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Abstract

We have characterized a naturally-occurring mutation in mice that causes slow, progressive
photoreceptor degeneration, white fundus flecks, and late-onset RPE atrophy. These animals
predictably lose visual function as photoreceptors degenerate. Genetic studies identified a deletion
in the 5’ coding sequence of Mfrp, designated Mfrpl749€G \which essentially results in a complete
knockout at the protein level. We have shown in Mfrpl74d€iG mice that these white fundus flecks
are due to the presence of F4/80+ inflammatory cells in the subretinal space. Here we expand on
our initial description of the cells with additional markers and by determining their origin. We
have also begun an analysis of complement factors in the RPE and found decreased levels of C3d,
suggesting that the alternative complement pathway may be misregulated. Finally, we compare
and contrast the characteristics of fundus images in Mfrpl749€G mice with those of other
mutations that cause similar irregularities, including Crb1"98 and RDHS5 and discuss the structural
differences that may underlie them.

45.1 Introduction

We have previously described a novel mutation in mouse Mfrp that results in AMD-like
symptoms [1]. These animals have a dramatic, late-onset RPE degeneration phenotype that
looks similar to human GA. Although mice do not have a macula, it is possible that the
patchwork atrophy that we reported in Mfrp!74d8iG mutants simulates similar loss of RPE in
humans and that these animals could provide an attractive model.

An additional feature of Mfrpl749€G mice is a regular array of white retinal flecks that is
seen in fundus images during the period of photoreceptor loss[1]. Our earlier work
established that these white flecks were likely macrophages infiltrating the subretinal space.
We expand on that analysis here by showing that the white flecks represent individual cells
that express several markers indicative of a macrophage/monocyte lineage and further show
in bone marrow chimeras that these macrophages are derived from circulating monocytes.
We also report on an initial analysis of key complement regulators and discuss possible
contributions this pathway may make to disease progression. Finally, we compare and
contrast the “white fleck” phenotype seen in Mfrpl749€lG mjce with fundus abnormalities
seen in Crb1"98 mice, and discuss the possible structural basis for these observations.
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45.2 Materials and Methods
45.2.1 Imaging and Image Analysis

Animals were killed with CO, and eyes were dissected under a Leica MZFLIII microscope.
The cornea and lens were removed with fine scissors and the retina was gently peeled away.
The remaining eyecup was then fixed in PBS containing 4% paraformaldehyde. Images of
the apical RPE surface were collected with a digital camera that was mounted on the
dissecting microscope. The tissue was then stained with Hoescht, flat mounted under a
coverslip, and nuclei from subretinal cells adherent to the apical RPE were imaged with a
Nikon TE300 microscope and a Coolsnap HQ camera. The coordinates of each spot (in the
dissecting scope image) or nucleus (in the fluorescence image) were determined, and the
average nearest neighbor distance was calculated from each image.

45.2.2 Immunohistochemistry

Antibodies used were as follows: GFP (Torrey Pines, 1:250), Cd11b-FITC (Life
Technologies, 1:250), CD68 (Millipore, 1:100), Ibal (Wako, 1:1000), GS-1B4-488 (Life
Technologies, 1:50). Fixed eyecups (see above) were permeabilized in PBS + 0.1% Triton
X-100 for 2 minutes, blocked 1 hour in PBS + 1% BSA, and incubated in the appropriate
antibody overnight at 4°C. Tissue was then washed three times in PBS, incubated 30
minutes in the appropriate Alexa-488-conjugated secondary antibody, and counterstained
with Hoescht (see above). The autofluorescence signal was collected using a long-pass
rhodamine filter set. For analysis of C3d, eyecups were fixed in 2% paraformaldehyde,
soaked in 50% sucrose, and embedded in OCT. 10um sections were permeabilized, blocked
as above and probed with C3d antibody (R&D Systems, 1:100).

45.2.3 Bone Marrow Transplant

ROSA26-YFP reporter mice [2] were bred to Ella-Cre[3] mice to create a line of YFP+
mice ubiquitously expressing YFP. Bone marrow from these animals was then transplanted
into lethally irradiated weanling Mfrpl749€!G mice. The resulting bone marrow chimeras
were then examined 8 weeks later (3 months of age) when the subretinal cells in significant
numbers are first apparent in fundus images. Cells were immunostained and viewed in
whole mounts using a GFP antibody (see above).

45.2.4 Immunoblotting

RPE-choroid was scraped off of eyecups (see above), sonicated directly in Laemmli buffer
and western blotted using CFH and CFB antibodies (Quidel, each at 1:5000). Blots were
visualized and quantitatively analyzed relative to endogenous actin with a Li-Cor Odyssey
infrared detection system.

45.3 Results

45.3.1 White spots seen in fundus images of Mfrp174d€lG mice represent cells in the
subretinal space

It has been noted previously that Mfrpl74d1G mice exhibit white flecks visible by fundus
imaging that correspond to cells in the subretinal space [1, 4-5]. A Mfrpl74délG mouse in
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which retinal flecks were observed by fundus photography was used to test that conclusion
with more deliberate measurements. The retina was removed from the eyecup and the white
spots on the RPE were directly imaged (Figure 1A), and the mean distance from each spot to
its nearest neighbor was determined to be 44.5um (I lost the standard error measure.
Probably should put it back!). The same specimen was then flattened, stained with Hoescht
and imaged by fluorescence microscopy (Figure 1B). The difference in focal plane between
the subretinal cells and the underlying RPE, combined with the dense pigmentation of the
RPE, allowed us to easily distinguish the nuclei of the two cell populations. The nearest-
neighbor distance for the Hoescht-stained subretinal cells was 47.4um (standard error!).
These data are consistent with the conclusion that the white spots correspond 1 to 1 with
subretinal cells.

45.3.2 Subretinal cells express markers characteristic of macrophages and are derived
directly from circulating monocytes

To further phenotype the subretinal cells, we immunostained them for markers of monocyte-
derived cells including Ibal, CD11bh, CD68 (ED-1), and the lectin GS-1B4 [6-7] in separate
preparations. Ibal, CD11b, and CD68 antibodies labeled all of the subretinal cells in their
respective preparations, while GS-1B4 labeled only a subset of them (Figure 2). We
identified the origin of the subretinal macrophages by making bone marrow chimeras with
YFP+ donor cells. Of 8 Mfrpl74d€!G hone marrow chimeras examined in detail, the
subretinal macrophages were overwhelmingly YFP+ (Figure 3A-B) and therefore derived
from donor’s bone marrow. Only a single subretinal cell among hundreds examined was not
unequivocally YFP+. Furthermore, the chimeric animals, which had Mfrp*/* subretinal
macrophages, did not exhibit any change in degree of retinal degeneration when compared
to age-matched, unaltered Mfrpl74d€/G mice (Figure 3C), suggesting that the Mfrpl74delG
monocyte-derived cells are not primarily responsible for photoreceptor loss.

45.3.3 Evidence of depressed activity of the alternative complement pathway

Since it is widely hypothesized that the complement system may be involved in AMD
pathogenesis, we evaluated two candidate components of the alternative complement
pathway. Western blotting of mouse RPE+choroid in weanling animals showed that factors
B and H were consistently decreased in Mfrpl74d€lG animals. We also evaluated C3d
abundance in frozen sections from 5 month old animals and found it to be similarly
decreased (Figure 4).

45.3.4 Comparison of fundus images of Mfrp174delG and Crb1'48 mice

Comparison of Mfrpl74deiG and Crb18 mice illustrate the limitations of fundus imaging for
delineating individual cells without additional correlative analysis. The rd8 phenotype [8]
includes white fundus spots which are typically large and irregular, but can sometimes be
smaller and more discrete (Figure 5A-B). Some of these could easily be mistaken for the
white flecks we have observed in Mfrpl749€!G animals. However, the lesions in rd8 mice are
due to retinal folds that protrude into and distort the outer nuclear layer [8]. The lighter
appearance of the fundus in these affected areas may be due to increased reflectance from
accumulations of inner and outer segment material within the retinal folds. Alternatively, it
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may be due to changes in light scattering properties of the outer retina due to disruption of
the ONL [9]. White flecks corresponding to subretinal macrophages in Mfrp749€G mijce,
however, are consistently uniform and small in size, and while they can be sparse at early
time points, they eventually cover the entire fundus with a remarkably uniform distribution.
Interestingly, mutations in RDH5 and RLBP1 produce fundus images in humans with
discrete white spots, similar to what we see in Mfrpl74d€G mice [10-11]. In addition, Repl
mutant mice have autofluorescent retinal spots that can be seen with 488nm SLO as well as
subretinal cells [12]. To our knowledge these observations have never been correlated with
histological sections, although OCT scans yield results that are consistent with cells in the
subretinal space [13-15].

45.4 Discussion

We have expanded on our previous analysis of the Mfrp1744€/G mouse and have found
additional evidence of immune system involvement. More precise correlation of the white
fundus flecks and the subretinal cells cements the presumption that they are the same
objects. It also provides evidence that refraction caused by a single cell is not beyond the
resolution of a standard fundus camera. Furthermore, we now show that these cells express
additional markers characteristic of macrophages. The non-uniformity of GS-1B4 reactivity
suggests that there is some degree of phenotypic heterogeneity among these cells, possibly
reflecting variable degrees of cell activation [16]. We note that there is currently no clear
consensus on markers that distinguish between various types of monocyte-derived cells, and
that different laboratories have established different phenotyping criteria. Indeed, it has even
been suggested that such a marker may not exist [17-18].

The origin of these subretinal cells is a particular point of interest. Cx3cr1 mutant animals
exhibit over-accumulation of subretinal Ibal+ cells, which appear to be derived from
resident microglia that migrate down from the inner retina [19]. This is also a normal
occurrence in Balb/c mice under standard lighting conditions [20]. We entertained the
alternate hypothesis that the subretinal cells in Mfrp749€G mice were derived directly from
circulating monocytes. Bone marrow chimeras made with YFP+ donor cells clearly showed
that these cells were indeed derived from the donor marrow. We considered the possibility
that the donor cells might first engraft in the retina where they would mix with host
microglia and then migrate to the subretinal space. If that were the case, however, we would
have expected a more mixed population of YFP+ donor cells and YFP- host retinal
microglial cells. The fact that they were essentially all donor-derived suggests that they
arrive at this site via a more direct route.

The complement pathway has been of interest in AMD ever since the discovery that
polymorphisms in key complement regulation genes are significant risk factors for
developing the disease[21-22]. Factor B is a key positive regulator of the pathway, while
factor H is a negative regulator; we found decreased levels of both in Mfrpl74delG RpE
+choroid. When the alternative pathway is activated, large amounts of C3b are produced,
but the half-life of C3b is relatively short and it is rapidly cleaved to generate C3d (among
other fragments), which then accumulates at the site [23]. The observation of decreases in
both CFH and CFB is somewhat contradictory, but the decrease in C3d as well suggests a
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t depression in complement activation. The extent to which these changes may be

associated with pathology in Mfrp749€G remains to be investigated. However, there is
recent evidence that the disruption of baseline complement signaling results in photoreceptor

de
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Figure 1. Correlation of fundus spotswith cellsin the subretinal space
(A) White spots were imaged under a dissecting microscope. Many of these spots had

“holes” in their center, suggestive of a nucleus (arrows, insert). (B) The same piece of tissue
was stained with Hoescht and flat mounted (blue = nuclei, red = autofluorescence).
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Figure 2. Immunostaining with markers of monocyte-derived cells
Subretinal cells in whole mounts all stained positive for markers of monocyte derived cells

including CD11b, Ibal, and CD68. A fraction of the cells were also GS-1B4+.
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Figure 3. Subretinal cellsare derived directly from circulating monocytes and replacing them
with wild type cells does not alter disease progression

YFP+ bone marrow was transplanted into irradiated Mfrpl74d€lG mice at a young age, and
then animals were examined several weeks later for evidence of donor cells in the subretinal
space. (A) In animals that received a YFP+ transplant, virtually all the subretinal cells
contained YFP immunoreactivity. (B) In unaltered Mfrpl74d8G animals, no
immunoreactivity was detected, indicating that the labeling is specific. Red signal is the
intrinsic autofluorescence of these cells. They are counterstained with Hoescht to label
nuclei (blue). (C) Animals receiving Mfrp*/* YFP+ bone marrow did not have any
significant changes in retinal thickness.
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Figure 4. Downregulation of complement factorsin Mfrpl74d¢G RPE+chor oid
(A) Western analysis of complement factors from RPE+choroid tissue showed a significant

decrease in the abundance of CFH and CFB. Western bands are faint because individual
RPE/choroids were used and the amount of material was very limiting, but the bands are
accurately quantitated in (B). (C) C3d immunostaining in sections from three different mice
of each genotype are shown. The C3d antibody labeled the RPE in both cases, although in
wild type animals staining was more intense and concentrated on the basal side of the RPE.
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174delG mice

(A-B) Fundus images from 5-month old rd8 mice. Arrows indicate small, discrete spots that
are occasionally observed in these animals. (C) Mfrpl74d8G mice at this age have uniformly
small spots with even distribution.

Figure 5. Comparison of rd8 lesions with fundus spotsin Mfrp
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