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Abstract

Retinitis pigmentosa initially presents as night blindness owing to defects in rods, and the secondary
degeneration of cones ultimately leads to blindness. Previous studies have identified active roles of microglia in
the pathogenesis of photoreceptor degeneration in RP. However, the contribution of microglia to
photoreceptor degeneration remains controversial, partly due to limited knowledge of microglial phenotypes
during RP.

Rationale: In this study, we investigated the pathways of microglial activation and its contribution to
photoreceptor degeneration in RP.

Methods: A classic RP model, Royal College of Surgeons rat, was used to explore the process of microglial
activation during the development of RP. An inhibitor of colony-stimulating factor 1 receptor (PLX3397) was
fed to RCS rats for sustained ablation of microglia. Immunohistochemistry, flow cytometry, RT-qPCR,
electroretinography and RNA-Seq were used to investigate the mechanisms by which activated microglia
influenced photoreceptor degeneration.

Results: Microglia were gradually activated to disease-associated microglia in the photoreceptor layers of RCS
rats. Sustained treatment with PLX3397 ablated most of the disease-associated microglia and aggravated
photoreceptor degeneration, including the secondary degeneration of cones, by downregulating the
expression of genes associated with photoreceptor function and components and exacerbating the impairment
of photoreceptor cell function. Disease-associated microglial activation promoted microglia to engulf apoptotic
photoreceptor cell debris and suppressed the increase of infiltrated neutrophils by increasing engulfment and
inhibiting CXCL]1 secretion by Miiller cells, which provided a healthier microenvironment for photoreceptor
survival.

Conclusions: Our data highlight a key role of disease-associated microglia activation in the suppression of rod
and cone degeneration, which reduces secondary damage caused by the accumulation of dead cells and
infiltrated neutrophils in the degenerating retina.
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Introduction

Retinitis pigmentosa (RP) refers to a family of attributed to hereditary factors. These disorders are
retinal disorders that cause blindness, typically characterized by a common pathological process—the
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progressive deterioration and loss of photoreceptors
[1,2]. In most RP models, genetic mutations lead to
primary rod-specific damage and cause night
blindness, almost invariably followed by a secondary
degeneration of the cones. When most rods have been
lost, the cone photoreceptors slowly degenerate in a
common and characteristic pattern, causing the loss of
high visual acuity and color vision [3,4]. However, the
mechanisms that regulate the loss of rods and cones
are not completely understood, resulting in a lack of
effective  treatments to  limit  progressive
photoreceptor degeneration in RP.

Adult retinal microglia are highly specialized,
embryonically derived, long-lived tissue macro-
phages, and are the predominant type of immune cell
in the retina; they primarily reside in the outer and
inner plexiform layers (OPL and IPL) [5]. Microglial
reactivity is a key feature of RP, and is accompanied
by microglial invasion to the photoreceptor layers,
proliferation and activation of a less-ramified,
more-amoeboid morphology [6-8]. Importantly,
activated microglia are considered a central player in
the degeneration of photoreceptors, including rods
and cones [9]. However, the protective versus
pathogenic roles of microglia in photoreceptor loss
have been intensely debated. The death of
degenerating rods during inherited RP is exacerbated
by microglial secretion of cytokines, which induce
neurotoxicity and apoptosis signaling molecules as
well as microglial phagocytosis of non-apoptotic
photoreceptors [10,11]. In contrast, microglia have
also been found to inhibit photoreceptor death by
removing potentially damaging cell debris and
regulating immune cell infiltration in acute and
chronic models of photoreceptor degeneration [12-14].
Furthermore, photoreceptor degeneration remains
unaffected upon microglia depletion by a
colony-stimulating factor 1 receptor (CSF1R) inhibitor
or by Cx3crl knockout in prion-infected [15] and
Mertk-mutated retinas [16], implying that microglia
are not required for photoreceptor degeneration. The
role and function of microglia in photoreceptor
degeneration thus remain controversial, probably due
to the existence of multiple phenotypes of microglia at
different stages of disease progression. However, the
phenotypes of activated microglia and the
corresponding pathways of microglial activation
during RP are not well understood.

Microglial phenotypes are classically identified
according to morphology or M1/M2 patterns
(borrowed from the now-defunct classification of
macrophages), yet this system is unable to specify a
particular response state or type of activity in a given
neurodegenerative disease [17], including RP [18].
Recently, single-cell RNA analysis has identified

disease-associated microglia (DAM), a subset of
microglia with a conserved transcriptional and
functional signature across neurodegenerative models
[19-21]. Intriguingly, the transcriptional signature of
DAM includes the wupregulation of genes
characteristically expressed by classic M1 and M2
macrophages, as well as modules for lipid metabolism
and phagocytic pathways (e.g., Axl, Clec7a, Cst7,
Sppl, Tyrobp, Lgals3, Apoe, and Trem?2), and
downregulation of genes expressed by homeostatic
microglia (e.g., Cx3crl, Tmem119 and P2ry12/P2ry13)
[19-21]. However, whether microglia are activated to
the DAM phenotype in the RP (as the retina is
considered a discrete central nervous system (CNS)
region) remains to be determined. Therefore, we
further investigated whether microglia were
gradually activated to DAM and how DAM activation
contributed to the photoreceptor degeneration.

Clarifying the role of microglia in photoreceptor
degeneration requires the prolonged depletion of
microglia. The survival of microglia has previously
been shown to be critically dependent on CSFIR
signaling. Recently, CSFIR inhibitors have been used
to rapidly eliminate most microglia in the CNS to
elucidate the role of microglia in neurodegenerative
diseases [16,22,23]. PLX3397, a CSFIR inhibitor, is
orally bioavailable and capable of penetrating the
brain and retina, providing a noninvasive/
nonstressful approach to achieve robust brain/retina-
wide microglial elimination for extended periods of
time [24,25]. Previous studies have found that some
residual microglia survive in the diseased region in
neurodegenerative models treated with a CSFIR
inhibitor [22,23,26,27], providing further support for
the existence of heterogeneous populations of
microglia. However, the differential depletion effects
of CSFIR inhibitors on microglia and the phenotype
of these CSFIR inhibitor-resistant cells are not
completely understood; thus further knowledge of
this phenomenon may be helpful for identifying the
subtypes of microglia that play a key role in
pathological progression.

In the present study, we explored the pathways
of microglial activation and its contribution to
photoreceptor loss and dysfunction in RP. For this
purpose, we used Royal College of Surgeons (RCS)
rats, a well-characterized rat model of RP that carries
a mutation in the Mertk gene , which first results in
rod death and then cone loss [16,28,29], to explore
whether microglia were activated to the DAM
phenotype in degenerating retinas. To validate the
effects of microglial activation on photoreceptor loss
and dysfunction, RCS rats was fed PLX3397 for
sustained ablation of the microglia. Thus, we
determined the potential mechanisms underlying the
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effects of DAM activation on photoreceptor survival
in RCS rats according to DAM function. Our results
identified the DAM phenotype as a protective
microglial subtype that suppressed photoreceptor
degeneration, highlighting the potential of DAM
activation as a pathogenesis-independent treatment
for RP to improve visual function.

Materials and Methods

Ethics statements

This study was carried out by the
recommendations of the Third Military Medical
University Animal Care and Use Committee. The
protocol was approved by the Animal Center of the
Third Military Medical University.

Animals

RCS-rdy-p* (RCS rats; P15, 20, 30, 40, and 50;
either sex) and RCS-rdy*-p* rats (Control rats, P15, 20,
30, 40, and 50; either sex) were obtained from the
Animal Center of the Third Military Medical
University (Chongqging, China). All rats were housed
in the laboratory animal facility of Southwest Hospital
under a 12 h light and 12 h dark cycle with ad libitum
access to food and water.

Drug administration

Control or RCS rats were fed a
PLX3397-formulated AIN-76A diet (600 p.p.m; 600
mg PLX3397 (Selleckchem, Houston, TX) per
kilogram of diet) ad libitum at P15 [16]. The control
RCS rats were fed a normal AIN-76A diet.
Morphological and functional experiments were
carried out in the rats after CSF1R inhibitor treatment
for 5,15, 25, and 35 days.

Immunohistochemistry

Immunofluorescence staining of frozen tissue
sections was performed as previously described [16].
Briefly, the enucleated eyecups were immersed in 4%
paraformaldehyde (PFA) at 4 °C for 15 min and then
transferred to 30% sucrose at 4 °C overnight. The
retinas were embedded in optimal cutting
temperature (OCT) compound and cut into 20- or
40-pm-thick sections in the sagittal plane using a
freezing microtome. Slices from a distance of 50 um
lateral to the optic nerve were selected for
immunohistochemistry and analysis. Sections were
permeabilized and blocked with PT1
(phosphate-buffered saline (PBS) containing 0.1%
Triton X-100 and 10% donkey or goat serum) at 37 °C
for 30 min and then incubated with primary
antibodies (Table S1) in PT2 (PBS containing 0.03%
Triton X-100 and 5% donkey or goat serum) overnight
at 4 °C. After five washes with PBS, the sections were

incubated with fluorophore-conjugated secondary
antibodies in PT2 at 37 °C for 1 h. Nuclei were
counterstained with 4’,6-diamidino-2-phenylindole
(DAPL; Sigma-Aldrich). CellROX Green (Life
Technologies) oxidative stress reagent was used to
staining reactive oxygen species (ROS), which was
injected into the SRS using a 33-gauge Hamilton
needle (Hamilton) and incubated for 2 h. Images of
immunofluorescence staining were acquired using a
confocal microscopy system (Zeiss LSM 780).

Analysis of apoptotic cells and surviving cells
was performed according to a previous study [16].
Total cells (DAPI) and apoptotic cells (TUNEL) in the
ONL were counted in central and peripheral regions.
Surviving cells were defined by DAPI-positive nuclei
without TUNEL staining: number of surviving cells =
number of total cells - number of apoptotic cells.
These numbers were averaged for five eyes per group.

Analysis of microglia number and morphology
was performed according to a previous study [16,30].
Panoramic sections of the retina per group
immunostained for DAPI and IBA1 were captured to
quantify the numbers of microglial cells in the
different retinal layers. The numbers of grid-crossing
points and processes per individual cells were used to
analyze the morphology of the microglia.

Images were acquired with a confocal
microscope at a size of 135 x 135 um with 0.2-pm
z-steps for analysis of microglia phagocytosis as
previously described [16,31]. The background was
subtracted from all fluorescent channels in Z-stacks of
optical sections using Image] software. Subsequently,
3D volume surface renderings of each z-stack were
created using Imaris software  (Bitplane).
Surface-rendered images were used to determine the
volume of the microglia and lysosomes. The following
equation was used to calculate the percent
engulfment: volume of lysosomes (um?®) / volume of
microglial cells (pm?3).

Reverse-transcription quantitative polymerase
chain reaction (RT-qPCR)

The RT-qPCR analysis was performed as
previously described [16]. Briefly, total RNA was
extracted from the retinas of rats using TRIzol. Total
RNA (approximately 1-2 pg per 20 pl reaction) was
reverse transcribed using a PrimeScript®RT Reagent
Kit (TaKaRa Bio USA, Mountain View, CA, USA).
SYBR Green gqPCR Mix (Dongsheng Biotech,
Guangdong, China) was used to perform quantitative
PCR on a CFX9 Real-Time PCR System (Bio-Rad,
Hercules, CA, USA) according to the manufacturer’s
instructions. The relative expression of the mRNAs
was normalized to that of glyceraldehyde
3-phosphate dehydrogenase (GAPDH). All primers
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were purchased from Sangon Biotech (listed in Table
S2).

Flow cytometry

The flow cytometry analysis of retinas was
performed as previously described [30]. In brief, the
retinas were dissociated into single-cell suspensions
using the Neural Tissue Dissociation Kit - Postnatal
Neurons (MACS; Miltenyi Biotec, cat. no. 130-094-802)
according to its guidelines. The cell suspensions from
retina or spleen tissues were filtered through a 70-mm
strainer to prevent cell clumps. The cells were washed
with PBS containing 1% FBS and stained with
antibodies (Table S3) or isotype controls for 30 min at
4 °C. Flow cytometry data were acquired with a
FACSCanto II (BD Biosciences) and analyzed with
Flow]Jo software.

Electroretinography (ERG)

ERG was performed using previously described
methods [16]. Briefly, gold wire loops were
simultaneously used to record the corneal ERG
responses from both eyes. Scotopic, rod-mediated
responses were obtained from 12h dark-adapted rats
at intensities of —-4.5, —2.5, -0.5, —=0.02, 0.5, and 1
log(cd s m2). Photopic, cone-mediated responses
were obtained from 0.5h light-adapted animals at
intensities of 0.5 and 1 log(cd s m?). The RETIscan
system (Roland Consult, Brandenburg, Germany) was
used to acquire the data, which were processed using
Igor software.

Optomotor response for visual acuity

The optokinetic head-tracking test was
performed as previously described [32] and is
illustrated in Figure 4J. Briefly, animals were
dark-adapted for 12 h, and measurements for both
eyes of each animal were recorded. A platform was
set in the center of four inward-facing computer
monitor screens with an infrared video camera
overhead. The rats were placed on the platform and
exposed to rotated grating stimuli (12 °/s) using a
staircase paradigm program written by MATLAB
showing spatial frequencies (0.05, 0.075, 0.1, 0.2, 0.3,
0.4, 0.5, and 0.6 cycles/degree) in 100% contrast to
measure the visual acuity in both eyes. The head
tracking response was driven by clockwise and
counterclockwise rotations to evaluate each eye. The
highest spatial frequency with a response was
recorded as the visual acuity of each eye.

RNA-Seq and bioinformatics analysis

For convenience, we labeled the control rat
group as “Control P50”, the RCS rat group as “RCS
P50” and the PLX3397-treated RCS rat group as
“RCS+PLX P50”. Three biological replicates were

used for the sample analysis in the “Control P50” and
“RCS P50” groups, and two biological replicates were
used for the sample analysis in the “RCS+PLX P50”
group. RNA from retinal tissue samples at P50 was
extracted using TRIzol™ (Invitrogen, Carlsbad, CA,
United States). mRNA was enriched with oligo (dT)
magnetic beads and fragmented into short fragments
using fragmentation buffer. The fragments were
enriched by PCR amplification to construct
transcriptome libraries. Primary raw reads produced
by HiSeq 4000 (Illumina) were qualified and filtered
to obtain clean reads. Gene expression levels were
shown as the FPKM value. We detected differentially
expressed genes (DEGs) with DEG-seq as requested
and considered adjusted P-values < 0.05 to be
indicative of DEGs. Gene Ontology (GO) annotation
analysis was performed for DEGs. The Kyoto
Encyclopedia of Genes and Genomes (KEGG)
database was used to perform pathway analysis of
these DEGs.

Statistical analysis

Data were analyzed using an independent
two-sample t-test, one-way analysis of variance
(ANOVA), or two-way ANOVA with Prism
(GraphPad) or SPSS 17.0 statistical software (SPSS
Inc., Chicago, IL, USA). The data are presented as the
means * the standard deviations (SDs). P-values less
than 0.05 were considered statistically significant.

Results

Resident microglia are gradually activated to
the DAM phenotype in the photoreceptor
layer of RCS rats

As activated microglia were recently defined as
DAM in a variety of neurodegenerative diseases, we
determined whether microglia were similarly
activated to the DAM phenotype during chronic
photoreceptor degeneration. Trem2, Tyrobp, and Axl
are identified as the key or marker genes in DAM
activation [20,21]; their mRNA levels were
significantly increased in the retinas of RCS rats at
P30, when obvious apoptotic rods were observed in
the ONL [28]. The increase in Trem2, Tyrobp, and Axl
mRNA levels peaked at P50 (Figure 1A), by which
point most photoreceptors were lost [28]. By mRNA
sequencing analysis (Figure S1), we found that many
DAM genes in the RCS rat retinas were upregulated
compared with those in the control group at P50
(Figure 1B), suggesting that the DAM signature was
induced in the degenerating retina. Axl, a member of
the TAM (Tyro3, Axl and Mertk) family, has
previously been identified as a potential DAM marker
for distinguishing subsets of microglia: AxI" (DAM),
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Axlle (intermediate stage), and Axl- (homeostatic
stage) [21,33]. Retinal staining for IBA1, a classic
microglial marker, and CD68, a marker of phagocytic
activity, along with Axl, showed that the IBA1* cells
in the inner retinas of RCS rats and control rats were
negative for Axl and CD68, suggesting a homeostatic
state in these uninjured regions (Figure 1C). In
contrast, IBA1* cells double stained with Axl and
CD68 were mainly located in the photoreceptor layers
of RCS rats, particularly in the subretinal space (SRS)
(Figure 1C). Moreover, many IBA1* cells significantly
expressed Trem?2 in the degenerative region of RCS
rats (Figure S2), suggesting that DAM activation was
induced. At P50, 64% of microglia in the SRS and ONL
showed the DAM phenotype, and 29% of microglia
were at the intermediate stage (Figure 1D). Using
standard morphological methods, we observed that
the DAM and intermediate microglia were
accompanied by classically activated microglia, which
were characterized by a less ramified morphology,
reduced branching sites, increased cell volume, and
increased CD68* lysosomal content (Figures 1E-I).
Furthermore, some IBA1* cells were only found to
express low levels of Ax]l and CD68 (Figure S3), which
suggests that microglia were activated to an
intermediate state in the photoreceptor layers of RCS
rats at P30. Our data indicated that the DAM
phenotype was gradually activated during
photoreceptor degeneration in RCS rats.

In certain disease states, blood-derived
monocytes have been suggested to infiltrate the retina
and differentiate into macrophages, which are
difficult to distinguish from resident microglia with
conventional markers such as IBA1, CD68, and
CD11b/c  [6,34,35]. To  determine  whether
monocyte-derived macrophages (mo-MFs) were
involved in DAM activation, the relative expression of
CD45 was used to distinguish these cell populations
by immunohistochemistry and flow cytometry
[18,36-38]. A few macrophages (CD45M) were found to
infiltrate the degenerating retina, which was located
close to retinal pigment epithelia (RPE) of RCS rats at
P50 (Figure S4 and Figures 2A-B). Furthermore, most
IBA1* and CD11b/c* cells with increased expression
of CD45 (CD45t) were primarily restricted to the SRS
in the retinas of RCS rats (Figure S4); these cells are
previously considered DAM [39]. In summary, the
DAM phenotype was gradually activated in the
photoreceptor layer of RCS rats, a process in which
mo-MFs likely have little contribution.

Most DAM are depleted by the prolonged
treatment with a CSFIR inhibitor in the
photoreceptor layer of RCS rats

To address the contribution of DAM activation
to photoreceptor degeneration, we treated RCS rats
with the CSFIR inhibitor PLX3397 from P15 to P50
(Figure  S5A). PLX3397 efficiently depleted
approximately 60% of IBA1* cells in the retinas of RCS
rats; remaining IBA1* cells were mainly localized in
the photoreceptor layers (SRS and ONL) of RCS rats
(Figure S5B). In contrast, PLX3397 depleted nearly
100% of microglia in the retinas of control rats (Figure
S6). Thus, PLX3397 efficiently but incompletely
depleted microglia in the degenerating region,
suggesting that the CSFIR inhibitor has differential
depletion effects on the microglial subtypes.

To explore how CSFIR inhibition selectively
depleted specific microglial subsets during DAM
activation, we focused on the identity of the residual
IBA1* cells in the photoreceptor layer of RCS rats.
First, we determined whether mo-MFs can fill the SRS
and ONL in the absence of microglia. Few CD45h
macrophages were detected in the retinas of RCS rats
that received the 35-day PLX3397 treatment using
immunohistochemistry and flow cytometry (Figures
2A-D); these data excluded the distribution of
macrophages as residual IBA1* cells. The fluorescence
intensity of CD45 in the surviving IBA1* cells was at a
level in between CD45"t and CD45 in RCS rat
retinas, and few CD45"t microglia were found in the
retinas of PLX3397-treated RCS rats (Figures 2D). We
detected low levels of Axl and CD68 fluorescence
intensity in most IBA1* cells in degenerating retinas
treated with PLX3397 (Figure 2E), suggesting an
intermediate stage (AxI) in the residual microglia. A
similar reduction was observed when the CD68
volume-occupying surviving microglia in the outer
retinas were compared between PLX3397-treated RCS
rats and untreated RCS rats (Figure 2F). Most DAM
(AxIM) in the photoreceptor layer of RCS rats were lost
after 35 days of treatment with PLX3397, but the
number of intermediate microglia (AxI°) was not
significantly influenced by PLX3397 (Figure 2G-H).
Moreover, Trem?2, Tyrobp and AxI mRNA expression
was significantly reduced in the retinas of PLX3397
treated RCS rats compared with that of untreated RCS
rats (Figures 2I-K). Together, our data suggested that
the DAM (AxIM) were depleted by sustained
CSF1R-inhibitor treatment and that the intermediate
microglia (AxI'°) were more resistant to this treatment
in the photoreceptor layers of RCS rats.

https://lwww.thno.org



Theranostics 2022, Vol. 12, Issue 6 2692

A B Disease-associated microglial genes
Trem2 mRNA relative expression Tyrobp mRNA relative expression (RCS P50 vs. Control p50)
15 20
10
154
5
)
0 =
P15 P20 P30 P40 P50 P15 P20 P30 P40 P50 g 10
> b °
< .
Axl mRNA relative expression -8 RCS e
o
8 —&— Control c_?
aes 5.4
6
4
L]
2 01
L)
-4 4
P15 P20 P30 P40 P50 log2 fold change

I CD68 | IBA1 | Ax|/CD-68/IBA1/DAF ” Axl' Axle |

|l Control P50

RCS P50

5 12 B Axi i
e H Axie - €
=3 " 2 o
25 Il Ax™ ] a g
== = o=
S 8 2 c3
E o @ ® ©
- @ 06 ™ @ e
-] @ £ 310
€5 2 ?
(=]
O = Q B
£ad he] =
g2 = o 0
L s o Axi® Axl® A

£ o

RCS
12 —_ 40
g ek "’E c e
-1 *okede = >
it @ eg
s g E 35__
ae = SSa
- O ] o5
S = > il
= g 4 © o9
@ = w S
a 2 @E
E e a
3 7]
=z 0 s Qo
AxIM Axl® Axl AxI? Axl® Axt Axl¥ Axl® Axl

Figure 1. DAM is activated in the photoreceptor layer of RCS rats. (A) Relative gene transcript levels of Trem2, Tyrobp and Axl in the retinas of control rats and RCS
rats are quantified by qPCR analysis. (N = 3 eyes from different rats, relative to control rats at P15). (B) Volcano plot showing the fold change in genes (x-axis, log2 scale) between
RCS and control rat retinas and their significance (y-axis, -log10 scale). All genes are indicated by blue dots, and subsets of the disease-associated microglial genes are indicated
by red dots. (C) Representative high-resolution confocal images showing immunofluorescent staining of Axl, CD68 and IBALI in the retinas of control rats and RCS rats at P50.
The right red panel shows the typical classification of microglial cells based on Ax| expression in the retinas of RCS rats at a higher magnification. (D) Quantification of the
proportion of Axlh (DAM), Axle (intermediate) and Axl- (homeostatic) microglia in the photoreceptor layer of RCS rats at P50 (N = 3 retinas from different rats, N = 812 images
(213 x 213 pm) from each retina). (E) Representative images of microglia analyzed by grid (9 * 9 um) crossing. (F) Statistical analysis of the grid-crossing points in each microglial
cell in the retinas of RCS rats at P50 (N = 3 retinas from different rats, N = 25 (AxI), 15 (Axl') and 15 (Axl) microglia from each retina). (G) Statistical analysis of the processes
in each microglial cell in the retinas of RCS rats at P50 (N = 3 retinas from different rats, N = 25 (AxI"), 15 (AxI°) and 15 (Axl-) microglia from each retina). (H) Statistical analysis
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of the microglial volume in the retinas of RCS rats at P50 (N = 3 eyes from different rats, N = 11-15 (AxI"), 11 (Axl°) and 7 (Axl-) microglia from each retina). () Statistical analysis
of CD-68 occupancy in the microglial volume in the retinas of RCS rats at P50 (N = 3 retinas from different rats, N = 11-15 (AxI"), 11 (Axl°) and 7 (AxI-) microglia from each
retina). Abbreviations: RPE, retinal pigment epithelium; ONL, outer nuclear layer; OPL, outer plexiform layer; IPL, inner plexiform layer; INL, inner nuclear layer; GCL, ganglion
cell layer. Scale bars, 50 pym (C), 10 pm (C) or 9 um (E). Bars represent means; error bars represent SDs. *p < 0.05; **p < 0.01, ***p < 0.001, ***p < 0.0001 using one-way
ANOVA (E-H) or two-way ANOVA (B).
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Figure 2. The CSFIR inhibitor PLX3397 mainly depletes DAM in the photoreceptor layer of RCS rats. (A) Representative flow cytometry plots showing the gating
strategy of the microglia (CD11b/c*CD45irt and CD11b/c*CD45'°) and macrophage (CD11b/c*CD45Hh) cell populations in the retinas of control rats, control rats treated with
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rats and RCS rats treated with PLX3397 at P50 (N = 3). The data represent the relative number of living cells (X105) in the retina. (D) Representative high-resolution confocal
images showing immunofluorescent staining of CD45, CD11b/c and IBAI in the retinas of RCS rats treated with PLX3397 at P50. The right red panel shows the typical expression
of CD45 and CD11b/c in the IBAI+ cells in the retinas of RCS rats treated with PLX3397 at a higher magnification. (E) Representative high-resolution confocal images showing
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immunofluorescent staining of Axl, CD68 and IBALI in the retinas of RCS rats treated with PLX3397 at P50. The right red panel shows the typical expression of Axl and CDé68
in the IBA1+ cells in the retinas of RCS rats treated with PLX3397 at a higher magnification. (F) Quantification of the volume (%) of microglia occupied by CDé8-positive
lysosomes in the outer retinas of RCS rats (N = 3 retinas from different rats, N = 18-22 microglia from each retina) and RCS rats treated with PLX3397 (N = 3 retinas from
different rats, N = 14 microglia from each retina) at P50. (G and H) Quantification of the proportion and number of AxIn (DAM), Axlle (intermediate) and AxI- (homeostatic)
microglia in the outer retinas of RCS rats (N = 3 retinas from different rats, N = 8—12 images (213 % 213 pm) from each retina) and RCS rats treated with PLX3397 (N = 3 retinas
from different rats, N = 8 images (213 x 213 pm) from each retina) at P50. (I-K) Trem2, Tyrobp and Axl gene relative transcript levels in the retinas of control rats, control rats
treated with PLX3397, RCS rats and RCS rats treated with PLX3397 at P50 are quantified by qPCR analysis (N = 3 retinas from different rats, relative to control rats at P50).
Abbreviations: SS, subretinal space; ONL, outer nuclear layer; OPL, outer plexiform layer; IPL, inner plexiform layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bar,
50 ym (D and E) or 10 uym (D and E). Bars represent means; error bars represent SDs. *p < 0.05; **p < 0.01, **p < 0.001, ****p < 0.0001 using an independent two-sample t

test (F and G) or two-way ANOVA (B, C, |, ] and K).

Sustained treatment with a CSFIR inhibitor
aggravates photoreceptor degeneration

We then assessed the effect of PLX3397 treatment
on photoreceptor degeneration in RCS rats to
determine the contribution of DAM to this
degeneration. We performed a TUNEL assay to
examine whether DAM  depletion affected
photoreceptor death in RCS rats. When we quantified
the number of apoptotic cells in the degenerating
retina, significant increases were found in the number
of apoptotic cells (TUNEL") in the ONL of PLX3397-
treated RCS rats from P20 to P50 (Figures 3A-B);
however, an obvious decline in the number surviving
photoreceptors was detected only after 35 days of
PLX3397 treatment (Figure 3C). The cones
degenerated in a manner resembling secondary injury
in RCS rats after P40 (Figure S7). Similarly, a
significant decrease in the quantity and disruption in
the morphology of the surviving cones were found in
the retinas of RCS rats treated with the CSFIR
inhibitor at P50 (Figures 3D-E). Apoptotic
photoreceptors and injured cones were not detected in
the retinas of control rats treated with PLX3397 from
P15 to P50 (Figures 3A and D), suggesting that
microglia elimination by sustained treatment with
PLX3397 accelerated rod and cone loss.

To verify whether the PLX3397 treatment
impaired photoreceptor cell function and visual
behavior in RCS rats, we performed functional studies
that measured electroretinograms (ERGs) and
optomotor responses at P50. Selective reductions in
the scotopic a-wave responses were found at four
high light intensities in the RCS rats treated for 35
days, along with a prominent decrease in scotopic
ERG b-waves (Figures 3F-G). Similarly, a-wave and
b-wave amplitudes in the photopic ERGs of treated
RCS rats were decreased at P50 compared with those
of the untreated groups, indicating a decline in cone
function (Figures 3H-1). The optokinetic head-tracking
response (OKR) test, an established simple and
precise method for quantifying animal vision [40],
was performed to explore the impact of DAM
elimination on visual acuity in RCS rats (Figure 3J).
The visual acuity of RCS rats given 35 days of
PLX3397 treatment declined by approximately 50% at
P50 compared to that of age-matched RCS rats
without treatment (Figure 3K), showing that

microglial depletion in the retinas of RCS rats by
PLX3397 further enhanced the functional impairment
of rods and cones.

Next, we analyzed the effect of PLX3397
treatment on photoreceptor degeneration at the
transcriptomic level to determine whether microglia
elimination was also associated with a change in gene
expression in photoreceptors. The gene expression
profile of the retinas of PLX3397-treated RCS rats at
P50 was compared with that of the retinas of
untreated RCS rats. The mRNA sequencing results
identified a total of 325 significantly DEGs (adjusted P
values < 0.05). Of those, 132 DEGs were expressed at
significantly higher levels, and 193 DEGs were
expressed at significantly lower levels in the PLX3397
group than in the untreated group (Figure 4A). Next,
we conducted a GO enrichment analysis of biological
processes (Figure 4B) and cellular components (Figure
4C), and focused on the 20 most significant pathways;
we found that many highly significant pathways,
such as pathways related to visual perception,
sensory perception of light stimuli, photoreceptor
outer segment, and photoreceptor cell cilium, were
related to photoreceptor function and components.
Importantly, most of the DEGs in these above
pathways were downregulated following PLX3397
treatment (Figure 4D), indicating that sustained
PLX3397 treatment impaired the gene expression of
photoreceptor function and components in RCS rats at
P50. Therefore, these results showed that CSFIR
inhibition exacerbated photoreceptor degeneration,
including secondary degeneration of cones in RCS
rats. This finding indicated that certain microglial
populations targeted by CSFIR inhibition, mainly
DAM, attenuated disease progression in the
photoreceptor layers of RP, implying a protective role
of DAM in response to photoreceptor degeneration.

DAM activation promotes microglia to clear
dead cells and debris by increasing their
phagocytic ability

Next, we examined the functional role of DAM
activation in RP to gain insight into the mechanisms of
photoreceptor protection. DAM are considered a
disease-associated phagocytic cells that upregulate
phagocytic, lysosomal, and endocytic genes
conserved in neurodegenerative diseases [20,21]. The
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microglia in the photoreceptor layer markedly
upregulated the expression of Axl and CD68 during
DAM activation (Figures 1A and C). When we
compared the transcriptomes of retinas from RCS rats
at P50 with those of the control rats, the
lysosomal/phagocytic and endocytosis pathways

were differentially regulated according to KEGG
pathway analysis and GO enrichment analyses of
biological processes and cellular components (Figure
S1C). This finding indicated that activated microglia
had a heightened ability for phagocytic clearance.
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Figure 3. Microglial depletion by PLX3397 treatment exacerbates photoreceptor degeneration and visual function deterioration. (A) Representative
high-resolution confocal images showing apoptotic photoreceptors using TUNEL (green) in the retinas of control rats, control rats treated with PLX3397, RCS rats and RCS rats

https://lwww.thno.org



Theranostics 2022, Vol. 12, Issue 6 2696

treated with PLX3397 at P50. (B and C) Quantification of surviving and TUNEL-positive photoreceptor cells in the retinas of control rats, control rats treated with PLX3397, RCS
rats and RCS rats treated with PLX3397 from P15 to P50 (N = 3 eyes from different rats, N = 5-10 images (213 % 213 pm) from each eye). (D) Representative high-resolution
confocal images showed cones using arrestin staining in the retinas of control rats, control rats treated with PLX3397, RCS rats and RCS rats treated with PLX3397 at P50. (E)
Quantification of cone cells in the retinas of control rats, control rats treated with PLX3397, RCS rats and RCS rats treated with PLX3397 from P15 to P50 (N = 3 eyes from
different rats, N = 6-8 images (213 % 213 um) from each eye) (F) Representative light-evoked scotopic ERG waveforms measured with six different light intensities (from —4.5
to | log(cd s m-2)) in RCS rats (red curve) and RCS rats treated with PLX3397 (green curve) at P50. (G) Average scotopic a-wave (top row) and b-wave (lower row) amplitudes
elicited at six different light intensities (from —4.5 to | log(cd 's m-2)) from RCS rats (N = 10) and RCS rats treated with PLX3397 (N = 8) at P50. (H) Representative light-evoked
photopic ERG waveforms measured with 0.5 and 1 log(cd s m-2) in RCS (red curve) rats and RCS rats treated with PLX3397 (green curve) at P50. (I) Average photopic a-wave
(top row) and b-wave (lower row) amplitudes elicited at 0.5 and 1 log(cd s m-2) from RCS rats (N = 6) and RCS rats treated with PLX3397 (N = 8) at P50. (J) Diagram showing
the setup of the optokinetic response test. (K) Visual acuity analysis of the optokinetic response test from RCS rats (N = 8) and RCS rats treated with PLX3397 (N = 8) at P50.
Abbreviations: ONL, outer nuclear layer; OPL, outer plexiform layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar, 50 um (G and ). Bars represent means; error
bars represent SDs. *p < 0.05; *p < 0.01, ***p < 0.001, ***p < 0.0001 using an unpaired t test (F) or two-way ANOVA (B, D, H, | and K).

A B
RCS+PLX P50 VS. RCS P50 G0:0007601 g
: G0:0050953 ©

G0:0046530 ©
G0:0060041 5
40g10 (Q-value)
G0:0150063 20
G0:0001654 I i
G0:0048380 N .,
G0:0042461 R
G0:0007602
G0:0001754 Gene number
G0:0045494 - 10
G0:0048592 ® 15
G0:0009416 : Zg
G0:0001895 ®
G0:0009582 ® 3
G0:0009581

Hl upregulated El Dpownregulated G0:0043010
G0:0042462

0.1 0.2 0.3 0.4
Rich factor
C D

G0:0097731 2]

G0:0097733 e

G0:0001750 o

G0:0097730 o o5

@ -10g10 (Q-value)

GO0:0044441 20 -

N

G0:0060170 N ., 6 P

G0:0031253 : E o Pk

G0:0098984 a Gucatb, Rbo

G0:0043209 Gene number 2 o i

G0:0044306 - 10 S G“a":aeé&ﬁ?

G0:0043679 ® 15 | Alph~ge-Pdett « °

GO:0043195 : 2 b Ca::’i‘.‘gjiap;-m

G0:0014069 ® e gng.aﬁ-;;ﬂom:

G0:0099572 ® 3 ""”“ .

G0:0032279 o M e

G0:0150034

G0:0022626

G0:0032391

0.1 0.2 0.3 0.4 2 0 2
Rich factor log2 fold change

Figure 4. Microglial depletion downregulates the expression of genes associated with photoreceptor function and components in the retinas of RCS rats.
(A) Pie chart of all DEGs (adjusted P-values < 0.05). Red: gene downregulated by PLX3397; blue: gene upregulated by PLX3397 (N = 2 retinas from RCS rats treated with
PLX3397, N = 3 retinas from RCS rats). (B) The 20 most significant biological processes from the GO enrichment analyses. Q-values represent the level of significance of
enrichment. (C) The 20 most significant cellular components from the GO enrichment analyses. Q-values represent the level of significance of enrichment. (D) Volcano plot
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At P30, the reactive microglia migrated to the
ONL and extended processes to touch apoptotic cell
nuclei (Figure S8A). A significant fraction of microglia
in the ONL contained lysosomes carrying cell nuclear
fragments, as determined by the presence of DAPI*
nuclear material (Figures S8A-D), which is indicative
of apoptotic cell clearance. During RP, detached
debris from the photoreceptors accumulates in the
SRS. Thus, the markers for rods (Gnat-1) and cones
(arrestin) were used to detect the clearance of cell
debris by microglia. At P30, several microglia moved
into the SRS and projected their processes to
internalize the outer segments of rods stained for
Gnat-1 (Figures S8E, G, and H). Cones exhibited a
normal morphology in the photoreceptor layer of RCS
rats at P30. No interaction between IBA1 and arrestin
was found (Figures S8F, I and J), indicating little direct
interaction between stressed cones and microglia.
This result suggested that the intermediate microglia
mainly engulfed apoptotic rods at the early stage of
photoreceptor degeneration.

At P50, DAM containing large CD68-positive
lysosomes were mainly located in the SRS.
Representative high-resolution confocal images and
magnified 3D-reconstructed images clearly showed
that many shedding outer segments from rods were
contained in the processes and somas of activated
microglia, with some even internalization by
CD68-positive lysosomal compartments (Figures
5A-C). Similar engulfment was observed for cone
debris by analyzing the colocalization of arrestin with
IBA1 and CD68, which shed from degenerating cones
(Figures 5D-F). Thus, these results suggested that
DAM activation mainly contributed to clearing dead
photoreceptors and debris via engulfment in the
retinas of RCS rats.

DAM activation inhibits the increase of
neutrophils in degenerating retinas by
engulfing and suppressing CXCL1 secretion by
Miiller cells

Another important function of DAM is the
regulation of the immune response. We next explored
the contribution of DAM activation to the immune
microenvironment of degenerating retinas. By
comparing the transcriptomes of retinas from RCS
rats at P50 with control rats (Figure S1), the KEGG
pathway analysis demonstrated that the chemokine
signaling and leukocyte transendothelial migration
pathways were among the top differentially regulated
pathways (Figure 6A), suggesting an important role of
leukocyte infiltration in disease progression.
Therefore, we investigated whether DAM activation
regulated the immune microenvironment by affecting
leukocyte invasion. Flow cytometry analysis showed

that photoreceptor degeneration induced a marked
increase in the numbers of neutrophils (CD45*Ly6g*
CD11b/c), NK cells (CD45*CD49b*), and CD4* T
cells (CD45+*CD3*CD4%) in the retinas of RCS rats
compared with those in control rats (Figures 6B, C, E,
and G). B cells (CD45*CD45RA*CD37) and CD8* T
cells (CD45*CD3*CD8*) were barely detected in the
retinas of RCS and control rats (Figures 6D, F and G).
Surprisingly, treating RCS rats with PLX3397 from
P15 to P50 promoted a significant increase only in
neutrophils (CD45*Ly6g*CD11b/c) in the retinas
(Figures 6B and G). No changes in peripheral
leucocytes were found in the retinas of control rats
(Figures 6B-G), and no changes were observed in
splenic macrophage and leukocyte populations after
35 days of PLX3397 treatment (Figure S9), implying
that DAM activation mainly contributed to reduce
infiltrated neutrophils in the injured retina.

To determine the distribution of neutrophils in
the retinas of RCS rats, we performed
immunohistochemistry using an anti-granulocyte
antibody (HIS48), based on a previous study that
reported that granulocyte (HIS48) is a useful marker
for assessing neutrophils in rats [41]. Granulocyte*
cells were found to be mainly located in the
photoreceptor layers of RCS rats (Figure 6H and
Figure S10). Treatment with PLX3397 from P15 to P50
significantly increased the number of granulocyte*
cells in the outer retinas of RCS rats (Figure 6I).
Myeloperoxidase (MPO), another neutrophil-specific
protein, is commonly used to quantify neutrophil
infiltration in the CNS [42-44]. By staining with MPO
and granulocyte (HIS48), we found that granulocyte*
cells also expressed MPO and were distributed in the
outer retinas of RCS rats (Figure 6] and Figure S10). In
addition, these granulocyte* cells produced many
ROS (Figure 6K), revealing that infiltrated neutrophils
can potentially damage photoreceptors during RP.
Thus, DAM activation might play a key role in
inhibiting the increase of retinal neutrophils, thereby
suppressing damage to photoreceptor cells.

As previous studies have shown that microglia
can engulf infiltrated neutrophils in the injured brain
[45], we investigated whether DAM decreased the
number of infiltrated neutrophils by phagocytosis in
the degenerating retina. Immunohistochemistry
analysis showed that numerous microglial cell
processes surrounded or contacted granulocyte* cells
(Figure 7A). 3D reconstructions of confocal images
showed that microglia developed phagosomes by
surrounding and contacting granulocyte* cells (Figure
7B). To further determine whether the subtype
affected microglia’s neutrophil engulfment abilities,
we observed relationships between microglial
subpopulations and neutrophils by staining with AxI,
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IBA1, and HIS48. More neutrophils were engulfed by
AxIhi (DAM) microglia in the retinas of RCS rats
(Figures 7C-E), suggesting that DAM activation
enhanced the ability of microglia to clear infiltrated
neutrophils. Treatment with the CSFIR inhibitor
reduced the proportion of phagocytized neutrophils
and increased the proportion of free neutrophils

A

(Figures 7F-G), which indicated that suppression of
DAM activation by the CSFIR inhibitor impaired the
removal of infiltrated neutrophils. Thus, DAM
activation decreased the number of infiltrated
neutrophils by engulfing them in the photoreceptor
layer of the degenerating retina.
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Figure 5. DAM phagocytoses photoreceptor cell debris in the photoreceptor layer of RCS rats. (A) Representative immunofluorescence images of Gnat-1 (red),
CDé68 (blue), IBAI (green) and DAPI (cyan) in retinal sections from RCS rats at P50. (B) High-resolution confocal images from panel A are shown at a higher magnification. (C)
Three-dimensional reconstruction and surface renderings of IBAl (green), Gnat-1 (red) and CDé8 (blue) in the retinas of RCS rats at P50. (D) Representative
immunofluorescence images of arrestin (red), CDé8 (blue), IBAI (green) and DAPI (cyan) in retinal sections from RCS rats at P50. (E) High-resolution confocal images from panel
D are shown at a higher magnification. (F) Three-dimensional reconstruction and surface renderings of IBA1 (green), arrestin (red) and CDé8 (blue) in the retinas of RCS rats at
P50. Abbreviations: SRS, subretinal space; ONL, outer nuclear layer; OPL, outer plexiform layer; IPL, inner plexiform layer; INL, inner nuclear layer. Scale bars, 50 pm (A and D)

or 10 pm (B and E) or 5 pm (C and F).
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cytometry plots showing the gating strategy of leukocyte subpopulations isolated from retinas. Plots show the gating of neutrophils (CD45*Lyég*CD11b/cl), NK cells (CD45*
CD49b*), B cells (CD45+* CD45RA*CD3-), CD4* T cells (CD45* CD3* CD4*) and CD8* T cells (CD45* CD3* CD8"). (G) Quantification of retina-infiltrated leukocytes from
control rats, control rats treated with PLX3397, RCS rats and RCS rats treated with PLX3397 at P50 (N = 3). The data represent the relative number of living cells (x 105) per
rat. (H) Representative high-resolution confocal images show neutrophils in the retinas of control rats, control rats treated with PLX3397, RCS rats and RCS rats treated with
PLX3397 at P50. (1) Quantification of neutrophils in the retinas of control rats, control rats treated with PLX3397, RCS rats and RCS rats treated with PLX3397 at P50 (N = 3
eyes from different rats, N = 6-8 images (213 % 213 pm) from each eye). (J) Representative high-resolution confocal images show immunofluorescent staining of MPO and
granulocytes in the retinas of control and RCS rats at P50. (K) Representative high-resolution confocal images show immunofluorescent staining of ROS and granulocytes in the
retinas of control and RCS rats at P50. Abbreviations: SS, subretinal space; ONL, outer nuclear layer; OPL, outer plexiform layer; IPL, inner plexiform layer; INL, inner nuclear
layer; GCL, ganglion cell layer. Scale bar, 50 um (H, J and K). Bars represent means; error bars represent SDs. *p < 0.05; **p < 0.001 using two-way ANOVA (G and ).

A

| IBA1/Granulocyte/DAPI || IBA1 || Granulocyte Il IBA1/Granulocyte |

RCS P50

IBA1/Granulocyte

W |

| IBA1/Granulocyte | IBA1 Granulocyte

| Ax| | Granulocyte || IBA1 | Axl/Granulocyte/IBA1 | | Axl/Granulocyte/IBA1

F

RCS P50

O

RCS P50
RCS P50

G El RCS Bl RCS+PLX
° " hshaicied 80 Jededede
Q —
= =
3 o 2. 60
g’ = 2 dedede e
o2 3
(2] =
235 : 2 40
SE 8
£ Bs 14 S 20
3 2
=z 04 0
Axl" Axl*® Axl surrounded touching free

(A) (B) (C)

Figure 7. DAM phagocytoses infiltrated neutrophils in the photoreceptor layer of RCS rats. (A) Confocal images of microglial (green) cells engulfing neutrophils
(red) in the retinas of RCS rats at P50. Reference boxes in the rightmost panels indicate orthogonal views of representative high-resolution confocal images at higher
magnification. (B) Three-dimensional reconstruction and surface renderings of microglial cells (green) engulfing neutrophils (red) in the retinas of RCS rats at P50. (C)
Representative high-resolution confocal images show immunofluorescent staining of Axl, granulocytes and IBAI in the retinas of RCS rats at P50. (D) Orthogonal views of
representative high-resolution confocal images show staining of Axl, granulocytes and IBALI in the retinas of RCS rats at P50 at higher magnification. (E) Statistical analysis of
neutrophils engulfed per microglia in the retinas of RCS rats at P50 (N = 3 eyes from different rats, N = 28-34 (AxIh), 19-21 (Axl°) and 13-15 (Axl-) microglia from each eye). (F)
Schematic representation of the relationship between neutrophils and microglia illustrating: (A) a neutrophil completely phagocytosed into a microglial process (surrounded); (B)
a microglial process engulfing a neutrophil (touching); and (C) no contact between a neutrophil and a microglial cell. (G) The proportion of each type of neutrophil shown in panel
Fin the outer retinas of P50 RCS rats (N = 3 eyes from different rats, N = 6-7 images (135 x 135 ym)) and treated rats (N = 3 eyes from different rats, N = 5 images (135 x 135
um)). Abbreviations: RPE, retinal pigment epithelial; SS subretinal space; ONL, outer nuclear layer; OPL, outer plexiform layer; IPL, inner plexiform layer; INL, inner nuclear layer;
GCL, ganglion cell layer. Scale bars, 50 ym (C) or 10 pm (A, B and D). Bars represent means; error bars represent SDs. *p < 0.05; ***p < 0.001; ****p < 0.0001 using one-way
ANOVA (E) or two-way ANOVA (G).
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Figure 8. Microglial elimination by PLX3397 promotes the secretion of the neutrophil chemoattractant CXCLI1 by Miiller cells. (A) Chemokine and receptor
gene relative transcript levels in the retinas of control rats, control rats treated with PLX3397, RCS rats and RCS rats treated with PLX3397 at P50 were quantified by qPCR
analysis (N = 3 eyes from different rats, relative to control rats at P50). (B) Confocal images of GS (green) and CXCLI (red) in the retinas of control rats, control rats treated
with PLX3397, RCS rats and RCS rats treated with PLX3397 at P50. Reference boxes in the rightmost panels indicate orthogonal views of representative high-resolution confocal
images at higher magnification. Abbreviations: RPE, retinal pigment epithelial; SS, subretinal space; ONL, outer nuclear layer; OPL, outer plexiform layer; IPL, inner plexiform
layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bar, 50 ym (B) or 10 pm (B). Bars represent means; error bars represent SDs. *p < 0.05; ¥*p < 0.001; ***p < 0.0001

using paired-samples t test or two-way ANOVA (A).

The selective migration of neutrophils depends
on specific molecules and chemokines emerging after
photoreceptor degeneration [46]. To assess whether
microglial activation affected the process of
neutrophil recruitment to the retina from peripheral
circulation, we examined the effect of PLX3397
treatment on neutrophil-attracting chemokines in the
retinas of RCS rats. Although the secretion of many
chemokines and cytokines was increased following
retinal damage, treatment with PLX3397 dramatically
increased the mRNA levels of C-X-C motif ligand 1
(CXCL1), a chemokine that mainly recruits
neutrophils, and its receptor CXCR2 in the RCS rat
retinas (Figure 8A). Staining for CXCL1 and
glutamine synthetase (GS) in rat retinas revealed that
Miiller cells were a major source of retinal CXCL1
during RP and that microglial elimination increased
the expression of CXCL1 by Miiller cells (Figure 8B).
In summary, these results indicated that DAM
activation inhibited the increase of infiltrated
neutrophils, harmful leukocytes that produce factors
that damage photoreceptors in the retinas of RCS rats.

Discussion

In the present study, we observed the pathways
of microglial activation and the roles of activated
microglia in the process of photoreceptor
degeneration in an RP model. The microglia in the
photoreceptor layer of RCS rats were gradually
activated to the intermediate stage and then to DAM
as photoreceptor death increased. Continuous
treatment with a CSFIR inhibitor during DAM
activation depleted most DAM. Importantly,
sustained treatment with the CSFIR inhibitor
exacerbated the loss and dysfunction of
photoreceptors, implying that DAM might protect
against photoreceptor degeneration. Furthermore,
DAM were found to promote the clearance of dead
cells and inhibit the increase of infiltrated neutrophils,
which might be the important mechanism of delaying
photoreceptor loss by decreasing secondary damage
(Figure 9). Thus, microglia were gradually activated
to DAM in the degenerating retina to support
photoreceptor survival.
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Figure 9. DAM is activated in the photoreceptor layer of RCS rats in a CSFIR-dependent pathway and suppresses photoreceptor degeneration by
removing dead photoreceptors and infiltrated neutrophils. In a variety of neurodegenerative diseases, activated microglia have been identified as DAM, showing a
conserved transcriptional signature. During RP, apoptotic photoreceptors also promote DAM activation, switching from a homeostatic stage to an intermediate phenotype and
then to the DAM phenotype. Initial activation following signals associated with RP pathology induced microglia into an intermediate phenotype, which is independent of CSFIR
signaling for activation, and survival. However, the transition from this intermediate phenotype to the fully activated DAM phenotype may be a CSFIR-dependent transition
involving the upregulation of the phagocytic ability to clear dead photoreceptors and infiltrated neutrophils. Treatment with a CSFIR inhibitor mainly eliminated DAM in the
photoreceptor layer of RCS rats, which aggravated the degeneration of photoreceptors, suggesting that DAM play a protective role during RD.

DAM activation is a conserved event in
neurodegenerative conditions. Here, we further
confirmed that DAM were activated in the
photoreceptor layers of RCS rats. Subretinal microglia
in the light damage model of acute photoreceptor
degeneration and the Rho"»H/WT model of retinitis

pigmentosa have been shown to have overlapping
expression signatures with DAM, including
upregulation of Cd68, Axl, Tyrob, Apoe, Sppl and
Trem2 and downregulation of Tmem119, P2ry12,
Cx3crl, and Siglech [5]. A similar change in molecular
signatures of disease model-associated microglial
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clusters appears during choroidal neovascularization
[47]. We also found upregulation of the DAM gene
signature in RCS rats, suggesting that DAM activation
is a common pathological change during
photorecetpor degeneration. In the present study,
microglia migrated into the photoreceptor layer and
were activated to an intermediate stage from P15 to
P30, a time at which a few degenerating rods started
to undergo apoptosis. When photoreceptor apoptosis
reached its peak and many apoptotic photoreceptors
were found in the photoreceptor layer (from P30 to
P50), most microglia were further activated to DAM.
Our results imply an apparent correlation between
DAM activation and photoreceptor apoptosis.
Furthermore, developmental apoptosis in the early
postnatal retina is necessary for the DAM-related
signature in retinal microglia [26], suggesting that
apoptotic photoreceptors may be a major driver of the
disease-related profile during RP. In the light damage
model and the RhoPZH/WT model of retinitis
pigmentosa, microglia migrated to the SRS and
adhered to the apical RPE, while a few mo-MFs
occupied the neuroretina and neither migrated into
the SRS nor adhered to the RPE [5]. In AMD models,
lesions affecting the overlaid RPE and photoreceptors,
microglia constitute a major cell population in the
diseased retina and RPE, along with a few recruited
monocytes [47,48]. A few CD45M cells were found in
the retinas of RCS rats, implying that DAM might be
derived from resident microglia. However,
determining the isolated role of microglia or mo-MFs
in the brain and/ or retina has proven to be technically
challenging due to lack of univocal markers. Mo-MFs
have been suggested to overlap phenotypically with
microglia and the CD45 relative expression level is not
an accurate measurement. Thus, new technologies or
cell markers are expected to distinguish activated
microglia from mo-MFs in future studies.

CSF1R, a receptor tyrosine kinase, is important
for microglial development, survival, and distribution
[49,50]. Inhibition of CSFIR signaling leads to
complete depletion of microglia in the normal retina
[51]. However, we observed that a cluster of microglia
persisted after sustained inhibition of CSFIR in the
ONL and SRS of RCS rats. We determined that
mo-MFs could not fill the photoreceptor layers after
microglial depletion, a similar conclusion to those
reached in other models of photoreceptor
degeneration [5]. We identified these residual
microglia in an intermediate state, suggesting that
intermediate microglia are more resistant to PLX3397
treatment during DAM activation [52]. Concurrently,
we observed near-complete depletion of DAM in the
retinas of RCS rats treated with PLX3397 from P15 (a
time before microglia were activated) to P50 (a time

when many microglia were activated to the DAM
phenotype). When microglia have been activated to
the DAM phenotype, they do not require CSFIR
signaling for survival [26,52]. Thus, it is intriguing to
speculate that DAM ablation by CSFIR inhibition
might be due to interruption of the transition from the
intermediate phenotype to the DAM phenotype.
CSF1IR has been shown to have prodifferentiative,
pro-proliferative, and prosurvival functions by
regulating tyrosine phosphorylation, activation, and
the expression of multiple proteins [49,53-56].
Importantly, CSFIR overlaps and interacts with
TREM2 signaling [54,57], a receptor required to
sustain the transition from the intermediate
phenotype to the DAM phenotype [21]. In the EAE
model, CSFIR stimulation leads to expansion of the
CD11c* microglial subpopulation [58], which has been
identified as a DAM population [20]; this suggests
that CSF1R signaling may be directly linked to DAM
activation. Thus, we hypothesized that CSFIR
signaling is necessary for the transition from the
intermediate phenotype to the fully activated DAM
phenotype and that it plays a key role, similar to that
of TREM2. Our results and those of other studies
demonstrate how CSFIR inhibition depletes certain
microglial subsets, while selectively sparing other
subsets, depending on the treatment time and the
disease stage.

Taken together with our previous research, our
results indicate that microglial elimination by the
CSF1R inhibitor before P40 did not significantly affect
the survival and function of degenerative
photoreceptors in RCS rats [16], suggesting that early
intermediate microglial activation might have little
contribution to  photoreceptor = degeneration,
particularly rod degeneration caused by primary
defects. However, treatment with the CSF1R inhibitor
from P15 to P50 significantly reduced the number of
surviving photoreceptors (rods and cones) and
impaired the function and genetic expression of
photoreceptors throughout the retinas of RCS rats.
Our previous study found that PLX3397 per se had no
effect on photoreceptor survival and function in
control rats [16], suggesting that DAM depletion by
the CSFIR inhibitor might exacerbate photoreceptor
degeneration. Consistent with this theory, conditional
depletion of microglia prior to exposure to light
damage (LD) or in P23H mice indicates that subretinal
microglia, whose transcriptional profile exhibits
similarities to that of DAM, help maintain the
function and survival of photoreceptors by preserving
RPE [5]. These results suggest that DAM play a
protective  role in restricting photoreceptor
degeneration. In previous studies, several inhibitors
have been used to suppress the activation of microglia
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and delay the photoreceptor degeneration. For
example, dexamethasone is found to decrease retinal
inflammation when it is applied at the peak of retinal
degeneration in Rd10 mice and protects the cones and
rescues visual function [59]. A second-generation
tetracycline, minocycline, is reported to inhibite the
activation of microglia through anti-inflammatory
mechanisms, thus protecting photoreceptors against
subretinal hemorrhage [60], diabetic macular edema
[61] and RP [11]. Dexamethasone and minocycline
partially inhibit the function of microglia; recently, the
well-characterized CSFIR inhibitors PLX3397 and
PLX5622 are found to induce robust depletion of
microglia. These varied results of different microglial
inhibitors suggest that microglial responses to
pathology might be complex and characterized by
several disease-associated clusters of microglia.

We then discovered how DAM activation
protected the photoreceptor. The rapid accumulation
of dead photoreceptors and debris in the absence of
microglia suggested one possible clue: the clearance of
dead photoreceptors and debris. Microglia play a role
in debris clearance, and their protective role has been
reported in other models of photoreceptor
degeneration, including LD, retinal detachment and
retinitis pigmentosa. Damage-associated molecular
patterns (DAMDPs) released by dead cells and debris
stimulate proinflammatory cytokine activity or recruit
immune cells, such as neutrophils and T cells, which
act as endogenous danger signals and incite
inflammation [62,63]. Hence, we surmised that DAM
activation increased microglia-dominant clearance of
neuronal debris by upregulating genes related to the
lysosomal/phagocytic pathways and endocytosis as a
main mechanism of suppressing secondary damage to
the retina. Moreover, phagocytosis of apoptotic cells
strongly promotes DAM activation [19,20], which
obviously increases microglial engulfment, thus
forming a positive feedback loop. Little direct contact
between microglia and stressed cones was found at
the early stage (at P30) of RP, providing new evidence
that microglial primary phagocytosis of nonapoptotic
cells is specifically conferred to living stressed rods
rather than cones, as only a minority of cones show
“eat-me” signals [10]. As members of the TAM (Tyro3,
Axl and Mertk) family, Mer is expressed on microglia
during homeostasis, and Axl expression is
upregulated in DAM [20,21]. The microglia in the
retinas of RCS rats also carry the MERTK mutation,
while Mertk-knockout microglia can be also activated
to the DAM phenotype with a indeterminately
attenuated response of DAM genes [33,64]. Thus, the
engulfment of dead cells and debris by microglia with
high Axl expression in the retinas of RCS rats suggests
that Axl might play a dominant role in DAM

activation, while Mertk did little influence on this
process.

The normal CNS, including the retina, is a region
that typically excludes leukocytes, such as granulo-
cytes, myeloid-derived cells, and lymphocytes, a
process referred to as ‘immune privilege’ [65,66].
However, peripheral immune cells have been
reported to infiltrate the degenerating regions of
retinas and brains [13,27]. In the present study, we
observed neutrophils, NK cells, and CD4* T cells in
the retinas of RCS rats, suggesting that peripheral
immune cells are involved in RP. Notably, DAM
activation was observed to inhibit the increase of
infiltrated neutrophils in the degenerating retina by
engulfing neutrophils and suppressing CXCL1
secretion by Miiller cells. Likewise, similar microglia
regulation of brain neutrophil accumulation is found
in models of ischemic stroke [45,67]. After acute brain
damage, neutrophils are one of the first cell types that
contribute to blood-brain barrier disruption, edema,
and neuronal death by producing ROS, cytokines, and
metalloproteases, and blocking neutrophils results in
marked protection [45,68,69]. Similarly, ROS and
MPO were generated by the infiltrated neutrophils in
the photoreceptor layers of RCS rats, suggesting that
neutrophils caused secondary damage to surviving
photoreceptors. Thus, the suppression of neutrophil
infiltration may be another mechanism by which
DAM activation inhibits the secondary degeneration
of photoreceptors, especially cones. However, the
inflammatory response of microglia and/or Miiller
cells and their interaction are extremely complicated
and further study is needed to determine their
contribution to photoreceptors in different models.

In summary, our study revealed the pathways of
microglial activation and its contribution to the
process of photoreceptor degeneration in RCS rats.
Previous studies have suggested that DAM have the
potential to restrict neurodegeneration, according to
analysis of its transcriptome [70]. We further provided
evidence to support the neuroprotective effects of
DAM activation in RP models and explored its
potential mechanisms. Based on our findings, the
regulation of DAM activation might provide a
therapeutic approach for novel treatment strategies
that aim to suppress secondary damage to surviving
photoreceptors.

Supplementary Material
Supplementary figures and tables.

https:/ /www.thno.org/v12p2687s1.pdf

Acknowledgments

This study was supported by funding from the
National Key Research and Development Program of

https://lwww.thno.org



Theranostics 2022, Vol. 12, Issue 6

2705

China (grant number 2018YFA(01017302), the PLA
Key Project applied basic research Project
(BWS13C015), the National Natural Science
Foundation of China (No. 81770972, 81130017,
81873688), the Funds of Army Medical University
(2017MPRC-06).

Author Contributions

JH: conception and design, collection and
assembly of data, data analysis and interpretation,
manuscript writing. JD, LG, YF, XG, YL, TZ, ML, YL
and ZT: collection and assembly of data. HX:
conception and design, data analysis and
interpretation, manuscript writing, final approval of
the manuscript. ZY: conception and design, financial
support, data analysis and interpretation, final
approval of the manuscript.

Competing Interests

The authors have declared that no competing
interest exists.

References

1.  Pfeiffer RL, Marc RE, Jones BW. Persistent remodeling and neurodegeneration
in late-stage retinal degeneration. Prog Retin Eye Res. 2020; 74: 100771.

2. Wright AF, Chakarova CF, Abd El-Aziz MM, Bhattacharya SS. Photoreceptor
degeneration: genetic and mechanistic dissection of a complex trait. Nat Rev
Genet. 2010; 11: 273-84.

3. Campochiaro PA, Mir TA. The mechanism of cone cell death in Retinitis
Pigmentosa. Prog Retin Eye Res. 2018; 62: 24-37.

4. Narayan DS, Wood JPM, Chidlow G, Casson R]. A review of the mechanisms
of cone degeneration in retinitis pigmentosa. Acta Ophthalmol. 2016; 94:
748-54.

5. O Koren EG, Yu C, Klingeborn M, Wong AYW, Prigge CL, Mathew R, et al.
Microglial Function Is Distinct in Different Anatomical Locations during
Retinal Homeostasis and Degeneration. Immunity. 2019; 50: 723-37.

6. Yu C, Roubeix C, Sennlaub F, Saban DR. Microglia versus Monocytes: Distinct
Roles in Degenerative Diseases of the Retina. Trends Neurosci. 2020.

7. Rathnasamy G, Foulds WS, Ling EA, Kaur C. Retinal microglia - A key player
in healthy and diseased retina. Prog Neurobiol. 2019; 173: 18-40.

8.  Karlstetter M, Scholz R, Rutar M, Wong WT, Provis JM, Langmann T. Retinal
microglia: just bystander or target for therapy? Prog Retin Eye Res. 2015; 45:
30-57.

9. Rashid K, Wolf A, Langmann T. Microglia Activation and
Immunomodulatory Therapies for Retinal Degenerations. Front Cell Neurosci.
2018; 12: 176.

10. Zhao L, Zabel MK, Wang X, Ma W, Shah P, Fariss RN, et al. Microglial
phagocytosis of living photoreceptors contributes to inherited retinal
degeneration. Embo Mol Med. 2015; 7: 1179-97.

11. Peng B, Xiao J, Wang K, So KF, Tipoe GL, Lin B. Suppression of microglial
activation is neuroprotective in a mouse model of human retinitis pigmentosa.
J Neurosci. 2014; 34: 8139-50.

12. Silverman SM, Ma W, Wang X, Zhao L, Wong WT. C3- and CR3-dependent
microglial clearance protects photoreceptors in retinitis pigmentosa. ] Exp
Med. 2019; 216: 1925-43.

13. Okunuki Y, Mukai R, Pearsall EA, Klokman G, Husain D, Park D, et al.
Microglia inhibit photoreceptor cell death and regulate immune cell
infiltration in response to retinal detachment. Proc Natl Acad Sci U S A. 2018;
115: E6264-73.

14. Spencer W], Ding JD, Lewis TR, Yu C, Phan S, Pearring JN, et al. PRCD is
essential for high-fidelity photoreceptor disc formation. Proc Natl Acad Sci U S
A. 2019; 116: 13087-96.

15. Striebel JF, Race B, Williams K, Carroll JA, Klingeborn M, Chesebro B.
Microglia are not required for prion-induced retinal photoreceptor
degeneration. Acta Neuropathol Com. 2019; 7.

16. He ], Zhao C, Dai ], Weng CH, Bian B, Gong Y, et al. Microglia Mediate
Synaptic Material Clearance at the Early Stage of Rats With Retinitis
Pigmentosa. Front Immunol. 2019; 10: 912.

17. Ransohoff RM. A polarizing question: do M1 and M2 microglia exist? Nat
Neurosci. 2016; 19: 987-91.

18. Zhou T, Huang Z, Sun X, Zhu X, Zhou L, Li M, et al. Microglia Polarization
with M1/M2 Phenotype Changes in rdl Mouse Model of Retinal
Degeneration. Front Neuroanat. 2017; 11.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

Song WM, Colonna M. The identity and function of microglia in
neurodegeneration. Nat Immunol. 2018; 19: 1048-58.

Krasemann S, Madore C, Cialic R, Baufeld C, Calcagno N, El Fatimy R, et al.
The TREM2-APOE Pathway Drives the Transcriptional Phenotype of
Dysfunctional Microglia in Neurodegenerative Diseases. Immunity. 2017; 47:
566-81.

Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-Szternfeld R,
Ulland TK, et al. A Unique Microglia Type Associated with Restricting
Development of Alzheimer’ s Disease. Cell. 2017; 169: 1276-90.

Spangenberg E, Severson PL, Hohsfield LA, Crapser J, Zhang J, Burton EA, et
al. Sustained microglial depletion with CSFIR inhibitor impairs parenchymal
plaque development in an Alzheimer’ s disease model. Nat Commun. 2019;
10.

Spangenberg EE, Lee R], Najafi AR, Rice RA, Elmore MR, Blurton-Jones M, et
al. Eliminating microglia in Alzheimer's mice prevents neuronal loss without
modulating amyloid-beta pathology. Brain. 2016; 139: 1265-81.

Elmore MR, Najafi AR, Koike MA, Dagher NN, Spangenberg EE, Rice RA, et
al. Colony-stimulating factor 1 receptor signaling is necessary for microglia
viability, unmasking a microglia progenitor cell in the adult brain. Neuron.
2014; 82: 380-97.

Green KN, Crapser JD, Hohsfield LA. To Kill a Microglia: A Case for CSFIR
Inhibitors. Trends Immunol. 2020; 41: 771-84.

Anderson SR, Roberts JM, Zhang J, Steele MR, Romero CO, Bosco A, et al.
Developmental Apoptosis Promotes a Disease-Related Gene Signature and
Independence from CSFIR Signaling in Retinal Microglia. Cell Rep. 2019; 27:
2002-13.

Unger MS, Schernthaner P, Marschallinger ], Mrowetz H, Aigner L. Microglia
prevent peripheral immune cell invasion and promote an anti-inflammatory
environment in the brain of APP-PSI transgenic mice. ] Neuroinflamm. 2018;
15.

Di Pierdomenico ], Garcia-Ayuso D, Pinilla I, Cuenca N, Vidal-Sanz M,
Agudo-Barriuso M, et al. Early Events in Retinal Degeneration Caused by
Rhodopsin Mutation or Pigment Epithelium Malfunction: Differences and
Similarities. Front Neuroanat. 2017; 11: 14.

Gal A, Li Y, Thompson DA, Weir J, Orth U, Jacobson SG, et al. Mutations in
MERTK, the human orthologue of the RCS rat retinal dystrophy gene, cause
retinitis pigmentosa. Nat Genet. 2000; 26: 270-1.

Liickoff A, Scholz R, Sennlaub F, Xu H, Langmann T. Comprehensive analysis
of mouse retinal mononuclear phagocytes. Nat Protoc. 2017; 12: 1136-50.
Schafer DP, Lehrman EK, Heller CT, Stevens B. An engulfment assay: a
protocol to assess interactions between CNS phagocytes and neurons. J Vis
Exp. 2014.

Zou T, Gao L, Zeng Y, Li Q Li Y, Chen S, et al. Organoid-derived
C-Kit(+)/SSEA4(-) human retinal progenitor cells promote a protective retinal
microenvironment during transplantation in rodents. Nat Commun. 2019; 10:
1205.

Huang Y, Happonen KE, Burrola PG, O'Connor C, Hah N, Huang L, et al.
Microglia use TAM receptors to detect and engulf amyloid beta plaques. Nat
Immunol. 2021; 22: 586-94.

Jin N, Gao L, Fan X, Xu H. Friend or Foe? Resident Microglia vs Bone
Marrow-Derived Microglia and Their Roles in the Retinal Degeneration. Mol
Neurobiol. 2017; 54: 4094-112.

McMenamin PG, Saban DR, Dando SJ. Immune cells in the retina and choroid:
Two different tissue environments that require different defenses and
surveillance. Prog Retin Eye Res. 2019; 70: 85-98.

O'Koren EG, Mathew R, Saban DR. Fate mapping reveals that microglia and
recruited monocyte-derived macrophages are definitively distinguishable by
phenotype in the retina. Sci Rep. 2016; 6: 20636.

Martin E, El-Behi M, Fontaine B, Delarasse C. Analysis of Microglia and
Monocyte-derived Macrophages from the Central Nervous System by Flow
Cytometry. J Vis Exp. 2017.

Ronning KE, Karlen SJ, Miller EB, Burns ME. Molecular profiling of resident
and infiltrating mononuclear phagocytes during rapid adult retinal
degeneration using single-cell RNA sequencing. Sci Rep-Uk. 2019; 9.
Rangaraju S, Dammer EB, Raza SA, Rathakrishnan P, Xiao H, Gao T, et al.
Identification and therapeutic modulation of a pro-inflammatory subset of
disease-associated-microglia in Alzheimer’ s disease. Mol Neurodegener.
2018; 13.

Pearson RA, Barber AC, Rizzi M, Hippert C, Xue T, West EL, et al. Restoration
of vision after transplantation of photoreceptors. Nature. 2012; 485: 99-103.
Blagojevic V, Kovacevic-Jovanovic V, Curuvija I, Petrovic R, Vujnovic I, Vujic
V, et al. Rat strain differences in peritoneal immune cell response to selected
gut microbiota: A crossroad between tolerance and autoimmunity? Life Sci.
2018; 197: 147-57.

Zhou F, Jiang Z, Yang B, Hu Z. Magnolol exhibits anti-inflammatory and
neuroprotective effects in a rat model of intracerebral haemorrhage. Brain
Behav Immun. 2019; 77: 161-7.

Gong L, Manaenko A, Fan R, Huang L, Enkhjargal B, McBride D, et al.
Osteopontin  attenuates inflammation via JAK2/STAT1 pathway in
hyperglycemic rats after intracerebral hemorrhage. Neuropharmacology.
2018; 138: 160-9.

Guo Z, Yu S, Chen X, Zheng P, Hu T, Duan Z, et al. Suppression of NLRP3
attenuates hemorrhagic transformation after delayed rtPA treatment in
thromboembolic stroke rats: Involvement of neutrophil recruitment. Brain Res
Bull. 2018; 137: 229-40.

https://lwww.thno.org



Theranostics 2022, Vol. 12, Issue 6

2706

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Otxoa-de-Amezaga A, Miro-Mur F, Pedragosa ], Gallizioli M, Justicia C,
Gaja-Capdevila N, et al. Microglial cell loss after ischemic stroke favors brain
neutrophil accumulation. Acta Neuropathol. 2018.

Rutar M, Natoli R, Chia RX, Valter K, Provis JM. Chemokine-mediated
inflammation in the degenerating retina is coordinated by Miiller cells,
activated microglia, and retinal pigment epithelium. ] Neuroinflamm. 2015; 12:
8.

Wieghofer P, Hagemeyer N, Sankowski R, Schlecht A, Staszewski O, Amann
L, et al. Mapping the origin and fate of myeloid cells in distinct compartments
of the eye by single - cell profiling. The EMBO journal. 2021; 40: €105123.

Ma W, Zhang Y, Gao C, Fariss RN, Tam ], Wong WT. Monocyte infiltration
and proliferation reestablish myeloid cell homeostasis in the mouse retina
following retinal pigment epithelial cell injury. Sci Rep. 2017; 7: 8433.

Chitu V, Gokhan $, Nandi S, Mehler MF, Stanley ER. Emerging Roles for
CSF-1 Receptor and its Ligands in the Nervous System. Trends Neurosci. 2016;
39:378-93.

Conway JG, McDonald B, Parham ], Keith B, Rusnak DW, Shaw E, et al.
Inhibition of colony-stimulating-factor-1 signaling in vivo with the orally
bioavailable cFMS kinase inhibitor GW2580. Proc Natl Acad Sci U S A. 2005;
102: 16078-83.

Huang Y, Xu Z, Xiong S, Qin G, Sun F, Yang ], et al. Dual extra-retinal origins
of microglia in the model of retinal microglia repopulation. Cell Discov. 2018;
4:9.

Lodder C, Scheyltjens I, Stancu IC, Botella Lucena P, Gutiérrez De Ravé M,
Vanherle S, et al. CSFIR inhibition rescues tau pathology and
neurodegeneration in an A/T/N model with combined AD pathologies, while
preserving plaque associated microglia. Acta Neuropathol Com. 2021; 9.
Bohlen CJ, Bennett FC, Tucker AF, Collins HY, Mulinyawe SB, Barres BA.
Diverse Requirements for Microglial Survival, Specification, and Function
Revealed by Defined-Medium Cultures. Neuron. 2017; 94: 759-73.

Ulland TK, Wang Y, Colonna M. Regulation of microglial survival and
proliferation in health and diseases. Semin Immunol. 2015; 27: 410-5.

Stanley ER, Chitu V. CSF-1 Receptor Signaling in Myeloid Cells. Csh Perspect
Biol. 2014; 6: a21857.

Cioce M, Canino C, Goparaju C, Yang H, Carbone M, Pass HI. Autocrine
CSF-1R signaling drives mesothelioma chemoresistance via AKT activation.
Cell Death Dis. 2014; 5: e1167.

. Otero K, Turnbull IR, Poliani PL, Vermi W, Cerutti E, Aoshi T, et al. Macrophage

colony-stimulating factor induces the proliferation and survival of
macrophages via a pathway involving DAP12 and beta-catenin. Nat Immunol.
2009; 10: 734-43.

Wilodarczyk A, Benmamar-Badel A, Cedile O, Jensen KN, Kramer I, Elsborg
NB, et al. CSFIR Stimulation Promotes Increased Neuroprotection by CD11c+
Microglia in EAE. Front Cell Neurosci. 2018; 12: 523.

Guadagni V, Biagioni M, Novelli E, Aretini P, Mazzanti CM, Strettoi E.
Rescuing cones and daylight vision in retinitis pigmentosa mice. The FASEB
Journal. 2019; 33: 10177-92.

Zhao L, Ma W, Fariss RN, Wong WT. Minocycline attenuates photoreceptor
degeneration in a mouse model of subretinal hemorrhage microglial:
inhibition as a potential therapeutic strategy. Am J Pathol. 2011; 179: 1265-77.
Cukras CA, Petrou P, Chew EY, Meyerle CB, Wong WT. Oral minocycline for
the treatment of diabetic macular edema (DME): results of a phase I/1I clinical
study. Invest Ophthalmol Vis Sci. 2012; 53: 3865-74.

Murakami Y, Ikeda Y, Nakatake S, Miller JW, Vavvas DG, Sonoda KH, et al.
Necrotic cone photoreceptor cell death in retinitis pigmentosa. Cell Death Dis.
2015; 6: €2038.

Zitvogel L, Kepp O, Kroemer G. Decoding cell death signals in inflammation
and immunity. Cell. 2010; 140: 798-804.

Shen K, Reichelt M, Kyauk RV, Ngu H, Shen YA, Foreman O, et al. Multiple
sclerosis risk gene Mertk is required for microglial activation and subsequent
remyelination. Cell Rep. 2021; 34: 108835.

McMenamin PG, Saban DR, Dando SJ. Immune cells in the retina and choroid:
Two different tissue environments that require different defenses and
surveillance. Prog Retin Eye Res. 2018.

Forrester JV, McMenamin PG, Dando SJ. CNS infection and immune privilege.
Nature reviews. Neuroscience. 2018; 19: 655-71.

LiD, Lang W, Zhou C, Wu C, Zhang F, Liu Q, et al. Upregulation of Microglial
ZEB1 Ameliorates Brain Damage after Acute Ischemic Stroke. Cell Rep. 2018;
22: 3574-86.

Aronowski J, Roy-O Reilly MA. Neutrophils, the Felons of the Brain. Stroke.
2019.

Hermann DM, Gunzer M. Polymorphonuclear Neutrophils Play a Decisive
Role for Brain Injury and Neurological Recovery Poststroke. Stroke. 2019.
Deczkowska A, Keren-Shaul H, Weiner A, Colonna M, Schwartz M, Amit 1.
Disease-Associated ~ Microglia: A Universal Immune Sensor of
Neurodegeneration. Cell. 2018; 173: 1073-81.

https://lwww.thno.org



