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Abbreviation

AF: autofluorescence, autofluorescent
AMD: age-related macular degeneration
BM: bone marrow

EGFP: enhanced green fluorescent protein
ERG: electroretinogram

ESCS: enhanced S-cone syndrome

IHC: immunohistochemistry

IL-: interleukin-

INL: inner nuclear layer

IPL: inner plexiform layer

GCL.: ganglion cell layer

Mafia: macrophage Fas-induced apoptosis
OCT: optical coherence tomography
ONL.: outer nuclear layer

OPL.: outer plexiform layer

OS: outer segment

RD?7: retinal degeneration 7

RPE: retinal pigment epithelium

RT: room temperature

TEM: transmission electron microscop
Tg: transgene

TGF: transforming growth factor

TNF: tumor necrosis factor
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Abstract:

Goldmann-Favre Syndrome, also known as enhanced S-cone syndrome, is an

inherited retinal degeneration in which a gain of photoreceptor cell types results in

retinal dysplasia and degeneration. We demonstrated previously that microglia that are

stained positively for F4/80, rather than retinal pigment epithelium (RPE) cells, may

contribute to the hyper-autofluorescent (AF) spots observed in the retina of rd7 mice,

which are a mouse model of enhanced S-cone syndrome (ESCS). Most of these cells

were present inside retinal rosettes and presumably help RPE cells to phagocytose the

noncontact outer segment debris located within the rosettes. Although microglia have

been implicated in the pathogenesis of many neurodegenerative diseases, the

fundamental role of these cells in this disease is unknown.

In the current study, sequential analyses suggest that microglia are recruited and

appear after outer nuclear layer folding. Using mice with the macrophage Fas-induced

apoptosis (Mafia) transgene, we generated double-mutant mice and studied the role of

the resident retinal microglia. Microglial cells in these double-mutant mice express

enhanced green fluorescent protein (EGFP) and a suicide gene, which can trigger

Fas-medicated apoptosis via systemic treatment with AP20187 (FA506 dimerizer). We

demonstrated that more than 80% of the EGFP+ cells in rd7/rd7;Tg/Tg mice retina



expressed Iba-1, which is a resident microglia marker. We found resident microglia are

still present in the retina after applying AP20187 because AP20187 does not cross the

blood-retina barrier. Hence, only circulating bone marrow (BM)-derived microglia are

depleted. In addition, depletion of circulating BM-derived microglia accelerates retinal

degeneration in rd7 mice. An increased number of autofluorescent (AF) spots are a

consequence of resident microglia proliferation which in turn establishes an

inflammatory cytokine milieu via the upregulation of IL-14, IL-6, and TNF-«

expression. This inflammation likely accelerates retinal degeneration. This study has

identified not only inflammation as a critical step in the pathogenesis of retinal

degeneration, but also the involvement of specific cytokine genes that could serve as

future treatment targets in retinal degenerations.



Chapter |

General Introduction



Enhanced S-Cone Syndrome

Most hereditary retinal degeneration disorders affect the mature photoreceptor

topography by reducing the number of rod and cone photoreceptor neurons through

apoptotic mechanisms. Enhanced S-cone syndrome (ESCS; OMIM 268100;

http://www.ncbi.nlm.nih.gov/omim/ Online Mendelian Inheritance in Man; NCBI,

Bethesda, MD) is a relatively slowly progressive autosomal recessive rod-cone

degeneration caused by mutations in the orphan nuclear receptor transcription factor

NR2E3 (OMIM: 604485). ESCS is the only known retinal dystrophy to date that

appears to manifest as a gain in the function of cone photoreceptor subtype (Smith

2001). NR2E3 mutations were first identified in patients with ESCS, but more recent

studies have demonstrated that mutations in NR2E3 are also common causes of clumped

pigmentary changes in Goldmann-Favre syndrome, clumped pigmentary retinal

degenerations, autosomal recessive retinitis pigmentosa and autosomal dominant

retinitis pigmentosa (Gerber et al. 2000; Haider et al. 2001; Milam et al. 2002; Sharon et

al. 2003; Wright et al. 2004; Chavala et al. 2005; Hayashi et al. 2005; Coppieters et al.

2007).

Retinal degeneration 7 (rd7) mice


http://www.ncbi.nlm.nih.gov/omim/

The spontaneous mutant Nr2e3rd7(rd7) mice carry a mutation in NR2E3 gene and has
been used to study as a mouse model for ESCS (Akhmedov et al. 2000). This mouse
serves as model where a gain of photoreceptor cell types results in retinal dysplasia and
degeneration. At weaning age, fundus examination demonstrates numerous white dots
throughout the retina. However, as time progresses, the dots decrease in number while
becoming larger and irregular in shape. By 16 months, retinal vessels are attenuated and
there is pigment mottling, but the spots disappear (Akhmedov et al. 2000). The
morphological changes correlate well with the clinical findings. The spots are due to the
widespread occurrence of prominent folds in the outer nuclear layer that create
pseudorosettes reminiscent of those seen in retinal dysplasia. These folds occur as early
as P14 (Haider et al. 2001). One or more lightly pigmented cells that contain cellular
debris are usually present in the center of each pseudorosette (Akhmedov et al. 2000). It
has not been determined whether these cells are mobilized RPE cells or macrophages.
Therefore, recognizing these cells and investigating the origin of these cells are
interesting and important issues.

By 5 months of age, the outer retinal folds begin disappear, coincident with the
disease in spot number on clinical examination. By 16 months of age, the folds
disappear concurrent with a thinning of the outer nuclear layer and outer segments,

although neither layer disappears as they do in other retinal degenerations. Electron

7



microscopy demonstrates that the inner and outer segments of the photoreceptors cells

seen on light microscopy contain pigment granules and cellular debris consistent with

phagocytosis.

Retinal pigment epithelium and photoreceptor

The retinal pigment epithelium (RPE) is the pigmented cell layer just outside the

neurosensory retina that nourishes retinal visual cells, and is firmly attached to the

underlying choroid and overlying retinal visual cells. Daily phagocytosis of

photoreceptor outer segments is a critical maintenance function performed by the RPE

to preserve vision. RPE is also involved in the vitamin A cycle where it isomerizes all

trans retinol to 11-cis retinal.

Autofluorescent spot in retina

Aging RPE accumulates lipofuscin, which includes

N-retinylidene-N-retinylethanolamine (A2E) as the major autofluorescent component.

Excessive accumulation of lipofuscin granules in the lysosomal compartment of retinal

pigment epithelium cells (RPE) is considered a common downstream pathogenetic

pathway in many hereditary and complex retinal diseases, including age-related macular
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degeneration (Schmitz-Valckenberg et al. 2008). Fundus autofluorescence imaging has

been shown to be useful with regard to understanding of pathophysiologic mechanisms,

diagnostics, phenotype-genotype correlation, identification of predictive markers for

disease progression, and monitoring of novel therapies. Although we can use the

characteristics of spectral wavelength of A2E to investigate if the autofluorescence in

patient’s retina originated from RPE or not, there is no available machine to do this in

vivo study on patients. Therefore, recognizing autofluorescent material containing cells

and investigating the origin of these cells in disease mutant mice can provide more

information when we would like to apply this technique on patients.

Microglia in retinal degeneration

Microglia, which are part of the mononuclear phagocytic system, act as the first and

main form of active immune defense in the central nervous system, including the retina.

Microglia are the tissue-infiltrating counterpart to monocyte, a subset representing 5%

of circulating leukocytes. Microglia are known to exist in various states of activation.

Resting or scavenging microglia are nature’s garbage disposal, entering tissue for the

purpose of safe removal of debris and repaid of damaged exracellular matrix.

Accumulation of outer segment debris and microglia infiltration has been associated



with the development of age-related macular degeneration (AMD) (Wenzel et al. 2005).

In photoreceptor damage or degeneration, microglia invade the retina to support the role

of RPE in phagocytosing outer segment debris (Hoppeler et al. 1988; Gordon et al.

2002). Thus, infiltration of microglia can be used as a marker for early phases of various

degenerative conditions, and their subsequent disappearance correlates with loss of

hyperautofluorescent spots in later stages of retinal degeneration. However, the

activated microglia produce pro-inflammatory and angiogenic factors which are

potential candidates for regulators of photoreceptor apoptosis. These cells can damage

photoreceptors by production of oxidants, cytokines, and prostaglandins. They can also

induce neovasculzrization by release of angiogenic stimuli, including vascular

endothelial growth factor and tumor necrosis factor.

Interestingly, it has not been determined whether these cells are pathological or

protective roles in retinal degeneration. To investigate the role of macrophage can help

us to develop new therapies in retinal degeneration patients.

Transgenic mice for macrophage Fas-induced apoptosis (Mafia)

These transgenic mice have an inducible Fas suicide/ apoptotic system driven by the

mouse Csflr, colony stimulating factor 1 receptor promoter. The transgene insert

10



contains a mutant human FK506 binding protein 1A, 12kDa (FKBP12) which

preferentially binds the dimerization drug AP20187. Enhanced Green Fluorescent

Protein (EGFP) fluorescence and transgene expression is detected in 78% of isolated

peritoneal cells. EGFP fluorescence is variable among tissues (B- and T-cells do not

express EGFP). Administration of the dimerizing reagent, AP20187, induces apoptosis

in macrophages and dendritic cells (intravenous injection of dimerizer is recommended,

since the intraperitoneal route can elicit peritoneal adhesions). In treated mice, EGFP

fluorescing peritoneal and bone marrow macrophage numbers are depleted by more

than 90%, and macrophage numbers in blood, spleen, lung and thymus by more than

70% (Burnett et al. 2004). Seven days after cessation of treatment, the EGFP

fluorescing macrophage and dendritic cell populations rebound. Homozygous mutant

mice are viable, fertile, normal in size and do not display any gross physical or

behavioral abnormalities. With these mice, we can investigate the possible physiology

change after depleting the macrophages. From now on, we will use “Tg/Tg” to refer

mice with this transgene.

Specific aims of current study

In rd7 mice, abnormal retinal morphology (retinal rosette) appears as early as P14, and

11



begins to disappear at 5 months old (Akhmedov et al. 2000). By 16 months of age, these

folds disappear concurrent with a thinning of the outer nuclear layer and outer segments.

The concordance of the appearance and disappearance of the white spots observed over

entire retina with the waves seen under histology suggests that these spots are associated

with the retinal rosettes (Akhmedov et al. 2000). To investigate the relationship between

retinal degeneration, autofluorescence and macrophage infiltration, we will need to

establish the sequence of appearance of autofluorescent material, macrophages, and

retinal rosettes by performing immunohistochemical staining on serial sections and flat

mount retina of rd7/rd7 mice at different time points.

The second purpose is to identify autofluorescent cells and investigate the origin of

these cells containing autofluorescence in retinal degeneration mouse retina by two

generation backcrossing rd7/rd7 mice with Tg/Tg mice. With serial sections on

transgenic Tg/Tg; rd7/rd7 mice retina at different time point, we will know whether

BM-macrophage contributes to these autofluoresecence. Our study will demonstrate

that macrophages in the degenerated retina are from bone marrow instead of local tissue.

If we can detect EGFP positive cells in the retinal section, then we assume these

macrophages are from bone marrow rather than local tissue. Some studies used the

advantage of bone marrow transplantation and showed that these macrophages are from

bone marrow in some photoreceptor damage (Hoppeler et al. 1988; Gordon et al. 2002;

12



Wenzel et al. 2005). Due to limitation of equipment and facility, we will use the

advantage of Tg/Tg mice.

The third purpose is to determine if macrophages serve a pathological or protective

role in a mouse retinal degeneration model by applying AP20187 on Tg/Tg; rd7/rd7

mice. We will take advantage of the Tg/Tg; rd7/rd7 mice to determine if genetic

ablation of macrophages will accelerate or delay the retinal degeneration.

From our preliminary study in rd7 mice, we believe that photoreceptor outer

segments within the rosettes are inefficiently phagocytosized by RPE and the

accumulation of outer segment debris may in turn trigger macrophage infiltration to

remove the accumulating outer segment waste, and thus explain the increased

autofluorescence within macrophage cytoplasm. However, the activated macrophages

produce pro-inflammatory and angiogenic factors. Macrophages can damage

photoreceptors by production of oxidants, cytokines, and prostaglandins. Whether the

activated macrophage is helping or damaging the retina is not known.

In addition, because inflammation in retinal degeneration leads to retinal fibrosis

and severe vision loss, it is important to understand the factors that regulate macrophage

activity and determine their control of inflammation. Rd7/rd7 mice are a good model of

studying retinal degeneration with macrophage. By using the advantage of Tg/Tg mice,

we can explore the underlying mechanism between inflammation and retinal

13



degeneration.
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Chapter 1, Figure 1.

Figure 1. Light microscopic examination of histological preparations shows outer
nuclear layer waves, whorls, and rosettes in the retinas of homozygous rd7 mutants by 1
mo of age (C). These waves flatten out by 5 mo and are gone by 16 mo (f and i).
Flattening of the waves is concordant with disappearance of the retinal spots. Late-onset
progressive retinal degeneration is also observed. Photoreceptor cells degenerate as
evidenced by the reduction of the outer nuclear layer from the normal thickness of 10
rows of nuclei to only 4 or 5 rows by 16 mo. Histological changes correlate directly

with functional changes, as shown by electroretinography (b,e, and h). (Akhmedov et al.

2000)

15



Chapter 1, Figure 1.

IR
i

(Akhmedov et al. 2000)
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Chapter Il

Cellular Origin of Fundus Autofluorescence in

Patients and Mice with Defective NR2E3 Gene
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Abstract

Aim: To characterize new clinical features in a family with enhanced S-cone syndrome
(ESCS) and investigate the pathogenesis of these clinical features in the homozygous
Nr2e3""" (rd7) mutant mice.

Methods: Four patients from an affected family were included for genotypic and
phenotypic study. Eye tissues from rd7 mice were used to detect a possible relationship
between macrophages and autofluorescent material by immunohistochemistry (IHC)
staining.

Results: Homozygous mutation in R311Q in NR2E3 was detected in this family. Color
photographs revealed that white dots do not correlate to hyperautofluorescent spots seen
in autofluorescence imaging of the macula. OCT showed rosette-like lesions similar to
those found in rd7 mice histology sections. From IHC analysis, we observed that F4/80
(a pan macrophage marker), and autofluorescence were co-localized to the same cells
within the retina rosettes.

Conclusions: Retinal structure of a young ESCS patient with homozygous R311Q
mutation in the NR2E3 gene is similar to that seen in the rd7 mice. The macrophages
were found to contain autofluorescent materials in the retinal rosettes of rd7 mice. Our
data are consistent with macrophage infiltration contributing to the

hyper-autofluorescent spots found in our patients.
18



Introduction

Enhanced S-cone syndrome (ESCS; OMIM 268100; http://

www.ncbi.nlm.nih.gov/omim/ Online Mendelian Inheritance in Man; NCBI, Bethesda,

MD) is a relatively slowly progressive autosomal recessive rod-cone degeneration

caused by mutations in the orphan nuclear receptor transcription factor NR2E3 (OMIM:

604485). NR2E3 encodes a retinal nuclear receptor that is a ligand-dependent

transcription repressor of cone-specific genes in rod photoreceptors (Chen et al. 2005).

The NR2ES3 protein is part of a large family of nuclear receptor transcription factors that

is homologous to an orphan nuclear receptor, Nr2el (formerly known as tailless or

TLX), which is involved in the development and maintenance of normal function of the

central nervous system (CNS) in Drosophila and mammals. NR2E3 is expressed in

mitotic progenitor cells during development and its increased expression in cone cells

may be due to a prolonged period of cone proliferation, which is followed by a gradual

increase in apoptosis. NR2E3 appears to be a dual regulator, suppressing cone cell

proliferation in mitotic cells and promoting rod cell genesis in postmitotic cells. NR2E3

mutations were first identified in patients with ESCS, but more recent studies have

demonstrated that mutations in NR2E3 are also common causes of clumped pigmentary

changes in Goldmann-Favre syndrome, clumped pigmentary retinal degenerations,
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autosomal recessive retinitis pigmentosa and autosomal dominant retinitis pigmentosa
(Gerber et al. 2000; Haider et al. 2000; Milam et al. 2002; Sharon et al. 2003; Wright et
al. 2004; Chavala et al. 2005; Hayashi et al. 2005; Coppieters et al. 2007).

The spontaneous mutant Nr2e3™(rd7) mice have a mutation in NR2E3 gene
(Akhmedov et al. 2000). This mutant mouse displays increased number and propotion
of photoreceptors with S-cone phenotype and abnormal lamination of the outer nuclear
layer (ONL) (Akhmedov et al. 2000; Haider et al. 2001).

With confocal scanning-laser ophthalmoscope and spectral domain optical
coherence tomography we discovered similar features in a patient. In addition, we
demonstrated the origin of these unique clinical features in the homozygous Nr2e3™

(rd7) mutant mice.

20



Materials and Methods

Phenotypic Studies

Four patients from an affected family (6, 8, 35, and 46 years of age) were enrolled

with the approval of the institutional review board protocol #AAABG6560 at Columbia

University. The tenets of the Declaration of Helsinki were followed.

All patients underwent complete ophthalmic evaluation after informed consent

was obtained. Fundus photographs, retinal pigment epithelium (RPE) autofluorescence

(AF), Fourier-domain optical coherence tomography (OCT) and electroretinogram

(ERG) were performed in the two children.

Genetic Analyses

The coding region of NR2E3 was sequenced for disease-causing mutations in all

patients. DNA was extracted from peripheral blood with the QlAamp DNA Mini Kit

(Qiagen Inc., Valencia, CA). Extracted genomic DNA was amplified by polymerase

chain reaction (PCR) using primers and cycling temperature as previously described

(Audo et al. 2008). The PCR products were purified (QIAquick PCR Purification Kit,

Qiagen Inc., Valencia, CA) and sequenced.

Autofluorescence Imaging

21



Autofluorescence images were obtained using a confocal scanning-laser
ophthalmoscope (cSLO, Heidelberg Retina Angiograph 2, Heidelberg Engineering,
Dossenheim, Germany) by illuminating the fundus with argon laser light (488 nm) and
viewing the resultant fluorescence through a band pass filter with a short wavelength
cut-off at 495 nm (von Ruckmann et al. 1995; Robson et al. 2003; Robson et al. 2006;
Tsang et al. 2007; Tsui et al. 2008; Tsui et al. 2008).

Optical Coherence Tomography (OCT)

Spectral domain optical coherence tomography (SD-OCT) images were obtained using
the Cirrus Spectral Domain OCT from Zeiss (Carl Zeiss Meditec Inc., Dublin, CA,
USA). The acquisition protocols included five-line raster scans. Three scans were
performed on each eye, and the one with the best signal strength was selected for the
final analysis.

Electroretinogram (ERG) Testing

Full-field ERG were performed with silver-impregnated fiber electrodes (DTL;
Diagnosys LLC, Littleton, MA) and incorporated the ISCEV Standards (Holder et al.
2007). The minimum protocol incorporates the rod-specific and standard bright flash
ERGs, both recorded after a minimum of 20 min dark adaptation. Following 10 min of
light adaptation, the photopic 30 Hz flicker cone and transient photopic cone ERGs

were recorded. S-cone ERGs used a blue stimulus (445 nm, 2-12 cd/m?) on an orange

22



background (620 nm, 100 cd/m?) (Audo et al. 2008).
Whole Mount Eyecup
To better understand the mechanisms underlying the clinical findings in our

3" mutant mice, a mouse model for ESCS, from Jackson

patients, we acquired the Nr2e
laboratory (stock #004643, Bar Harbor, Maine, United States). Eyes from five week-old
Nr2e3"" mice and eight week-old C57BL/6J mice (used as a control) were enucleated
and placed in 4% paraformaldehyde for one hour at room temperature. The cornea and
lens were removed from each eye under a surgical microscope. The whole eyecups were
flattened by means of four radial cuts and mounted with mounting medium
(VECTASHIELD, Burlingame, CA). Autofluorescence was detected by standard
fluorescence microscopy.

Immunohistochemistry (IHC)

Whole eyecups were prepared as described above, and frozen in optimum cutting
temperature compound (Tissue-Tek OCT, Miles Laboratories, Elkhart, IN). Frozen eyes
were cryosectioned using at a thickness of 10um. Blocking was performed using 10%
donkey serum in PBS with 0.3% Triton X-100 (blocking solution) for 30 min at room
temperature (RT). The sections were then incubated with the primary antibodies diluted

in 4% donkey serum in PBS with 0.1% Triton X-100 for 2 hours at RT. The samples

were subsequently incubated for 40 minutes at RT with the secondary antibodies diluted
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in PBS with 0.1% Triton. The primary antibody used was directed against F4/80, a pan
macrophage marker, (dilution 1:500, eBioscience, San Diego, CA). The secondary
antibody used was: Alexa Fluor 488 donkey anti-rat IgG (dilutions 1:1000, Invitrogen,
Carlsbad, CA). After washing three times with PBS, the retinas were mounted with
mounting medium containing the nuclear dye DAPI (VECTASHIELD, Burlingame, CA)
and viewed under a fluorescence microscope (Leica DM 5000 B, Wetzlar, Germany).

Images were digitally merged to assess for triple labeling.
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Results

Genetic Studies

Direct sequencing of the NR2E3 gene from the proband revealed a homozygous

missense mutation 932G—>A in exon 6 coding for the R311Q residue (fig 1). His

asymptomatic elder brother (8 year old) and consanguineous parents (first cousins) were

heterozygous for a mutation at the same DNA site.

Clinical Examination

Case 1l

A 6-year-old boy presented with poor night vision since the age of 2. No history of

prematurity or developmental abnormalities was noted, and past ocular history was also

unremarkable. The patient is a product of consanguineous mating. Two months prior to

presentation, the boy was suspected of having chorioretinitis after failing a standard

vision screening at his elementary school. Serum examination was negative for

inflammatory and infectious markers, including toxoplasmosis, toxocara, cat scratch

disease, Lyme disease and syphilis.

On examination, visual acuity was 20/800 in the right eye and 20/40 in the left eye. The

intraocular tension was 13 mmHg in the right eye and 15 mmHg in the left eye. The eye

position was orthophoric with full motility. Biomicroscopy was unremarkable except for
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1+ vitreous cells in both eyes. Dilated fundus examination of both eyes revealed

multiple whitish subretinal deposits and several prominent lesions within the macula

(fig 2A). Fundus autofluorescence imaging (FAF) showed hyperautofluorescence in the

macula and mid-peripheral retina (fig 3A). Spectral-domain optical coherence

tomography (OCT) showed intraretinal cystic changes surrounding the lesion and

rosette-like lesions in the mid-peripheral retina, with loss of normal retinal lamination

(fig 3B). There was no cystoid macular edema or foveal schisis in the left eye.

Fluorescein angiography showed hyperfluorescence that increased with time, suggesting

chronic subretinal neovascularization and fibrosis. There was no peripheral vascular

leakage. Full-field ERG shows three characteristic findings: 1). no rod responses; 2) the

waveforms of scotopic maximal response are very identical to the transient photopic

responses except the size (circles); 3) the amplitude of a wave in the transient photopic

response is larger than amplitude of photopic 30 Hz flicker. S-cone-specific ERG was of

remarkably high amplitude and confirmed the diagnosis of ESCS (fig 4).

Case 2

The proband’s older brother was an asymptomatic 8-year-old boy. The best corrected

visual acuity was 20/20 (OU) and biomicroscopy was unremarkable. Dilated fundus

examination of both eyes revealed a normal retinal appearance without white dots (fig

2B). FAF showed several increased hyperautofluorescence spots around the disc and
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arcades (fig 3C). OCT showed normal retinal lamination without rosette-like lesions (fig
3D). ERG results were normal (fig 4).
Case3&4
The proband’s parents were first cousins and both were beta-thalassemia carriers.
Comprehensive ophthalmic evaluation was unremarkable and there were no fundus
white dots or hyper-autofluorescence spots in either parent.
Examination of Nr2e3" mutant mice
Dilated fundus photography from 5-week-old Nr2e3™ mutant mice showed
diffuse subretinal white dots (fig 5B), and whole mount eyecup from age-matched
Nr2e3"" mice demonstrated similar hyperautofluorescent spots (fig 5D). Images
obtained from 8-week-old wild type C57BL/6J mice showed no white dots in the retina
(fig 5A) and no hyperautofluorescent spots (fig 5C). Autofluorescence imaging of retina
from Nr2e3™" mice has chromophores with a wide spectrum of emission in the visible
wavelengths with the highest intensity around 550 nm when excited at 436 nm (fig 5E).
DAPI staining of retina from Nr2e3™" mice demonstrated rosette and whorl-like
structures in the retina and the autofluorescent materials were localized to the region
between the outer nuclear layer (ONL) and retinal pigment epithelium (RPE), and
mostly within the rosettes (fig 6A). IHC performed with the macrophage marker F4/80

demonstrated that the macrophages were within the rosettes, and the autofluorescent
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materials were in the cytoplasm of these macrophages (fig 6B).
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Discussion

Fundus examination

Nummular pigment clumping along the vascular arcades, the classical retinal

phenotype seen in adult ESCS patients, is not observed in our proband. Findings from

recent reports of young ESCS patients suggest that subtle pigmentary changes with

white dots represent an early stage of the disease process (Sharon et al. 2003; Khan et al.

2007), and these white dots progress to characteristic clumped retinopathy in late

adulthood (Sharon et al. 2003). This phenomenon suggested why there were few reports

described similar fundus white dots from the ESCS patients. Although a normal fundus

appearance without subretinal white dots has been reported in some case series with

6-10 year-old patients (Audo et al. 2008; Vaclavik et al. 2008), those patients are

homozygous for a missense mutation (R104W) that is different from the R311Q

mutation seen in our case series. The R311Q substitution, the most common ESCS

allele, is found in ~45% of patients (Haider et al. 2000). Whether there is

genotype-phenotype correlation requires further studies to analyze younger ESCS

patients to explain clinical characteristics variability.

Optical Coherence Tomography (OCT)

Foveal schisis has been reported in patients with ESCS (Haider et al. 2000; Audo
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et al. 2008; Vaclavik et al. 2008). In case 1, there is no foveal schisis in the left eye,

however, there are intraretinal cysts around the lesion in the macula of the right eye (fig

3B).

Patients with ESCS have histologically dysmorphic retinas in the ONL (Peyman

etal. 1977; Milam & Jacobson 1990; Milam et al. 2002) and our results demonstrate

that spectral-domain OCT can detect such rosette formation in the ONL and can be used

to monitor photoreceptor loss as the disease progresses.

Autofluorescence imaging

The ring of increased AF in the macula area has been suggested to be associated

with fundus white dots and retinal rosette (Audo et al. 2008). In case 1,

hyperautofluorescent spots are not limited in the macula area but also extended beyond

the arcades. The hyperautofluorescent spots outside the macula area correspond to the

fundus white dots (fig 3A), whereas the hyperautofluorescent spots within the macula

do not correspond to the white dots or pigmentary clumps. In addition, the heterozygous

brother (case 2) does not have white dots visible funduscopically, but does have several

hyperautofluorescent spots along the arcades. Thus, the hyperautofluorescent spots and

fundus white dots may have different origins.

Figure 3C showed several hyperautofluorescence dots around the disc and arcades

in case 2. Whether heterozygosity with the mutant NR2E3 allele has any phenotypic
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manifestation is unknown; the absence of these hyperautofluorescent dots in the
asymptomatic consanguineous parents suggests that they may be transient in nature and
only detectable in heterozygous children.
Fundus white dots and retinal rosettes of Nr2e3™" mutant mice

Subretinal white dots (Akhmedov et al. 2000) and abnormal lamination of the
ONL (Akhmedov et al. 2000; Haider et al. 2001) have been described in Nr2e3"”
mutant mice. The Nr2e3"" mutant mice have numerous white dots over the entire retina
at 1 month old that gradually decrease by five months of age, and disappear completely
by 16 months (Akhmedov et al. 2000). The concordance of the appearance and
disappearance of the white spots observed over entire retina with the waves seen under
histology suggests that these spots are associated with the retinal rosettes (Akhmedov et
al. 2000). Milam et al described an approximately 2-fold increase in total cones from a
70-year-old R311Q patient (Milam et al. 2002), and Haider et al described a 1.5-2.0 fold
increase of S-cones in Nr2e3"™ mice (Haider et al. 2001). Whether the excessive
numbers of S-cones contribute to rosette formation is uncertain.
Autofluorescent spots of Nr2e3™ mutant mice

In Nr2e3" mice retina, we found that the autofluorescent materials were present
in the cytoplasm of macrophages situated within and sometimes adjacent to the retinal

rosettes (fig 6). Immunolocalization studies (fig 6) demonstrate that the chromophores
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are found within macrophages instead of RPE. In addition, the multiple spectral
wavelength (fig 5) of the hyperautofluorescent spots from Nr2e3"™" mutant mice
suggests that these spots contain chromophores in addition to A2E, which has an
emission maxima of 565 to 570 nm (Sparrow et al. 1999). In a manner analogous to that

seen in Nr2e3"™’

mutant mice, we can expect that hyperautofluorescent spots in our case
may not from RPE cells, but macrophages. Further in vivo study on ESCS patient with
different spectral wavelength can help to determine the origin of these
hyperautofluorescent spots.

There are two probable explanations for the presence of macrophages in Nr2e3"”
mice retina. First, the macrophages are recruited into the retina to remove apoptotic
photoreceptors found as early as in P30 Nr2e3™ retina (Sparrow et al. 1999). Second,
photoreceptor outer segments within the rosettes are inefficiently phagocytosized by
RPE due to the abnormal retinal structure, and the accumulation of outer segment debris
may in turn trigger macrophage infiltration to remove the waste. However, our IHC
studies suggest that these fluorophores within macrophages are derived from the outer
segment, rather than apoptotic photoreceptors.

Similar accumulation of outer segment debris and macrophage infiltration has

been associated with the development of age-related macular degeneration (AMD)

(Wenzel et al. 2005). In photoreceptor damage or degeneration, macrophages invade the
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retina to support the role of RPE in phagocytosing outer segment debris (Hoppeler et al.
1988; Gordon et al. 2002). Thus, infiltration of macrophages can be used as a marker for
early phases of various degenerative conditions, and their subsequent disappearance
correlates with loss of hyperautofluorescent spots in later stages of retinal degeneration.

In summary, we discovered several novel features (fundus white dots,
hyperautofluorescent spots and rosette-like retinal lesions) observed in a child
homozygous for the R311Q allele in NR2E3. Findings from the Nr2e3™" mutant mice
suggest that fundus hyperautofluorescent lesions are likely to be contributed by

macrophages.
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Chapter 2, Figure 1.

Figure 1. (A). Pedigree of a family in which mutation in the NR2E3 gene were
identified. A mutant allele is indicated by (-); a normal allele is indicated by (+). Arrow
shows the proband (1, homozygous), and the other members are heterozygous. (B).
Direct DNA sequencing from proband’s consanguineous parents and brother showed
heterozygous base-substitution at 932G—>A in exon 6. (C). Direct sequencing from the
proband revealed a homozygous base-substitution at 932G—> A with a predicted

missense mutation of R311Q (CGG to CAG).
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Chapter 2, Figure 2.

Figure 2. (A). Composite fundus photographs of the right and left eyes of proband (case
1) showing multiple subretinal white deposits and prominent lesions in the macula (red
arrows). (B). Composite fundus imaging of the right and left eyes of case 2 exhibited a
normal retina without subretinal deposit. There are some artifacts arising from
photography (yellow arrows illustrate examples of artifacts from the camera lens, blue

arrows show reflections of the nerve fiber layer).
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Chapter 2, Figure 3.

Figure 3. (A). Fundus autofluorescence exam (FAF) of proband (case 1) showed
hyper-autofluorescent spots in the macular area and in the mid-peripheral retina. (B). Optical
coherence tomography (OCT) 1, 2, 3, and 4 correspond to scanning sections in fig A. 1
showed cystic changes around the foveal lesion (OD). Note that the rosette-like lesions
(arrow head) correspond to hyper-autofluorescent spots and loss of retinal lamination (2, 3
and 4). (C). FAF of case 2 showed several hyper-autofluorescent spots around the disc and
arcades. (D). (5,6) OCT sectioning of case 2 (line 5 and 6 from fig C) showed normal retinal

lamination without rosette-like lesions. Some shadows casted by retinal vessels are observed.
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Chapter 2, Figure 4.

Figure 4. Electroretinogram (ERG) from case 1 revealed three characteristic findings: 1). no
rod responses; 2) the waveforms of scotopic maximal response are very identical to the
transient photopic responses except the size (circles); 3) the amplitude of a wave in the
transient photopic response is larger than amplitude of photopic 30 Hz flicker. S-cone-specific
ERG was of remarkably high amplitude (60-70 uV) and further confirmed the diagnosis of

ESCS. ERG from case 2 was normal.
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Chapter 2, Figure 4.
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Chapter 2, Figure 5.

Figure 5. Color fundus photographs from wild type mouse (A) showed normal retina,
whereas image from rd7 mouse (B) showed numerous subretinal white dots. Whole
mount eyecup from wild type mouse (C) did not reveal hyperautofluorescence spots
whereas image from rd7 mouse (D) showed hyperautofluorescence spots. (E, F).
Spectral fluorescence of hyperautofluorescence spots from rd7 mouse retina
demonstrated the wave length of highest fluorescence intensity was 540 nm to 560 nm

when excited with light of 436 nm.
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Chapter 2, Figure 6.

Figure 6. (A). Immunohistochemistry of a frozen section from rd7 mouse retina using
anti-F4/80 antibodies (macrophage marker) showed one macrophage in the retinal
rosette, or whorl lesion. (B). High magnification of white dots lined area from (A)
showed images merge from different fluorescence channels. The autofluorescence (red)
was co-localized with macrophage marker (green). INL: inner nuclear layer; ONL: outer

nuclear layer; AF: autofluorescence; F4/80: macrophage marker; DAP: DAPI staining.
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Chapter 111

Origin of fundus hyperautofluorescent (AF) spots,
and their role in retinal degeneration in a Mouse

Model of Goldmann-Favre Syndrome
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Abstract

Aim: To investigate the role of microglia in rd7/rd7 mice, which are a mouse model of

enhanced S-cone syndrome (ESCS).

Methods: Using mice with the macrophage Fas-induced apoptosis (Mafia) transgene,

we generated double-mutant (rd7/rd7;Tg/Tg) mice and studied the role of the resident

retinal microglia. Microglial cells in these double-mutant mice express enhanced green

fluorescent protein (EGFP) and a suicide gene, which can trigger Fas-medicated

apoptosis via systemic treatment with AP20187 (FK506 dimerizer). AP20187 was used

to systemic ablation of bone marrow-derived microglia in rd7/rd7;Tg/Tg mice.

Immunohistochemical analysis, flow cytometry, electron microscopy, and western blot

were used in this study.

Results: We demonstrated that more than 80% of the EGFP+ cells in rd7/rd7,;Tg/Tg

mice retina expressed Iba-1, and resident microglia are still present in the retina because

AP20187 does not cross the blood-retina barrier. Hence, only circulating bone marrow

(BM)-derived microglia are depleted. Depletion of circulating BM-derived microglia

accelerates retinal degeneration in »d7 mice. An increased number of autofluorescent

(AF) spots is a consequence of resident microglia proliferation which in turn establishes

an inflammatory cytokine milieu via the upregulation of IL-14, IL-6, and TNF-«
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expression. This inflammation likely accelerates retinal degeneration.
Conclusions: This study has identified not only inflammation as a critical step in the
pathogenesis of retinal degeneration, but also the involvement of specific cytokine

genes that could serve as future treatment targets in retinal degenerations.
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Introduction

Retinal degeneration in »d7 mice is caused by a spontaneous mutation in the Nr2e3 gene.
In addition, this mouse strain is a model for Goldmann-Favre Syndrome or enhanced

S-cone syndrome (ESCS; OMIM 268100; http://www.ncbi.nlm.nih.gov/omim/Online

Mendelian Inheritance in Man; NCBI, Bethesda, MD) (Akhmedov et al. 2000). In these
mice, a gain of photoreceptor cell types results in retinal dysplasia and degeneration.

Recently, we described novel characteristics in a 6-year-old boy with ESCS who
carried a homozygous R311Q mutation in the Nr2e3 gene, including diffuse retinal
white dots, hyperautofluorescent (AF) spots, and retinal rosettes (Wang et al. 2009). His
phenotypic manifestations were similar to those of “young” »d7 mice. We
demonstrated that F4/80-positive microglia, rather than retinal pigment epithelium (RPE)
cells, contributed to these AF spots. Most of these cells were present inside retinal
rosettes and presumably helped RPE cells phagocytose this outer segment debris within
the rosettes. Although these data demonstrated the presence of comparable retinal
characteristics in human ESCS and a mouse model of the disease, the fundamental role
of microglia in retinal degeneration is unknown.

Microglia, which are part of the mononuclear phagocytic system, act as the first

and main form of active immune defense in the central nervous system, including the
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retina (Kreutzberg 1996; Cuadros & Navascues 1998; Hanisch & Kettenmann 2007;

Tambuyzer et al. 2009). Microglial activation is characterized by the expression of

various microglial/macrophagic markers. In the retina, microglial activation has been

demonstrated in injury (Ng & Streilein 2001; Langmann 2007; Joly et al. 2009),

ischemia (Zhang et al. 2005; Ritter et al. 2006; Sivakumar et al. 2011), and degeneration

(Langmann 2007; Sasahara et al. 2008; Arroba et al. 2011). Microglial cells consist of

the two types of resident microglia and circulating bone marrow (BM)-derived

microglia, with the former entering from hyaloid vessels and being thought to be

associated with neuronal death in retinal histogenesis (Ashwell et al. 1989), whereas the

latter entering from the optic nerve after retinal vascularization (Caicedo et al. 2005;

Hou et al. 2006). Although BM transplantation approaches have the potential to

systemically remove macrophages in order to study their function in vivo in normal or

disease models, pre-BM-transplantation irradiation damages resident microglia, which

may change the immune environment of the retina (Amoaku et al. 1992; Kaneko et al.

2008).

Burnett and colleagues generated transgenic mice for macrophage Fas-induced

apoptosis (Mafia) (Burnett et al. 2004; Burnett et al. 2006). This transgene (Tg:

Csflr-EGFP-NGFR/FKBP1A/TNFRSF6) is under the control of the c-fins promoter,

which drives the expression of the CSF-1 receptor in cells of the mononuclear
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phagocytic system, including monocytes, macrophages, dendritic cells, Kupffer cells,
Langerhans cells, osteoclasts, and microglial cells (Cecchini et al. 1994). In Mafia mice,
cells of the macrophage lineage express the EGFP and a membrane-bound suicide
protein that can be activated by the covalently linked dimerizing reagent AP20187.
Henceforth, we will use  “Tg/Tg” to refer to mice that are homozygous mice for this
transgene.

In the current study, we took advantage of Mafia transgenic mice to mark the

origin of hyperautofluorescent (AF) spots with the EGFP reporter in »d7 mice.
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Materials and Methods

Mouse Strains

All mice were handled in accordance with the Statement for the Use of Animals in
Ophthalmic and Vision Research of the Association for Research in Vision and
Ophthalmology, and all experiments were approved by the Institutional Animal Care
and Use Committee of the Chang Gung Memorial Hospital.

C57BL/6, B6.Cg-Nr2e3™ "™ (rd7), and Mafia (Tg/Tg) mice were purchased from
the Jackson Laboratory (Bar Harbor, ME, USA) and were housed at a local animal
facility under a 12 h light/12 h dark cycle. All mice used in this study were in the B6
background. The rd7 mice were outcrossed to 7ig/Tg mice, with F; offspring from each
of these outcrosses being intercrossed to generate F, mice. The two-generation
outcross-intercross series was used to generate rd7/rd7;Tg/Tg double homozygotes for
the Nr2e3™”" mutation and Tg/Tg, as described previously (Haider et al. 2001). The

offspring from an intercross of »d7/rd7;Tg/Tg mice were used in this study.

Screening for the Transgene in Mafia Mice and for the Nr2e3 Gene in rd7 Mice

Genomic DNA was extracted from mouse tails using the QuickExtract kit

(Epicentre, Madison, WI). To detect the transgene in Mafia mice, the following EGFP
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primers were used: 52-AAGTTCATCTGCACCACCG-32 (forward) and

52-TCCTTGAAGAAGATGGTGCG-32 (reverse). Homozygous rd7 animals were

differentiated from heterozygous and wild-type controls via PCR analysis of genomic

DNA using primers designed for the Nr2e3 gene. A forward primer located in exon 4

(52-GTAGCCTCTCCTGCTCTGGCAG-32) and a reverse primer located in exon 5

(52-CAGGTTGGAAAACACAGGCAAG-32) were used to amplify a 339 bp fragment

in wild-type animals and a 239 bp fragment in d7 mutants and in heterozygotes

harboring the deletion. The fragments were amplified using Sul of DNA extract in a

50.0 pl PCR reaction. The cycling conditions were an initial 10 min incubation at 94°C,

followed by 10 cycles of 94°C for 10 s, 60°C for 30 s, and 68°C for 60 s and 20 cycles

of 94°C for 10 s, 55°C for 30 s, and 68°C for 60 s, and a final extension at 68°C for 7

min. PCR products were electrophoresed on 2% agarose gels (Seakem LE, Lonza Rockland,

Rockland, ME) and visualized via ethidium bromide staining. The homozygosity of Tg

mice was determined by calculating the ACt using real-time PCR with primers for

EGFP (test gene) and Apo B (reference gene).

Cilioretinal Flatmount and Histochemical Analyses

Eyes were enucleated and placed in 4% paraformaldehyde for 1 h at room temperature

(RT). The cornea and lens were removed from each eye under a surgical microscope.
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Whole eyecups were flattened using four to eight radial cuts and mounted with

mounting medium (VECTASHIELD, Burlingame, CA). Autofluorescence was detected

using standard fluorescence microscopy, as described previously (Wang et al. 2009).

Immunostaining was performed as described previously (Wang et al. 2009; Wang et al.

2010).

After fixation as described above, eyes were frozen in optimum cutting temperature

compound (Tissue-Tek OCT; Miles Laboratories, Elkhart, IN). Frozen eyes were

cryosectioned at a thickness of 10 um. Blocking was performed using 10% normal

blocking serum in PBS with 0.3% Triton X-100 (blocking solution) for 30 min at RT.

Sections were then incubated with primary antibodies diluted in 4% normal blocking

serum in PBS with 0.1% Triton X-100 for 2 h at RT. The samples were subsequently

incubated for 40 min at RT with secondary antibodies diluted in PBS with 0.1% Triton

X-100. The primary antibodies used were anti-EGFP (1:2000, Novus Biologicals,

Littleton, CO), anti-F4/80 (1:100, Abcam, Cambridge, MA), anti-CD68 (1:200, Abcam,

Cambridge, MA), anti-ionized calcium-binding adaptor molecule 1 (Iba-1; 1:1000,

Wako, Osaka, Japan), anti-major histocompatibility complex (MHC) class Il (1:100, BD

Pharmingen, SanJose, CA), anti-vimentin (1:200, Sigma-aldrich, Saint Louis, MO), and

anti-active caspase 3 (1:200, BD Pharmingen, San Jose, CA). The secondary antibodies

used were Alexa Fluor 488- or 555-conjugated antibodies (dilution, 1:1000; Invitrogen,
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Carlsbad, CA). After being washed three times with PBS, the sections were mounted
with mounting medium containing the nuclear dye Hoechst (Invitrogen, Carlsbad, CA)
and viewed using a Leica TCS SP5 confocal microscope (Leica Microsystems GmbH,
Wetzlar, Germany). Images were merged digitally to assess triple labeling.

The Click-iT 5-ethynyl-22-deoxyuridine (EdU) labeling kit was used to perform
EdU labeling (Invitrogen, Carlsbad, CA). Timed, rd7/rd7;Tg/Tg mice were injected
with EdU solution (30 u« g/g of body weight) continuously for 2 days, and then killed
on the third day. Eyes were collected, fixed, and processed according to the
immunostaining protocol mentioned above. EdU staining was performed according to

the protocol provided by the Kit.

Transmission Electron Microscopy

For transmission electron microscopy (TEM), P60 rd7 and P60 wild-type (WT)
mice were first perfused transcardially with 2% glutaraldehyde and 2%
paraformaldehyde in phosphate buffer. Subsequently, the eyes of animals were
enucleated and placed in 3% glutaraldehyde with 2% paraformaldehyde for 2 h at 4°C.
The cornea was cut and the lens was removed, to allow further fixation for 1 h. After
refixation in 1% osmium tetraoxide for 4 h at room temperature, the eye samples were

prepared as described previously (Yeh et al. 2008). After fixation, the eye samples
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were washed in phosphate buffer, dehydrated, and embedded in Epon 812 epoxy
resin. Serial semithin sections were obtained along the long axis and stained with
toluidine blue. Ultrathin sections from selected areas were collected on 75 mesh
copper grids and stained with uranyl acetate and lead citrate, and images were
photographed with a Hitachi 7100 transmission electron microscope (Hitachi,

Tokyo, Japan) equipped with an AMT digital camera.

Quantitative Real-Time RT-PCR (qRT-PCR)

Total mMRNA was prepared from freshly dissected whole mouse retinas using the
TRIzol reagent (Molecular Research Center, Cincinnati, OH). The mRNA was
transcribed using SuperScript 111 Reverse Transcriptase (Invitrogen, Carlsbad, CA) and
Q-PCR assays were performed using the KAPA SYBR® FAST gqPCR Kit (Kapa
Biosystems, Woburn, MA). Amplified products were run on the Mx3000P™ instrument
(Stratagene) in a final reaction volume of 10 pL. The following thermocycling profile
was used: denaturation at 95°C for 3 min and 40 cycles of 95°C for 3 s, 55°C for 20 s,
and 72°C for 1 s. The MxPro software was used to set baselines and CT values
according to the guidelines provided by Stratagene. The expression levels of each gene
were normalized to the PCR products of S-actin. The following primers were used for

Q-PCR: IL-15, 52-TGTGAAATGCCACCTTTTGA-32 and
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52-CTGCCTGAAGCTCTTGTTGA-32; IL-6, 52-TGTGCAATGGCAATTCTGAT-32

and 52-CTCTGAAGGACTCTGGCTTTG-32; IL-10,

52-TGGCCCAGAAATCAAGGAGC-32 and 52-CAGCAGACTCAATACACACT-32;

TNF-0, 52-CCACCACGCTCTTCTGTCTA-32 and

52-CACTTGGTGGTTTGCTACGA-32; TFG-p1,

52-TTGCTTCAGCTCCACAGAGA-32 and 52-TGGTTGTAGAGGGCAAGGAC-32;

MCP-1,52-TCTCTTCCTCCACCACTATGCA-32 and

52-GGCTGAGACAGCACGTGGAT-32; p-actin,

52-TCATGAAGTGTGACGTTGACATCCGT-32 and

52-CCTAGAAGCATTTGCGGTGCAGGATG-32.

Ablation of BM-Derived Microglia in Transgenic Mice

The depletion protocol used here was as described previously (Burnett et al. 2004;

Qualls et al. 2006). AP20187 (Ariad Pharmaceuticals, Cambridge, MA) was injected

(i.v.) into the P14 rd7/rd7;Tg/Tg mice once daily at a dose of 10 mg/kg of body weight

for 5 consecutive days, for initial cell depletion. This depletion protocol has been shown

to cause 80-95% depletion of monocytes, macrophages, and dendritic cells s in many

tissues (Burnett et al. 2004). Depletion can be prolonged by subsequent injection of

AP20187 twice weekly at a reduced dose of 1 mg/kg of body weight (Qualls et al.
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2006).

Flow Cytometry to Determine Macrophage/DC Depletion

Flow cytometric analysis and sorting were performed on a BD FACSCalibur flow

cytometer (BD Biosciences, San Jose, CA) and the data collected were analyzed using

the Flowjo software. Peritoneal lavage was performed under anesthesia using 5 mL of

PBS and peripheral blood was collected from the tail vein. The preparations were

resuspended in 10-fold ACK lysis buffer (Lonza Walkersville, Walkersville, MD), spun,

and processed using flow cytometry. Histograms were graphed from events gated by

forward and side scatter (FSC and SSC, respectively) to the region where macrophages

and lymphocytes would be found.

Quantification and Statistical Analyses

In Fig. 1H, the number of AF spots and rosettes within fields of 200 x 200 um (the

average of four fields from the central retina and eight fields from the peripheral retina)

was determined and processed statistically from montage images of the cilioretinal

flatmounts. To compare the EdU-labeled cells in the »d7/rd7;Tg/Tg mice injected with

AP20187 and vehicle, the number of EdU-labeled cells was counted and averaged from

15 serial sections cut around the optic nerve head in each mouse (n=3 in each group).
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All experimental data were assessed by an operator blinded to the treatment

condition. Significance was determined using a paired ¢ test. P < 0.05 was considered

significant. All analyses were performed using the SPSS 15.0 software (SPSS, Chicago,

IL).
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Results

Spatial and Temporal Distribution of Autofluorescent (AF) Spots and Rosettes in rd7

Mice

Our previous study showed that retinal rosettes corresponded to retinal folds, and that
AF spots corresponded to microglial cells located between the neural retina and the RPE
(Wang et al. 2009). To investigate the relationship between autofluorescence, microglial
infiltration, and retinal degeneration, we counted the AF spots and rosettes in the
cilioretinal flatmounts of the rd7 mice between P14 and P720 (Fig. 1). Figs 1A and B
show the cilioretinal flatmounts of the P21 wild type (A) and P19 »d7 mice (B). Fig. 1C
shows examples of AF spots (arrows) and rosettes (circular halos). Although the
number of retinal rosettes increased from P14 to P21, the number of rosettes decreased
progressively from P21 through P720. In contrast, AF spots that were absent at P14,
were first detected as early as P21 (Fig. 1G), and increased gradually with age (Figs 1,
F-K). We found that the AF spots were not distributed along the retinal vessels, but

rather were correlated with rosettes between P21 and P60.
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Abnormal Accumulation of Material in the Outer Segment of rd7 Mice

Previously, abnormal accumulation of material at the photoreceptor—RPE interface was
documented in N#/”~ mice, another mouse model of ESCS (Mustafi et al. 2011). In
addition, in our previous study, we found cells that were stained positively for F4/80
inside the retinal rosettes (Wang et al. 2009). To characterize these cells further, we
performed an immunochemical analysis of retinas in »d7 mice. Confocal images taken
from the cilioretinal flatmounts of 2-month-old »d7 mouse retinas probed with
anti-F4/80 antibodies revealed the presence of ramified microglia “lying” above the
RPE layer (Fig. 2). These cells were colocalized with F4/80 (green, Fig. 2B) and
autofluorescent material (red, Fig. 2C). Crosshairs and high-magnification viewing
revealed the presence of autofluorescent materials within the cytoplasm of an
F4/80-positive cell (Fig. 2E).

To characterize the autofluorescent material further, we performed a histological
analysis of rd7 and wild-type (WT, C57BL/6) mouse photoreceptors. Abnormal folding
at the outer nuclear layer and outer and inner segment was noted in P60 rd7 mice (Fig.
3A), whereas this folding was not found in P60 WT mouse retinas (Fig. 3B). To
confirm this finding, we examined the retinas of rd7 and WT mice using transmission
electron microscope (TEM) (Figs. 3C-H). In rd7 mouse retinas, some microglia

(different from RPE cells) were detected between the OS and the RPE (asterisks in Figs.
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3E and F). A higher magnification of TEM images showed the accumulation of

lysosomes inside a microglial cell (arrow in Fig. 3G), which was more likely to be

found under retinal rosettes (Figs. 3E and F). No microglia were found in WT mouse

retinas (Fig. 3D).

Distribution of Microglia in rd7/rd7,;Tg/Tg Mice

To investigate the role of circulating BM-derived microglia in »d7 mice, we generated

rd7/rd7;Tg/Tg double homozygotes via a two-generation outcross—intercross series.

Theoretically, the transgene is under the control of the c-fms promoter and is expressed

in macrophages, monocytes, microglia, and dendritic cells (Burnett et al. 2004; Burnett

et al. 2006). Previously, microglia were classified into various subtypes (Zhang et al.

2005). To investigate further whether EGFP was expressed in these microglia and

whether they colocalized with microglial markers, we performed an

immunohistochemical analysis of the retinas of the »d7/rd7,; Tg/Tg mice. Among the

EGFP+ cells, 45.4 + 9.5% expressed F4/80, 47.7 £ 10.4% expressed CD68, 84.2 + 8.0%

expressed Iba-1, and 39.7 + 7.7% expressed MHC class Il. Less than 10% of the EGFP+

cells expressed vimentin. We also found that the EGFP+ cells were distributed in the

ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer

plexiform layer (OPL), and between the OS and the RPE (Fig. 4). In summary, the
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majority of EGFP+ cells (>80%) in rd7/rd7,; Tg/Tg mice expressed Iba-1, and few

EGFP+ cells were labeled by vimentin.

Circulating BM-derived Microglia Deficiency in rd7 Mice

We introduced inducible circulating BM-derived microglia deficiency into the mouse

model of ESCS by crossbreeding »d7 onto the Mafia mice. The rd7/rd7;Tg/Tg mice had

similar physical characteristics as those of »d7 mice and survived more than 1 year,

when allowed. The growth of rd7/rd7;Tg/Tg mice was similar to that of »d7 mice.

However, after circulating BM-derived microglia ablation using AP20187, the body

weight in the AP20187 mice did not increase as fast as in the vehicle treated animal (Fig.

S1).

To investigate whether AP20187 can systemically deplete circulating BM-derived

microglia in rd7/rd7,;Tg/Tg mice, we injected AP20187 intravenously at a dose of 10

mg/kg of body weight for 5 consecutive days, and then twice weekly at a reduced dose

of 1 mg/kg of body weight. We found a marked decrease in EGFP expression in

peritoneal cells, suggesting that AP20187 can deplete circulating BM-derived microglia

in rd7/rd7,;Tg/Tg mice (Fig. S2, A). An enlarged spleen was noted in rd7/rd7,;Tg/Tg

mice injected with AP20187 compared with the vehicle-injected mice (Figs S2, G and

D). We stained apoptotic cells selectively in the spleen section using an anti-active
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caspase 3 antibody and TUNEL and found a marked increase in apoptotic cells in

AP20187-injected rd7/rd7, Tg/Tg mice (Figs S2, B, C, E, and F). Our hematoxylin and

eosin analysis demonstrated an increase in the nucleus/cytoplasm ratio and loss of red

pulp in the spleen (data not shown), suggesting the presence of extramedullary

hematopoiesis in the rd7/rd7;Tg/Tg mice after long-term depletion of circulating

BM-derived microglia.

Acceleration of Retinal Degeneration in rd7/rd7,Tg/Tg Mice after Systemic Depletion

of Circulating BM-Derived Microglia

To confirm the role of circulating BM-derived microglia in the rd7/rd7, Tg/Tg mice, we

investigated the morphological changes in the retinal rosettes and AF spots after the

AP20187 injection (Figs 5, A-G). We found a marked and rapid decrease in the number

of retinal rosettes, which was accompanied by an increase in the number of AF spots

(Figs 5, I and J). As mentioned above, increasing numbers of AF spots and decreased

numbers of rosettes resemble the characteristics found in older »d7 mice, suggesting an

acceleration of retinal degeneration. For this reason, we counted the number of nuclei in

the photoreceptors of the rd7/rd7;Tg/Tg mice after5 months of AP20187 injections, as

well as that for the vehicle-injected mice (Fig. 5L). There was a significant decrease in

the number of nuclei in the ONL in the rd7/rd7;Tg/Tg mice injected with AP20187

64



compared with vehicle-injected mice (posterior pole, P = 0.022; midperipheral area, P =

0.031; n = 3) (Figs 5, D, H, and K). These data suggest that the systemic depletion of

circulating BM-derived microglia accelerates retinal degeneration in rd7/rd7;Tg/Tg

mice.

Changes in the Number of Proliferative Cells after Systemic Depletion of Circulating

BM-Derived Microglia in rd7/rd7;Tg/Tg Mice

To investigate whether retinal resident microglia proliferation accounts for the

significantly increased number of AF spots observed in the »d7/rd7,; Tg/Tg mice injected

with AP20187, we performed EdU labeling and Iba-1 immunostaining in the

rd7/rd7;Tg/Tg mice 1 month after treatment with AP20187 and vehicle. Compared with

the retinas from the vehicle-injected rd7/rd7,; Tg/Tg mice, there were significantly more

labeled dividing resident microglial cells in the retinas after 1 month of AP20187

injection in the rd7/rd7,; Tg/Tg mice (Fig. 6), demonstrating an essential role for the

resident microglia after the systemic depletion of circulating BM-derived microglia.

Changes in the Expression of Retinal Cytokines/Chemokines after Systemic Depletion of

Circulating BM-Derived Microglia in rd7/rd7,;Tg/Tg Mice

Next, we investigated the mechanism underlying the retinal degeneration

observed after circulating BM-derived microglia depletion. Retinas from the WT mice
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(C57BL/6), rd7/rd7;Te/Tg mice treated with AP20187, and rd7/rd7, Tg/Tg mice treated

with vehicle, were extracted using lysis buffer and were subjected to qRT-PCR (n=3 in

each group). The genes that encode the inflammatory cytokines interleukin-1p (IL-18),

IL-6, tumor necrosis factor-a. (TNF-a), and monocyte chemotactic protein (MCP-1)

were upregulated after systemic depletion of circulating BM-derived microglia;

however, the gene that encodes the anti-inflammatory cytokine TGFf1 was

downregulated (Fig. 7). TNF was chosen for its role as the classical activator and

initiator of cytotoxicity, as well as a sustainer of macrophage responses. We thus

concluded that resident microglia play an essential role, and that their proliferation

upregulates the expression of the IL-1, IL-6, and TNF-« genes in the retina, after

circulating BM-derived microglia depletion.
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Discussion

Microglia have been reported to play a central role in the chronic degenerative

conditions of CNS, including Alzheimer and Parkinson diseases, and Amyotrophic

Lateral Sclerosis (Block et al. 2007; Gentleman 2013). In the present study, we reported

the opposing roles of resident microglia and circulating BM-derived microglia in retinal

degeneration.

Sequential Appearance of AF Spots, Rosettes, and Microglial Cells

In a previous study, we found microglia inside the outer nuclear layer folding, which

appeared as white dots in fundoscopy and retinal rosettes in cilioretinal flatmounts

(Wang et al. 2009). In the current study, TEM and immunochemical analyses

demonstrated the presence of lysosomes inside these microglia, which appeared as AF

spots in the cilioretinal flatmounts. Sequential analyses of the retinal rosettes and AF

spots indicated that the retinal rosettes appeared earlier than the AF spots, suggesting

that microglia are recruited and appear after outer nuclear layer folding. The increased

number of AF spots found in the older »d7 mice may be related to an increase in

activated-lysosome-laden microglia, which represent a later stage of retinal

degeneration.
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Based on the spatial and temporal distribution of the AF spots and rosettes, we

found that microglial cells are not simply bystanders in rd7 mice, but may contribute to

the degenerative process. We hypothesize that microglia play a positive role in

maintaining the environment of photoreceptors by initially cleaning up debris between

photoreceptors and the RPE. A similar symbiosis between microglia and photoreceptors

was found in other studies (Banerjee & Lund 1992; Ritter et al. 2006; Sasahara et al.

2008; Joly et al. 2009; Arroba et al. 2011). Another study demonstrated that BM-derived

cells can eliminate amyloid deposits in Alzheimer disease via a cell-specific phagocytic

mechanism (Simard et al. 2006).

Advantages of Mafia Mice Compared with BM Chimeric Mice

An advantage of our murine model of circulating BM-derived microglia deficiency in

retinal degeneration is that, in contrast to most published macrophage-deficiency

models on which BM transplantations were performed after systemic irradiation, in our

model, the resident microglia are not ablated after systemic depletion of BM-derived

microglia. This helped us investigate the role of resident and circulating BM-derived

microglia in retinal degeneration. Although many researchers have used BM

transplantation to investigate the role of BM-derived microglia, the number of migrating

BM-derived cells in normal retinas remains controversial. Xu et al. reported that a
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majority of retinal microglia/macrophages are replenished from circulating BM-derived

cells over 6 months, with very little in situ proliferation (i.e., insufficient to account for

renewal) (Xu et al. 2007). Kaneko et al. observed bulk BM-derived cell migration to the

retina only after the induction of retinal damage (Kaneko et al. 2008). Conversely,

systemic irradiation before BM transplantation may ablate resident microglia in the

retina, thereby inducing additional BM-derived cell migration. In the current study, we

demonstrated that AP20187 efficiently depleted circulating EGFP+ BM-derived cells in

rd7/rd7;Tg/Tg mice (Fig. S2), thus providing better results than BM transplantation,

without damaging resident retinal microglial cells. However, we only injected AP20187

after P14 because injection is technically easier at the tail vein after this stage; as such,

we could not determine the number of circulating BM-derived cells that migrated to the

retina before P14 in the rd7/rd7;Tg/Tg mice. It is noteworthy that the variance in the AF

spots in rd7 mice (Fig. 1E) and rd7/rd7;Tg/Tg mice treated with vehicle (Fig. 5J) may

not be identical because of an effect of the genetic background and/or the use of ethanol

as a vehicle for AP20187 intraperitoneal injection.

In this study, we demonstrated the presence of heterogeneous populations of

microglia in the retina that exhibited distinct morphological characteristics, location,

and distribution in the rd7/rd7, Tg/Tg mice. Iba-1+ ramified cells have been observed to

have delicate processes, have been located in the inner layers of the retina, and have
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been considered to be a marker of resident microglia (Sasahara et al. 2008; Joly et al.

2009). CD68 is a cytoplasmic lysosomal antigen and CD68+ amoeboid cells may

represent blood-borne macrophages (Milligan et al. 1991). MHC class |1+ spindle cells

are regarded as antigen-presenting cells and are not present in the normal retina (Zhang

et al. 2005). The intermediate filament vimentin is expressed ubiquitously in Miiller

cells of many mammalian species (Kivela et al. 1986). However, although different

subgroups of microglia may express different markers, we found that not only are more

than 80% of the EGFP+ cells expressed Iba-1 in the rd7/rd7,; Tg/Tg mice, but also that

these EGFP+ cells are different from Miiller cells.

Distribution of Microglia in rd7/rd7;Tg/Tg Mice

BM-derived cells have been observed along optic nerves and retinal vessels, where

activated astrocytes are present, after 24 h of retinal degeneration induced by

N-methyl-N-nitrosourea (MNU) (Kaneko et al. 2008). Similar findings of the presence

of BM-derived cells in the ciliary body and in the optic nerve have also been reported in

other studies that used BM transplantation (Hou et al. 2006; Xu et al. 2007). In the

present study, microglial cells in the »d7 and rd7/rd7,; Tg/Tg mice were distributed

throughout the retina. And we also did not find the pattern that was observed during

retinal development (i.e., waves of radial migration) in the rd7/rd7,; Tg/Tg mice treated
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with AP20187. One explanation for this finding is that the processes of retinal

degeneration in the rd7 and rd7/rd7; Tg/Tg mice (with or without AP20187) are subtle

and are different from the abrupt degeneration induced by drugs or potential damage

during pre-BM-transplantation irradiation. Another explanation is that AP20187

depleted most of the circulating BM-derived cells, resulting in few cells being left in

circulation.

In the rd7/rd7;Tg/Tg mice injected with AP20187, we observed the presence of

EGFP+ ramified microglial cells distributed evenly and superficially in the cilioretinal

flatmounts. Burnett et al. found no significant EGFP+ cell depletion in brain tissues

after AP20187 injection in Mafia mice, and assumed that AP20187 cannot cross the

blood-brain barrier (Burnett et al. 2004). Our immunohistochemical findings that

Iba-1+ cells were distributed in the GCL, and the residual ramified microglial cells that

remained in the cilioretinal flatmounts after AP20187 injection suggest that these

EGFP+ ramified cells are resident microglia and that the dimerizing reagent AP20187

cannot effectively penetrate the blood-retina barrier. However, it should be noted that

we could only inject AP20187 through the tail vein or intraperitoneally because

AP20187 powder needs to dissolve in ethanol during preparation, which may cause

retinal toxicity if injected intravitreally. We attempted retrobulbar injection of AP20187,

but injections repeatedly resulted in eyeball ischemia and fibrosis. Additional studies
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are needed to optimize the dimerizer-treatment protocol to achieve depletion of

microglial cells in the CNS and in the retina.

Inflammation was Seen after Systemic Depletion of Circulating BM-Derived Microglia

Unexpectedly, accelerated retinal degeneration occurred after the observation of the

systemic depletion of circulating BM-derived microglia in the ESCS model (Fig. 5).

Macrophages and microglial cells become classically activated (M1) or alternatively

activated (M2) when affected by Th1- and Th2-derived cytokines, respectively. Several

studies have indicated that M1 cells have strong cytotoxic activity, whereas M2 cells

promote cell survival, angiogenesis, and suppress destructive immunity (Gratchev et al.

2001; Gratchev et al. 2005; Kzhyshkowska et al. 2006; Kigerl et al. 2009; Seledtsov &

Seledtsova 2012). In the retina, M2 cells may secrete neurotrophic factors that promote

the survival of neurons during retinal degeneration (Carwile et al. 1998; Harada et al.

2002; Arroba et al. 2011) and promote vascular repair in a model of ischemic

retinopathy (Ritter et al. 2006). Conversely, M1 cells can induce ganglion cell and

photoreceptor death by releasing cytotoxic factors (Roque et al. 1999; Zeng et al. 2005;

Sivakumar et al. 2011). Inflammatory cytokines related to M1 cells include TNF-a.,

IL-1B, and IL-6, whereas cytokines related to M2 cells include IL-10 and TGFB1. In rd

mice, the TNF-a produced by activated microglia has been found to be neurotoxic
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(Zeng et al. 2005). In hypoxic neonatal retinas, TNF-a and IL-1(3 also appear to induce

retinal ganglion cell death (Sivakumar et al. 2011).

Joly et al. have shown that both resident and BM-derived microglia cooperate to

remove dead photoreceptors from retinal lesions (Joly et al. 2009). Therefore, resident

microglia initially play a positive role in maintaining the environment of photoreceptors

by cleaning up debris between photoreceptors and the RPE. Without the cooperation of

circulating BM-derived microglia, resident microglia secrete a monocyte chemotactic

protein to try to recruit additional monocytes, as seen in Fig. 7. In addition, resident

microglia may proliferate and produce high levels of TNF-o and IL-13, which

subsequently lead to the acceleration of retinal degeneration.

In summary, our study demonstrated the sequence of events during the retinal

degenerative process of »d7 mice. Taking advantage of the unique characteristics of

Mafia mice, we demonstrated that more than 80% EGFP+ cells in the retina of the

rd7/rd7;Tg/Tg mice expressed Iba-1, and that resident microglia are still present in the

retina because AP20187 does not cross blood-brain barrier. For this reason, only

circulating BM-derived microglia are depleted. After the systemic depletion of

circulating BM-derived microglia, the cilioretinal flatmounts from the »d7/rd7,; Tg/Tg

mice exhibited characteristics that mimicked those of later stages of retinal degeneration

in »d7 mice. Moreover, outer nuclear layer analyses confirmed the decrease in the
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number of nuclei in the »d7/rd7,; Tg/Tg mice. Our finding suggests that the increased

number of AF spots are related to resident microglia proliferation, which established a

cytokine milieu that was skewed to inflammation by upregulating the expression of the

IL-14, IL-6, and TNF-« genes, which subsequently accelerated retinal degeneration.

Future studies dedicated to the search for therapeutic agents to intervene in the

inflammatory processes involved in retinal degeneration should investigate the

molecular signals that act between microglial activation and photoreceptor loss.
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Chapter 3, Figure 1.

Figure 1. Spatial and temporal distribution of autofluorescent (AF) spots and

rosettes in »d7 mice.

A-B: Cilioretinal flatmount of P21 wild type (A) and P19 rd7 mice (B). C: Higher
magnification of the white-lined areas from panels (B) showed example of AF spots
(arrows) and rosettes (circular halos). Note that the AF spots were located inside the
rosettes. D: Scheme of a cilioretinal flatmount showing the area in which the AF spots
and rosettes were counted. E: The number of AF spots and rosettes in the cilioretinal
flatmount (mean + SD) was determined at P14 (n = 4), P21 (n = 3), P30 (n = 3), P60 (n
=4), P150 (n = 3), P240 (n = 3), P360 (n = 2), and P720 (n = 2). F: By P14, rosettes
were distributed throughout the cilioretinal flatmount. Note that AF spots were absent.
G: By P21, some AF spots were located inside rosettes; the AF spots were not
distributed along the retinal vessels. H-K and E: The number of rosettes decreased
gradually, whereas the number of AF spots increased. OD, optic disc; C, central; P,

peripheral; WT: wild type. Scale bar: (A, B) 1 mm, (C) 50 um, (F-K) 200 um.
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Chapter 3, Figure 2.

Figure 2. Immunohistochemistry of the cilioretinal flatmounts from 2-month-old
rd7 mouse retinas using anti-F4/80 antibodies.

A-D: Confocal images taken from the cilioretinal flatmounts showed the presence of
several ramified microglia “lying” above the RPE layer. These cells were colocalized
with F4/80 (green) and autofluorescent material (red). E: Crosshairs and
high-magnification viewing of single cells located inside the white-lined area from (D)
showed the presence of autofluorescent material within the cytoplasm of an
F4/80-positive cell. F4/80, microglial marker; AF, autofluorescence. Scale bar: (A-D)

100 pum, (E) 20 pum.
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Chapter 3, Figure 3.

Figure 3. Histology and electron microscopy of P60 rd7 mouse retinas compared
with P60 wild-type mouse retinas.

A: Semi-thin section of an rd7 mouse retina showing outer nuclear layer foldings. B:
Control: semi-thin section of a WT mouse retina. C and D: Ultra-thin section of retinas
of rd7 and WT mice showing the junction between the outer segment and RPE. E and F:
The ultrastructural analysis of the retina of rd7 mice revealed the presence of microglial
cells between the outer segment and the RPE. G: Higher magnification of the
white-lined area from panel F showing the accumulation of lysosomes inside a
microglial cell (G). INL, inner nuclear layer; ONL, outer nuclear layer; OS, outer

segment. Scale bar: (A, B) 20 um, (C, D) 6 um, (E, F) 10 um, and (G) 2 um.
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Chapter 3, Figure 4.

Figure 4. Confocal images showing the distribution of EGFP, F4/80, CD68, MHC
Class I1, Iba-1, and vimentin labeling in the retina of a 3-month-old rd7/rd7; Tg/Tg
mouse.

Of the EGFP+ cells, 45.4 + 9.5% expressed F4/80 (A), 47.7 + 10.4% expressed CD68
(B), 84.2 = 8.0% expressed Iba-1(D), and 39.7 £ 7.7% expressed MHC class 11 (C).
Less than 10% of the EGFP+ cells expressed vimentin (E). GCL, ganglion cell layer,

INL, inner nuclear layer, ONL, outer nuclear layer. Scale bar: 40 um.
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Chapter 3, Figure 5.

Figure 5. Accelerated retinal degeneration after systemic depletion of circulating

BM-derived microglia in rd7/rd7;tg/tg mice.

A-D: The cilioretinal flatmounts and histology from the rd7/rd7; Tg/Tg mice treated
with vehicle at P50 (A), P60 (B), and P150 (C, D). E-H: The cilioretinal flatmounts and
histology from the rd7/rd7;Tg/Tg mice treated with AP20187 at P50 (E), P60 (F), and
P150 (G, H). I: The number of rosettes in the cilioretinal flatmounts (mean + SD) was
determined at P50 (n = 8), P60 (n = 11), P80 (n = 3), and P150 (n = 4). J: The number
of AF spots in the cilioretinal flatmounts (mean + SD) was determined at P50 (n = 8),
P60 (n =11), P80 (n = 3), and P150 (n = 4). K: The number of nuclei in the outer
nuclear layer was significantly decreased in mice injected with AP20187 for 5 months
compared with mice injected with vehicle. L: Scheme of an eye section showing the
area in which the outer nuclear layer nuclei were counted (A). ONL, outer nuclear layer.

OD, optic disc. Scale bar: (A-C, E-G) 200 um, (E, H) 20 um. *P < 0.05.
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Chapter 3, Figure 6.

Figure 6. Confocal images showing proliferative resident microglia in the retina of

rd7/rd7;tg/tg mice after 4 weeks of injection of AP20187.

A-D: Proliferative cells located in the outer plexiform layer, outer nuclear layer, or
ganglion cell layer exhibited EdU labeling (asterisks in C). Colocalized labeling of EdU
and Iba-1 was detected in (D). E and F: The number of EdU-labeled cells was
significantly increased in mice injected with AP20187 for 1 month compared with mice
injected with vehicle (n=3 in each group). The majority of the EdU-labeled cells were
colocalized with Iba-1 (F). Asterisks indicate significant difference. Scale bar: (A-D) 30

um. **P < 0.001
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Chapter 3, Figure 7.

Figure 7. Relative gene expression after systemic depletion of circulating

BM-derived microglia.

Quantification of gene expression changes by gRT-PCR at P60 (4 weeks after being
treated with AP20187 and vehicle, n=3 in each group), expressed as mean fold change
in comparison with wild type + 1 s.d., showing a trend of downregulation of the gene
encoding the anti-inflammatory cytokine TGFf1, and upregulation in genes encoding
the inflammatory cytokines IL-1f3, IL-6, TNF-a, and monocyte chemotactic protein
(MCP-1). Asterisks indicate significant difference. WT: wild type. *P < 0.05, **P <

0.001.
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Chapter 3, Figure S1.

Figure S1. Body weight changes after systemic depletion of circulating BM-derived

microglia.

A and B: After systemic macrophage ablation using AP20187, body weight didn’t

increase as fast in the AP20187 mice than in the vehicle treated animal.
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BW 2 wks, gm
BW 4 wks, gm
BW 6 wks, gm
BW 8 wks, gm
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Chapter 3, Figure S2.

Figure S2. Systemic Depletion of Circulating BM-derived Microglia

A: Peritoneal cells from an rd7/rd7;Tg/Tg mouse were analyzed for EGFP expression
using cytometric analysis after treatment with AP20187 (i.v.) for 3 weeks and 6 weeks.
Histograms were graphed from events gated by forward and side scatter (FSC and SSC,
respectively) to the region where macrophages and lymphocytes would be found.
Immunostaining of spleens of rd7/rd7;Tg/Tg mice 8 weeks after being injected with
vehicle (B and C) and AP20187 (E and F) showed more apoptotic cells (brown, active
caspase 3; green, TUNEL) in AP20187-injected groups. Nuclei are stained with Hoechst
(C and F). Enlarged spleens were noted in rd7/rd7;Tg/Tg mice 8 weeks after injection
with AP20187 (G) compared with animals injected with vehicle (D). Scale bar: (B, C, E,

F) 20 um.
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Chapter IV

Conclusion and Future Perspectives

93



Conclusion

On fundoscopy, the appearance of diffuse retinal white dots, hyperautofluorescent

(AF) spots, and retinal rosettes in young patients with Goldmann-Favre Syndrome were

similar to those seen in young rd7 mice. We showed that microglia, rather than retinal

pigment epithelium (RPE) cells, contributed to these AF spots (Wang et al. 2009).

Temporal control of a circulating BM-derived microglia population was achieved

by introducing the Mafia transgene into the rd7 mouse model of Goldmann-Favre

Syndrome. Since the Mafia inducer AP20187 does not cross the blood-brain barrier,

resident retinal microglia are spared but circulating BM-derived microglia are ablated

after AP20187 administration. After systemic depletion of circulating BM-derived

microglia in young mice, cilioretinal flatmounts exhibited characteristics that mimicked

those of later stages of retinal degeneration in rd7 mice, and outer nuclear layer analyses

showed decreased nuclei count. Inflammatory cytokines IL-1f, IL-6, TNF-a, and

monocyte chemotactic protein (MCP-1) were upregulated, whereas the

anti-inflammatory cytokine TGF-1 was downregulated in the retina. Circulating

BM-derived microglia appear to have a role in suppressing intraocular inflammation,

and its loss can promote retinal degeneration. These results highlight the opposing roles

of resident microglia and circulating BM-derived microglia in retinal degeneration.
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Perspective |

Microglia reacts not only to inflammation, but to signals from damaged neurons.
Once they receive the signal, an autocrine signal function activates itself to fully
activate macrophages. Besides, microglia receives signals from astrocytes (e.g.,
pro-inflammatory cytokines such as TNF alpha, IL-6 and nitric oxide). Microglia also
has a phagocytic function and has been implicated in wound healing, angiogenesis, and
extracellular matrix formation (Ellis-Behnke et al. 2013). Although we found microglial
proliferation in our study, we still don’t know which factor or cytokines has triggered
the activation of microglia.

Kohno et al. (2013) found photoreceptor proteins initiate microglial activation via
Toll-like receptor 4. In their study, bone marrow-derived microglia from Tlr4-deficient
mice does not increase Ccl2 (MCP-1) after coincubation with photoreceptor proteins.
Our research results indicate that photoreceptor proteins from noncontact outer segment
debris locate in the rosettes that could not be phagocytosed by retinal pigment
epithelium may trigger the inflammation, and thus activate the microglia. If we want to
test the hypothesis that microglial activation is related to Toll-like receptor 4, we can
further generate Tir4~~ rd7/rd7; Tg/Tg mice. In briefly, retina from 774/
rd7/rd7,;Tg/Tg mice were harvested and assayed by quantitative real-time PCR

(QRT-PCR), western blots and immunohistochemistry after treated with AP20187 or
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vehicle.

Perspective Il

Microglial activation has been reported in different retinal degenerations
(Langmann 2007; Sasahara et al. 2008; Arroba et al. 2011). However, our results
suggest opposing roles of resident microglia and BM-derived microglia in only rd7
mice. We use the advantage of Mafia mice to investigate whether these opposing roles

between resident and BM-derived microglia exist in other retinal degenerations.

In the present study, the expression of TNF-a and IL-1f was increased in mice
injected with AP20187 compared to vehicle-injected and WT mice, suggesting a
possible causal role for these cytokines in photoreceptor loss. It is important to
investigate the mechanism of photoreceptor loss after systemic depletion of BM-derived
microglia in rd7/rd7;Tg/Tg mice. We find that the resident microglia proliferation
accounts for not only the increase in AF spots observed in cilioretinal flatmounts, but
increased cytotoxic substances aggravate inflammatory processes. This finding suggest
that future research should focus on the search for therapeutic agents to intervene the
inflammatory processes involved in retinal degeneration, and investigate the molecular
signals that act between microglial activation and photoreceptor loss. These therapeutic
agents include cell replacement, cytokines, growth factors, and gene therapy with or

without cell therapy.
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Cellular origin of fundus autofluorescence in patients
and mice with a defective NR2E3 gene

N-K Wang,"?* H F Fine,' S Chang,” C L Chou,"? W Cella,"* J Tosi,"* C-S Lin,’

T Nagasaki," S H Tsang'?

ABSTRACT

Aim: To characterise new clinical features in a family with
enhanced S-cone syndrome (ESCS) and investigate the
pathogenesis of these clinical features in the homozygous
Nr2e3 (rd7) mutant mice.

Methods: Four patients from an affected family were
included for genotypic and phenotypic study. Eye tissues
from rd7 mice were used to detect a possible relationship
between macrophages and autofluorescent material by
immunohistochemistry (IHC) staining.

Results: Homozygous mutation in R311Q in NR2E3 was
detected in this family. Colour photographs revealed that
white dots do not correlate to hyperautofluorescent spots
seen in autofluorescence imaging of the macula. OCT
showed rosette-like lesions similar to those found in rd7
mice histology sections. From IHC analysis, we observed
that F4/80 (a pan macrophage marker) and autofluores-
cence were colocalised to the same cells within the retina
rosettes.

Conclusions: The retinal structure of a young ESCS
patient with homozygous R311Q mutation in the NR2E3
gene is similar to that seen in the rd7 mice. The
macrophages were found to contain autofluorescent
materials in the retinal rosettes of rd7 mice. These data
are consistent with macrophage infiltration contributing to
the hyperautofluorescent spots found in our patients.

Enhanced S-cone syndrome (ESCS; OMIM 268100;
http://www.ncbi.nlm.nih.gov/omim/ Online
Mendelian Inheritance in Man; NCBI, Bethesda,
Maryland) is a relatively slowly progressive auto-
somal recessive rod—cone degeneration caused by
mutations in the orphan nuclear receptor tran-
scription factor NR2E3 (OMIM: 604485). NR2E3
encodes a retinal nuclear receptor that is a ligand-
dependent transcription repressor of cone-specific
genes in rod photoreceptors.' The NR2E3 protein is
part of a large family of nuclear receptor transcrip-
tion factors that is homologous to an orphan
nuclear receptor, Nr2el (formerly known as tailless
or TLX), which is involved in the development and
maintenance of normal function of the central
nervous system (CNS) in Drosophila and mammals.
NR2E3 is expressed in mitotic progenitor cells
during development, and its increased expression
in cone cells may be due to a prolonged period of
cone proliferation, which is followed by a gradual
increase in apoptosis. NR2E3 appears to be a dual
regulator, suppressing cone cell proliferation in
mitotic cells and promoting rod cell genesis in
postmitotic cells. NR2E3 mutations were first
identified in patients with ESCS, but more recent
studies have demonstrated that mutations in
NR2E3 are also common causes of clumped

pigmentary changes in - Goldmann-Favre syn-
drome, clumped pigmentary retinal degenerations,
autosomal recessive retinitis pigmentosa and auto-
somal dominant retinitis pigmentosa.*”

The spontaneous mutant Nr2e3(rd7) mice
have a mutation in NR2E3 gene."” This mutant
mouse displays increased number and propotion of
photoreceptors with S-cone phenotype and abnor-
mal lamination of the outer nuclear layer
(ONL).lO 11

With confocal scanning-laser ophthalmoscope
and spectral domain optical coherence tomogra-
phy, we discovered similar features in a patient. In
addition, we demonstrated the origin of these
unique clinical features in the homozygous Nr2e3
(rd7) mutant mice.

MATERIALS AND METHODS

Phenotypic studies

Four patients from an affected family (6, 8, 35 and
46 years of age) were enrolled with the approval of
the institutional review board  protocol
#AAAB6560 at Columbia University. The tenets
of the Declaration of Helsinki were followed.

All patients underwent complete ophthalmic
evaluation after informed consent was obtained.
Fundus photographs, retinal pigment epithelium
(RPE) autofluorescence (AF), Fourier-domain opti-
cal coherence tomography (OCT) and electroreti-
nography (ERG) were performed in the two
children.

Genetic analyses

The coding region of NR2E3 was sequenced for
disease-causing mutations in all patients. DNA was
extracted from peripheral blood with the QlAamp
DNA Mini Kit (Qiagen, Valencia, California).
Extracted genomic DNA was amplified by poly-
merase chain reaction (PCR) using primers and
cycling temperature as previously described.” The
PCR products were purified (QIAquick PCR
Purification Kit, Qiagen, Valencia, California) and
sequenced.

Autofluorescence imaging

Autofluorescence images were obtained using a
confocal scanning-laser ophthalmoscope (cSLO,
Heidelberg Retina Angiograph 2, Heidelberg
Engineering, Dossenheim, Germany) by illuminat-
ing the fundus with argon laser light (488 nm) and
viewing the resultant fluorescence through a band
pass filter with a short wavelength cut-off at
495 nm." "
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Optical coherence tomography (OCT)

Spectral domain optical coherence tomography (SD-OCT)
images were obtained using the Cirrus Spectral Domain OCT
from Zeiss (Carl Zeiss Meditec, Dublin, California). The
acquisition protocols included five-line raster scans. Three scans
were performed on each eye, and the one with the best signal
strength was selected for the final analysis.

Electroretinogram (ERG) testing

Full-field ERG were performed with silver-impregnated fibre
electrodes (DTL; Diagnosys LLC, Littleton, Massachusetts) and
incorporated the ISCEV Standards.” The minimum protocol
incorporates the rod-specific and standard bright flash ERGs,
both recorded after a minimum of 20 min dark adaptation.
Following 10 min of light adaptation, the photopic 30 Hz
flicker cone and transient photopic cone ERGs were recorded. S-
cone ERGs used a blue stimulus (445 nm, 2-12 cd/m?) on an
orange background (620 nm, 100 cd/m?).”

Whole mount eyecup

To better understand the mechanisms underlying the clinical
findings in our patients, we acquired the Nr2e3” mutant mice,
a mouse model for ESCS, from Jackson laboratory (stock
#004643, Bar Harbor, Maine). Eyes from 5-week-old Nr2e3
mice and 8-week-old C57BL/6] mice (used as a control) were
enucleated and placed in 4% paraformaldehyde for 1 h at room
temperature. The cornea and lens were removed from each eye
under a surgical microscope. The whole eyecups were flattened
by means of four radial cuts and mounted with mounting
medium (VECTASHIELD, Burlingame, California).
Autofluorescence was detected by standard fluorescence micro-

scopy.

Immunohistochemistry (IHC)

Whole eyecups were prepared as described above, and frozen in
optimum cutting temperature compound (Tissue-Tek OCT,
Miles Laboratories, Elkhart, Indiana). Frozen eyes were cryosec-
tioned using at a thickness of 10 pm. Blocking was performed
using 10% donkey serum in PBS with 0.3% Triton X-100
(blocking solution) for 30 min at room temperature (RT). The
sections were then incubated with the primary antibodies
diluted in 4% donkey serum in PBS with 0.1% Triton X-100 for
2 hat RT. The samples were subsequently incubated for 40 min
at RT with the secondary antibodies diluted in PBS with 0.1%
Triton. The primary antibody used was directed against F4/80,
a pan macrophage marker (dilution 1:500, eBioscience, San
Diego, California). The secondary antibody used was: Alexa
Fluor 488 donkey antirat IgG (dilutions 1:1000, Invitrogen,
Carlsbad, California). After washing three times with PBS, the
retinas were mounted with mounting medium containing the
nuclear dye DAPI (VECTASHIELD, Burlingame, California) and
viewed under a fluorescence microscope (Leica DM 5000 B,
Wetzlar, Germany). Images were digitally merged to assess for
triple labelling.

RESULTS

Genetic studies

Direct sequencing of the NR2E3 gene from the proband revealed
a homozygous missense mutation 932G—A in exon 6 coding for
the R311Q residue (fig 1). His asymptomatic elder brother
(8 year old) and consanguineous parents (first cousins) were
heterozygous for a mutation at the same DNA site.

Br J Ophthalmol 2009;93:1234-1240. doi:10.1136/bj0.2008.153577
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Figure 1 (A) Pedigree of a family in which mutation in the NR2E3 gene
were identified. A mutant allele is indicated by (-); a normal allele is
indicated by (+). The arrow shows the proband (1, homozygous), and the
other members are heterozygous. (B) Direct DNA sequencing from
proband’s consanguineous parents and brother showing heterozygous
base-substitution at 932G—A in exon 6. (C) Direct sequencing from the
proband revealing a homozygous base substitution at 932G—A with a
predicted missense mutation of R311Q (CGG to CAG).

Clinical examination

Case 1

A 6-year-old boy presented with poor night vision since the age
of 2. No history of prematurity or developmental abnormalities
was noted, and past ocular history was also unremarkable. The
patient is a product of consanguineous mating. Two months
prior to presentation, the boy was suspected of having
chorioretinitis after failing a standard vision screening at his
elementary school. Serum examination was negative for
inflammatory and infectious markers, including toxoplasmosis,
toxocara, cat scratch disease, Lyme disease and syphilis.

On examination, visual acuity was 20/800 in the right eye
and 20/40 in the left eye. The intraocular tension was 13 mm
Hg in the right eye and 15 mm Hg in the left eye. The eye
position was orthophoric with full motility. Biomicroscopy was
unremarkable except for 1+ vitreous cells in both eyes. Dilated
fundus examination of both eyes revealed multiple whitish
subretinal deposits and several prominent lesions within the
macula (fig 2A). Fundus autofluorescence imaging (FAF)
showed hyperautofluorescence in the macula and mid-periph-
eral retina (fig 3A). Spectral-domain optical coherence tomo-
graphy (OCT) showed intraretinal cystic changes surrounding
the lesion and rosette-like lesions in the mid-peripheral retina,
with loss of normal retinal lamination (fig 3B). There was no
cystoid macular oedema or foveal schisis in the left eye.
Fluorescein angiography showed hyperfluorescence that
increased with time, suggesting chronic subretinal neovascular-
isation and fibrosis. There was no peripheral vascular leakage.
Full-field ERG shows three characteristic findings: (1) no rod
responses; (2) the waveforms of scotopic maximal response are
identical to the transient photopic responses except the size
(circles); (3) the amplitude of a wave in the transient photopic
response is larger than the amplitude of photopic 30 Hz flicker.
S-cone-specific ERG was of a remarkably high amplitude and
confirmed the diagnosis of ESCS (fig 4).
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Figure 2 (A) Composite fundus
photographs of the right and left eyes of
proband (case 1) showing multiple
subretinal white deposits and prominent
lesions in the macula (red arrows). (B)
Composite fundus imaging of the right
and left eyes of case 2 exhibiting a normal
retina without subretinal deposit. There
are several artefacts arising from
photography (yellow arrows illustrate
examples of artefacts from the camera
lens; blue arrows show reflections of the
nerve fibre layer).

Case 2

The proband’s older brother was an asymptomatic 8-year-old
boy. The best-corrected visual acuity was 20/20 (OU), and
biomicroscopy was unremarkable. Dilated fundus examination
of both eyes revealed a normal retinal appearance without
white dots (fig 2B). FAF showed several increased hyperauto-
fluorescence spots around the disc and arcades (fig 3C). OCT
showed normal retinal lamination without rosette-like lesions
(fig 3D). ERG results were normal (fig 4).

Cases 3 and 4

The proband’s parents were first cousins, and both were beta-
thalassemia carriers. Comprehensive ophthalmic evaluation was
unremarkable, and there were no fundus white dots or
hyperautofluorescence spots in either parent.

Examination of Nr2e3"” mutant mice

Dilated fundus photography from 5-week-old Nr2e3” mutant
mice showed diffuse subretinal white dots (fig 5B), and whole
mount eyecup from age-matched Nr2e3” mice demonstrated
similar hyperautofluorescent spots (fig 5D). Images obtained
from 8-week-old wild type C57BL/6] mice showed no white

1236

dots in the retina (fig 5A) and no hyperautofluorescent spots
(fig 5C). Autofluorescence imaging of retina from Nr2e3" mice
has chromophores with a wide spectrum of emission in the
visible wavelengths with the highest intensity around 550 nm
when excited at 436 nm (fig S5E).

DAPI staining of retina from Nr2e3” mice demonstrated
rosette and whorl-like structures in the retina, and the
autofluorescent materials were localised to the region between
the outer nuclear layer (ONL) and retinal pigment epithelium
(RPE), and mostly within the rosettes (fig 6A). IHC performed
with the macrophage marker F4/80 demonstrated that the
macrophages were within the rosettes, and the autofluorescent
materials were in the cytoplasm of these macrophages (fig 6B).

DISCUSSION

Fundus examination

Nummular pigment clumping along the vascular arcades, the
classical retinal phenotype seen in adult ESCS patients, is not
observed in our proband. Findings from recent reports of young
ESCS patients suggest that subtle pigmentary changes with
white dots represent an early stage of the disease process,” ** and
these white dots progress to characteristic clumped retinopathy

Br J Ophthalmol 2009;93:1234-1240. doi:10.1136/bjo.2008.153577
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Figure 3 (A) Fundus autofluorescence
exam (FAF) of proband (case 1) showing
hyperautofluorescent spots in the macular
area and in the mid-peripheral retina. (B)
Optical coherence tomography (OCT) 1, 2,
3, and 4 corresponding to scanning
sections in (A). 1 showed cystic changes
around the foveal lesion (OD). Note that
the rosette-like lesions (arrowhead)
correspond to hyperautofluorescent spots
and loss of retinal lamination (2, 3 and 4).
(C) FAF of case 2 showing several
hyperautofluorescent spots around the
disc and arcades. (D). (5,6) OCT
sectioning of case 2 (lines 5 and 6 from
(C)) showing normal retinal lamination
without rosette-like lesions. Some
shadows casted by retinal vessels are
observed.

in late adulthood.” This phenomenon suggested why there were
few reports describing similar fundus white dots from the ESCS
patients. Although a normal fundus appearance without
subretinal white dots has been reported in some case series
with 6-10-year-old patients,” *' those patients are homozygous
for a missense mutation (R104W) that is different from the
R311Q mutation seen in our case series. The R311Q substitu-
tion, the most common ESCS allele, is found in ~45% of
patients.® Whether there is a genotype—phenotype correlation
requires further studies to analyse younger ESCS patients to
explain the clinical characteristics variability.

0oCT

Foveal schisis has been reported in patients with ESCS.> ** *' In case
1, there is no foveal schisis in the left eye, but there are intraretinal
cysts around the lesion in the macula of the right eye (fig 3B).

Br J Ophthalmol 2009;93:1234-1240. doi:10.1136/bj0.2008.153577

Patients with ESCS have histologically dysmorphic retinas in
the ONL,* ** * and our results demonstrate that spectral-domain
OCT can detect such rosette formation in the ONL and can be
used to monitor photoreceptor loss as the disease progresses.

AF imaging

The ring of increased AF in the macula area has been suggested
to be associated with fundus white dots and retinal rosette.” In
case 1, hyperautofluorescent spots are not limited in the macula
area but also extended beyond the arcades. The hyperauto-
fluorescent spots outside the macula area correspond to the
fundus white dots (fig 3A), whereas the hyperautofluorescent
spots within the macula do not correspond to the white dots or
pigmentary clumps. In addition, the heterozygous brother (case
2) does not have white dots visible funduscopically but does
have several hyperautofluorescent spots along the arcades.
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Figure 4 Electroretinogram (ERG) from case 1 revealing three characteristic findings: (1) no rod responses; (2) the waveforms of scotopic maximal
response identical to the transient photopic responses except the size (circles); (3) amplitude of a wave in the transient photopic response larger than
amplitude of photopic 30 Hz flicker. S-cone-specific ERG was of remarkably high amplitude (60-70 pV) and further confirmed the diagnosis of ESCS.

ERG from case 2 was normal. 0D, right eye; OS, left eye.

Thus, the hyperautofluorescent spots and fundus white dots
may have different origins.

Figure 3C showed several hyperautofluorescence dots around
the disc and arcades in case 2. Whether heterozygosity with the
mutant NR2E3 allele has any phenotypic manifestation is
unknown; the absence of these hyperautofluorescent dots in the
asymptomatic consanguineous parents suggests that they may be
transient in nature and only detectable in heterozygous children.

Fundus white dots and retinal rosettes of Nr2e3” mutant mice
Subretinal white dots'® and abnormal lamination of the ONL"
have been described in Nr2e3“” mutant mice. The Nr2e3”
mutant mice have numerous white dots over the entire retina at
1 month old that gradually decrease by 5 months of age and
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disappear completely by 16 months." The concordance of the
appearance and disappearance of the white spots observed over
entire retina with the waves seen under histology suggests that
these spots are associated with the retinal rosettes.'” Milam et a/
described an approximately twofold increase in total cones from
a 70-year-old R311Q patient,* and Haider et a/ described a 1.5
2.0-fold increase of S-cones in Nr2e3” mice."" Whether the
excessive numbers of S-cones contribute to rosette formation is
uncertain.

Autofluorescent spots of Nr2e3™ mutant mice

In Nr2e3™ mice retina, we found that the autofluorescent
materials were present in the cytoplasm of macrophages
situated within and sometimes adjacent to the retinal rosettes

Br J Ophthalmol 2009;93:1234-1240. doi:10.1136/bjo.2008.153577
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Figure 5 Colour fundus photographs from wild type mouse (A) showing normal retina, and image from rd7 mouse (B) showing numerous subretinal
white dots. The whole mount eyecup from wild type mouse (C) did not reveal hyperautofluorescence spots, whereas the image from rd7 mouse (D)
showed hyperautofluorescence spots. (E) Spectral fluorescence of hyperautofluorescence spots from rd7 mouse retina demonstrating that the
wavelength of highest fluorescence intensity was 540 nm to 560 nm when excited with light of 436 nm.

(fig 6). Immunolocalisation studies (fig 6) demonstrate that the
chromophores are found within macrophages instead of RPE. In
addition, the multiple spectral wavelength (fig 5) of the
hyperautofluorescent spots from Nr2e3” mutant mice suggests
that these spots contain chromophores in addition to A2E,
which has an emission maxima of 565 to 570 nm.”* In a manner
analogous to that seen in Nr2e3"” mutant mice, we can expect
that hyperautofluorescent spots in our case may come not from
RPE cells but from macrophages. Further in vivo studies on
ESCS patients with different spectral wavelengths can help to
determine the origin of these hyperautofluorescent spots.
There are two probable explanations for the presence of
macrophages in Nr2e3"” mice retina. First, the macrophages are
recruited into the retina to remove apoptotic photoreceptors

Figure 6 (A) Immunohistochemistry of
a frozen section from rd7 mouse retina
using anti-F4/80 antibodies (macrophage
marker) showing one macrophage in the
retinal rosette, or whorl lesion. (B) High
magnification of white dots lined area
from (A) showing images merging from
different fluorescence channels. The
autofluorescence (red) was colocalised
with macrophage marker (green). AF,
autofluorescence; DAP, DAPI staining; F4/
80: macrophage marker; INL, inner
nuclear layer; ONL, outer nuclear layer.

Br J Ophthalmol 2009;93:1234-1240. doi:10.1136/bj0.2008.153577

found as early as in P30 Nr2e3 retina.” Second, photoreceptor
outer segments within the rosettes are inefficiently phagocy-
tosed by RPE due to the abnormal retinal structure, and the
accumulation of outer segment debris may in turn trigger
macrophage infiltration to remove the waste. However, our
IHC studies suggest that these fluorophores within macro-
phages are derived from the outer segment, rather than
apoptotic photoreceptors.

Similar accumulation of outer segment debris and macro-
phage infiltration has been associated with the development of
age-related macular degeneration (AMD).*® In photoreceptor
damage or degeneration, macrophages invade the retina to
support the role of RPE in phagocytosing outer segment
debris.” *® Thus, infiltration of macrophages can be used as a

Autofluorescence (AF) F4/80 (Macrophage) DAP

F4/80
DAP

10 um
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marker for early phases of various degenerative conditions, and
their subsequent disappearance correlates with loss of hyper-
autofluorescent spots in later stages of retinal degeneration.

In summary, we discovered several novel features (fundus
white dots, hyperautofluorescent spots and rosette-like retinal
lesions) observed in a child homozygous for the R311Q allele in
NR2E3. Findings from the Nr2e37 mutant mice suggest that
fundus hyperautofluorescent lesions are likely to be contributed
by macrophages.
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Origin of fundus hyperautofluorescent spots and their
role in retinal degeneration in a mouse model of
Goldmann-Favre syndrome

Nan-Kai Wang'%3, Chi-Chun Lai'*3, Chi-Hsiu Liu', Lung-Kun Yeh??3, Chai Lin Chou**%, Jian Kong®, Takayuki Nagasaki®,
Stephen H. Tsang>*** and Chung-Liang Chien'**

SUMMARY

Goldmann-Favre syndrome, also known as enhanced S-cone syndrome, is an inherited retinal degeneration disease in which a gain of photoreceptor
cell types results in retinal dysplasia and degeneration. Although microglia have been implicated in the pathogenesis of many neurodegenerative
diseases, the fundamental role of these cells in this disease is unknown. In the current study, sequential analyses suggest that microglia are recruited
and appear after outer nuclear layer folding. By crossing rd7 mice (a model for hereditary retinal degeneration owing to Nr2e3 mutation) with mice
carrying the macrophage Fas-induced apoptosis (Mafia) transgene, we generated double-mutant mice and studied the role of the resident retinal
microglia. Microglial cells in these double-mutant mice express enhanced green fluorescent protein (EGFP) and a suicide gene that can trigger Fas-
mediated apoptosis via systemic treatment with AP20187 (FK506 dimerizer). We demonstrated that more than 80% of the EGFP+ cells in retinas
from rd7/rd7;Tg/Tg mice express Iba-1 (a microglial marker), and resident microglia are still present in the retina because AP20187 does not cross
the blood-brain barrier. Hence, only circulating bone marrow (BM)-derived microglia are depleted. Depletion of circulating BM-derived microglia
accelerates retinal degeneration in rd7 mice. An increased number of autofluorescent (AF) spots is a consequence of resident microglia proliferation,
which in turn establishes an inflammatory cytokine milieu via the upregulation of IL-1B, IL-6 and TNFa expression. This inflammation is likely to
accelerate retinal degeneration. This study not only identifies inflammation as a crucial step in the pathogenesis of retinal degeneration, but also

highlights the involvement of specific cytokine genes that could serve as future treatment targets in retinal degenerations.

INTRODUCTION

Retinal degeneration in rd7 mice is caused by a spontaneous
mutation in the Nr2e3 gene. In addition, this mouse strain is a model
for Goldmann-Favre syndrome [also known as enhanced S-cone
syndrome (ESCS); OMIM 268100 (http://omim.org/entry/268100)]
(Akhmedov et al., 2000). In these mice, a gain of photoreceptor cell
types results in retinal dysplasia and degeneration.

Recently, we described newly identified characteristics — including
diffuse retinal white dots, hyperautofluorescent (hyper-AF) spots and
retinal rosettes — in a 6-year-old boy with ESCS who carried a
homozygous R311Q mutation in the NR2E3 gene (Wang et al., 2009).
His phenotypic manifestations were similar to those of ‘young’ rd7
mice. We demonstrated that F4/80-positive microglia, rather than
retinal pigment epithelium (RPE) cells, contributed to these AF spots.
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Most of these cells were present inside retinal rosettes and
presumably helped RPE cells phagocytose this outer segment (OS)
debris within the rosettes. Although these data demonstrated the
presence of comparable retinal characteristics in human ESCS and
a mouse model of the disease, the fundamental role of microglia in
retinal degeneration is unknown.

Microglia, which are part of the mononuclear phagocytic system,
act as the first and main form of active immune defense in the central
nervous system (CNS), including in the retina (Kreutzberg, 1996;
Cuadros and Navascués, 1998; Hanisch and Kettenmann, 2007;
Tambuyzer et al., 2009). Microglial activation is characterized by the
expression of various microglial and/or macrophagic markers. In the
retina, microglial activation has been demonstrated in injury (Ng
and Streilein, 2001; Langmann, 2007; Joly et al., 2009), ischemia
(Zhang et al., 2005; Ritter et al., 2006; Sivakumar et al., 2011) and
degeneration (Langmann, 2007; Sasahara et al., 2008; Arroba et al.,
2011). Microglial cells from two origins exist in the retina: resident
microglia and circulating bone marrow (BM)-derived microglia, with
the former entering from hyaloid vessels and being thought to be
associated with neuronal death in retinal histogenesis (Ashwell et
al., 1989), whereas the latter enter from the optic nerve after retinal
vascularization (Caicedo et al., 2005; Hou et al., 2006). Although BM
transplantation approaches have the potential to systemically remove
macrophages in order to study their function iz vivo in normal or
disease models, pre-BM-transplantation irradiation damages resident
microglia, which might change the immune environment of the retina
(Amoakul et al., 1992; Kaneko et al., 2008).

Burnett and colleagues generated mice that carry the transgene
for macrophage Fas-induced apoptosis (Mafia) (Burnett et al., 2004;
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TRANSLATIONAL IMPACT

Clinical issue

Goldmann-Favre syndrome, also known as enhanced S-cone syndrome, is an
inherited eye disorder characterized by retinal degeneration. Previously, this
group reported the appearance of diffuse retinal white dots,
hyperautofluorescent spots and retinal rosettes in young patients with
Goldmann-Favre syndrome, and they recently showed that these features are
also seen in young rd7 (retinal degeneration) mice. Retinal microglial cells, of
which there are two origins - resident microglia and circulating bone marrow
(BM)-derived microglia — have been implicated in the pathogenesis of
Goldmann-Favre syndrome and it was suggested that microglial cells
contribute to the development of hyperautofluorescent spots. However, the
fundamental role of microglial cells in Goldmann-Favre syndrome
pathogenesis is unknown.

Results

Here, the authors exploited Mafia (macrophage Fas-induced apoptosis)
transgenic mice to explore the contribution of microglial cells to
Goldmann-Favre syndrome. Temporal control of a circulating BM-derived
microglia population was achieved by introducing the Mafia transgene into
the rd7 mouse model of Goldmann-Favre syndrome. Systemic ablation of BM-
derived microglia can be induced by treatment with a synthetic dimerizer,
AP20187. Because this compound does not cross the blood-brain barrier,
resident retinal microglia are spared but circulating BM-derived microglia are
ablated after AP20187 administration. After systemic depletion of circulating
BM-derived microglia in young mice, characteristics that mimicked those of
later stages of retinal degeneration in rd7 mice were observed in cilioretinal
flatmounts. Moreover, analyses of the outer nuclear layer revealed a decreased
nuclei count in photoreceptors. Inflammatory cytokines IL-18, IL-6, TNFa and
monocyte chemotactic protein (MCP-1) were upregulated, whereas the anti-
inflammatory cytokine TGF-1 was found to be downregulated in the retina.

Implications and future directions

These data suggest that circulating BM-derived microglia have a role in
suppressing intraocular inflammation. Loss of the microglial population can
thereby enhance inflammatory pathways and accelerate retinal degeneration.
This study highlights the opposing roles of resident microglia, which are still
present in the retina of mutant mice, and circulating BM-derived microglia in
retinal degeneration. Future studies dedicated to the search for therapeutic
agents that intervene in the inflammatory processes involved could provide a
novel treatment strategy for inherited retinal degeneration and other diseases
characterized by degeneration of neurons, such as Alzheimer’s disease.

Burnett et al, 2006). This transgene (Tg: Csflr-EGFP-
NGFR/FKBP1A/TNFRSF6) is under the control of the c-fins
promoter, which drives the expression of the CSF-1 receptor in cells
of the mononuclear phagocytic system, including monocytes,
macrophages, dendritic cells (DC), Kupffer cells, Langerhans cells,
osteoclasts and microglial cells (Cecchini et al., 1994). In Mafia
mice, cells of the macrophage lineage express the EGFP and a
membrane-bound suicide protein that can be activated by the
covalently linked dimerizing reagent AP20187. Henceforth, we will
use “Tg/Tg’ to refer to mice that are homozygous for this transgene.

In the current study, we took advantage of Mafia transgenic mice
to mark the origin of AF spots with the EGFP reporter in rd7 mice.

RESULTS

Spatial and temporal distribution of AF spots and rosettes in rd7
mice

Our previous study showed that retinal rosettes corresponded to
retinal folds, and that AF spots corresponded to microglial cells
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AF spots in Nr2e3 mutant mice
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Fig. 1. Spatial and temporal distribution of autofluorescent (AF) spots and
rosettes in rd7 mice. (A,B) Cilioretinal flatmount of P21 wild-type (WT; A) and
P19 rd7 (B) mice. (C) Higher magnification of the boxed area from panel B
shows examples of AF spots (arrows) and rosettes (circular halos; an example
is circled). Note that the AF spots were located inside the rosettes. (D) Scheme
of a cilioretinal flatmount showing the areas in which the AF spots and
rosettes were counted. C, central; P, peripheral. (E) The number of AF spots and
rosettes in the cilioretinal flatmount (mean + s.d.) was determined at P14
(n=4), P21 (n=3), P30 (n=3), P60 (n=4), P150 (n=3), P240 (n=3), P360 (n=2) and
P720 (n=2). (F) By P14, rosettes were distributed throughout the cilioretinal
flatmount. Note that AF spots were absent. (G) By P21, some AF spots were
located inside rosettes; the AF spots were not distributed along the retinal
vessels. (G-K and E) The number of rosettes decreased gradually, whereas the
number of AF spots increased. OD, optic disc.

located between the neural retina and the RPE (Wang et al., 2009).
To investigate the relationship between autofluorescence, microglial
infiltration and retinal degeneration, we counted the AF spots and
rosettes in the cilioretinal flatmounts of rd7 mice between postnatal
day 14 (P14) and P720 (Fig. 1). Fig. 1A,B show the cilioretinal
flatmounts of P21 wild-type (W'T; A) and P19 rd7 (B) mice. Fig. 1C
shows examples of AF spots (arrows) and rosettes (circular halos).
Although the number of retinal rosettes increased from P14 to P21,
the number of rosettes decreased progressively from P21 through
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to P720. In contrast, AF spots that were absent at P14 were first
detected as early as P21 (Fig. 1G), and the number increased
gradually with age (Fig. 1F-K). We found that the AF spots were
not distributed along the retinal vessels, but rather were correlated
with rosettes between P21 and P60.

Abnormal accumulation of material in the OS of rd7 mice
Previously, abnormal accumulation of material at the
photoreceptor-RPE interface was documented in N7/~ mice,
another mouse model of ESCS (Mustafi et al., 2011). In addition,
in our previous study, we found cells that were stained positively
for F4/80 inside the retinal rosettes (Wang et al., 2009). To
characterize these cells further, we performed an immunochemical
analysis of retinas in rd7 mice. Confocal images taken from the
cilioretinal flatmounts of 2-month-old rd7 mouse retinas probed
with anti-F4/80 antibodies revealed the presence of ramified
microglia ‘lying’ above the RPE layer (Fig. 2). These cells were
colocalized with F4/80 (green, Fig. 2B) and autofluorescent material
(red, Fig. 2C). Crosshairs and high-magnification viewing revealed
the presence of autofluorescent material within the cytoplasm of
an F4/80-positive cell (Fig. 2E).

To characterize the autofluorescent material further, we
performed a histological analysis of rd7 and WT (C57BL/6) mouse
photoreceptors. Abnormal folding at the outer nuclear layer (ONL),
OS and inner segment was noted in P60 rd7 mice (Fig. 3A), whereas
this folding was not found in P60 WT mouse retinas (Fig. 3B). To
confirm this finding, we examined the retinas of rd7 and WT mice
by using transmission electron microscopy (TEM) (Fig. 3C-H). In
rd7 mouse retinas, some microglia (different to RPE cells) were
detected between the OS and the RPE (asterisks in Fig. 3E,F). A

Fig. 2. Immunohistochemistry of the cilioretinal flatmounts from 2-
month-old rd7 mouse retinas using anti-F4/80 antibodies. (A-D) Confocal
images taken from the cilioretinal flatmounts showed the presence of several
ramified microglia ‘lying’ above the RPE layer. These cells were colocalized with
F4/80 (green) and autofluorescent material (red). (E) Crosshairs and high-
magnification viewing of single cells located inside the boxed area from panel
D show the presence of autofluorescent material within the cytoplasm of an
F4/80-positive cell. F4/80, microglial marker; AF, autofluorescence.
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higher-magnification view of the TEM images showed the
accumulation of lysosomes inside microglial cells (arrow in Fig. 3G),
and microglial cells were more likely to be found under retinal
rosettes (Fig. 3E,F). No microglia were found in W'T mouse retinas
(Fig. 3D).

Distribution of microglia in rd7/rd7;Tg/Tg mice

To investigate the role of circulating BM-derived microglia in rd7
mice, we generated rd7/rd7;Tg/Tg double homozygotes via a two-
generation outcross-intercross series. Theoretically, the transgene
is under the control of the c-fins promoter and is expressed in
macrophages, monocytes, microglia and DCs (Burnett et al., 2004;
Burnett et al.,, 2006). Previously, microglia were classified into
various subtypes (Zhang et al., 2005). To investigate further
whether EGFP was expressed in these microglia and whether
EGFP expression colocalized with microglial markers, we
performed an immunohistochemical analysis of the retinas of

P60 WT

Fig. 3. Histology and electron microscopy of P60 rd7 mouse retinas
compared with P60 wild-type mouse retinas. (A) Semi-thin section of an rd7
mouse retina showing outer nuclear layer foldings. (B) Control: semi-thin
section of a WT mouse retina. INL, inner nuclear layer; ONL, outer nuclear layer.
(C,D) Ultrathin section of retinas of rd7 and WT mice, showing the junction
between the outer segment (OS) and RPE. (E,F) The ultrastructural analysis of
the retina of rd7 mice revealed the presence of microglial cells between the OS
and the RPE. Asterisks indicate microglia. (G) Higher magnification of the
boxed area from panel F, showing the accumulation of lysosomes inside a
microglial cell (arrow).
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rd7/rd7; Tg/Tg mice. Among the EGFP+ cells, 45.4+9.5% expressed
F4/80, 47.7+10.4% expressed CD68, 84.2+8.0% expressed Iba-1
and 39.7+7.7% expressed MHC class II (MHC-II). Less than 10%
of the EGFP+ cells expressed vimentin. We also found that the
EGEFP+ cells were distributed in the ganglion cell layer (GCL),
inner plexiform layer (IPL), inner nuclear layer (INL), outer
plexiform layer (OPL), and between the OS and the RPE (Fig. 4).
In summary, the majority of EGFP+ cells (>80%) in rd7/rd7; Tg/Tg
mice expressed Iba-1, and few EGFP+ cells were labeled by
vimentin.

INL
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Fig. 4. Confocal images showing the distribution of EGFP, F4/80, CD68,
MHC-II, Iba-1 and vimentin labeling in the retina of a 3-month-old
rd7/rd7;Tg/Tg mouse. Of the EGFP+ cells, 45.4+9.5% expressed F4/80 (A),
47.7+10.4% expressed CD68 (B), 39.7+7.7% expressed MHC class Il (C) and
84.2+8.0% expressed Iba-1 (D). Less than 10% of the EGFP+ cells expressed
vimentin (E). GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer
nuclear layer.
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Circulating BM-derived microglia deficiency in rd7 mice

We introduced inducible circulating BM-derived microglia
deficiency into the mouse model of ESCS by crossbreeding rd7 onto
the Mafia mice. The rd7/rd7;Tg/Tg mice had similar physical
characteristics as those of rd7 mice and survived more than 1 year,
when allowed. The growth of rd7/rd7;Tg/Tg mice was similar to
that of rd7 mice. However, after circulating BM-derived microglia
ablation using AP20187, the body weight in the AP20187 mice did
not increase as fast as in the vehicle-treated animals (supplementary
material Fig. S1).

To investigate whether AP20187 can systemically deplete
circulating BM-derived microglia in rd7/rd7;Tg/Tg mice, we
injected AP20187 intravenously at a dose of 10 mg/kg of body
weight for 5 consecutive days, and then twice weekly at a reduced
dose of 1 mg/kg of body weight. We found a marked decrease in
EGFP expression in peritoneal cells, suggesting that AP20187 can
deplete circulating BM-derived microglia in rd7/rd7;Tg/Tg mice
(supplementary material Fig. S2A). An enlarged spleen was noted
in rd7/rd7;Tg/Tg mice injected with AP20187 compared with the
vehicle-injected mice (supplementary material Fig. S2G,D). We
stained apoptotic cells selectively in the spleen section using an
anti-active-caspase-3 antibody and TUNEL, and found a marked
increase in apoptotic cells in AP20187-injected rd7/rd7; 1g/Tg mice
(supplementary material Fig. S2B,C,E,F). Our hematoxylin and
eosin analysis demonstrated an increase in the nucleus:cytoplasm
ratio and loss of red pulp in the spleen (data not shown), suggesting
the presence of extramedullary hematopoiesis in rd7/rd7;Tg/Tg
mice after long-term depletion of circulating BM-derived microglia.

Acceleration of retinal degeneration in rd7/rd7;Tg/Tg mice after
systemic depletion of circulating BM-derived microglia

To confirm the role of circulating BM-derived microglia in
rd7/rd7; Tg/Tg mice, we investigated the morphological changes in
the retinal rosettes and AF spots after AP20187 injection (Fig. 5A-
G). We found a marked and rapid decrease in the number of retinal
rosettes, which was accompanied by an increase in the number of
AF spots (Fig. 5L,]). As mentioned above, increasing numbers of
AF spots and decreased numbers of rosettes resemble the
characteristics found in older rd7 mice, suggesting an acceleration
of retinal degeneration. For this reason, we counted the number of
nuclei in the photoreceptors of rd7/rd7;1g/Tg mice after 5 months
of AP20187 injections, as well as that for the vehicle-injected mice
(Fig. 5L). There was a significant decrease in the number of nuclei
in the ONL in rd7/rd7;Tg/Tg mice injected with AP20187 compared
with vehicle-injected mice (posterior pole, P=0.022; midperipheral
area, P=0.031; n=3) (Fig. 5D,H,K). These data suggest that the
systemic depletion of circulating BM-derived microglia accelerates
retinal degeneration in rd7/rd7;Tg/Tg mice.

Changes in the number of proliferative cells after systemic

depletion of circulating BM-derived microglia in rd7/rd7;Tg/Tg mice
To investigate whether retinal resident microglia proliferation
accounts for the significantly increased number of AF spots
observed in rd7/rd7;Tg/Tg mice injected with AP20187, we
performed EdU labeling and Iba-1 immunostaining in
rd7/rd7; Tg/Tg mice 1 month after treatment with AP20187 or
vehicle. Compared with retinas from vehicle-injected rd7/rd7;1g/1g
mice, there were significantly more labeled dividing resident

dmm.biologists.org



DMM

Disease Models & Mechanisms

AF spots in Nr2e3 mutant mice

RESEARCH ARTICLE

P60

Vehicle

Fig. 5. Accelerated retinal
degeneration after systemic
depletion of circulating BM-derived
microglia in rd7/rd7;Tg/Tg mice.
(A-D) The cilioretinal flatmounts and
histology from rd7/rd7;Tg/Tg mice
treated with vehicle at P50 (A), P60 (B)
and P150 (C,D). (E-H) The cilioretinal
flatmounts and histology from
rd7/rd7;Tg/Tg mice treated with
AP20187 at P50 (E), P60 (F) and P150
(G,H). (I) The number of rosettes in the

AP20187

cilioretinal flatmounts (mean + s.d.) was
determined at P50 (n=8), P60 (n=11),
P80 (n=3) and P150 (n=4). (J) The
number of AF spots in the cilioretinal
flatmounts (mean + s.d.) was
determined at P50 (n=8), P60 (n=11),
P80 (n=3) and P150 (n=4). (K) The
number of nuclei in the outer nuclear
layer (ONL) was significantly decreased
in mice injected with AP20187 for 5
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microglial cells in retinas from AP20187-injected mice (Fig. 6),
demonstrating an essential role for the resident microglia after the
systemic depletion of circulating BM-derived microglia.

Changes in the expression of retinal cytokines/chemokines after
systemic depletion of circulating BM-derived microglia in
rd7/rd7;Tg/Tg mice

Next, we investigated the mechanism underlying the retinal
degeneration observed after circulating BM-derived microglia
depletion. Retinas from WT mice (C57BL/6), rd7/rd7;1g/Tg mice
treated with AP20187, and rd7/rd7;Tg/Tg mice treated with vehicle
were extracted using lysis buffer and were subjected to quantitative
real-time PCR (qRT-PCR; n=3 in each group). The genes that
encode the inflammatory cytokines interleukin-1p (IL-1p), IL-6,
tumor necrosis factor-a (TNFa) and monocyte chemotactic protein
(MCP-1) were upregulated after systemic depletion of circulating
BM-derived microglia; however, the gene that encodes the anti-
inflammatory cytokine TGFB1 was downregulated (Fig. 7). TNFa
was chosen for its role as the classical activator and initiator of
cytotoxicity, as well as a sustainer of macrophage responses. We
thus concluded that resident microglia play an essential role in, and
that their proliferation upregulates, the expression of the IL-1p, IL-
6 and TNFua genes in the retina, after circulating BM-derived
microglia depletion.

DISCUSSION
Microglia have been reported to play a central role in chronic
degenerative conditions of the CNS, including Alzheimer’s and

Disease Models & Mechanisms

L months compared with mice injected
with vehicle. (L) Scheme of an eye
section, showing the areas in which the
ONL nuclei were counted. OD, optic
disc. *P<0.05.

Parkinson’s diseases, and amyotrophic lateral sclerosis (Block et al.,
2007; Gentleman, 2013). In the present study, we reported the
opposing roles of resident microglia and circulating BM-derived
microglia in retinal degeneration.

Sequential appearance of AF spots, rosettes and microglial cells

In a previous study, we found microglia inside the ONL folding,
which appeared as white dots in fundoscopy and retinal rosettes
in cilioretinal flatmounts (Wang et al., 2009). In the current study,
TEM and immunochemical analyses demonstrated the presence
of lysosomes inside these microglia, which appeared as AF spots
in the cilioretinal flatmounts. Sequential analyses of the retinal
rosettes and AF spots indicated that the retinal rosettes appeared
earlier than the AF spots, suggesting that microglia are recruited
and appear after ONL folding. The increased number of AF spots
found in the older rd7 mice might be related to an increase in
activated-lysosome-laden microglia, which represent a later stage
of retinal degeneration.

Based on the spatial and temporal distribution of the AF spots
and rosettes, we found that microglial cells are not simply
bystanders in rd7 mice, but might contribute to the degenerative
process. We hypothesize that microglia play a positive role in
maintaining the environment of photoreceptors by initially
cleaning up debris between photoreceptors and the RPE. A
similar symbiosis between microglia and photoreceptors was
found in other studies (Banerjee and Lund, 1992; Ritter et al., 2006;
Sasahara et al., 2008; Joly et al., 2009; Arroba et al., 2011). Another
study demonstrated that BM-derived cells can eliminate amyloid
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Fig. 6. Confocal images showing proliferative resident microglia in the
retina of rd7/rd7;tg/tg mice after 4 weeks of injection of AP20187.

(A-D) Proliferative cells located in the outer plexiform layer (OPL), outer nuclear
layer (ONL) or ganglion cell layer exhibited EdU labeling (asterisks in C).
Colocalized labeling of EdU and Iba-1 was detected (D). (E,F) The number of
EdU-labeled cells was significantly increased in mice injected with AP20187 for
1 month compared with mice injected with vehicle (n=3 in each group). The
majority of the EdU-labeled cells were colocalized with Iba-1 (F). Asterisks

indicate significant difference: **P<0.001. Scale bars: 30 um.
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BM-derived microglia. Quantification of gene expression changes by
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anti-inflammatory cytokine TGFf1, and upregulation of genes encoding
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protein (MCP-1). Asterisks indicate significant difference: *P<0.05,
**P<0.001.

deposits in Alzheimer’s disease via a cell-specific phagocytic
mechanism (Simard et al., 2006).

Advantages of Mafia mice compared with BM chimeric mice

An advantage of our murine model of circulating BM-derived
microglia deficiency in retinal degeneration is that, in contrast to
most published macrophage-deficiency models, on which BM
transplantations were performed after systemic irradiation, in our
model, the resident microglia are not ablated after systemic
depletion of BM-derived microglia. This helped us investigate the
role of resident and circulating BM-derived microglia in retinal
degeneration. Although many researchers have used BM
transplantation to investigate the role of BM-derived microglia, the
number of migrating BM-derived cells in normal retinas remains
controversial. Xu et al. reported that a majority of retinal
microglia/macrophages are replenished from circulating BM-
derived cells over 6 months, with very little in situ proliferation
(i.e. insufficient to account for renewal) (Xu et al., 2007). Kaneko
et al. observed bulk BM-derived cell migration to the retina only
after the induction of retinal damage (Kaneko et al., 2008).
Conversely, systemic irradiation before BM transplantation might
ablate resident microglia in the retina, thereby inducing additional
BM-derived cell migration. In the current study, we demonstrated
that AP20187 efficiently depleted circulating EGFP+ BM-derived
cells in rd7/rd7;Tg/Tg mice (supplementary material Fig. S2), thus
providing better results than BM transplantation, without damaging
resident retinal microglial cells. However, we only injected AP20187
after P14 because injection is technically easier at the tail vein after
this stage; as such, we could not determine the number of
circulating BM-derived cells that migrated to the retina before P14
in rd7/rd7;Tg/Tg mice. It is noteworthy that the variance in the
number of AF spots in rd7 mice (Fig. 1E) and rd7/rd7;1g/Tg mice
treated with vehicle (Fig. 5]) might not be identical because of an

6

effect of the genetic background and/or the use of ethanol as a
vehicle for AP20187 intraperitoneal injection.

In this study, we demonstrated the presence of heterogeneous
populations of microglia in the retina that exhibited distinct
morphological characteristics, location and distribution in
rd7/rd7; Tg/Tg mice. Iba-1+ ramified cells have delicate processes,
are located in the inner layers of the retina and are considered to
be a marker of resident microglia (Sasahara et al., 2008; Joly et al.,
2009). CD68 is a cytoplasmic lysosomal antigen and CD68+
amoeboid cells can represent blood-borne macrophages (Milligan
et al, 1991). MHC-II+ spindle cells are regarded as antigen-
presenting cells and are not present in the normal retina (Zhang
et al., 2005). The intermediate filament vimentin is expressed
ubiquitously in Miiller cells of many mammalian species (Kiveld et
al,, 1986). However, although different subgroups of microglia might
express different markers, we found that, not only do more than
80% of the EGFP+ cells also express Iba-1 in rd7/rd7;Tg/Tg mice
but, also, these EGFP+ cells are different from Miiller cells.

Distribution of microglia in rd7/rd7;Tg/Tg mice

BM-derived cells have been observed along optic nerves and
retinal vessels, where activated astrocytes are present, after 24 hours
of retinal degeneration induced by N-methyl-N-nitrosourea (MNU)
(Kaneko et al., 2008). Similar findings of the presence of BM-derived
cells in the ciliary body and in the optic nerve have also been
reported in other studies that used BM transplantation (Hou et al.,
2006; Xu et al., 2007). In the present study, microglial cells in rd7
and rd7/rd7;1g/Tg mice were distributed throughout the retina.
Additionally, we did not find the pattern that was observed during
retinal development (i.e. waves of radial migration along optic
nerves and retinal vessels) in rd7/rd7;Tg/Tg mice treated with
AP20187. One explanation for this finding is that the processes of
retinal degeneration in rd7 and rd7/rd7;Tg/Tg mice (with or
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without AP20187) are subtle and are different from the abrupt
degeneration induced by drugs or potential damage during pre-
BM-transplantation irradiation. Another explanation is that
AP20187 depleted most of the circulating BM-derived cells,
resulting in few cells being left in circulation.

In rd7/rd7;1g/Tg mice injected with AP20187, we observed the
presence of EGFP+ ramified microglial cells distributed evenly and
superficially in the cilioretinal flatmounts. Burnett et al. found no
significant EGFP+ cell depletion in brain tissues after AP20187
injection in Mafia mice, and assumed that AP20187 cannot cross
the blood-brain barrier (Burnett et al, 2004). Our
immunohistochemical findings that Iba-1+ cells were distributed
in the GCL and that residual ramified microglial cells remained in
the cilioretinal flatmounts after AP20187 injection suggest that
these EGFP+ ramified cells are resident microglia and that the
dimerizing reagent AP20187 cannot effectively penetrate the blood-
retina barrier. However, it should be noted that we could only inject
AP20187 through the tail vein or intraperitoneally because AP20187
powder needs to dissolve in ethanol during preparation, which
might cause retinal toxicity if injected intravitreally. We attempted
retrobulbar injection of AP20187, but injections repeatedly resulted
in eyeball ischemia and fibrosis. Additional studies are needed to
optimize the dimerizer-treatment protocol to achieve depletion of
microglial cells in the CNS and in the retina.

Inflammation was seen after systemic depletion of circulating
BM-derived microglia
Unexpectedly, accelerated retinal degeneration occurred after the
observation of the systemic depletion of circulating BM-derived
microglia in the ESCS model (Fig. 5). Macrophages and microglial
cells become classically activated (M1) or alternatively activated (M2)
when affected by Thl- and Th2-derived cytokines, respectively.
Several studies have indicated that M1 cells have strong cytotoxic
activity, whereas M2 cells promote cell survival and angiogenesis,
and suppress destructive immunity (Gratchev et al., 2001; Gratchev
et al., 2005; Kzhyshkowska et al., 2006; Kigerl et al., 2009; Seledtsov
and Seledtsova, 2012). In the retina, M2 cells secrete neurotrophic
factors that promote the survival of neurons during retinal
degeneration (Carwile et al., 1998; Harada et al., 2002; Arroba et al.,
2011) and vascular repair in a model of ischemic retinopathy (Ritter
et al, 2006). Conversely, M1 cells can induce ganglion cell and
photoreceptor death by releasing cytotoxic factors (Roque et al., 1999;
Zeng et al.,, 2005; Sivakumar et al,, 2011). Inflammatory cytokines
related to M1 cells include TNFa, IL-1f and IL-6, whereas cytokines
related to M2 cells include IL-10 and TGFp1. In rd mice, the TNFa
produced by activated microglia has been found to be neurotoxic
(Zeng et al,, 2005). In hypoxic neonatal retinas, TNFo and IL-1f also
seem to induce retinal ganglion cell death (Sivakumar et al., 2011).
Joly et al. have shown that both resident and BM-derived microglia
cooperate to remove dead photoreceptors from retinal lesions (Joly
etal, 2009). Therefore, resident microglia initially play a positive role
in maintaining the environment of photoreceptors by cleaning up
debris between photoreceptors and the RPE. Without the
cooperation of circulating BM-derived microglia, resident microglia
secrete a monocyte chemotactic protein to try to recruit additional
monocytes, as seen in Fig. 7. In addition, resident microglia can
proliferate and produce high levels of TNFa and IL-1(, which
subsequently lead to the acceleration of retinal degeneration.
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In summary, our study demonstrates the sequence of events
during the retinal degenerative process in rd7 mice. Taking
advantage of the unique characteristics of Mafia mice, we
demonstrated that more than 80% of EGFP+ cells in the retina of
rd7/rd7;Tg/Tg mice expressed Iba-1, and that resident microglia
are still present in the retina because AP20187 does not cross the
blood-brain barrier. For this reason, only circulating BM-derived
microglia are depleted. After the systemic depletion of circulating
BM-derived microglia, the cilioretinal = flatmounts from
rd7/rd7; Tg/Tg mice exhibited characteristics that mimicked those
of later stages of retinal degeneration in rd7 mice. Moreover, ONL
analyses confirmed the decrease in the number of nuclei in this
region in rd7/rd7;Tg/Tg mice. Our finding suggests that the
increased number of AF spots is related to resident microglia
proliferation, which established a cytokine milieu that was skewed
to inflammation by upregulating the expression of the IL-18, IL-6
and TNFa genes, which subsequently accelerated retinal
degeneration. Future studies dedicated to the search for therapeutic
agents to intervene in the inflammatory processes involved in
retinal degeneration should investigate the molecular signals that
act between microglial activation and photoreceptor loss.

MATERIALS AND METHODS
Mouse strains
All mice were handled in accordance with the Statement for the
Use of Animals in Ophthalmic and Vision Research of the
Association for Research in Vision and Ophthalmology, and all
experiments were approved by the Institutional Animal Care and
Use Committee of the Chang Gung Memorial Hospital.
C57BL/6, B6.Cg-Nr2e3'7"%7 (rd7) and Mafia (Tg/Tg) mice were
purchased from the Jackson Laboratory (Bar Harbor, ME) and were
housed at a local animal facility under a 12-hour light/12-hour dark
cycle. All mice used in this study were in the B6 background. rd7
mice were outcrossed to Tg/Tg mice, with F; offspring from each
of these outcrosses being intercrossed to generate F, mice. The two-
generation outcross-intercross series was used to generate
rd7/rd7;Tg/Tg double homozygotes for the Nr2e3™”"47 mutation
and Tg/Tg, as described previously (Haider et al., 2001). The
offspring from an intercross of rd7/rd7;Tg/Tg mice were used in
this study.

Screening for the transgene in Mafia mice and for the Nr2e3 gene
in rd7 mice

Genomic DNA was extracted from mouse tails using the
QuickExtract kit (Epicentre, Madison, WI). To detect the transgene
in Mafia mice, the following EGFP primers were used: 5'-
AAGTTCATCTGCACCACCG-3' (forward) and 5'-TCCTTGAA-
GAAGATGGTGCG-3' (reverse). Homozygous rd7 animals were
differentiated from heterozygous and W'T controls via PCR analysis
of genomic DNA using primers designed for the Nr2e3 gene. A
forward primer located in exon 4 (5'-GTAGCCTCTCCT-
GCTCTGGCAG-3') and a reverse primer located in exon 5 (5'-
CAGGTTGGAAAACACAGGCAAG-3') were used to amplify a
339 bp fragment in WT animals and a 239 bp fragment in rd7
mutants and in heterozygotes harboring the deletion. The fragments
were amplified using 5 pl of DNA extract in a 50.0 pl PCR reaction.
The cycling conditions were an initial 10 minutes incubation at 94°C,
followed by ten cycles of 94°C for 10 seconds, 60°C for 30 seconds
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and 68°C for 60 seconds, and 20 cycles of 94°C for 10 seconds, 55°C
for 30 seconds and 68°C for 60 seconds, and a final extension at 68°C
for 7 minutes. PCR products were electrophoresed on 2% agarose
gels (Seakem LE, Lonza Rockland, Rockland, ME) and visualized via
ethidium bromide staining. The homozygosity of Tg mice was
determined by calculating the ACt using real-time PCR with primers
for EGFP (test gene) and ApoB (reference gene).

Cilioretinal flatmount and histochemical analyses

Eyes were enucleated and placed in 4% paraformaldehyde for 1 hour
at room temperature (RT). The cornea and lens were removed from
each eye under a surgical microscope. Whole eyecups were
flattened using four to eight radial cuts and mounted with mounting
medium (VECTASHIELD, Burlingame, CA). Autofluorescence
was detected using standard fluorescence microscopy, as described
previously (Wang et al., 2009). Immunostaining was performed as
described previously (Wang et al., 2009; Wang et al., 2010).

After fixation as described above, eyes were frozen in optimum
cutting temperature compound (Tissue-Tek OCT; Miles
Laboratories, Elkhart, IN). Frozen eyes were cryosectioned at a
thickness of 10 pm. Blocking was performed using 10% normal
blocking serum in PBS with 0.3% Triton X-100 (blocking solution)
for 30 minutes at RT. Sections were then incubated with primary
antibodies diluted in 4% normal blocking serum in PBS with 0.1%
Triton X-100 for 2 hours at RT. The samples were subsequently
incubated for 40 minutes at RT with secondary antibodies diluted
in PBS with 0.1% Triton X-100. The primary antibodies used were
anti-EGFP (1:2000, Novus Biologicals, Littleton, CO), anti-F4/80
(1:100, Abcam, Cambridge, MA), anti-CD68 (1:200, Abcam,
Cambridge, MA), anti-ionized calcium-binding adaptor molecule
1 (Iba-1; 1:1000, Wako, Osaka, Japan), anti-major histocompatibility
complex (MHC) class II (1:100, BD Pharmingen, San Jose, CA),
anti-vimentin (1:200, Sigma-Aldrich, St Louis, MO) and anti-
active caspase 3 (1:200, BD Pharmingen, San Jose, CA). The
secondary antibodies used were Alexa-Fluor-488- or -555-
conjugated antibodies (dilution, 1:1000; Invitrogen, Carlsbad, CA).
After being washed three times with PBS, the sections were
mounted with mounting medium containing the nuclear dye
Hoechst (Invitrogen, Carlsbad, CA) and viewed using a Leica TCS
SP5 confocal microscope (Leica Microsystems GmbH, Wetzlar,
Germany). Images were merged digitally to assess triple labeling.

The Click-iT 5-ethynyl-2'-deoxyuridine (EdU) labeling kit was
used to perform EdU labeling (Invitrogen, Carlsbad, CA). Timed,
rd7/rd7;Tg/Tg mice were injected with EdU solution (30 pg/g of
body weight) continuously for 2 days, and then killed on the third
day. Eyes were collected, fixed and processed according to the
immunostaining protocol mentioned above. EdU staining was
performed according to the protocol provided by the kit.

Transmission electron microscopy

For TEM, P60 rd7 and P60 WT mice were first perfused
transcardially with 2% glutaraldehyde and 2% paraformaldehyde in
phosphate buffer. Subsequently, the eyes of animals were enucleated
and placed in 3% glutaraldehyde with 2% paraformaldehyde for 2
hours at 4°C. The cornea was cut and the lens was removed, to
allow further fixation for 1 hour. After refixation in 1% osmium
tetraoxide for 4 hours at room temperature, the eye samples were
prepared as described previously (Yeh et al., 2008). After fixation,
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the eye samples were washed in phosphate buffer, dehydrated and
embedded in Epon 812 epoxy resin. Serial semi-thin sections were
obtained along the long axis and stained with toluidine blue.
Ultrathin sections from selected areas were collected on 75 mesh
copper grids and stained with uranyl acetate and lead citrate, and
images were photographed with an Hitachi 7100 transmission
electron microscope (Hitachi, Tokyo, Japan) equipped with an
AMT digital camera.

qRT-PCR

Total mRNA was prepared from freshly dissected whole mouse
retinas using the TRIzol reagent (Molecular Research Center,
Cincinnati, OH). The mRNA was transcribed using SuperScript
III Reverse Transcriptase (Invitrogen, Carlsbad, CA) and qRT-PCR
assays were performed using the KAPA SYBR® FAST qPCR Kit
(Kapa Biosystems, Woburn, MA). Amplified products were run on
the Mx3000P™ instrument (Stratagene) in a final reaction volume
of 10 pl. The following thermocycling profile was used: denaturation
at 95°C for 3 minutes and 40 cycles of 95°C for 3 seconds, 55°C for
20 seconds and 72°C for 1 second. The MxPro software was used
to set baselines and CT values according to the guidelines provided
by Stratagene. The expression levels of each gene were normalized
to the PCR products of B-actin. The following primers were used
for qRT-PCR: IL-1B, 5'-TGTGAAATGCCACCTTTTGA-3" and
5'-CTGCCTGAAGCTCTTGTTGA-3'; 1L-6, 5'-TGTGCAAT-
GGCAATTCTGAT-3' and 5 -CTCTGAAGGACTCTGGC-
TTTG-3'; IL-10, 5'-TGGCCCAGAAATCAAGGAGC-3’ and 5'-
CAGCAGACTCAATACACACT-3'; TNFa, 5'-CCACCACG-
CTCTTCTGTCTA-3" and 5'-CACTTGGTGGTTTGCTACGA-
3'; TFG-f1, 5'-TTGCTTCAGCTCCACAGAGA-3’' and 5'-
TGGTTGTAGAGGGCAAGGAC-3'; MCP-1, 5'-TCTCTTCC-
TCCACCACTATGCA-3" and 5'-GGCTGAGACAGCACGT-
GGAT-3’; B-actin, 5'-TCATGAAGTGTGACGTTGACATCCGT-
3" and 5'-CCTAGAAGCATTTGCGGTGCAGGATG-3'.

Ablation of BM-derived microglia in transgenic mice

The depletion protocol used here was as described previously
(Burnett et al, 2004; Qualls et al., 2006). AP20187 (Ariad
Pharmaceuticals, Cambridge, MA) was injected (i.v.) into P14
rd7/rd7;Tg/Tg mice once daily at a dose of 10 mg/kg of body weight
for 5 consecutive days, for initial cell depletion. This depletion
protocol has been shown to cause 80-95% depletion of monocytes,
macrophages and DCs in many tissues (Burnett et al., 2004).
Depletion can be prolonged by subsequent injection of AP20187
twice weekly at a reduced dose of 1 mg/kg of body weight (Qualls
et al., 2006).

Flow cytometry to determine macrophage and DC depletion

Flow cytometric analysis and sorting were performed on a BD
FACSCalibur flow cytometer (BD Biosciences, San Jose, CA) and
the data collected were analyzed using the Flowjo software.
Peritoneal lavage was performed under anesthesia using 5 ml of
PBS and peripheral blood was collected from the tail vein. The
preparations were resuspended in tenfold ACK lysis buffer (Lonza
Walkersville, Walkersville, MD), spun and processed using flow
cytometry. Histograms were graphed from events gated by forward
and side scatter (FSC and SSC, respectively) to the region where
macrophages and lymphocytes would be found.
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Quantification and statistical analyses

In Fig. 1H, the number of AF spots and rosettes within fields of
200%200 pm (the average of four fields from the central retina and
eight fields from the peripheral retina) was determined and
processed statistically from montage images of the cilioretinal
flatmounts. To compare the EdU-labeled cells in rd7/rd7;Tg/Tg
mice injected with AP20187 or vehicle, the number of EQU-labeled
cells was counted and averaged from 15 serial sections cut around
the optic nerve head in each mouse (#=3 in each group).

All experimental data were assessed by an operator blinded to
the treatment condition. Significance was determined using a paired
t-test. P<0.05 was considered significant. All analyses were
performed using the SPSS 15.0 software (SPSS, Chicago, IL).
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SUPPLEMENTARY FIGURE LEGENDS

Figure S1. Body weight changes after systemic depletion of circulating BM-derived
microglia.
A and B: After systemic macrophage ablation using AP20187, body weight didn’t increase as

fast in the AP20187 mice than in the vehicle treated animal.

Figure S2. Systemic Depletion of Circulating BM-derived Microglia

A: Peritoneal cells from an rd7/rd7;Tg/Tg mouse were analyzed for EGFP expression using
cytometric analysis after treatment with AP20187 (i.v.) for 3 weeks and 6 weeks. Histograms
were graphed from events gated by forward and side scatter (FSC and SSC, respectively) to
the region where macrophages and lymphocytes would be found. Immunostaining of spleens
of rd7/rd7;Tg/Tg mice 8 weeks after being injected with vehicle (B and C) and AP20187 (E
and F) showed more apoptotic cells (brown, active caspase 3; green, TUNEL) in
AP20187-injected groups. Nuclei are stained with Hoechst (C and F). Enlarged spleens were
noted in rd7/rd7;Tg/Tg mice 8 weeks after injection with AP20187 (G) compared with

animals injected with vehicle (D). Scale bar: (B, C, E, F) 20 um.
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