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Microglia Inhibition Delays Retinal
Degeneration Due to MerTK
Phagocytosis Receptor Deficiency

Deborah S. Lew?, Francesca Mazzoni' and Silvia C. Finnemann*

Department of Biological Sciences, Center for Cancer, Genetic Diseases and Gene Regulation, Fordham University, Bronx,
NY, United States

Retinitis Pigmentosa (RP) is a group of inherited retinal diseases characterized by
progressive loss of rod followed by cone photoreceptors. An especially early onset form
of RP with blindness in teenage years is caused by mutations in mertk, the gene encoding
the clearance phagocytosis receptor Mer tyrosine kinase (MerTK). The cause for
blindness in mutant MerTK-associated RP (mutMerTK-RP) is the failure of retinal pigment
epithelial cells in diurnal phagocytosis of spent photoreceptor outer segment debris.
However, the early onset and very fast progression of degeneration in mutMerTK-RP
remains unexplained. Here, we explored the role of microglia in the Royal College of
Surgeons (RCS) rat model of mutMerTK-RP. We found elevated levels of inflammatory
cytokines and CD68 microglia activation marker, and more ionized calcium-binding
adapter molecule 1 (Iba-1) positive microglia in RCS retina when compared to wild-type
retina as early as postnatal day 14 (P14). Strikingly, renewal of photoreceptor outer
segments in P14 wild-type rat retina is still immature with low levels of RPE phagocytosis
implying that at this early age lack of this process in RCS rats is unlikely to distress
photoreceptors. Although the total number of Iba-1 positive retinal microglia remains
constant from P14 to P30, we observed increasing numbers of microglia in the outer
retina from P20 implying migration to the outer retina before onset of photoreceptor cell
death at ~P25. Iba-1 and CD68 levels also increase in the retina during this time period
suggesting microglia activation. To determine whether microglia affect the degenerative
process, we suppressed retinal microglia in vivo using tamoxifen or a combination of
tamoxifen and liposomal clodronate. Treatments partly prevented elevation of lba-1 and
CD68 and relocalization of microglia. Moreover, treatments led to partial but significant
retention of photoreceptor viability and photoreceptor function. We conclude that loss
of the phagocytosis receptor MerTK causes microglia activation and relocalization in
the retina before lack of RPE phagocytosis causes overt retinal degeneration, and that
microglia activities accelerate loss of photoreceptors in mutMerTK-RP. These results
suggest that therapies targeting microglia may delay onset and slow the progression
of this blinding disease.
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INTRODUCTION

Retinitis Pigmentosa (RP) is a heterogeneous group of inherited
retinal degenerations that show rod photoreceptor defects and
loss before secondary loss of cone photoreceptors resulting in
blindness (1). To date, mutations in over a hundred genes
mostly expressed in rod photoreceptors or the adjacent retinal
pigment epithelium (RPE) are known to lead to RP (2, 3).
Although RP may progress at different rates even among patients
with mutations in the same gene, usually rod dysfunction
leads to night blindness in late teenage age followed by rod
death by apoptosis and loss of peripheral vision (tunnel vision).
Eventually, secondary “bystander” death of cone photoreceptors
will lead to blindness usually in middle age (1). Mutations of the
mertk gene encoding the Mer receptor tyrosine kinase (MerTK)
cause an exceptionally severe form of RP in human patients
with childhood onset and blindness in teenage years (4-10).
No therapy is available to date for mutant MerTK-associated
RP (mutMerTK-RP) that will prevent or even delay progression
to blindness.

Disease manifestation in mutMerTK-RP has been elucidated
exploring animal models that mimic well the human disease.
The Royal College of Surgeons (RCS) rat strain was recognized
as model retinal degeneration in the 1960’s and has since been
studied extensively (11). The RCS rat genome carries a deletion
in the coding sequence of the mertk gene resulting in an
aberrant transcript encoding only 20 of 999 amino acids (12,
13). No MerTK protein is expressed and thus RCS rats are a
natural null strain for MerTK. Acute re-expression of MerTK
significantly but not completely decreases the severity of RCS rat
retinal degeneration (14-16). Mice engineered to lack mertk gene
activity (mertk™/~ mice) fully phenocopy the RCS rat further
confirming that loss of functional MerTK causes the RCS rat RP
phenotype (17).

Mechanistically, MerTK functions as engulfment receptor
in non-inflammatory apoptotic cell clearance phagocytosis, a
specialized form of phagocytosis also known as efferocytosis.
As essential aspect of the life-long and continuous process of
photoreceptor outer segment renewal, clearance phagocytosis by
the RPE removes spent photoreceptor outer segment tips from
the outer retina in a strict diurnal rhythm (18, 19). MerTK-
deficient RPE cells fail to engulf spent outer segment tips (20, 21)
causing outer segment debris to build up in the outer retina where
it is thought to distress photoreceptors such that they die by
apoptotic cell death (22). Outer segment renewal including daily
clearance phagocytosis in rodents commences after postnatal
formation of photoreceptor outer segments and has been
assumed to be associated with retinal maturation around eye
opening, which in our RCS rats occurs at postnatal day 15 (P15)
plus or minus one day. No significant debris buildup is observed
before P22, yet rod photoreceptor apoptosis is substantial only
shortly thereafter, at ~P25 (22, 23). Retinal function as measured
by electroretinography shows normal photoreceptor response at
eye opening, and modestly and severely reduced photoreceptor
responses at P22 and P34, respectively (11). Altogether, it
has long been assumed that photoreceptor degeneration in
mutMerTK-RP occurs only after eye opening, subsequent to

postnatal retinal maturation and as consequence of defective
RPE phagocytosis. Here, we investigate whether inflammatory
mechanisms contribute to its remarkably early onset and rapid
speed of progression.

Recent studies investigating the role of microglia in several
forms of retinal degeneration suggest a dual role for these
highly mobile cells. Upon acute damage, as following retinal
detachment, microglia may prevent photoreceptor death acting
in a protective role (24). Conversely, in chronic damage, such
as seen in hereditary retinal dystrophies in mouse models,
microglia may contribute to retinal cell death and accelerate
retinal degeneration (25-28). In late stage human and rodent RP
increased levels of activated microglia have been reported (29,
30). Likewise, in both mouse and rat mutMerTK-RP, microglia
activation have been reported at P35 and P50, the late stage
of the disease (31, 32). Strikingly, mice constitutively lacking
the pro-inflammatory cytokine CCL3 in addition to MerTK
(mertk=/= ¢cI37/~ double knockout mice), exhibit decreased
retinal microglia activation and retain more photoreceptor cells
than mertk~/~ mice by P56 but only this advanced stage of
the disease was tested (33). Moreover, RCS rats show activated
microglia in the photoreceptor layer of the retina at P21, an early
stage of disease (34). Altogether, these intriguing data suggest that
microglia may play a role in mutMerTK-RP. Here, we asked if
microglia activation has a primary role in the early onset of retinal
degeneration due to MerTK deficiency. We found that molecular
markers indicating microglia activation are already elevated at
P14, an age just before eye opening when RPE phagocytosis of
photoreceptor outer segment fragments has not yet reached its
mature level, and that microglia relocalize to the photoreceptor
layer of the retina starting at P20. We then used three different
experimental paradigms to suppress early microglia activation in
RCS rats. Assessment of photoreceptor retention and function
showed that inactivating microglia at an early age prolonged
photoreceptor survival and retinal function.

MATERIALS AND METHODS

Reagents
All reagents were from Millipore-Sigma (St. Louis, MO) or
Thermofisher (Carlsbad, CA) unless indicated.

Animals and Tissue Processing

Animals were housed in a 12-h light/12-h dark light cycle
with food and water ad libitum. Animals of both sexes
were used. Wild-type (WT) and mertk—/~ mice in the same
129T2/SvEms] genetic background (23), pink-eyed dystrophic
RCS rats (rdy/rdy-p) and Sprague Dawley (SD) WT rats were
raised to yield litters at defined age for experiments. For tissue
harvest, animals were euthanized by CO, asphyxiation before
immediate eye enucleation and processing. Unless indicated
otherwise, all tissue harvest was done at 3-4h after light
onset to avoid variability due to circadian effects. Eyeballs
were chilled, dissected and tissue fractions flash-frozen for
immunoblotting. For tissue sectioning, cornea and lens were
dissected before fixation of tissue in 4% paraformaldehyde in PBS
for 30 min followed by sequential dehydration and embedding
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TABLE 1 | RT-PCR primers used.

Gene rats Primers Forward (F) and Reverse (R)

CCLS5 (Chemokine C-C motif
Ligand 5)

GAPDH (Glyceraldehyde
3-phosphate dehydrogenase)

F: 5"-CATCTTCCACAGTCTCTGCTTC R:
5 -GAGCAAGCAATGACAGGAAAG

F: 8"-CTTCTCTTGTGACAAAGTGG R:
5-GTAGACTCCACGACATACTC

Gene mice Primers Forward (F) and Reverse (R)

CCL2 (Chemokine C-C motif F: 5'-AACTCTCACTGAAGCCAGCTC R:

Ligand 2) 5'-TTAAGGCATCACAGTCCGAGTC
CCL3 (Chemokine C-C motif F: 5"-CAGACACCAGAAGGATACAAGC R:
Ligand 3) 5-GGCAGCAAACAGCTTATAGG

CCL4 (Chemokine C-C motif F: 5"-ATGAAGCTCTGCGTGTCTGC R:
Ligand 4) 5'-CAGAGAAACAGCAATGGTGGAC
CCL5 (Chemokine C-C motif F: 5'-TGCCCTCACCATCATCCTCAC R:
Ligand 5) 5 -AGGACTAGAGCAAGCAATGACAGG

F: 8- AGAAACTGCTGCCTCACATC R:
5-CCCACCTTGTCTCCAGTCTTTATC

Rplp0 (Ribosomal Protein Lateral
Stalk Subunit PO)

in paraffin. To generate whole mount preparations of posterior
eyecups, cornea, lens and retina were dissected from eyes
harvested from WT rats sacrificed 1h after light onset. Eyecups
were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer
followed by radial cuts to flatten the eyecup in preparation for
immunofluorescence labeling.

Drug Treatments

To start localized drug treatment before onset of microglia
activation we administered tamoxifen (tmx) as eye drops starting
at P10. Schlecht et al. previously demonstrated that tmx eye
drops applied to closed eyelids of mice from P8 through P12
are sufficient to yield efficient Cre induction in the posterior
retina implying that tmx reaches the posterior eye if applied to
closed eyelids (35). Here, RCS rats received eye drops of 10 pl
of 5 mg/ml tmx in corn oil into both eyes 3 times a day. To
administer tmx systemically, rats were fed tmx-supplemented
chow (500 mg/kg, Envigo, South Easton, MA, #130858) ad
libitum starting at weaning (P19). Liposomal clodronate (LC,
Liposoma, Amsterdam, The Netherlands) was administered at 10
ul LC/g body weight by intraperitoneal injections every 7 days
starting at P13 and at 4 Ll /eye by intravitreal injection once the
day after eye opening (at P16 or P17). For combined tmx and LC
administration, rats received tmx eye drops and the LC treatment
as described above. Control siblings were manipulated identically
but received corn oil-only eye drops and PBS injections. For all
treatments, ERGs were recorded at P33 followed by continued
treatment until sacrifice and tissue harvest at P40.

Electroretinogram (ERG) Recordings

The entire procedure was carried out under dim red light.
RCS rats were dark-adapted overnight before intraperitoneal
injection of 100 mg/kg ketamine and 10 mg/kg xylazine to induce
anesthesia. Scotopic responses were recorded exactly as described
previously using a UTAS-E2000 visual electrodiagnostic system
(LKC Technologies, Gaithersburg, MD) (23). Stimuli were

presented in order of increasing intensity as a series of white
flashes of 1.5 cd-s/m2 attenuated with neutral density filters.
For each flash intensity, three to six recordings were averaged.
For all recordings, a-wave amplitudes were measured from the
baseline to the trough of the a-wave, and b-wave amplitudes
were measured from the trough of the a-wave to the peak of
the b-wave.

RNA Extraction and RT-PCR

Two dissected neural retinas from a single animal were pooled
and processed following the manufacturer’s direction using
the Qiagen RNeasy Plus Mini kit (Qiagen, Waltham, MA).
Purity and concentration of each sample were analyzed by
spectrophotometry, and 5 ng/pl RNA stocks were stored
at —20°C. RT-PCRs on 10 ng RNA were performed using
the Qiagen One-Step RT-PCR kit. Primer sequences are
listed in Table 1. Quantification of bands following product
electrophoresis was performed using Image].

Immunofluorescence Staining and Tissue
Analysis

Posterior eyecup whole mount preparations were stained with
rhodopsin antibody B6-30 and AlexaFluor488-conjugated
secondary antibody to label phagosomes containing
photoreceptor outer segment particles, and counterstained
with AlexaFluor594-labeled phalloidin and DAPI nuclear dye
(36). Phagosome counts were obtained using fixed value of
threshold settings in ImageJ including only rhodopsin positive
particles with 0.5 pm diameter and above.

Seven micrometer thick microtome sections cut within
200pum from the optic nerve were deparaffinized. Epitope
unmasking was performed by boiling for 10 min in 10 mM citric
acid, 0.05% Tween-20, pH 6. Sections were then blocked
with PBS, 1% BSA, 0.01% Triton-X100 and incubated
sequentially with primary and appropriate AlexaFluor-
conjugated secondary antibodies. Primary antibodies used
were to ionized calcium-binding adapter molecule 1 (Iba-1)
(1:400, Fujifilm Wako Chemicals, Richmond, VA, #019-19741)
and to CD68 (1:500, Biorad, Hercules, CA, #MCA341R). DAPI
was used to counterstain nuclei.

Vectashield mounted samples were imaged using a Leica
TSP5 laser scanning confocal microscopy system. X-Y stacks
were collapsed to yield representative maximal projections for
image quantification.

Quantification of images was performed manually aided by
Image]J software. To quantify numbers of CD68 or Iba-1 positive
microglia in tissue sections, counts from 3 sections for each tissue
were averaged to obtain the number of microglia per 350 pm of
retina, and a minimum of 3 tissues from 3 animals per sample
type were analyzed. To quantify the number of photoreceptor
nuclei rows in tissue sections, in each section the number of
photoreceptor rows was counted in 3 regions of the image (left,
central, and right) and averaged.

SDS PAGE and Immunoblotting

Dissected single tissues were lysed in HNTG buffer (50 mM
HEPES, 150 mM NaCl, 1% Triton-X100, 10% glycerol, pH 7.5)
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FIGURE 1 | CCL5 mRNA overexpression begins before eye opening in RCS rat retina. Representative RT-PCR products for the cytokine CCL5 and the housekeeping
gene GAPDH are shown in duplicate at P14 (A), P20 (C), and P35 (E) for WT and RCS retina tissues harvested, respectively. Lanes represent contamination controls
with water as template. Ages are shown in figure panels with quantifications shown in (B,D,F) as mean + s.e.m., n = 4 biological samples from 3 individual rats.
Levels are shown relative to WT. Data were analyzed by Student t-test; ** indicates p < 0.01, * indicates p < 0.05.

ccls gapdh ccld

freshly supplemented with protease inhibitor cocktail. Proteins
from cleared lysates were separated by standard SDS-PAGE
and transferred to nitrocellulose membranes, Blots were blocked
in 10% non-fat milk powder in TBS before incubation
with primary and appropriate HRP-conjugated secondary
antibodies, and enhanced chemiluminescence digital detection
by a KwikQuant Imager (Kindle Biosciences, Greenwich, CT).
Band densities were quantified using the KwikQuant imaging
software. Primary antibodies used were to CD68 (1:1,000,
Biorad #MCA341R), Iba-1 (1:2,000, Fujifilm Wako Chemicals,
#016-20001), PSD95 (1:3,000, Cell Signaling, Danvers, MA,
#3450), and a-tubulin (1:3,000, Cell Signaling, #9099). For all
immunoblotting experiments, tissues from 2 different rats of
each sample group were directly compared in 3 independent
experiments. Tubulin reprobing of membranes was used to
control for sample load.

Statistical Analysis

All data were collected from at least three independent
experiments. The means and standard deviations were calculated
for each comparison group. Comparisons between two
groups were performed using the Student’s two-tailed t-test.
Comparisons between three or more groups were performed
using one-way or two-way ANOVA as appropriate, with Tukey’s
post-hoc test for comparison of two groups within multiple
groups. P values below 0.05 were considered statistically
significant for all experiments.

RESULTS

The Pro-inflammatory Cytokine CCL5 and
Microglia Activation Marker Iba-1 Are
Elevated Even Prior to Eye Opening in RCS
Rat Retina

Cytokine secretion is one of the first indications of tissue
inflammation. Once secreted these small molecules serve to
attract inflammatory cells expressing specific cytokine receptors,
causing migration to inflammatory sites. As reported earlier by
others, inflammatory cytokines in mertk™/~ mouse retina are
present at P35, a late disease stage (Supplementary Figure 1A).
Strikingly, we found levels of mRNA for CCL5 (Chemokine
C-C motif ligand 5) already elevated at P14, the day of or after
eye opening of our mouse strains (Supplementary Figure 1B).
CCLS5 is a pro-inflammatory cytokine whose elevation has been
linked to retinal stress associated with glaucoma and age-
related macular degeneration (37, 38). To determine whether
this observation was characteristic for MerTK deficient retina,
we next tested CCL5 levels in RCS rat retina. Indeed, we found
that CCL5 is also significantly elevated in RCS retina at P14,
one day prior to eye opening in our rats (Figure 1). Compared
to WT retina, RCS retina contained 3.4-fold higher levels of
CCL5 transcripts at P14 (Figures 1A,B) as compared to ~2-
fold higher levels at P20 (Figures 1C,D), and P35 (Figures 1E,F),
the previously recognized early and late stage of RCS retina
degeneration, respectively. This was somewhat unexpected
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FIGURE 2 | Microglia activation marker proteins increase in RCS retina by P14, before eye opening. Tissues dissected at ages indicated were analyzed by
SDS-PAGE/immunoblotting. (A,C,E) Representative immunoblots of duplicate samples from different retina (A,C,E) or whole eye tissue following removal of the lens
(E) of ages as indicated tested for Iba-1, CD68, PSD95, and tubulin as loading control. (B,D,F,G) Quantification of PSD95 (PSD), Iba-1, and CD68 levels from
immunoblots as in (A,C,E). Bars show mean + SD, n = 3 biological samples from 3 individual rats. Protein levels are shown relative to tubulin content of the same
sample and relative to level of WT PSD95, which was set as 1. Data were analyzed by Student t-test; *** indicates p < 0.001, ** indicates p < 0.01, * indicates
p < 0.05.

because diurnal photoreceptor outer segment renewal is thought
to commence in rodent retina only after eye opening, and thus
any process occurring prior is unlikely to be a consequence
of its deficiency due to the RPE phagocytosis defect. Unlike
CCLS5 transcripts, levels of GAPDH transcripts were the same in
WT and age-matched RCS retina indicating that the change in
CCL5 was not due to global change in transcription (Figure 1).
Motivated by prior reports on microglia activation in RCS rat
retina, we next compared levels of the microglia markers Iba-
1 and CD68 between RCS and WT rat dissected neural retina.
Resident tissue microglia upregulate basal levels of Iba-1 upon
activation and this change correlates with their migration to sites
of tissue injury (39, 40). CD68 is expressed only in activated
retinal microglia (41). Figure 2 shows that already at P14, Iba-
1 and CD68 protein levels in RCS retina are 2.2-fold and 4.9-fold
higher than levels in WT rat retina, respectively (Figures 2A,B).
By P20, Iba-1 levels had increased to 2.6-fold of WT levels, while
CD68 levels were 1.9-fold elevated over WT (Figures 2C,D).
We noted that CD68 levels relative to tubulin loading control
increased little in RCS retina from P14 to P20, while CD68
in WT retina rose 2.9-fold. By P35, Iba-1 and CD68 levels in
RCS retina were 12-fold and 23-fold of WT levels, respectively
(Figures 2E,F). Differences in microglia marker content between
RCS and WT tissues were more pronounced in dissected retina
samples than in whole eye samples indicating a primary role

for retinal rather than choroidal microglia (Figure 2, compare
F and G). As control for global neural tissue changes, we also
measured levels of the synaptic marker PSD95 at all ages. We
found no differences between RCS and WT PSD95 at P14 and
P20 and only modest decline at P35, which did not reach
statistical significance (Figure 2, panels and bars as indicated).
Up to P35, tubulin levels were identical in age-matched RCS
and WT rat retina confirming that overall retina cell loss is
negligible by this age. All protein levels were thus quantified
relative to tubulin levels in the same sample and development
to account for differences in tissue yield during dissections.
Altogether, these results suggested that inflammatory signaling
and responses by microglia cells in RCS rat retina commence
before eye opening.

RPE Phagocytosis in P14 Wild-Type Rat
Retina Just Prior to Eye Opening Is Only
Partially Active

It has long been assumed that outer segment renewal in
rodents starts after eye opening. The WT rats tested in
our study fully open eyes at P15. Here, we measured outer
segment phagosome load of the RPE in situ as quantitative
assessment of outer segment renewal. Figure 3 shows rhodopsin-
positive phagosomes in WT rat RPE and their quantification
1h after light onset, when phagosome load is at its peak.
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FIGURE 3 | RPE phagocytosis is fully active in WT rat retina only at P16, after eye opening. WT rats of defined age as indicated were sacrificed 1 h after light onset
followed by immunofluorescence labeling of posterior eyecup whole mounts (A-D) and protein extraction and immunoblotting (E,F) of contralateral eyes of same
animal. (A-C) Representative fields show whole mount samples at ages indicated co-stained for rhodopsin positive phagosomes (green), F-actin (red) and nuclei
(blue). Scale bar, 25 wm. (D) Quantification of phagosomes from images as in (A). Box graphs show line corresponding to the mean + min and max values, n = 3
biological samples from 3 rats. Data were analyzed by 1-way ANOVA, ** indicates p < 0.01; * indicates p < 0.05. (E) Representative immunoblots of duplicate
samples from different WT rat whole eyes of ages as indicated tested for rhodopsin, PSD95, and tubulin as indicated. One membrane sequentially probed for the
different proteins is shown. (F) Quantification of rhodopsin (opsin) and PSD95 levels from immunoblots as in (C). Bars show mean + SD, n = 3 biological samples
from 3 individual rats. Protein levels are shown relative to tubulin content of the same sample and relative to level of PSD95 and rhodopsin at P11, which was set as 1.

Data were analyzed by ANOVA, ** indicates p < 0.01; * indicates p < 0.05.

Compared to P11, RPE phagocytosis at P14 one day prior
to eye opening is about 2-fold more active (Figures3A,B).
However, RPE phagosome load is still 44% lower at P14
compared to P16, one day after eye opening (Figures 3A,B).
Notably, we found no difference in total levels of retinal or
RPE marker proteins including the rod outer segment marker
rhodopsin between P14 and P16 but less rhodopsin at P11
in WT rat eyes (Figures3C,D). These results suggest that
outer segment formation is complete by P14, 1 day before
eye opening, but outer segment renewal is not yet fully active.
Eye opening of our RCS rats between P15 and P16 implies
that at P14 there is little to no debris accumulation that could
distress photoreceptors, and that therefore cytokine elevation
in P14 RCS retina is highly unlikely a consequence of lack of
RPE phagocytosis.

Microglia Migrate to Reach the
Photoreceptor Layer of RCS Rat Retina as
Early as P20

We next determined the localization of Iba-1 positive retinal
microglia in RCS rat retina with increasing age. As expected,
WT retina harbored microglia only in the inner retina regardless

of age (Figure4A, WT panels as indicated). In contrast, all
RCS retina samples tested showed microglia in the inner as
well as the outer retina starting at P20 (Figure 4A, RCS panels
as indicated). Quantification of Iba-1 positive cells over the
entire retina showed that the total number of Iba-1 positive
cells in RCS rat retina did not change from P14 to P30,
although it was 1.8-fold higher than cell numbers in WT
retina as expected from prior studies on rats aged P21 and
up (34) (Figure 4B). Additionally, the fraction of Iba-1 positive
cells in the outer retina starting at P20 increased dramatically
with age (Figure4C). These results suggest that microglia
numbers are already elevated in RCS rat retina before onset
of retinal degeneration and prior to eye opening. Moreover,
increase in outer retina microglia in RCS rats likely arises from
migration of resident microglia rather than cell proliferation
or infiltration.

Suppression of Microglia by Tamoxifen Eye
Drops Mitigates Photoreceptor Death

Given these unexpectedly early changes of microglia in
RCS retina, we decided to continue our studies by using
tamoxifen (tmx) to inactivate microglia starting in rat pups
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layers of the retina with age.

at P10. Tmx is an estrogen receptor agonist long used to
treat breast cancer in human patients (42). In experimental
animals, tmx is commonly used to control gene expression via
engineered tmx-inducible promoters (43). Systemic application,
via intraperitoneal injection or oral supplementation, and
topical administration via creams and eye drops have been
successfully used in published studies (35, 43, 44). Schlecht
and colleagues showed that tmx administration as eye drops
from P8 through P12 yields effects on outer retinal cells
indicating that topical tmx penetrates eye tissues reaching
effective concentration even in the posterior retina (35). Notably,
such topical administration of tmx to the eye (45) does not
affect retinal morphology even though tmx can be toxic to
the retina (46). Even more recently, Wang and colleagues
showed that tmx provided as dietary supplement reduced the
extent of photoreceptor degeneration caused by light damage by
reducing the number of activated microglia (47). The mechanism
used by tmx to deplete activated microglia is still unknown,
but it appears to be independent of its effects on estrogen
receptors (47). To suppress microglia activity starting at pre-
weaning age we applied tmx as eye drops in RCS rats three
times a day from P10. At P33 we recorded scotopic ERGs

to assess photoreceptor functions, and at P40 we collected
retina tissues to quantify levels of Iba-1 and CD68 proteins
by immunoblotting. These experiments yielded a modest but
significant reduction by about one third in both of these
microglia markers in tmx-treated RCS rat eyes compared to
control littermates that received eye drops with corn oil solvent
only (Figures 5A-C). Moreover, tmx-treated rats at P33 showed
significantly better light responses than control RCS rats at
lower flash intensities eliciting rod activation only (—20dB to
—8dB). At high flash intensities that excite both rods and
cones there was no difference in retinal responses based on
treatment (—4dB and 0dB) (Figure 5D). The b-wave indicative
of activities of second order retinal neurons was also improved
by tmx eye drop treatment (Figure 5E). RCS rats with ongoing
retinal degeneration do not show normal retinal activity in ERG
recordings with consistent increases in a- and b-wave amplitudes
in response to light flashes of increasing intensity (23). Recording
at P33 specifically in our study we observed flat or even
moderately declining a- and b-wave amplitudes at highest flash
intensities applied indicative of dysfunction of photoreceptors
at this age. Nonetheless, tmx treatment modestly improved
retinal function.
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FIGURE 5 | Tamoxifen eye drops yield modest but significant decrease in retinal Iba-1 levels and preservation of retinal function of RCS rat retina. RCS rats received
tmx eye drops three times daily from P10 to P40 with examination by scotopic ERG at P33 and tissue harvest for immunoblotting analysis at P40. (A) A representative
immunoblot is shown with two biological replicates each of retina extracts from control and treated RCS rats. The same membrane was probed for Iba-1, CD68, and
for tubulin, as loading control. (B,C) Bar graphs show quantification of experiments as in (A) with levels of lba-1 (B) and CD68 (C) in each sample set relative to levels
of tubulin before comparing control and treated samples. Normalized Iba-1 and CDE68 levels in control samples were set as 1 (mean + SD, n = 4 biological replicates;
*p < 0.05, *p < 0.01; Student’s t-test). (D,E) Graphs show average a-wave and b-wave amplitudes in response to light flashes of increasing intensity as indicated
(mean + s.e.m., n = 5 biological replicates, ("o < 0.05; **p < 0.001, ANOVA). Open circles: RCS rats treated with oil eye drops (control); X: littermate RCS rats
treated with tmx eye drops (treated).

Adding Tamoxifen Diet to Tamoxifen Eye
Drops Treatment Further Suppresses

Microglia but Is Toxic

To improve the retinal degeneration delay effects observed
from tmx eye drops alone, we modified the treatment by
adding tmx-supplemented diet starting at weaning at P19.
This combined tmx eye drop/diet strategy reduced both Iba-1
and CD68 in treated RCS rat retina by ~50 and 40%,
respectively, compared to control siblings receiving neither
topical nor systemic tmx (Figures 6A-C). As complement, we
performed immunofluorescence microscopy analysis of retina
tissue sections. We observed fewer Iba-1 positive microglia
specifically in the outer nuclear layer of the retina of tmx
treated RCS rats compared to control littermates (Figures 6D-F).
Moreover, the retina of tmx-treated RCS rats showed one
additional row of photoreceptor nuclei suggesting modestly
improved retention of photoreceptor cells (Figures 6D,E,G).
We also found fewer CD68 positive, activated microglia, in
treated rats compared to control rats (Figures 6H-J). Scotopic
ERGs at P33 showed an improvement of the photoreceptor
response at all light flash intensities (Figure 6K). However, b-
wave amplitudes did not differ between tmx-treated and control

animals (Figure 6L). Moreover, animals treated with tmx diet
were smaller, more sensitive to the anesthetic, and overall less
healthful than control siblings (data not shown). Taken together,
we conclude from these observations that combining topical and
systemic tmx treatments is more effective in inactivating retinal
microglia than topical treatment alone. However, considerable
systemic tmx toxicity renders such dual application unsuitable for
further research let alone translation.

Tamoxifen Eye Drops Combined With
Intravitreal and Systemic Injection of
Liposomal Clodronate Reduces

Photoreceptor Death by Suppressing

Microglia Activation

As an alternate strategy to increase efficiency of microglia
inhibition, we tested the addition of local and systemic
administration of liposomal clodronate (LC) to our previous
tmx eye drop treatment. LC is selectively taken up by phagocytic
cells triggering their apoptotic pathway (48, 49). Intravitreal
LC injection has been shown to successfully deplete retinal
microglia in several species including rats (50-52). In a pilot
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FIGURE 6 | Tamoxifen provided both as eye drops and as dietary supplement yields significant preservation of retinal function and decrease in retinal Iba-1 levels in
RCS rats. RCS rats received tmx eye drops three times daily from P10 to P40 and standard chow enriched with tmx starting at P19 with examination by scotopic
ERG at P33 and tissue harvest for immunoblotting analysis at P40. (A) A representative immunoblot is shown comparing retina extracts from control and treated RCS
rats. The same membrane was probed for Iba-1, CD68, and for tubulin as loading control. (B,C) Bar graphs show quantification of experiments as in (A) with levels of
Iba-1 (B) and CD68 (C) in each sample set relative to levels of tubulin before comparing control and treated samples. Normalized Iba-1 and CD68 levels in control
samples were set as 1 (mean + SD, n = 4 biological replicates; *p < 0.05, “*p < 0.01, Student’s t-test). (D,E) Representative micrographs of retina cross sections
labeled with Iba-1 antibody to indicate microglia (green) and nuclei counterstain (red). The same regions of the retina were imaged to directly compare retina of control
and treated RCS rats. Scale bars, 40 um. (F) Bar graph shows quantification of total retinal or photoreceptor layer microglia as indicated (mean + s.e.m.,n =5
biological replicates; *p < 0.05, Student’s t-test). (G) Bar graph shows number of rows of photoreceptor nuclei in the outer nuclear layer (mean + s.e.m., n = 5-7
biological replicates; *p < 0.05, Student’s t-test). (H,l) Representative micrographs of retina cross sections labeled with CD68 antibody to indicate activated microglia
(green) and nuclei counterstain (red). The same regions of the retina were imaged to directly compare retina of control and treated RCS rats. Scale bars, 40 pm. (J)
Bar graph shows quantification of activated retinal microglia as indicated (mean + s.e.m., n = 4 biological replicates; *p < 0.005; Student’s t-test). (K,L) Graphs
(Continued)
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FIGURE 6 | show average a-wave and b-wave amplitudes in response to light flashes of increasing intensity as indicated (mean + s.e.m., n = 4-9 biological
replicates, *p < 0.05; **p < 0.005, ANOVA). Open circles: RCS rats treated with oil eye drops and fed standard chow (control); X: littermate RCS rats treated with tmx

experiment, we confirmed that a one-time intravitreal injection
one day after eye opening reduces the number of Iba-1 positive
retinal microglia in RCS rats (Supplementary Figure 2). To
increase the efficacy of our anti microglia treatment, we then
combined inactivation with depletion of microglia by applying
tmx eye drops starting at P10 as in our previous experiments
and adding a one-time intravitreal LC injection the day after
eye opening. To suppress replenishment of retinal microglia we
additionally applied LC intraperitoneally every 7 days starting at
P13. Indeed, Figure 7 shows that this combination treatment was
more effective than tmx eye drops alone or even tmx eye drops
with the toxic tmx food. Immunoblotting showed reduction of
retinal Iba-1 levels in treated animals by about 60% and of CD68
by about 50% compared to protein levels in sibling controls,
indicating a greater reduction of microglia and their activation
in RCS rats treated with the combined treatment as compared
to rats treated with tmx alone (Figures 7A-C). Moreover, ~
30% fewer microglia localized to the photoreceptor layer of the
retina (the outer nuclear layer) suggesting impaired microglia
migration in response to tmx/LC treatment and the number
of total Iba-1 positive retinal microglia was similarly reduced
(Figures 7D-F). The combination treatment directly benefitted
photoreceptor viability preserving more than two additional
rows of photoreceptor nuclei in LC/tmx treated retina by P40
compared to control sibling retina (Figures 7D,E,G). Matching
the immunoblotting results, immunofluorescence microscopy
of CD68 showed a significant reduction of about 40% in
activated microglia in retina from treated rats (Figures 7H-J).
Finally, scotopic ERGs revealed significantly higher a-wave
and b-wave amplitudes in treated RCS rats confirming
improved retinal functionality (Figures7K,L). Importantly,
the combination treatment did not show obvious systemic
toxicity. Altogether, these results suggest that a combination
treatment of tmx eye drops and LC injections is more efficient
in suppressing microglia than tmx eye drops alone. Our results
imply that reducing microglia activity delays degeneration of
photoreceptors in mutMerTK-RP.

DISCUSSION

In this study, we investigated the age of onset and effects
of early treatment of inflammatory changes in animal models
lacking the phagocytosis receptor MerTK. The MerTK-deficient
mice and rats we studied exhibit early onset fast progressing
retinal degeneration like human patients with mutMerTK-
RP. We found pro-inflammatory cytokines, elevated levels of
retinal microglia and microglia activation markers prior to eye
opening. It has long been assumed (but never directly tested
as far as we are aware) that eye opening marks the beginning
of life-long diurnal outer segment renewal including MerTK-
dependent RPE phagocytosis. Indeed, our results confirm that

there is only limited RPE phagocytosis of spent outer segment
fragments before eye opening in WT rat retina whose RPE cells
require MerTK for daily engulfment of spent photoreceptor outer
segment tips. These results suggest that inflammatory activation
prior to eye opening in MerTK-deficient retina is highly unlikely
a mere consequence of the accumulation of outer segment debris
in the subretinal space due to phagocytosis-defective RPE.

In both mouse and rat models of MerTK deficiency, we
found expression of the chemoattractant cytokine CCL5 (and
others) significantly and robustly elevated at P14 prior to eye
opening and before photoreceptor debris buildup due to lack
of MerTK-mediated RPE phagocytosis. The cells producing the
cytokines remain to be specified. RPE in vivo may produce
CCL5 and other cytokines in culture for instance in response
to viral infection (53). Given that we studied dissected retina
samples from which the RPE and posterior eyecup was removed,
it is however likely that retinal cells not RPE or choroidal cells
generate these transcripts. The robust and consistent level of
CCL5 mRNA in our retina extracts renders contaminating RPE
unlikely as major source.

Likely as response to elevated cytokines, we observed
microglia relocalization to the outer retina as early as P20. In
elegant experiments, Kohno et al. recently discriminated between
retinal microglia and invading macrophages in mertk™/~ mice
by Cx3crl and Ccr2 promotor labeling, respectively. They found
invading macrophages in mertk™/~ retina only at ages of 6
weeks and above (32). This suggests that retinal microglia are
the Ibal-positive cells population we observed in our MerTK-
deficient RCS rats at ages up to P40. In agreement with previous
studies that mostly focused on RCS rat retina in mid to late
stage retinal degeneration at P33 and older (31, 34), we saw
increased numbers of microglia in RCS rat retina as compared
to WT retina at all ages tested including before eye opening.
The total number of microglia did not increase, suggesting that
the increased number of microglia observed in the outer retina
from P21 was solely due to migration and not proliferation. In
agreement, Di Pierdomenico et al. showed proliferation of retinal
microglia in RCS retina at P45 but not at P33 (34).

Inflammation has been reported mostly at advanced stages
of RP in retina that has already partly degenerated and in
which retinal cells continue to die (31, 33, 54-56). However,
precedent exists that microglia activation may occur early,
preceding any retinal cell death, and contribute to degenerative
processes (57). Microglia may have protective roles (24, 58)
or promote photoreceptor cell death increasing the severity of
retinal degeneration (29, 40, 59). To investigate the relevance of
the early microglia activation for RCS rat retinal degeneration, we
inhibited microglia using two experimental approaches, which
we begun 4 days before eye opening. First, we inhibited microglia
with tmx shown previously to inactivate retinal microglia in
adult mice (47). Application of tmx as eye drops alone yielded
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FIGURE 7 | A combination treatment of tamoxifen eye drops and intraperitoneal liposomal clodronate yields robust preservation of retinal function, decreases retinal
Iba-1 levels and microglia redistribution to the outer retina and preserves photoreceptors. RCS rats received tmx eye drops three times daily from P10 to P40,
intravitreal injection with LC at eye opening (P16-P17) and intraperitoneal injection at P13 and every 7 days thereafter with examination by scotopic ERG at P33 and
tissue harvest for immunoblotting and histology analyses at P40. (A) A representative immunoblot is shown comparing retina extracts from control and treated RCS
rats. The same membrane was probed for Iba-1, CD68, and for tubulin as loading control. (B,C) Bar graphs show quantification of experiments as in (A) with levels of
Iba-1 (B) and CD68 (C) in each sample set relative to levels of tubulin before comparing control and treated samples. Normalized Iba-1 and CD68 levels in control
samples were set as 1 (mean + SD, n = 4 biological replicates; **p < 0.01, Student’s t-test). (D,E) Representative micrographs of retina cross sections labeled with
Iba-1 antibody to indicate microglia (green) and nuclei counterstain (red). The same regions of the retina were imaged to directly compare retina of control and treated
RCS rats. Scale bars, 40 um. (F) Bar graph shows quantification of total retinal or photoreceptor layer microglia as indicated (mean =+ s.e.m., n = 5 biological
replicates; *p < 0.05; **p < 0.001, Student’s t-test). (G) Bar graph shows number of rows of photoreceptor nuclei in the outer nuclear layer (mean + s.e.m., n = 5-7
biological replicates; ***p < 0.001, Student’s t-test). (H,l) Representative micrographs of retina cross sections labeled with CD68 antibody to indicate activated
microglia (green) and nuclei counterstain (red). The same regions of the retina were imaged to directly compare retina of control and treated RCS rats. Scale bars,
40 pm. (J) Bar graph shows quantification of activated retinal microglia as indicated (mean + s.e.m., n = 4 biological replicates; **o < 0.005; Student’s t-test).
(Continued)
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(treated).

FIGURE 7 | (K,L) Graphs show average a-wave and b-wave amplitudes in response to light flashes of increasing intensity as indicated (mean + s.e.m., n = 4-9
biological replicates, ***p < 0.001, ANOVA). Open circles, RCS rats treated with oil eye drops (control); X, littermate RCS rats treated with tmx eye drops and LC

a small but significant reduction in microglia activation and
marginally better photoreceptor light responses at P33. To
enhance efficacy and to prevent possible systemic replenishment
of microglia to tmx eye drop-treated retina, we next added
feeding animals tmx-supplemented diet to the tmx eye drop
treatment. While this dual treatment showed improved efficacy
in the retina we observed significant toxicity of the tmx diet
resulting in reduced body weight and viability. Therefore, we
instead complemented the tmx eye drop administration with a
well-established alternative approach depleting microglia with
liposomal clodronate, which poisons microglia. Combined local
treatment of tmx eye drops and one-time intravitreal injection
of LC with weekly systemic LC injections further increased
microglia depletion compared to eye drops alone with no
apparent toxicity. Taken together, these experiments demonstrate
that early microglia inhibition is effective in delaying retinal
degeneration due to MerTK deficiency. Moreover, the extent of
microglia inhibition directly correlates with improved survival
of photoreceptors and preservation of photoreceptors function.
Finally, our results indicate that microglia driven processes
aggravate retinal degeneration due to MerTK deficiency rather
than playing a protective role.

More experiments are needed to unravel how microglia
aggravate retinal degeneration due to deficiency in the
engulfment receptor MerTK. In brain, MerTK deficiency
impairs efferocytosis activity of microglia and macrophages
(60, 61). In the retina of the rd10 mouse model of RP, microglia
phagocytose living photoreceptors increasing the rate of
photoreceptor loss (59). It will be important to test microglia
phagocytosis in RCS retina in the future. It is important to
note however that the genetic defect in the rd10 RP model is in
pde6b, which encodes a photoreceptor-specific protein involved
in phototransduction. In contrast, MerTK is a phagocytosis
receptor expressed not by photoreceptors but by the adjacent
RPE, which relies on it for daily clearance of spent outer segment
tips as part of outer segment renewal and possibly by other
phagocytic cells in the retina. We did not find reports showing
MerTK protein expression in mouse or rat retinal microglia in
situ. With MerTK antibodies recognizing rat MerTK in tissue
sections unavailable, we tested MerTK localization in WT mouse
retina. Supplementary Figure 3 shows abundant labeling by
a well-established anti-mouse MerTK antibody of WT mouse
RPE but little labeling in neural retina and no obvious overlap
with Iba-1 microglia marker. Thus, MerTK protein is unlikely
to be abundant in resting retinal microglia, and its expression
may be upregulated in retinal disease such as rd10 RP to
enhance microglia phagocytosis of distressed photoreceptors.
If the aggravating role of retinal microglia in MerTK-deficient
RP also involves photoreceptor phagocytosis it will indicate
that retinal microglia perform clearance phagocytosis using a
MerTK-independent pathway with an alternative engulfment

receptor. Indeed, numerous engulfment receptors relevant to
efferocytosis are known (62). Moreover, increased staining of
complement factor C1q has been reported in RCS retina in the
OPL where microglia may phagocytose synaptic components
(63). The same study found that elimination of retinal microglia
by systemic treatment with a CSF1 receptor inhibitor had no
effect on photoreceptor light responses (and worsened inner
retinal responses), although drug administration via dietary
supplementation only started at P15 and may not have been
effective immediately in pre-weaning rats. As dead cells do
not permanently accumulate in advanced stages of retinal
degeneration in RCS retina clearance phagocytosis is likely to
take place, although the specific phagocytic cells responsible and
whether and when they enter the retina is unknown. Finally,
microglia in MerTK-deficient retina may impair photoreceptor
function and viability through activities that do not require
them to be phagocytic. Distinguishing between these intriguing
possibilities will be the subject of further investigation.

As of now, there is no cure for any form of RP.
However, translational approaches including clinical trials are
in development or underway (64, 65). Yet, treatments in
development such as gene therapy or RPE replacement will be
successful only if there is significant retention of retinal cells and
architecture whose functionality and longevity can be rescued
by treatment. Delaying the exceptionally early onset and rapid
progression to irreversible retinal cell death that is characteristic
for mutMerTK-RP will increase the window of opportunity
during which advanced treatments such as gene therapy will be
effective. As our results show a role for early inflammation before
the phagocytic defect of the RPE harms photoreceptors, it is
tempting to speculate that other forms of RP may benefit from
microglia inactivation at very early stages of disease prior to overt
retinal dysfunction and degeneration.

Altogether, our results show that lack of MerTK activates
inflammatory mechanisms causing retinal microglia to harm
photoreceptors prior to onset of fully active daily outer segment
renewal. These processes are thus independent of accumulation
of subretinal outer segment debris that results from engulfment
failure of MerTK-deficient RPE. In addition to orchestrating
debris engulfment, MerTK signaling is complex and has been
shown to contribute to cell differentiation and homeostasis (66).
Our results let us hypothesize that cells lacking MerTK in
the mutMerTK retina elicit pro-inflammatory signaling which
in turn activates microglia. Additional studies will be needed
to determine whether the triggering cell type is the RPE,
which may utilize MerTK signaling during normal development
and differentiation. Distressed MerTK-deficient RPE cells may
communicate with cells in the retina via additional cytokines
or other signaling mediators causing these secondary cells to
upregulate the cytokines we found elevated. Identifying the
primary and secondary cell types and stimulus mechanism for
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such inflammatory pathways will be a subject of future studies
and may identify cellular molecular targets for therapies aiming
to delay onset of the aggressive forms of retinitis pigmentosa
associated with defective MerTK.
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