are not swollen autofluorescent subretinal
macrophages as described in aging Ccl2-knockout mice (Luhmann et al., 2009). Lesions are
apparent as early as one month of age, beginning in the ONL as discrete columns of nuclei
approximately three photoreceptors wide. These photoreceptors rapidly lose their inner and
outer segments as their nuclei migrate toward the RPE cell layer. Lateral fusion with
adjacent lesions creates large complexes which superficially resemble retinal rosettes in that
they form an abnormal mass surrounded by healthy retina. However, rosette formation has
been characterized as a focal abnormal arrangement of photoreceptors that occurs within the
first several weeks after retina formation in some mutant mouse models, e.g., the neural
retina leucine zipper-deficient (Nrl) mouse (Wenzel et al., 2007). These in-pockets of
apparently healthy photoreceptors within a normal-appearing retina, which are created when
small regions of the retina become detached from the RPE and fold into wrinkles, result in
the inner and outer segments realigning radially toward the central space. Rosette formation
also occurs as a result of pathological events occurring within the adult human retina, as
noted in some Retinitis pigmentosa patients (Tulvatana et al., 1999). In retinas where
rosettes form, it remains unclear whether formation is a result of neuronal “overmigration”,
incorrect guidance, or inadequate focal adhesion assembly in a developmental system
(Sandstrom et al., 2011), or from changes in the RPE/outer segment complex that promotes
local detachment and reorganization of a healthy photoreceptor layer. Regardless, the large
abnormal complexes that form in this Ccl2~/~/Cx3cr1 ™~ mouse retina occur following the
loss of outer and inner segments.

Whereas lesion formation initiates in the central inferior retina of the Ccl2~/~/Cx3cr1 =/~
mouse, subsequent lesions appear peripherally, gradually occurring in more inferior, nasal,
and temporal regions. Discrete lesion columns vanish as the component cells degenerate,
with the oldest lesions “disappearing” by eight months. Thus, a timeline of lesion maturity
exists from the periphery to the center of each retina. Also, within the inferior retina in the
regions between lesions, the ONL is gradually reduced as photoreceptors degenerate. This is
first noticeable by three months and slowly progresses until, at about two years of age, a
single layer of nuclei remain. This suggests there are two photoreceptor cell death processes
occurring, an initial lesion-based degeneration and a second, slow, general decline. It is
important to note that our temporal description of photoreceptor degeneration is based on
static images obtained from time-ordered histological sections, and it is from these images
that we have attempted to assemble a plausible sequence.

An explanation for the spatio-temporal nature of lesion distribution is unavailable. However,
bright light can induce stress in photoreceptor cells, which may subsequently undergo
apoptotic degeneration (Gordon et al., 2002; Noell, 1980; Tanito et al., 2008; Williams and
Howell, 1983). Because daily room light originates above these mice, the inferior
hemisphere of the retina receives more photons, which could preferentially stress the
photoreceptors in this region. The loss of the CCL2 chemokine gene and the gene for the
CX3CR1 chemokine receptor in this mouse affects the ability of photoreceptors to respond
to stress. Consequently, with the accumulation of stress factors and the inability to
ameliorate the resulting inflammatory response, cells in the inferior retina could initiate
degenerative mechanisms. Also, the intensity of overhead light impinging on the retina
decreases gradually across the equator and into the superior retina, suggesting that peripheral
lesions may occur later because a longer stress interval would be necessary to accrue
sufficient damage. While the intensity of available light is low within our mouse colony, it
has been demonstrated that photoreceptor degeneration in mouse rhodopsin mutants can be
accelerated by only modest light (Krebs et al., 2009; Wang et al., 1997). Finally, it is
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possible that the accumulation of stress-induced factors may activate microglia, which could
trigger the development of lesions. Aggregation of microglia within the lesions of Ccl2~/~/
Cx3crl~/~ mice was previously reported (Ross et al., 2008; Tuo et al., 2007), and light was
demonstrated to be a key triggering event in the microglial accumulation-associated retinal
degeneration of Cx3crl-deficient mice (Combadiere et al., 2007).

In addition to the formation of lesions and the degeneration of photoreceptors, the synthesis
of new blood vessels is also a characteristic feature in the retina of the Ccl2~/~/Cx3cr1 ™/~
mouse. Beyond seven months of age, neovascularization and leakage occur within the
subretinal space. Abnormal retinal neovascularization, which exhibits leakage and, at late
stages, may or may not anastomotize with choroidal vessels, is defined as retinal
angiomatous proliferation (RAP) (Yannuzzi et al., 2001). Also, in a study on exudative age-
related macular degeneration, RAP was observed in 15.1% of the cases and accounted for
30% of vascularized pigment epithelial detachments (Cohen et al., 2007). The integrity of
Bruch’s membrane, in this study, implies RAP-like neovascularization of retinal capillaries
without anastomosis with choroidal vessels. Therefore, in addition to previous reports of
choroidal neovascularization (Chan et al., 2008), retinal angiomatous proliferation
contributes to pathological angiogenesis in the Ccl2~~/Cx3crl ™/~ mouse.

The columnar form of lesions with distinct boundaries suggests abrupt local loss of adhesion
molecules between Miiller cells and photoreceptors at the level of the OLM. Aberrant tight
junction and adherens junction protein expression has been shown to be a characteristic of
the Rho™/~ mouse autosomal recessive Retinitis pigmentosa model (Campbell et al., 2006),
and chemokines are involved in the maintenance of these cell-to-cell junctions. Moreover,
Muller cells can exhibit early focal expression of chemokines upon light-induced retinal
stress (Rutar et al., 2011). Thus, Muller cell involvement can be implied. Lesion-associated
decreases in glutamine synthetase, most notably in the region of the OLM, and significant
increases in GFAP expression support this impression. Like glutamine synthetase, GFAP
exhibits lesion-associated localization, and increased GFAP is localized to some pre-
lesioned areas of retina. Together, these results demonstrate that Muller cells are responsive
to the signals generated during lesion formation in the Ccl2~/=/Cx3cr1~/~ mouse. Mice
deficient in GFAP and vimentin attenuate the reactive responses of retinal glial cells and
leukocyte infiltration (Nakazawa et al., 2007). Perturbed chemokine signaling impairs
Muller cell regulation of leukocyte trafficking, and while Muller cells contribute to the
formation and maintenance of the blood-retina barrier (Tout et al., 1993) and the OLM,
these cells may respond to stress by disregulation of the zonula adherens junctional
complexes that form cellular adhesions. Subsequent loss of OLM integrity may account for
the formation of lesions and focal displacement of photoreceptor cell bodies toward the
RPE. Similar displacement occurs when mice are treated with the glial toxin, DL-alpha-
aminoadipic acid (AAA), a transient disruptor of the OLM (West et al., 2008). Retinal
images taken at 72 hours post-AAA treatment, demonstrating loss of the OLM and disrupted
retinal lamination, are remarkably similar to those of early lesions obtained in this study.

In summary, we have established the locality, onset, and progression of photoreceptor cell
loss. The hyperfluorescent regions detected in the fundus correspond to focal lesions
observed histologically within the photoreceptor layer. Photoreceptor degeneration occurs
within the inferior retina and consists of two cell death processes. The first involves the
formation of focal lesions, initially appearing at about one month of age, each of which is
composed of a small number of photoreceptors. These lose their outer and inner segments,
followed by migration of photoreceptor cell bodies into the subretinal space. Adjacent
lesions fuse as degeneration progresses. As photoreceptors die the lesions “disappear”. This
degeneration sequence is concluded by eight months of age. The second cell death process
involves a slow decline in photoreceptor nuclei (ONL) within the regions between the focal
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lesions. This becomes apparent by three months of age and slowly continues throughout the
life of the mouse. In addition, we have observed retinal angiogenesis, during which
capillaries originating within the inner retina extend toward the subretinal space, contacting
Bruch’s membrane. Finally, we have shown that Mdiller glial cells associated with focal
lesions exhibit GS-negative and GFAP-positive stress-related changes within their distal
processes. We suggest that the onset of focal lesion formation may result as a consequence
of OLM disruption, as many cell-to-cell adhesion molecules are regulated by chemokine
signaling, some of which originate within the Miller glial cells. Also, light may exacerbate
the degenerative process occurring within the inferior retina. Since alterations in chemokine
signaling can induce retinal changes which exhibit characteristics common with age-related
macular degeneration and Retinitis pigmentosa, modulation of chemokines may provide a
new approach for the regulation of retinal inflammatory responses that precede
photoreceptor degeneration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Lesions in outer nuclear layer of en face OCT co-localize with lesions in red-free and
autofluorescent cSLO fundus exams. Widefield (55°) cSLO images were taken during a
fundus exam of a 3-month-old DKO mouse (A-C). Irregular shaped lesions with uniform
intensity are visible in a red-free cSLO image (A). An autofluorescent fundus image reveals
similar irregular shapes as in A but with granular intensity patterns (B). Fundus images from
A an B were registered and superimposed as red and green colors, respectively (C). Lesions
observed in the red-free cSLO image colocalize with granular type lesions seen in the
autofluorescent cSLO image (C). Red-free image obtained simultaneously during 3D SD-
OCT (D) showing a 30° ¢SLO view which corresponds to the white box outline in A-C.
Hyper-reflective lesions are visible in the outer nuclear layer of a single SD-OCT B-scan
(E). The position of the B-scan, relative to the cSLO, is indicated by the redline (A-D, F).
The blue line indicates retinal depth of the en face transform shown in F. Crossbar on blue
line and white dashed line are registered with red crossbars (A-D, F) and indicates the center
of a lesion in the outer nuclear layer. A single en face plane (F) transformed from the 3D
SD-OCT data (blue box, A-D) through the outer nuclear layer (blue line, E) showing large
irregular shaped lesions with a granular-like hyper-reflectivity similar in appearance to
lesions seen in fundus autofluorescence. Contrast adjusted red-free image cropped from
white boxed area in A (G). Contrast adjusted autofluorescent image cropped from white
boxed area in B (H). Inverted and contrast adjusted en face OCT from F superimposed on
the red-free cSLO image from D (I). Color merge of G, H and en face portion of |
demonstrates that lesions observed in red-free and autofluorescent cSLO images colocalize
with hyper-reflective lesions in en face OCT at the depth of the outer nuclear layer (J).
Scalebar colors (A-C, G-J) represent the color of the respective image in the merged final
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(C, J). White box outline (A—C) indicates image area of D, G, and H. Blue box (AD) denotes
region of image F. Red line (A-D, F) denotes SD-OCT B-scan position of E.
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Figure 2.

An assemblage of histologic micrographs illustrates lesion formation and progression.
Lesions originate near the outer limiting membrane, followed by loss of inner and outer
segments and movement of nuclei toward the retinal pigment epithelium. There is initial
displacement of a column of ONL nuclei (2-3 nuclei wide) through the OLM toward the
RPE (A), which is accompanied by a thin region of edema near the OLM (arrows). Outer
and inner segment lengths appear relatively normal. Immediately distal to the lesion column,
however, inner segments begin shortening. The OPL appears undisturbed. Displacement
continues toward RPE with concomitant inner segment length reduction (B). Lesions retain
discrete identity despite subsequent formation of adjacent lesions (C). The older lesion on
the right contains many cellular fragments in the distal tip. Movement of ONL cell bodies
distallytoward the RPE produces a gap in the OPL where several morphologically distinct
nuclei are apparent (D, top arrow). Distally, inner segments are absent and outer segments
contact the tip of the lesion (D, bottom arrow). Outer segments are shortened and
vessiculated at their tips. As lesions progress to the level of the connecting cilium, cellular
fragmentation increases and photoreceptor segments are lost. Note the newly developing
lesion immediately to the left. Swelling and vessiculation disrupt the OPL and forms a
wedge-like protrusion into the ONL (E, arrow). Lesions eventually fuse into large lesion
complexes. Here, three lesions have fused into a single lesion complex with extensive cell
debris along the right edge. Nuclear morphology within the lesion column is mixed,
suggesting the presence of different cell types such as photoreceptors and immune cells
(macrophage, neutrophil, and microglia). Finally, the OPL within the lesion site becomes
disorganized (F). Swelling occurs at lesion front and a single row of nuclei becomes aligned
along the RPE layer apical surface. Ultimately, processes originating from inner retina
breach the large lesion complexes. (F, arrow).
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Figure 3.

Lesions form, initially, in the inferior hemisphere, increase with age, and ultimately result in
degeneration of outer retina. The central fundus from Ccl2~/~/Cx3cr1~/~ mice ranging 2 - 8
months of age were examined by autofluorescent cSLO. Lesions are principally confined to
the inferior retina with only sporadic occurrence in superior retina (A-C). Lesion frequency
increases with age from 2 — 8 months until virtually the entire inferior hemisphere is
affected. Inferior autofluorescent fundus images of the same retinas (D-F) demonstrate that
lesions extend to the far periphery of the inferior hemisphere. Loss of lesions is apparent in
the central inferior portion of the 8-month-old mouse (F, arrow) and correlates to the region
of severe retinal degeneration. Ccl2~/~/Cx3cr1~/~ retinas imaged by SD-OCT along the
vertical meridian passing through the optic nerve localized lesions within the photoreceptor
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layer (G-I). Occasional lesions are evident in the superior retina, but numerous lesions are
apparent in the inferior retina at 2 (G, arrows) and 4 (H, arrows) months of age. By 8
months, lesions are replaced by severe degeneration of outer retina in the inferior
hemisphere (I, arrow). This region of sever photoreceptor loss corresponds to the
hypofluorescent region indicated in F (arrow).
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Figure 4.

Histologic sections corroborate SD-OCT observations. Focal lesions appear in the inferior
hemisphere, increase with age, and result in degeneration of outer retina, thus confirming
SD-OCT observations. Superior retina degenerates mildly with age. At 1 month, superior
retina appears normal (A). Outer segments begin retracting at 1.5 months (B, arrows) and
vessiculate by 3 months (C). Numerous focal edemas and outer segment shortening occurs
by 4 months of age (D, arrows). At 16 months, the entire outer segment layer of superior
retina exhibits severe edema (E, arrow). Photoreceptor inner segments become disorganized,
outer segments are greatly reduced (F, arrow), and the ONL begins to thin by 27 months. In
contrast, inferior retina develops large lesion complexes at 1 and 1.5 months of age (G, H,
white circle). Inferior retinal lesions swell (see thicknessmarker) and become highly
disorganized, with many constituent cells degenerating at 3 months (1). Edematous regions
form near the RPE (arrow). At 4 months of age, only vestigial outer segments remain J,
arrow) and little distinction between lesion and non-lesion regions exists. Outer segments
and OPL are completely lost by 16 months and ONL is severely degenerated (K).
Remarkably, 1-2 rows of outer nuclei are still present at 27 months in the inferior retina (L).
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Figure 5.

Retinal angiomatous proliferation and leakage is evident in areas of retinal degeneration of
Ccl277/Cx3cr1~/~ mice. High-resolution fluorescein angiography reveals leakage in a 17-
month-old Ccl2/=/Cx3cr1~/~ mouse (A, asterix). Simultaneous SD-OCT (B) identifies
descending vasculature and RPE disruption (arrow) localized to the site of leakage.
Histologic inspection of retinas with similar pathologies reveals focal RPE erosion and the
presence of unknown cell types (C, arrow). RPE enclose these foreign cells (D, arrow) and
create a barrier that encompasses retinal capillary outgrowths (E, arrow). In this study, no
discontinuity of Bruch’s membrane was observed at any stage of this process. Retinal
capillaries ultimately ramify into larger vessels that contact Bruch’s membrane and run
parallel to its surface (F, arrow).
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Figure 6.

M%Iler cell involvement is associated with Ccl2~/=/Cx3cr1~/~ lesions by a sharp reduction
of glutamine synthetase (GS), a marker of healthy Miiller cells. Retinas from 3-month-old
Ccl27/7/Cx3cr1~/~ mice were sectioned and labeled for GS (green) and Hoechst (blue) (A-
D). For clarity, GS labeling is represented monochromatically (A, B). The superior
hemisphere (A, C) exhibits normal GS patterning with strong label at the OLM, OPL, and
ILM. Additionally, vertical striations archetypical of Mller cell processes can be seen. In
comparison to superior hemisphere, inferior hemisphere (B, D) revealed abnormal GS
labeling. The OLM and OPL bands of the GS label were absent in lesion columns (arrows).
The absence of GS at the region of the OLM coincided with distally displaced nuclei
characteristic of the lesions. A similar comparison was made with C57BL/6 age-matched
control mice. GS labeling appeared similar in both the superior (E, G) and inferior (F, H)
retina. However, there was reduced labeling in the OLM and OPL within both retinal halves.
As viewed from the RPE, a 3D reconstruction of the outer nuclear layer from a non-lesioned
superior (I) and lesioned inferior retina (J) illustrates the disruption of the OLM (red boxed
plane).
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Elevated GFAP expression and focal increases indicate an early Muller cell response as
lesion onset commences in Ccl2~/~/Cx3cr1~~ mice. Whole retinal lysates from Ccl2~/~/
Cx3crl~/~ mice immuno-blotted with GFAP and B-Actin (A) demonstrate a significant
increase in GFAP expression at 3 and 6 months of age as compared to 3.5 month old wild
type controls; bar graph (B). Immunofluorescence of GFAP in superior (C, D) and inferior

(E, F) retina demonstrates that GFAP immunoreactivity is apparent within the inner

processes of Miller cells in regions within, and immediately surrounding focal lesions of

inner retina (E, F). More importantly, focal increases of GFAP very early in lesion

development suggest Muller cell sensitivity to signals initiating photoreceptor degeneration

(C, D, white arrows). C and E are monochromatic images from D and F, respectively.
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