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Resident microglia are the main immune cells in the retina dnplay a key role in
the pathogenesis of retinitis pigmentosa (RP). Many previs studies on the roles of
microglia mainly focused on the neurotoxicity or neuropreition of photoreceptors,

while their contributions to synaptic remodeling of neuroal circuits in the retina of early
RP remained unclari ed. In the present study, we used Royal @lege of Surgeons
(RCS) rats, a classic RP model characterized by progressivaicroglia activation and
synapse loss, to investigate the constitutive effects of raroglia on the synaptic lesions
and ectopic neuritogenesis. Rod degeneration resulted in ygapse disruption and
loss in the outer plexiform layer (OPL) at the early stage ofPRCoincidentally, the
resident microglia in the OPL increased phagocytosis and maly engaged in phagocytic
engulfment of postsynaptic mGIuR6 of rod bipolar cells (RBS). Complement pathway
might be involved in clearance of postsynaptic elements of BRCs by microglia. We
pharmacologically deleted microglia using a CSF1 receptqiCSF1R) inhibitor to con rm
this nding, and found that it caused the accumulation of posgsynaptic mMGIuR6 levels
and increased the number and length of ectopic dendrites inite RBCs. Interestingly,
the numbers of presynaptic sites expressing CtBP2 and coloalized puncta in the OPL
of RCS rats were not affected by microglia elimination. Howeer, sustained microglial
depletion led to progressive functional deterioration irhie retinal responses to lightin RCS
rats. Based on our results, microglia mediated the remodeig of RBCs by phagocytosing

postsynaptic materials and inhibiting ectopic neuritogeesis, contributing to delay the
deterioration of vision at the early stage of RP.

Keywords: microglia, synapse, rod bipolar cell, retinitis p igmentosa, ectopic neuritogenesis

INTRODUCTION

Retinitis pigmentosa (RP) represents a group of retinal diseggécally attributed to hereditary
factors that are caused by mutations predominantly expreissgiglotoreceptors or retinal pigment
epithelial (RPE) cells, that contribute to rod degeneratioliofved by gradual death of coneB (

E ective treatments that halt or reverse progressive photepsar degeneration or RPE loss in
patients with RP are currently unavailable. Thus, an invesitg of the pathological changes,
particularly at the early stage of RP and the development of geeriéc strategies aiming at
suppressing its progression are critical. At the early stage pthHePretina is characterized by
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the down regulation and mislocalization of proteins of thein a sustained manner to validate the e ects of microglia on
pre- and postsynaptic machinery in the outer plexiform layersynapse loss and visual function. Using immunohistochemica
(OPL) in mouse ?—4) and rat &) RP models. In the rd10 techniques and electron microscopy, the mechanism undeglyi
mouse model of RP, which is induced by a mutation in thethe e ects of microglia on the synapses of RBCs in the retina
rod photoreceptor-speci c Pde6b gene, photoreceptor stress igere investigated. Our ndings revealed a novel role foirait
accompanied by the loss of axon terminals in photoreceptormicroglia in engulfment of excess postsynaptic elements and
and dendritic retraction in bipolar and horizontal cell§,(7).  maintenance of RBC structure and function in the RP retina.
Dendritic retraction in rod bipolar cells (RBCs) is preceded by
a reduction in the immunoreactivity of mGIluR6 receptors andMATERIALS AND METHODS
their displacement to the cell bodies and axo@% (n Royal
College of Surgeons (RCS) rats, a RP model that characteriz&himals
with defective phagocytosis of photoreceptor outer segments [All experimental procedures were conducted with the approval
RPE cells §), the presynaptic and postsynaptic structures inof the Third Military Medical University Animal Care and Use
the OPL are impaired as early as postnatal day 21 (P21) a@mmittee. RCS-rdy-@ (RCSrats; P15, 20, 30, 40, and 50; either
completely lost at P905J. Thus, synaptic dysfunction and loss sex) and RCS-rdy-pC rats (Control rats, P15, 20, 30, 40 and 50;
are the major early pathological changes occurring befoee theither sex) were obtained from the Animal Center of the Third
loss of photoreceptors and RPE cells during retinal degemerati Military Medical University (Chongging, China). All rats were
(10). However, the mechanisms of synapse loss in RP are nhbused in the animal facility of Southwest Hospital under ahl2-
completely understood. light/dark cycle and fed a standard diet and water.

Microglia are the major resident immune cells in
the central nervous system (CNS), with well-establishe®@rug Administration
immunomodulating properties during the progression of Control or RCS rats were fed a PLX3397-formulated AIN-76A
neurodegeneration or injuries1(). Microglia also play an diet (600 p.p.m; 600 mg PLX3397 (Selleckchem, Houston, TX)
important role in the phagocytic elimination of synaptic per kilogram of diet)ad libitum to deplete retinal microglia at
elements as part of the widespread pruning of exuberar?15. The control RCS rats were fed a normal AIN-76A diet.
synaptic connections during CNS development2( 13).  Morphological and functional experments were carried out in
Therefore, microglia have a complex role in shaping maturinghe rats after continuous depletion of microglia for 5, 15, 25
or pathological circuits by modifying synapses. During thedays respectively.
development of RP, the activation of microglia consists of
a targeted migration from the inner retina to the outer Immunohistochemistry
nuclear layer (ONL) and a transition from a ramied to an Immuno uorescence staining of frozen tissue sections was
amoeboid morphology 14-17). These activated microglia performed as previously described?). Brie y, the enucleated
undergo proliferation {8 and secrete proinammatory 19 eyecups were xed with 4% paraformaldehyde (PFA) & for
and chemotactic cytokines2(). The release of cytokines 15min and then in ltrated with 30% sucrose overnight at 4
by activated microglia induces neurotoxicity and apoptosisC. The retinas were embedded in optimal cutting temperature
signaling, resulting in the degeneration of photorecept@®.( (OCT) compound and cut into 20- or 4@am-thick sections in
Inhibition of microglia activation by genetic manipulation the sagittal plane using a freezing microtome. Sectionszioinig
(such as Cx3crl knockout}f) or pharmacological suppression the optic nerve were chosen for immunohistochemistry. Sestio
(such as minocycline)1©) has shown to delay photoreceptor were permeabilized and blocked with PT1 (PBS containing 0.1%
degeneration. However, the contribution of microglia tmapse Triton X-100 and 10% donkey or goat serum) at G7for
loss in the retina of subjects with RP remains unclari ed.ddit 30 min, and then incubated with primary antibodieSaple 1)
remodeling is triggered by early synapse loss and dysfumctidn PT2 (PBS containing 0.03% Triton X-100 and 5% donkey
in the outer retina 22-24). Therefore, we asked whether theor goat serum) overnight at 4C. After ve washes with
interaction between microglia and synapse regulated synaptPBS, sections were incubated with uorophore-conjugated
remodeling of neuronal circuits. secondary antibodies in PT2 at 37 for 1 hour. Nuclei

In RCS rats, the mutation in the receptor tyrosine kinasewere counterstained with®-diamidino-2-phenylindole (DAPI;
Mertk caused the impairment of RPE in phagocytosisSigma-Aldrich). Images of immuno uorescence staining were
photoreceptor outer segments and resulted in the degeneraticacquired using a confocal microscopy system (Zeiss LSM 780).
of photoreceptors 45. As a member of TAM (Tyro3, Axl, TUNEL staining: The terminal deoxynucleotidyl transferase-
and Mertk) family, Mertk and its ligands are also required inmediated biotinylated UTP nick end labeling (TUNEL) assay
the homeostatic, phagocytic clearance of apoptotic cells HjRoche) was performed according to the manufacturer's
microglia 26). So far, the in uence of Mertk mutation on the speci cations to detect the apoptosis of retinal cells.
phagocytosis of synapses in the early degenerative retina hasAnalysis of apoptotic cells and surviving cells: For the
not been clari ed. In the present study, we explored the rolegjuanti cation of cell numbers, all measures were manually
of microglia in synaptic remodeling of neuronal circuits at performed on images of retina sections using ImageJ software.
the early stage of RP using RCS rat models. Then, a CSFIRtal cells (DAPI-positive) and apoptotic cells (TUNEL-positive)
inhibitor was used to generically ablate microgliainthe Bffva in the ONL were counted in three regions (central, right,
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TABLE 1 | Antibodies used for immuno uorescence staining. Quanti Cation Of MinOg”a EXhlbltlng
Antibody Company Titer Species Cat# EngU”ment n the Retlna

Engulfment was quanti ed as previously describé@, 28 32).
CtBP2 Santa Cruz 1:500 Goat 5c-5966 For each animal, OPLs in the retinas were chosen for imaging
mGIuR6 Neuromics 1:1500 Rabbit RA13105 after immunostaining for CtBP2, mGIluR6, CD-68 and IBAL.
IBAL Wako Chemicals 1:500 Rabbit 019-19741 Images were acquired on a confocal microscope at size 135
MGIuR6 Abcam 1:500 Guinea pig ab10o1se4  135mm with 0.2+mm z-steps. The background was subtracted
CD-68 Bio-RDA 1:500 Mouse Mmcas4ir  fromall uorescent channels in Z-stacks of optical sectiossg
Arrestin Millipore 1:500 Rabbit AB15282 ImageJ software. Subsequently, 3D volume surface remggerin
Clq Abcam 1:50 Mouse ab71940 of each z-stack were created using Imaris software (Bitplane)
c3 Abcam 1:50 Rabbit ab11887 Surface-rendered images were used to determine the volume of

the microglia, lysosomes, and synapse elements. The fobjowi
equation was used to calculate the percent engulfment: velofim
lysosomes or synapse elemem®f) /volume of microglial cells
%3). For each eye, 9-12 elds (15-20 microglia) were imaged
in the OPLs of retinas, and 3—4 eyes(from 3—4 di erent rats) in
each group were examined.

and left). Sections crossing the optic nerve were select
to strengthen the results. Surviving cells were dened a
DAPI-positive nuclei without TUNEL staining: number of
surviving cell®number of total cells-number of apoptotic cells.

These numbers were averaged for ve eyes (from 5 di ere”Reverse-Transcription Quantitative

fats) per group. Polymerase Chain Reaction (RT-gPCR)

Number and morphological score of microglia: Three_l_h RT-GPCR vsis of the CIBP2 and mGIURG MRNA
panoramic sections of the retina per group immunostained for € - analysis of the Ct and mGiu m S

DAPI and IBA1 were captured to quantify the numbers of Vas performed as previous'ly describ@df)( Brie y, total RNA
microglial cells in the di erent retinal layers. The numbef o was extracted from the retinas of rats in each group (Control

microglia in the total retina or OPL was counted and averaiged gm\trol c PI‘_X’ RCI:S’l and RCSZPthX) ”S”.‘g TRizol. Total
obtain the number of cells per 1 mm of the retina for at leasethar (approximately 1-avg per 20mi reaction) was reverse

: ibed using a PrimeScripRT Reagent Kit (Takara Bio
eyes(from 3 di erent rats) per group. The process morpholog)}ranscrl S )
was scored as 0>(L5 thick processes with multiple branches),USA’ I\/Ihountaérl V'er\]N’GCA’ UdSA)' Aé:YBR Green (?PCR '}/“X
1 (5-15 thick processes with branches), 2 (1-5 thick process ongsheng Biotech, Guangdong, China) was used to perform

with few branches), and 3 (no clear processes), using a prayiou quantitative PCR on a CFX.% Real-Time PCR Sylst.em.(Bio-Rad,
described protocoli?, 28). Hercules, CA, USA) according to the manufacturer's instirts.

The relative expression of the CtBP2 and mGIuR6 mRNAs
was normalized to glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). All primers were purchased from Sangon Biotech

Analysis of Synapses and Ectopic (isted inTable 2.

Dendrites in the Retina
Synapses in the OPL were quanti ed using previously describefransmission Electron Microscopy

protocols @9-31). Three to ve eyes (from 3-5 dierent rats) The retinas from the eyecups were xed with 0.1 M cacodylate
in each group were selected, and 15-20 images with a size i er containing 2.5% glutaraldehyde (pH 7.4) for 24 h. After
135mm  135mm were captured from each retinal sample inseveral rinses with PBS, the samples were xed with 1% osmium
randomly selected regions. The synapse number was quanti gtroxide for 2 h. After several washes with PBS again, tng ks

in stacks of 10 optical sections, which were line averageglere dehydrated with increasing concentrations of acetm
and collected at 0.28w intervals, by projecting a series of embedded in epoxy resin 618. Uranyl acetate and lead citrate
ve optical sections and counting the number of synapses inwere used to stain the sections. A TECNAI 10 (FEI-Philips,
each projection volume. Synapses were automatically countediisboro, OR, USA) transmission electron microscope was used
using the ImageJ puncta analyzer program (NIH), and theo obtain images. Three eyes (from 3 di erent rats) in eachugro
accuracy of the counts was conrmed manually. Finally, thevere selected, and 8-12 images of OPL were captured from each
number of synapses was normalized to the thickness of thetinal sample in randomly selected regions.

inner nuclear layer (INL). The cells in the ONL with positive

cytoplasmic staining for cone arrestin and DAPI-stained leiic Electroretinography (ERG)

were used to quantify the cone cell number. The areas dRG was performed using previously described methads3Q).
cone synapse elements were measured using ImageJ softwre y, animals were dark-adapted for 12h and prepared for
(NIH). The number and length of the ectopic dendritesrecording under dim red light (wavelength 620 nm). Light
were quanti ed using previously described protocols)( The  stimuli were delivered at intensities of4.5, 2.5, 0.5, 0.02,
NeuronJ program in ImageJ software was used to manuall}.5 and 1 log(cém 2). Gold wire loops were simultaneously
trace uorescently labeled ectopic dendrites from theirtisdi used to record the corneal ERG responses from both eyes.
position to their terminus and automatically analyze theirAccording to the light intensity, the interstimulus inteal/
number and length. ranged from 30 to 120 s. The RETIscan system (Roland Consult,
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TABLE 2 | Primers used for RT-qPCR. signi cantly in the retinas of RCS rats at P20 compared with
N S controls. The decrease peaked at P30 and then slowed at
ame equence P40. However, the number of cone synapses decreased after
MGIURG-E GTGCTAGGTCAACCCTCAAA P40 in RCS ratsHigure 2D). In the cone synapses, the area
MGIURG-R CTAGAAGAGATCCCAGAGGAGAa Of presynaptic CtBP2 staining was gradually reduced at P30

(Figure 2B), a time point that was earlier than the reduction

CtBP2-F AAGGCACGCGGGTACAAAGC
CtBP2-R CCTETGATTGCTCGECGGAT in the size of postsynaptic mGIuR6 at P4Bigure 20). No
GAPDH-F GCCCATCACCATCTTCCAGGAG — SigNi cant changes in the CtBP2 mRNA level were observed
GAPDH-R GAAGGGGCGGAGATGATGAC in the retinas of RCS ratsSipplementary Figure 1D, while

the level of the mGIuR6 MRNA was markedly increased
_ _ in the retinas of P40 RCS rats compared with control rats
Brandenburg, Germany) was used to acquire the data, which we(p < 0.01) Supplementary Figure 1 Our data indicated that

processed using Igor software. these morphological and quantitative changes of synapseein th
. OPL were mainly limited in the rod—RBC contacts before P40 in

Statistics RCS rats.

Data were analyzed using an independent two-sarf#st, one- Electron microscopy (ECM) analyses further con rmed

way analysis of variance (ANOVA) or two-way ANOVA With yhat aperrant synapses formed in the retinas of RCS rats,
SPSS 17.0 statistical software (SPSS Inc., Chicago, IL, T#A) ,ntaining only oating ribbons. These oating ribbons irhe

data are presented as meansthe standard deviations (SD). o terminal lost their normal localization and were separht

P-values less than 0.05 were considered statistically cigni from postsynaptic elementsigure 34). Signi cant di erences
in the proportion of each type of ribbon were not observed in
RESULTS the OPL between controls and RCS rats at FEi§ures 3A-D),

. . the stage when rod degeneration had not yet started. In P20
Synapse Dlslruptlon and LO,SS a_t the Early and P30 RCS rats, the proportion of oating ribbons to total
Stage of Retinal Degeneration in the ribbons increased markedly as retinal degeneration proga:s
RCS Rat while the proportion of normal synapse ribbons decreased
Signi cant synaptic changes occur at a very early stagsigni cantly in RCS rats Figures 3B-D, suggesting that the

in the RCS rat, even prior to any signicant loss of decrease in the number of paired CtBP2- and mGIluR6-positive
photoreceptors, in parallel with the deterioration of ERGstructures resulted from rod synapse disintegration. Based o
responsiveness speci cally involving the rod systém3@). To  these results, photoreceptor degeneration resulted in syrlaps
determine temporal and spatial characteristics of the synapsed disintegration.

changes, we used high resolution confocal microscopy to

quantify synapse density in the OPL of RCS rat retinag,. . .
(Supplementary Figure 1A. CtBP2, a marker of presynaptic ?throg“a Increased Phagocytosis and

ribbons, and mGIUR6 were chosen to label the synapses in tkengulfed Postsynaptic Elements During
OPL. In control rats, rod synapse and cone synapse could He Synaptic Perturbation
distinguished based on their morphology of presynaptic andMicroglia play a key role in the phagocytic elimination of synapti
postsynaptic pairings. The synapses between rods and RB&ements during the development or disease of the brathdg,
consisted of horseshoe-like, CtBP2-positive presynaptionb, 36, 37). To explore their roles in the phagocytosis of synaptic
accompanied by a single, dot-like, mGIuR6-positive postsyoaptelements, functional and morphological analysis of the ogtia
structure; these pairs were distributed in the outermost parin the retinas of RCS rats were carried out by the immuno uenc
of the OPL Figure 1A and Supplementary Figure 1B The staining Figures 4A—Cand Supplementary Figures 2A,B The
synapse between a cone and a cone bipolar cell consistedmber of retinal microglia in the OPL of the RCS rats
of 3-4 CtBP2-labeled presynaptic structures and a mGluR6wnarkedly increased at P15 and peaked at PBi@ufe 4D),
labeled disk-like postsynaptic structure; these pairs weri@lgna and synapse loss peaked at the same time point. The states
distributed within the innermost part of the OPILE{gure 2Aand  of microglia were categorized by determining a morpholobica
Supplementary Figures 1F,§5 score. Appreciable dierences in morphological scores of
During retina degeneration, apparent changes in synapsmicroglia in the OPL of RCS and control rats were not observed
morphology were detected at P30 in RCS raisggre 1A at P30 Figures4E,G, although most microglia showed an
and Supplementary Figure 1, when scattered apoptotic rods amoeboid morphology (a score of 2 or 3) in the ONL of
were observed in the ONL3E). In the rod synapse, the RCS rats$upplementary Figures 2C,Ip In the mature normal
morphology of the CtBP2-positive ribbons changed from aretina, microglial processes were juxtaposed with presynampdc a
typical horseshoe to a short rod shape in the retina of RCS ratppstsynaptic structures in the OPL; however, microglial psses
while little alterations in mGluR6-positive postsynaptic etits  in the RCS OPL exhibited morphological alterations, extended
were observed, even when the synapse was lost. The numito the synaptic layer and contacted mGluRGdures 4F,H.
of CtBP2-positive Figure 1B, mGIluR6-positive Figure 10 Microglia were double labeled with IBA1 and CD68
and colocalized punctaF{gure 1D) decreased modestly but (Figure 5A and Supplementary Figures 2F-§; a marker of
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FIGURE 1 | Early synapse loss in the OPL during retinal degeneration RCS rats. (A) Confocal images of CtBP2- (green) and mGluR6-immunoreactt (red) puncta
in the retinas of control (upper panel) and RCS rats (lower pal) at P30 showed that the normal structure of synapses in t1OPL was lost. White arrows indicate
normal rod synapses, cyan arrows indicate unpaired CtBP2-gsitive puncta, and yellow arrows indicate unpaired mGluR@ositive puncta. (B—D) Quanti cation of
synaptic puncta or their apposition in the OPL of control andRCS rats at P15, P20, P30, P40, and P50, indicating the loss o€tBP2, mGIuR6 and colocalized puncta
per eld of view (135 135 mm) during retina degeneration.N] D 3-5 eyes from different ratsn D 15-20 images from each eye). ONL, outer nuclear layer; OPLuter
plexiform layer; IPL, inner plexiform layer; Scale bar, 58m (A) or 5mm (A). Bars represent means; error bars represent SD. *fy*< 0.001, ***p < 0.0001 using
two-way ANOVA (B-D).

lysosomes speci ¢ to microglia, to clarify whether the mgiia Depletion of Microglia Rescued the

in the OPL phagocytosed synaptic elements in the RCS ratpgstsynaptic mGIuR6 Levels and
The volume of microglia occupied by CD68-positive Iysosomeisncreased the Number and Length of

exhibited a marked increase in the OPL of RCS rats . . .
P20 and P30 compared to controlfigure 5D). An in vivo aéCtOplc Dendrites in the RBCs

phagocytosis assaylZ 28 32 was used to conrm the To conrm the contribution of microglia to the clearance
engulfment of synaptic elements by phagocytosing microgli8f syFapt|c rzaterlal le””g, rr]etlr:la degenergt;]qg. in RCS rats,
(Figure 5B). Rod degeneration resulted in a signi cantly higher‘%%oe m;:)atgu mlgg?gr:;rw'éi ltm(:s gil—:éRwlhr:c% 'c\?gsiléé:gtiw
volume of internalized postsynaptic mGIuR6 and presynapti bp P yria

. o 5-day-old RCS rats for 25 daySupplementary Figure 3A.
CtBP2 in microglia in the OPL of RCS rats at Pigure 5O, 1pjg compound was previously shown to e ciently deplete

indicating that microglia phagocytosis of synaptic elementgyicroglia in the CNS §8 39). The number of microglia
was increased when synapses were destroyed. An orthogo#iously reduced in both the OPL and the total retina
view of a representative high-resolution confocal imagens#t 5 days after CSFIR administration and was maintained
colocalization of mGIuR6 with the CD68-immunoreactiveat low levels $Supplementary Figures 3B—D  Noticeable
lysosomal compartment of Ibal-positive microgliigure 5B,  dierences in the numbers of CtBP2-positive and colocalized
suggesting that engulfed synapses were usually locatedein thuncta were not observed during microglia elimination in
internal lysosomal compartments of microglia. the RCS rats Figures 6A,B,D; however, the number of
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FIGURE 2 | Early cone synapse loss in the OPL during retinal degenerati in RCS rats.(A) Immunostaining for CtBP2 (green), mGIuR6 (red) and cone astin (blue)
in the retinas of control and RCS rats at P30. White arrows iridate cone synapses.(B—C) Quanti cation of the changes in the size of cone synaptic punta positive
for CtBP2 and mGIuR6 in control and RCS rats at P15, P20, P30, #0, and P50 (N D 3-4 eyes from different ratsn D 9-15 images from each eye)(D) Quanti cation
of the changes in the number of cone synapse in control and RC&ats at P15, P20, P30, P40, and P50 N D 3—4 eyes from different ratsn D 9-15 images from each
eye). Scale bar, 51m (A). Bars represent means; error bars represent SD.pr< 0.05, **p < 0.01, ***p < 0.0001 using two-way ANOVA(B-D).

mGIluR6-positive puncta and the proportion of unpaired (Figures 6G,H. However, the proportion of mGIluR6-positive

mGIluR6-positive puncta increased signi cantly in the retirds ectopic RBC dendrites={gure 61) was not signi cantly altered

RCS rats after treatment with PLX3397 for 15 dgqys(0.01) following the elimination of microglia from the RCS rats.

(Figures 6A,C,E and Supplementary Figures 4A,B Levels Furthermore, in microglia-depleted retinas from controltsa

of the CtBP2 and mGIuR6 mRNAs were not signi cantly abnormal outgrowth or retraction of dendritic and axonal

altered between the depletion groups and untreated groupsompartments was not detecte®ypplementary Figure 4Q.

at P30 Gupplementary Figures 4E)Y- Microglia depletion Based onthese ndings, microglia elimination promoted gxito

markedly increased the number of TUNEL-positive cellseuritogenesis of RBCsin RCS rats.

in the ONL of RCS rats Supplementary Figures 3E,F

and Supplementary Figure 4; however, no signicant In uences of Microglia on the Dysfunction

changes in the number of surviving cells were observegf Bipolar Cells in the RCS Retina

between microglia-depleted retinas and untreated groupAs structural damage of rod-bipolar synapse contributed

(Supplementary Figure 3¢ Therefore, the microglia in to the visual dysfunction of RCS rats at the early stage,

the OPL of RCS rats mainly mediated the engulfment oficroglia probably mediated the visual dysfunctiof).(To

postsynaptic elements. investigate this, we recorded ERG responses of RCS rats
In the RCS rat retina, ectopic dendrites emerged as early @hich were continuously depleted microglia for 5,15,25 d,

P36 7), the time at which the number of microglia in the OPL and compared with time matched non-depleted RCS rats

decreased, while the proportion of unpaired mGIuR6 increasedespectively Figure 7A). Five days after microglial depletion,

In the present study, the RBC ectopic dendrites labeled wita-wave and b-wave amplitudes of scotopic ERG responses

PKCa were observed as early as P30 in the RCS rats exhibitirghibited little change relative to untreated groupp %

sustained microglia depletiorF{gure 6F). Signi cantly greater 0.05) Eigures 7A,B. Fifteen days after the elimination

numbers and lengths of ectopic RBC dendrites were observed microglia, a modest decrease in a-wave amplitudes of

in the PLX3397-treated RCS rats than in RCS control ratscotopic ERG responses was only observed at the highest
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FIGURE 3 | The ultrastructure of rods in ON-RBC synapses in the OPL is sliupted during retinal degeneration in RCS rat(A) Synaptic ultrastructure in the OPL of
control and RCS retinas as revealed by transmission electromicroscopy at P15 and P30. The cyan rectangle indicates a purbation of postsynaptic cell dendrite
invagination into the photoreceptor terminus. White arrowindicate normal rod synapses, called triads, with three pstsynaptic elements (the ribbon was a
presynaptic specialization; the three postsynaptic elentgs invaginated into the base of the photoreceptor such thatwo horizontal cell and one bipolar cell dendrite
are located centrally), red arrows indicate oating ribbonsyellow arrows indicate dyads with only one or two horizontecell processes opposed to the ribbon.(B)
Proportion of oating ribbons in control and RCS rats at P15, R0, and P30, indicating that disruption of rod synapse corriated with rod cell stress N D 3 eyes from
different rats,n D 8-12 images from each eye)(C) A difference in the proportion of dyads in RCS rats compareda controls was not observed at P15, P20, and P30
(N D 3 eyes from different rats,n D 8-12 images from each eye)(D) The proportion of normal synapses was signi cantly decrease during retinal degeneration

(N D 3 eyes from different rats,n D 8-12 images from each eye). R, rod cell; RBC, rod bipolar celH, horizontal cell. Scale bar, Inm (A). Bars represent means; error
bars represent SD. ***p < 0.0001 using two-way ANOVA(B-D).

ash intensities, and a slight (but not signi cant) reduoti in ~ Microglia Engulfed Postsynaptic Elements

scotopic b-wave amplitudes was detecteBigres 7A,Q.  in a Complement-Dependent Mechanism
Twenty-ve days after depletion, a-wave amplitudes ofas the complement pathway mainly governs microglia-mediated
scotopic ERG responses showed no signicant changegngulfment of endogenous materialé0(42), we examined the
whereas b-wave amplitudes showed a pronounced decreaggtribution of C1q and C3 in the RP retina in the present
(p < 0.05) Figures7A,D. Thus, the scotopic b-wave stydy. Clq immunoreactivity was elevated in RCS retinas as
response, originating from postsynaptic transmission fromea”y as P15 and preceded synapse iggite 8A). Notably, the

the photoreceptors to RBCs, progressively decreased in tieq level was increased in a region-speci ¢ manner, partibular
RCS rats. As a result, the b-a amplitude ratios decreased j§Sthe OPL, the region susceptible to synapse loss. Confocal
microglial depletion progressedFigure 7D). The control jmages con rmed the colocalization of C1q and mGIuR6 puncta
rats that received PLX3397 for 5, 15, and 25 days did nqgh the RCS OPL Kigure 8B, and a higher percentage of
show any signicant changes in a- or b-wave amplitudesnGluR6-positive puncta colocalized with C1g-positive puncta
under dark-adapted conditions Stpplementary Figure 5 in the OPL of RCS rats at P20 and P30 than in the control
indicating that the observed ERG changes were mainlgroups Figure 8Q. Thus, Clg mediated the engulfment of
attributed to microglial depletion in the RCS rats, ratheathto  mGIluR6-positive postsynaptic elements. Furthermore, double
PLX339%er se staining for C1q and IB4 or IBA1 revealed that C1q was mainly
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FIGURE 4 | Increased number of microglia and their relationship with syaptic elements in the retinas of RCS rats(A) Representative panoramic images of retinal
sections stained with DAPI (blue) and IBA1 (red) from P30 cant and RCS rats.(B) The distribution of microglia [IBA1 (red)] in the retinas of3® control rats or P15,
P30, and P50 RCS rats.(C) Quanti cation of the number of microglia in the total retinasndicated that the number of total retina microglia increasd from P15 to P50
because of photoreceptor apoptosis D 3 eyes from different rats,n D 3 panoramic section images from each eye)(D) Quanti cation of the number of microglia in
the OPL, indicating that the number of microglia in the OPL paked at P30 (N D 3 eyes from different rats,n D 3 panoramic section images from each eye)(E) The
morphology of the Ibal-positive cells in the OPL of at-mounte retinas was examined. For morphology, a score of 0-3 pointss shown in the right insets.(F) An
orthogonal view of high-resolution confocal images suggeed that microglia (green) processes extended into synapskmination and contacted synaptic material
(red) in the OPL of P30 RCS rats compared to controls(G) No difference in morphological scores of microglia in the OPwas observed between RCS and control
rats at P30. (N D 3 eyes from different ratsn D 5 at-mounted images from each retina).(H) Almost all of microglia in the OPL contacted synaptic mateal in the RCS
rats at P30. (N D 4 eyes from different rats,n D 10-15 microglia from each retina from each retina). ONL, oet nuclear layer; OPL, outer plexiform layer; INL, inner
nuclear layer; IPL, inner plexiform layer; GCL, ganglion ¢édyer. Scale bar, 1 mm(A), 50 mm (B and E) or 10mm (E and F). Bars represent means; error bars represent|
SD. *p < 0.01, **p < 0.0001 using two-way ANOVA(C,D,G).
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FIGURE 5 | Engulfment of pre- and postsynaptic elements of RBCs by miaglia in the retina of RCS rats(A) Immunostaining for IBAL (red) and CD-68 (green) in the
retinas of P30 control and RCS rats suggested that retinal dgeneration induced high levels of CD68 (green) immunoreadeity in Ibal-positive (red) microglia in the
OPL. (B,C) Three-dimensional reconstruction and surface renderingprepared using Imaris revealed larger volumes of synaptic pieta inside microglia in the RCS
OPL, particularly postsynaptic mGIluR6 puncta, compared Wi controls (N D 3 eyes from different rats,n D 15-20 microglia from each retina)(D) Quanti cation of %
volume of microglia occupied by CD68-positive lysosomes ithe OPL of control and RCS rats at P15, P20, and P30N D 3 eyes from different ratsn D 10-15
microglia from each retina)(E) An orthogonal view of a representative high-resolution cdncal image showed colocalization of mGIuR6 (green) withithe
CD68-immunoreactive lysosomal compartment (red) of an Ibafpositive microglial cell (blue). ONL, outer nuclear laye®PL, outer plexiform layer; INL, inner nuclear
layer; IPL, inner plexiform layer; GCL, ganglion cell lay&cale bar, 50mm (A), 10 mm (A,B,E) or 1 mm (B). Bars represent means; error bars represent SD.pr< 0.05;
**4p < 0.0001 using an independent two-samplest-test (C) or two-way ANOVA (D).

localized in the vasculature and microglia in the retina @R (28 42-44), was also deposited on the unpaired mGluR6-positive
rats (Figure 8D). Sustained microglial depletion signi cantly puncta in the OPL of RCS rats at P3Bidure 8F. Therefore,
decreased C1q levels in the retinas of RCS rhaigufe 8.  microglia might phagocytize postsynaptic elements through a
C3, which is activated by C1q to opsonize synapse eliminatiocomplement-dependent manner.
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FIGURE 6 | The elimination of microglia rescues the loss of postsynajut mGluR6-positive elements and increases the number and igth of ectopic RBC dendrites in
RCS rats. (A) Confocal images of CtBP2- (green) and mGluR6-immunoreaete (red) puncta in the retinas of RCS rats and RCS rats treatedith PLX3397 at P30.
Yellow arrows indicate unpaired mGluR6-positive puncta(B—E) Quanti cation of synaptic puncta or their apposition indicéed that sustained microglia depletion
reduced the loss of mGIuR6-positive puncta and increased th proportion of mGluR6-positive puncta that were not pairedvith CtBP2-positive puncta; however, this
depletion did not result in the alteration of colocalized pucta and presynaptic CtBP2-positive puncta l D 3-5 eyes from different ratsn D 15-20 images from each
eye).(F) Immunostaining for PKG (green) and mGIuR®6 (red) in the retinas of RCS rats and RCS sdteated with PLX3397 at P30 and P40. White arrows indicate
ectopic dendrites. (G,H) The number and length of ectopic RBC dendrites increased irhie retinas of RCS rats and RCS rats treated with PLX3397 P30 ahP40 in
each eld of view (213  213mm) (N D 5 eyes from different rats,n D 7-12 images from each eye)(l) The proportion of mGluR6-positive ectopic RBC dendrites in
each eld of view (213 213 mm) of the retinas was not different between RCS rats and RCS tatreated with PLX3397 at P30 and P40 N D 5 eyes from different
rats, n D 7-12 images from each eye). ONL, outer nuclear layer; OPL, ter plexiform layer; INL, inner nuclear layer; GCL, gangliarell layer. Scale bar, 5rm (A,F).
Bars represent means; error bars represent SD. pr< 0.01, ***p < 0.001, ***p < 0.0001 using two-way ANOVA(B-E,G-).

DISCUSSION degeneration. Resident microglia in the retina OPL phagasdo
postsynaptic elements of RBCs at the early stage of RCS rats

In the present study, we observed novel roles for microgfial i (Figure 9). Sustained microglial depletion by PLX3397 blocked

the early synaptic remodeling of neuronal circuits duringmal  synapse loss, increased ectopic neuritogenesis of RBCs and
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FIGURE 7 | Elimination of microglia in the retinas of RCS rats reducesi¢ amplitudes of ERG signals(A) Representative light-evoked ERG waveforms measured with
six different light intensities [from 4.5 to 1 log(cds m 2)] in P20, P30, and P40 RCS rats and RCS rats treated with PLX33. (B-D) Average stimulus-response
curves for a-wave amplitudes (top row), b-wave amplitudesnfiddle row) and the ratio of a-wave/b-wave amplitudes in RCSats and RCS rats treated with PLX3397
at P20 (h D 18 and 34, respectively), P301§ D 16 and 28, respectively) and P40rf D 15 and 16, respectively) show that sustained microglial deption reduced the
b-wave amplitude and did not affect the a-wave amplitude. Tis result was exacerbated over time. Bars represent means;reor bars represent SD. p < 0.05;

*p < 0.01, **p < 0.001, **p < 0.0001 using two-way ANOVA(B-D).

further exacerbated the deterioration of visual functiddlg of neuronal circuits in RBCs, contributing to the maintenanaf
expression was induced by microglia, and classical complemevision at the early stage of RP.

pathway were revealed involvement in clearance of postsynapti During retinal degeneration, changes in synapse morphology
elements. Based on our data, microglia mediated the renmaglel were detected at P2E)( In the present study, we con rmed
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FIGURE 8 | Microglia-induced C1q upregulation and deposition onto pstsynaptic elements precede synapse loss in the OPL duringetinal degeneration in RCS rats.
(A) Immunostaining for C1q (red) in the retinas revealed regiospeci ¢ (OPL) upregulation of C1q (red) in RCS ratgB,C) Confocal images showing an increase in the
colocalization of C1q (red) and mGIuR6 (green) in RCS rats ospared with controls (N D 6 eyes from different rats,n D 6—10 images from each eye)(D) Labeling of
the retinal vasculature using isolectin-B4 (IB4) and micrdig using IBA1 revealed that C1q in the OPL was mainly derivectbim the blood circulation and microglia in
the P30 RCS rats. White arrows indicated that C1q came from tl vasculature in the inner retina(E) Elimination of microglia with the PLX3397 treatment decresed
C1q immunoreactivity in the retinas of RCS rats(F) Representative confocal image showing the colocalizatioof C3 (red) and mGIuR6 (blue) but a lack of
colocalization with CtBP2 (green) in the retinas of P30 RC&its. White circles indicate C3 deposition onto unpaired m@IR6. ONL, outer nuclear layer; OPL, outer
plexiform layer; INL, inner nuclear layer; GCL, ganglion ¢éhyer. Scale bar, 50mim (A,D,E), 5mm (B,F). Bars represent means; error bars represent SD. *f¥< 0.001,
**p < 0.0001 using two-way ANOVA(C).

that rod-RBC synapses were lost in the OPL of RCS rats dsat photoreceptor degeneration induced sequential presyoapt
early as P20 and reached a value of 50% at P30. Notabprotein loss, synaptic disintegration and eventually postpjina
oating ribbons and RBC dendritic tips extending from rod element loss. In some retinal degeneration models, synapses
spherules were observed using electron microscopy, and somere reported to form normallyq, 24, 45). Thus, photoreceptor

of these abnormal synaptic contacts between rods and RBGgnaptogenesis could occur before photoreceptor degeneratio
were called the at-contact type3{). These results implied In RCS rats, progressive photoreceptor degeneration was
that the loss of presynaptic and postsynaptic elements in thdéetected after the time of eye opening (at P15 in raf), (
OPL did not occur through the simultaneous degradation of34, 46). In the present study, synapse levels in the retinas
both elements in intact synapses. Changes in the size of tleé RCS rats were not altered at P15 compared with control
presynaptic specialization of cone synapses occurred earliets. Our data from transmission electron microscopy furthe
than changes in the size of the postsynaptic density, indigati con rmed normal synaptic structures in P15 RCS rat retinas.
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FIGURE 9 | Microglia engulf postsynaptic elements and mediate the fonation of ectopic dendrites in the retinas of RCS rats. Synajr remodeling of neuronal circuits
in the OPL are early hallmarks of RP that are thought to be ifated by photoreceptor degeneration. However, the mechasims underlying synapse loss and remodeling
remain elusive. Here, microglia-mediated engulfment of mtsynaptic elements was a mechanism underlying ectopic RB@euritogenesis. Rod degeneration
perturbed RBC dendrite invagination into the photoreceptoterminus, and then these postsynaptic elements of RBCs werengulfed by microglia. Inhibition of the
microglial engulfment of synaptic material using a pharmaxogical method increased postsynaptic mGIuR6 expressioand the formation of ectopic RBC dendrites,
but decreased the ERG responses in RCS rats. Based on these nidgs, microglial cells play vital roles in the synapse lossnd remodeling observed in RCS rats.

Based on our data, synaptic element loss was likely not a Microglia are known to play a role in the pruning of
result of abnormal synaptic development, but a consequence synapses during CNS development and neurodegener&ii)n (
photoreceptor degeneration. Microglia play key roles in the selective clearance of presynaptic
Coincident with RBC dendritic retraction from the OPL after debris during Wallerian degeneratior8®) or the elimination
rod degeneration, mGIuR6 disappeared from RBC dendritesf postsynaptic elements in subjects with Alzheimer's disease
(7, 8), raising the possibility that mGluR6 loss was a consequen¢@D) (28). In the present study, microglia in the OPL mainly
of a rapid and local disassembly of ON-bipolar cell dendritegngulfed postsynaptic mGIuR6, with little e ect on synaptic
(47, 48). However, deletion of RIBEYE, which substantiallyintegrity or presynaptic ribbon loss. Following the formation
decreases the number of ribbons in retinal synapses amaf direct contacts, the OPL microglia engulfed postsynaptic
disrupts neurotransmitter release, does not aect the overadebris, translocating it to phagosomes for destruction. &imi
organization and synaptic connectivity of the retindd(. The to subjects with AD 28), microglia in the RCS OPL exhibited
loss of the typical triad organization does not disturb thethe similar ramied morphology as controls, indicating that
gross structure of bipolar dendritic tips, including mGIuR6 photoreceptor stress induced synapse engulfment by resident
accumulation $0-52). Together with ndings from the present homeostatic microglia. Synapse disintegration was not ledck
report, perturbations in synaptic inputs and integrity did not by microglia depletion in RCS rats, suggesting that the
directly lead to mGIuRG6 elimination via degradation, sugiggs disruption of the synaptic triad pattern was not initiated by
that synapse loss might have resulted from phagocytosis phagocytosing microglia.
microglia cells. The presynaptic materials, including ribbp In RCS rats, the microglia in the retinas also carried the
disappeared possibly as a part of the mechanism by whiddERTK mutation. Our present data showed that Mertk mutation
phagocytic microglia remove rod cells in the ONLG{ or were  did not in uence the synapses phagocytosis of microglia in the
decomposed through a lysosomal-mediated autophagic proce®®L of RCS rats at P30. However, more apoptotic cells were
at the early stage of rod apoptosis3). observed in the ONL of the RCS rats after microglia were

Frontiers in Immunology | www.frontiersin.org 13 April 2019 | Volume 10 | Article 912



He et al. Microglia and Early Vision Maintenance of RP

deleted by PLX3397 treatment. It seemed that Mertk-de cient According to a recent report from our group, miR-125b-5p
did not interrupt the phagocytosis of the microglia completelyregulates the formation of ectopic dendrites from RBCs into
and the microglia kept the ability to engulf apoptotic cells andthe ONL and functional synapse formation with the remaining
synaptic elements. To date, the best characterized mediafor photoreceptors in RCS rat27). However, the key mechanism
synaptic pruning are components of the complement cascadeiggering ectopic neuritogenesis remains unknown. Ectopic
(12). Previous experiments implicated the complement system afendrites of RBCs might form to restore their input activity
a key driver of the clearance of neuronal materials by mikaog in the degenerating retinal(, 27, 64, 65), suggesting that the
during development12, 55, 56), and in subjects with ADZ8),  dysfunction of RBCs might be a key trigger of remodelifg)(
schizophrenia%7), viral infection 68), and some types of retinal Based on our data that depletion of microglia promoted ectopic
degeneration %9, 60). While most of these latter studies had neuritogenesis, microglia were shown to be involved in the
not shown interest in microglia-mediated removal of synapsemechanism regulating ectopic dendrite formation by the RBCs
via complement, we speculated that this pathway would bef RCS rats. We also hypothesized that microglia subsequentl
con rmed to promote synaptic elimination and that inhibition delayed ectopic neuritogenesis by restoring function
of this pathway or its components would prevent engulfment byof RBCs.
microglia. Moreover, local activation of the complement patiiwa  In conclusion, microglial cells did not only contribute to
might serve as a key mechanism underlying rod apoptosighe survival of photoreceptors and to the maintenance of
induced synapse pruning in the RP retina. C1q was not onlyetinal architecture 16, 18 19, but also mediated synaptic
produced by microglia but was also derived from the circutato remodeling of neuronal circuits by phagocytosing synapses
systemin RP retinas. Microglia depletion in RCS rats signitban in the RP retina. In our study, a CSF1R inhibitor exerted
ameliorated C1qg deposition, suggesting that microglia playe detrimental e ects on the visual function of a RP rat model,
crucial role in activating the complement cascade and dgvin suggesting that this type of drug-induced non-selective
synapse elimination. microglial elimination was not suitable to restore the wisi

In a recent study, microglial depletion using transgenicof patients with RP. A treatment that selectively stimulates
mice perturbed synaptic function and integrity in the mature synaptic phagocytosis by microglia in the retina would be
retina (44); however, synapse formation and ERG responsesn important topic in future studies of retinal degenerative
in control rat retinas were not changed by pharmacologicatliseases. Based on our ndings, novel treatment strategies
elimination of microglia in this study. A similar phenomenon targeting microglia should add mechanisms governing
was observed in the adult brain, as mice depleted of microglimicroglia—synapse interactions, and not simply aim to support
showed de cits in multiple learning tasks and a signi cant photoreceptor survival.
reduction in motor-learning-dependent synapse formatiomgs
the same genetic methods of microglial depletiodl)( as
in the mature retina {4). However, behavioral or cognitive ETHICS STATEMENT
abnormalities were not detected in the mice treated with

PLX3397 89), suggesting that the discrepancies in the functional NS Study was carried out in accordance with the

conclusions of sustained microglia elimination were due td€commendations of Third Military Medical University
the use of dierent experimental methods. Furthermore,A”'mal Care and Use Committee. The protocol was approved by

tamoxifen, which is used to manipulate genetic microg”atheAnimaI Center of the Third Military Medical University.

elimination, exerts protective e ects on retinal degenerati

(62). Thus, pharmacological depletion of microglia by a CSFl%\UTHOR CONTRIBUTIONS

inhibitor was a more suitable approach to explore the function

of microglia. JH: conception and design, collection and assembly of data,

In our study, the b-wave amplitude in the ERG, whiChyaia analysis and interpretation, manuscript writing. JD,
reected RBC function, was progressively reduced during 5 yg cw BB. HL. and YG: collection and assembly
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SUPPLEMENTARY MATERIAL

numbers were substantially increased in RCS rats, PLX-tréed RCS rats exhibited
sustained microglial eliminationX90%) in the OPL for up to 25 days.(E)
Representative high-resolution confocal images showinghmtoreceptor apoptosis
using TUNEL (green) in the retinas of RCS rats and RCS rats ated with PLX.
(F,G) Quanti cation of DAPI- and TUNEL-positive photoreceptor cé$ in the ONL

The Supplementary Material for this article can be foundat three time points did not reveal signi cant differences ithe number of surviving

online at: https://www.frontiersin.org/articles/10.388nmu.
2019.00912/full#supplementary-material

Supplementary Figure 1| The change of synapse in the OPL during retinal
degeneration in RCS rats(A) Schedule of synapse analysis in the OPL at the early
stage of retinal degeneration in RCS ratg(B,C) Confocal images of CtBP2-
(green) and mGIluR6-immunoreactive (red) puncta in the rets of control and
RCS rats at P15 and P20.(D,E) CtBP2 and mGIluR6 mRNA expression in the
retinas of control and RCS rats at P15, P20, P30, P40, and P50N D 3 rats per
group). (F,G) Immunostaining for CtBP2 (green), mGIuR®6 (red), and cone astin
(blue) in the retinas of control and RCS rats at P15 and P20 regctively. ONL,
outer nuclear layer; OPL, outer plexiform layer; IPL, innetgxiform layer; Scale
bar, 50 mm (B,C) or 5mm (F,G). Bars represent means; error bars represent SD.
p < 0.01, p < 0.0001 using two-way ANOVA(D,E).

Supplementary Figure 2| Microglia distribution and morphology in the retina of
control and RCS rats.(A) Representative panoramic images of retinal sections
stained with DAPI (blue) and IBA1 (red) from P15 and P20 RCS sa{B)
Representative panoramic images of retinal sections staéa with DAPI (blue) and
IBA1 (red) from P40 and P50 RCS rats(C) Representative confocal image
showing the morphology of microglia (red) in the ONL of RCS taat P30. (D)
Percentages of microglia displaying each score in the RCS QN (E) An
orthogonal view of a representative high-resolution confml image showed the
relationship between mGIuR6 (green), CD68 (red) and Ibal-pitive microglial cell
(blue).(F,G) Immunostaining for IBA1 (red) and CD-68 (green) in the retina$ P15
and P20 RCS rats. ONL, outer nuclear layer; OPL, outer plerifm layer; IPL, inner
plexiform layer; Scale bar, 1 mm(A,B), 50 nm (C,E,F). Bars represent means;
error bars represent SD.

Supplementary Figure 3| Effects of microglia elimination on the apoptosis and
survival of photoreceptors in the retinas of RCS ratgA) Schematic of microglial
elimination and time points examined in the RCS ratgB) Panoramic images of
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