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The Role of the Microglial Cx3cr1 Pathway in the Postnatal
Maturation of Retinal Photoreceptors

Andrew I. Jobling, Michelle Waugh, ©“Kirstan A. Vessey, Joanna A. Phipps, “Lidia Trogrlic, Una Greferath,
Samuel A. Mills, Zhi L. Tan, ®Michelle M. Ward, and Erica L. Fletcher

Department of Anatomy and Neuroscience, The University of Melbourne, Parkville 3010 Victoria, Australia

Microglia are the resident immune cells of the CNS, and their response to infection, injury and disease is well documented. More recently,
microglia have been shown to play a role in normal CNS development, with the fractalkine-Cx3cr1 signaling pathway of particular
importance. This work describes the interaction between the light-sensitive photoreceptors and microglia during eye opening, a time of
postnatal photoreceptor maturation. Genetic removal of Cx3cr1 (Cx3cr1 /%) led to an early retinal dysfunction soon after eye opening
[postnatal day 17 (P17)] and cone photoreceptor loss (P30 onward) in mice of either sex. This dysfunction occurred at a time when
fractalkine expression was predominantly outer retinal, when there was an increased microglial presence near the photoreceptor layer
and increased microglial- cone photoreceptor contacts. Photoreceptor maturation and outer segment elongation was coincident with
increased opsin photopigment expression in wild-type retina, while this was aberrant in the Cx3cr1“*”“** retina and outer segment
length was reduced. A beadchip array highlighted Cx3cr1 regulation of genes involved in the photoreceptor cilium, a key structure that is
important for outer segment elongation. This was confirmed with quantitative PCR with specific cilium-related genes, Rpgr and Rpgrip1,
downregulated at eye opening (P14). While the overall cilium structure was unaffected, expression of Rpgr, Rpgrip1, and centrin were
restricted to more proximal regions of the transitional zone. This study highlighted a novel role for microglia in postnatal neuronal
development within the retina, with loss of fractalkine-Cx3cr1 signaling leading to an altered distribution of cilium proteins, failure of
outer segment elongation and ultimately cone photoreceptor loss.
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Microglia are involved in CNS development and disease. This work highlights the role of microglia in postnatal development of the
light-detecting photoreceptor neurons within the mouse retina. Loss of the microglial Cx3crl signaling pathway resulted in
specific alterations in the cilium, a key structure in photoreceptor outer segment elongation. The distribution of key components
of the cilium transitional zone, Rpgr, Rpgrip1, and centrin, were altered in retinae lacking Cx3crl with reduced outer segment
length and cone photoreceptor death observed at later postnatal ages. This work identifies a novel role for microglia in the
postnatal maturation of retinal photoreceptors. j

ignificance Statement

arise from myeloid progenitor cells in the yolk sac and colonize
the brain and retina early during embryonic development (Santos et
al., 2008; Ginhoux et al., 2010). Once established, they survey the
local environment, extending and contracting their processes, con-
tacting neurons, blood vessels, and other glia. As modulators of

Introduction
Microglia are the resident immune cells of the CNS, forming part
of the innate immune system (Waisman et al., 2015). Microglia
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the immune environment, their response to injury and infection
has been well studied and is characterized by the presence of an
amoeboid phenotype and the production of inflammatory cytokines
and/or macrophage-like phagocytic activity (Colton, 2009; Ketten-
mann et al., 2011). Given the importance of inflammation in CNS
pathology, the role of microglia in neurodegeneration within
the brain, spinal cord, and retina has been extensively explored
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(Combadiere et al., 2007; Kigerl et al., 2009; Fuhrmann et al.,
2010).

More recently, the role of microglia in establishing tissue
architecture and maintaining homeostasis has received some at-
tention. During CNS development, neuronal number is tightly
regulated, with a subset of cells targeted for programmed cell death.
Microglia actively regulate key aspects of this process, in addition
to removing dead or dying cells (Frost and Schafer, 2016). Studies
performed in the brain, retina, and spinal cord have shown that
the depletion of microglia reduces the number of dead or dying
cells, thereby increasing neuronal cell number (Frade and Barde,
1998; Sedel et al., 2004; Hose et al., 2005; Cunningham et al.,
2013). While the exact mechanism remains to be fully elucidated,
microglial-derived factors such as nerve growth factor, insulin-
like growth factor, and interleukin-1b have been identified as key
trophic factors (Frade and Barde, 1998; Ueno et al., 2013;
Shigemoto-Mogami et al., 2014). In addition to modulating
neuronal fate, microglia are known to make transient,
activity-dependent contact with synapses, thereby regulating
neuronal circuitry (Wake et al., 2009; Tremblay et al., 2010).
Through this interaction, microglia eliminate immature, less
active synapses via the complement system (Schafer et al., 2012;
Bialas and Stevens, 2013). A recent study also suggests that adult
retinal synapses are dependent upon microglial involvement
(Wang et al., 2016). Because of this modulation, it is perhaps not
surprising that several reports suggest that microglia affect overall
brain function and behavior (Bilbo et al., 2005; Parkhurst et al.,
2013).

Microglial-neuronal interactions are regulated by several signal-
ing pathways, including fractalkine-Cx3crl. Fractalkine (Cx3cll)
can exist in transmembrane and soluble forms and is mostly ex-
pressed by neurons, while its sole receptor, Cx3crl, is predomi-
nantly found on microglia within the CNS. Work undertaken in
the retina has indicated that the dynamics of microglial processes
are modulated by fractalkine/Cx3crl signaling (Liang et al.,
2009), while microglial migration is impaired in the somatosen-
sory barrel cortex of Cx3cr1-deficient mice (Hoshiko et al., 2012;
Arnoux and Audinat, 2015). These data suggest that fractalkine/
Cx3crl signaling has a key role in regulating microglia—neuronal
interaction. This is supported by work showing that loss of
Cx3crl signaling leads to altered synapse formation in the brain
and retina, impaired trophic support, and impaired or delayed
synaptic pruning within the hippocampus and barrel cortex
(Paolicelli et al., 2011; Hoshiko et al., 2012; Ueno et al., 2013;
Wang et al., 2016).

In the present study, we explored the role of microglia in
postnatal maturation of the retina. Using the Cx3cr1“™“™ mouse,
we investigated the functional and structural effects of Cx3cr1 loss at
periods before, during, and after eye opening, which are key time
points in the maturation of the light-sensitive photoreceptors.
Our work shows that early after eye opening there is a defect in the
photoreceptor cilium, a structure that is critical to normal pro-
tein transport and maturation of the outer segment (OS). Loss of
Cx3crl results in reduced outer segment length, an inhibition of
the coordinated increase in photopigment (opsin) expression
and ultimately a reduction in cone photoreceptor number. These
Cx3crl-mediated effects occur at a time when fractalkine expres-
sion is predominantly outer retinal, and there is altered photore-
ceptor—microglial interaction. These data identify an additional
role for microglial Cx3cr1 signaling in the maturation of neurons
within the CNS.
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Materials and Methods

Animal models and antibodies. Cx3cr1°™/SFP transgenic mice on a
C57BL/6] background were used to study the effect of Cx3crl signaling
on postnatal photoreceptor development. This model is based upon the
line produced by Jung et al. (2000) in which the first 390 bp of the Cx3cr1
gene was replaced by the gene for enhanced green fluorescent protein
(EGFP). It was provided by Professor P. McMenamin (Monash Univer-
sity, Clayton, VIC, Australia) and backcrossed in our local animal facility
for at least 10 generations onto the C57BL/6] line obtained from a single
colony maintained at the Animal Resources Centre (Canning Vale, WA,
Australia). Sequencing showed the Cx3cr1“™/“Ff and wild-type (WT;
C57BL/6]) controls to be free from previously described murine retinal
degenerations (Table 1; Bachr and Frederick, 2009). For select experiments,
Cx3cr1®™™ heterozygote animals were generated from a Cx3cr1““F X WT
cross. Fractalkine expression was investigated using the BAC Cx3cl1"™
reporter mouse line (Kim et al., 2011; B6.Cg.Tg(Cx3cll/mCherry)1Jung/ J;
stock 025525, The Jackson Laboratory), hemizygous and WT (C57BL/6])
crosses were performed, and animals were genotyped as per supplied proto-
cols (https://www2.jax.org/protocolsdb/f?p=116:5:0:NO:5:P5_MASTER _
PROTOCOL_ID,P5_JRS_CODE:12797,025525). Cilium gene expression
was also examined in the Pro23His (line 2) model of retinal degeneration
(LaVail et al., 2018). All animal work was approved by the University of
Melbourne Animal Ethics Committee (approval number #1313032) and
adhered to the Association for Research in Vision and Ophthalmology
statement for the use of animals in ophthalmic and visual research. An-
imals of either sex were used for this study.

Antibodies to glutamine synthetase (1:1000; Merck Millipore) and
glial fibrillary acidic protein (GFAP; 1:20,000; DAKO) were used to im-
munolabel gliotic Miiller cells. Peanut agglutinin (PNA; Vector Labora-
tories; rhodamine conjugated, 1:250; fluorescein conjugated, 1:500) and
transducin (1:1000; Gaet2; Santa Cruz Biotechnology) were used to label
cone photoreceptors, while terminals were colabeled with an antibody to
C-terminal binding protein-2 (Ribeye; 1:1000; BD Biosciences). A rabbit
polyclonal antibody to mCherry was used to intensify labeling (1:200;
Abcam), while commercial antibodies to SDCCAGS (1:200; ProteinTech),
centrin (1:1000; 20H5, Merck Millipore), and acetylated c-tubulin (Sigma-
Aldrich; cryosections, 1:200, paraffin, 1:3000) were used to label photore-
ceptor cilium. Additional antibodies to the photoreceptor cilium were
donated by Associate Professor Paulo Ferreira from Duke University
Medical Center (Durham, NC; Rpgr no2, 5 ug/ml) and Dr. Tiansen Li
from the National Eye Institute [Bethesda, MD; retinitis pigmentosa
GTPase regulator (Rpgr) interacting protein 1 (Rpgrip1), 1:1000]. Hu-
man and wild-type mouse retinae were labeled with the monocyte
marker ionized calcium-binding adapter molecule 1 (Ibal; 1:1500; Wako
Pure Chemical Industries), PNA, and calbindin (1:2000; Swant). Fluo-
rescently conjugated anti-rabbit and anti-mouse secondary antibodies
were used (1:500; Alexa Fluor 488 and 594 nm; Invitrogen), and cell
nuclei were counterstained with DAPI (Life Technologies) or bisbenzim-
ide (Sigma-Aldrich).

Histology and immunohistochemistry. Cx3cr1“"™“F and C57BL/6] (wild-
type) animals were terminally anesthetized (ketamine/xylazine 67:13 mg/kg
followed by pentabarbitone phosphate 120 mg/kg), their eyes enucleated,
and the anterior segment removed. For retinal histology, posterior eye-
cups were processed into paraffin or resin as previously reported (Vessey
et al., 2014). For immunohistochemistry, eyecups and retinal wholem-
ounts were fixed in 4% paraformaldehyde (in 0.1 M phosphate buffer, pH
7.4) for 30 min and processed as previously reported (Vessey et al., 2012;
Jobling et al., 2015). For photoreceptor cilium staining, retinal samples
were used unfixed, snap frozen in Tissue-Tek O.C.T. compound (Sakura
Finetek USA), and then processed as described above. All retinal sections
and wholemounts were imaged using a confocal microscope (Meta, Pas-
cal LSM-5 and LSM800, Zen Software, Zeiss) with either a 40X or 60X
objective. For rendering of the photoreceptor outer segments and cone—
microglial interactions, z-stack images were obtained at 1.2 wm incre-
ments. Miiller cell gliosis was quantified in the S1 sublaminar of the inner
plexiform layer, and retinal sections were equally divided into three sec-
tions to quantify central and peripheral retinal regions (Ly et al., 2011).
For fractalkine expression, fluorescent intensity was calculated for each
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Table 1. Genotyping (x3cr1¥/F for known retinal degenerations
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Retinal degeneration Gene  Mutation Forward primer Reverse primer Sequence Reference
rd1 Pde6b  ¢.1041C>A; atgtcctacageecctctccaa  wt acctgeatgtgaacccagt C57BL/6.,.tcg(caaggacagaa... Pittler and Baehr (1991) Proc Natl Acad Sci
468 + 1.5kb att USA88:8322
ins(Xmv28, 8.5 kb) rd1 aagctagctgcagtaacg  (x3crl ...tcgccaaggacagaa. . .
ccat
rd2 Proh2  c.687-688ins (9.2kb)  ggccctgtatccagtaccag  geatgggcaacataatgaga  (57BL/6 ...ccaac!actcggcgc... Travis et al. (1989) Nature 338:70
(x3crl .. .ccaacaacteggegc. . .
rd3 Rd3 ¢319C>T (aagagcaaggttgggagtt ctcaagctecactgacgtgt  (57BL/6 ...ggctgaafigagagec. ... Friedman etal. (2006) Am J Hum Genet
(x3arl .. .ggctgaafigagagec. ... 79:1059
rd5 Tub 1383 +1G6>T (aagaacacggagagcatca gagtgcacacagtgggtag  (57BL/6 ...aatgacCctgactac...  Noben-Trauth etal. (1996) Nature 380:534
(x3crl .. .aatgaccctgactac. ...
rd6 Mfip 445 4 1_445 + 4del cactaccaccecageaaggac  cttctecagagagtgecctty  C57BL/6 .. .agaccafi[@Rgteec. .. Kameya et al. (2002) Hum Mol Genet 11:1879
(x3carl ... .agaccd] tecc. ..
rd7 Nr2e3  ¢.515_550 + 64del gtagctctectgetetggaag  caggttggaaaacacagge (57BL/6.‘.atcac$gaaact... Haider et al. (2000) Hum Mol Genet 10:1619
aag
(x3crl .. .atcaccgecgaaact. ..
rd8 (b1 c3481delC tactggetgtitgecatcaa  tgagcttcaggaacacaggt  (57BL/6 .. .ttcttatfiggtgtge...  Mehalow etal. (2003) Hum Mol Genet 12:2179
O3ar .. ticttatfggtgtgc. ..
rd10 Pde6b  c.1688C>T ggccagtgagaacaaggaac tgattcatctageccatcca  (57BL/6 . ..aactggfigecacgge...  Chang etal. (2007) Vision Res 47:624
Ox3ar ... aactggfigeeacggc. ..
rd12 Rpe65  c.130C>T ttgctgcaggaggattc gaaaggctcagatccaacttc  (57BL/6 ...ctdigat. .. Pang et al. (2005) Mol Vis 11:152
O3arl ... cdigat. ..
rd16 (ep290 A4815+7_5712-1del  wttgtgaagtgaacccatga ccctccaatatcaggaaatga  Sequence from intron 39 Chang et al. (2006) Hum Mol Genet 15:1847
atag
rd16 ccaccecatcttcatgtg (57BL/6 .. .tcttagactaagt. ...
(x3crl ... .tcttagactaagtg. . .
nob1 Nyx €.566_649del or ggccttcgacaatctettce  ccageaggttgtegttgag  (57BL/6 ...gc!(;ca gaggeeg... Greggetal. (2003) Invest Ophthalmol Vis Sci
€.570_653del 44:378
(x3ar1 ....geegaategaggecg. . .
nob2 Cacnalf ¢.96-97ins(Etn) or tgtectatgetgteccttcc  gtttgttgtgctgggtectt  C(57BL/6 ... gtc gggcgc?ccaa... Chang et al. (2006) Vis Neurosci 23:11
¢.90-917ins(Etn)
(x3crl ... . gtectgggectccaa. . .
nob3 Grm6 486 —487ins(65) gctagctecgtgtccatcat  acgtaattccatcccagtge  (57BL/6 .. .tgtttgegataccec...  Maddox et al. (2008) J Physiol 586:4409
(x3cr1 ... .tgtttgegatacecc. . .
nob4 Grmé  ¢553T>C ctgtttgcgataccccagat — acgtaattecatcecagtge  (57BL/6 .. .acttcttdiccegag...  Pinto etal. (2007) Vis Neurosci 24:111
O3ar ... acttettdiccegag. ..
of3 Gnat2  ¢598G>A (atcgagaccaagitttcty  accatgtegtaggeactgag  (57BL/6 . ..ggatgttifatgtgg...  Chang etal. (2006) Invest Ophthalmol Vis Sci
(x3ar ... ggatgttiatgtgg. ... 47:5017
Gnat2«154=9 Gnat2  ¢518A>G accgatgceaccttcttttt  tgctgtgagacctgagatgc  C57BL/6 . ..cgagcaggfegtgct. .. Jobling et al. Invest Ophthalmol Vis Sci
O3ar ....cgageagggegtyct. .. 54:3350
Mfyp!74a€lc Mfrp ¢174delG aageeaagtgtecteecta  gectgeaactetggaggetag  C57BL/6 ... tecggggfctacage. .. Fogerty and Besharse (2011) Invest Ophthalmol
cageceagegectec gtatagagg O3art .. .teeggggfictacage. .. Vis Sci 52:7256

The Cx3cr197/6" strain was genotyped for current known mouse retinal degenerations. The exact gene mutation for each of the retinal degenerations is highlighted as per the stated reference, and the respective primer sequences used are

included. The sequencing result for a select region encompassing each specific mutation is shown for the WT (C57Bl6) and C3cr1/" strains.

retinal layer and then expressed as a proportion of total retinal fluores-
cence. Quantification of immunofluorescent labeling was performed on
at least three representative sections from one individual sample, with at
least three independent samples quantified, and all imaging parameters
were held constant for each outcome measure. Microglial cell and pro-
cess number were quantified in the outer retina, which incorporated the
outer plexiform and outer nuclear layers (ONLs), in addition to the
subretinal space. Cx3cr1“"™“" and wild-type microglia were imaged
using EGFP and Ibal, respectively. Validation experiments showed ab-
solute colocalization between the two microglial markers (see Fig. 3B,
inset). For quantification of cilium immunolabeling length, images were
thresholded to exclude labeled areas <0.04 and >0.70 um?. This en-
sured that only single fully resolved cilia were included in the analysis.
Images were analyzed using MetaMorph Imaging Software (Molecular
Devices) or Image] (NIH), while 3D renderings were produced via Imaris
Image Software (Biplane).

Retinal function. Retinal function was assessed using the electroreti-
nogram (ERG) as previously described. Animals at ages postnatal day

17 (P17), P30, P90, and P270 (n > 7 for each group) were dark adapted
overnight, anesthetized (ketamine/xylazine, 67:13 mg/kg), received ad-
ditional corneal anesthetic (0.5%; Alcaine, Alcon Laboratories), and had
their pupils dilated (atropine 0.5%; Mydriacyl, Alcon Laboratories). Re-
cordings were made using custom AgCl recording/reference electrodes
after a full field flash of 2.1 log cd/s/m * (SB-900 Speedlight Flash, Nikon).
Two flashes were delivered with a 0.8 s interstimulus interval to elicit
responses from the rod and cone pathways (mixed) and the cone path-
way alone (Scope version 3.6.9, ADInstruments). Data were filtered
for 60 Hz noise, amplified, and digitized at 10 kHz over a 200 ms epoch
(gain X 5000; —3 dBat 1 Hzand 1 kHz; ADInstruments). The cone response
was digitally subtracted from the mixed response to generate the rod re-
sponse.(Lyubarsky et al., 1996; Lyubarsky and Pugh, 1996), and ERG
component analysis was completed as previously described (Weymouth
and Vingrys, 2008; Jobling et al., 2013). Rod photoreceptor responses
(rod a-wave) were analyzed using a modified PIII model, while the cone
postreceptoral (cone b-wave) response was analyzed as a result of the
small number of cone photoreceptors in the mouse.
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Table 2. Gene-specific oligonucleotide primer sequences
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Gene Sequence Forward primer Reverse primer Product size (bp)
Opnimw NM_008106.2 GCCCAGACGTGTTCAGCG GACCATCACCACCACCAT 212
Opnisw NM_007538.3 CAGCCTTCATGGGATTTG GTGCATGCTTGGAGTTGA 339
Rho NM_145383.1 AGCAGCAGGAGTCAGCCACC (CGAAGTTGGAGCCCTGGTG 145
Rpgr NM_001177950.1 (TGTGGAAGGAACCACACCT TTCAGAATTGTCACCCCACA 229
Rogrip1 NM_023879.3 GGAGCATCCCTCACATCCTA TCATCGCTGTCGGTAGTCTG 102
Kif3b NM_008444.4 TCTGTGAAGAACCCCAAAGG TTCCCAGTTCCTGTTTGTCC 182
Ift140 NM_134126.3 TTGAAAAGGCTGTGGAGCTT (TTGGTGGCCAGGTGATAGT 215
Hprt NM_013556.2 (CTAAGATGAGCGCAAGTTGAA (CACAGGACTAGAACACCTGCTAA 86
Gapdh NM_008084.2 TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG 150

Mouse-specific primers were designed relative to the respective published sequences. Primer sequences are shown 5" to 3", and the product sizes are included. For the external standards, the primers contained a T7 promoter sequence at

the 5" end of the forward primers, while a poly T, ; sequence was included at the 5" end of the reverse primers.

Array and gene expression. Retinae from P14 C57BL/6] (wild-type) and
Cx3cr1CFP/CFP animals were isolated and snap frozen, and total RNA
were isolated using silica spin column technology (Qiagen). Total RNA
from three retinae were pooled, and an expression beadchip array (mouse
WG-6 version 2.0, [llumina) was performed on three independent sam-
ples per group (Australian Genome Research Facility, Melbourne, VIC,
Australia). The dataset was uploaded and analyzed using the Stemfor-
matics portal (https://www.stemformatics.org; Wells et al., 2013). Based
on our data showing cone outer segment alteration, we performed hier-
archical clustering on cilium genes taken from the European project
SysCilia site (http://www.syscilia.org/goldstandard.shtml). To validate
select cilium-related genes (Rpgr, Rpgripl, Ift140, Kif3b), quantitative
gene expression analysis was performed as described previously (Jobling
etal,, 2013, 2015). Briefly, total RNA was isolated from dissected retinae,
as described above; reverse transcribed (Tetro, Bioline); and amplified (Sen-
sifast SYBR, Bioline) using the Rotor-Gene 3000 (Qiagen). Gene expression
was quantified relative to gene-specific standards and two housekeeping
genes (Hprtand Gapdh) and was expressed as a copy of gene of interest/copy
housekeeper. The gene-specific primers are listed in Table 2.

Experimental design and statistical analysis. All quantitative analysis
was performed on age-matched C57BL/6] (wild-type) and Cx3cr1“F7/GFP
animals. For immunohistochemical analysis, at least three sections were
imaged per sample and data were derived from atleast n > 3 independent
experiments (see individual figure legends for exact numbers). For gene
expression analysis, n = 9 animals per genotype were used. All data were
analyzed using a two-way ANOVA with Tukey’s or Bonferroni’s post hoc
analysis (Prism, GraphPad Software), with variables being age and genotype
or retinal eccentricity and genotype. Sex differences were assessed for each
outcome measure, with no significant change observed (p > 0.05).

Results
Loss of Cx3cr1 signaling produces early retinal change
Within the retina, previous studies have identified a role for the
Cx3crl signaling pathway in age-related macular degeneration
(AMD; Tuo et al., 2004; Chen et al., 2007; Raoul et al., 2010), with
the Cx3cr1®™“™ mouse model exhibiting fundus lesions and
retinal degeneration at 18 months of age (Combadiere et al., 2007;
Raoul et al., 2008). To validate the Cx3cr1®“fF model in our
hands, we sought to confirm this late-stage pathology. Fundus
images taken from 3-month-old Cx3cr1°"*/“™* animals appeared
normal (Fig. 1A), while those from 16-month-old Cx3cr1 ™"
animals showed numerous white/yellow lesions (Fig. 1B). This
age-dependent fundus pathology was reflected in the retinal his-
tology, with normal structure observed in a 3-month-old
Cx3cr1 /TP retina (Fig. 1C), while cell loss was evident in the
ONL of a 16-month-old retina (Fig. 1D). The Cx3cr1®"™/c"*
mouse was also found to be free from known murine retinal
degenerations (Table 1; Baehr and Frederick, 2009). These data
show similar retinal pathology in aged mice compare with that
previously reported (Combadiere et al., 2007; Raoul et al., 2008).
While gross retinal structure was normal in 3-month-old
Cx3cr1°F”/“** there was evidence of early retinal change. Unlike

the wild-type retina in which expression of the intermediate filament
protein GFAP (red) was limited to astrocytes in the ganglion cell
layer (GCL; Fig. 1E), 3-month-old Cx3cr1“T/CFP retinae showed
extensive GFAP expression in the Miiller cell processes (Fig. 1E,
glutamine synthetase, green), particularly within the inner plex-
iform layer (IPL; Fig. 1F). In fact, when quantified (Fig. 1G), the
Cx3cr1"™/S retina showed increased Miiller cell gliosis from around
the eye opening (at P14; C57BL/6], 0.5 * 0.2%; Cx3cr1™¢™ 3.6 +
0.8%), becoming significant from 1 month of age (3.3 * 1.6% vs
45.6 = 10%, p = 0.0002). As Miiller cell gliosis is used as a marker
for retinal stress, such data suggest that loss of Cx3crl signaling
produces early (=P30) retinal change, well before the development
of the late-stage retinal degeneration.

Loss of Cx3crl signaling produces early cone photoreceptor
dysfunction and loss

To explore this early change, retinal function was probed using
the ERG at ages ranging from soon after eye opening (P17) to 9
months of age (P270). Representative waveforms for the rod
photoreceptor pathway (Fig. 2A) were modeled, with the rod
photoreceptor response amplitude (a-wave) in wild-type animals
increasing from P17 to P30, after which time there was an age-
dependent decrease in response (Fig. 2B). This initial increase
in ERG response has been linked to postnatal maturation (outer
segment elongation) of the photoreceptor (Gibson et al., 2013),
while the age-related decrease in ERG response has also been
reported previously (Li et al., 2001). The Cx3cr1"™“" response
was similar to that of the age-matched controls, and there was no
effect of the loss of Cx3cr1 signaling on rod photoreceptor function
until 9 months of age (P270), when there was a 22% decrease in
amplitude (Fig. 2B; C57BL/6), 347 + 17 wV; Cx3cr1 /<1 272 +
11 wV; p = 0.014). This functional decrease likely reflects the late
onset of retinal degeneration observed in Figure 1 and described in
previous reports (Combadiere et al., 2007; Raoul et al., 2008).

In contrast, the cone pathway response was altered from an
early stage in the Cx3cr1“"*/“** retina (Fig. 2C). Cone-related
function in the Cx3cr1“"/“*F retina was reduced from P17 com-
pared with the age-matched controls (Fig. 2D; C57BL/6], 153 =
13 wV; Cx3cr1®™CFP 88 + 8 wV; p = 0.014) and showed no
increase in response coincident with photoreceptor maturation.
This functional deficit remained at P30 (C57BL/6], 236 £ 29 uV;
Cx3crl SFP/SEP 129 + 14 wV; p < 0.0001) and P90 (C57BL/6],
181 + 14 pV; Cx3crl SP/STF 73 + 10 wV; p < 0.0001), while
there was no significant difference between genotypes at P270, likely
due to the age-related reduction in amplitude in the control animals
at this later time point (C57BL/6J, 101 *+ 7 uwV; Cx3cr1 /< g0 +
4 uV; p = 0.46).

Retinal sections were labeled with the cone markers cone
transducin and PNA to explore whether this early functional def-
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icit was a result of cone photoreceptor
loss. As can be observed in Figure 2E,
3-month-old wild-type retinae show
cone-specific immunostaining in the OSs
(a-transducin in green and PNA in red)
and outer plexiform layer (OPL; PNA in
red). Cx3cr1®FCfF retinae showed re-
duced labeling (Fig. 2F), and when this
was quantified, reduced cone photorecep-
tor numbers were evident in the periph-
eral retina from P30 onward compared
with the wild-type control (Fig. 2G; C57BL/
6], 155 *+ 1 cones/mm retina; Cx3cr1 /T,
111 *£ 6 cones/mm retina; p = 0.025),
while the central retina only became in-
volved from P90 (Fig. 2H; C57BL/6],
136 * 4 cones/mm retina; Cx3cr] TGP,
99 £ 6 cones/mm retina; p < 0.0002),
with the P270 data showing a trend for
decreased cone number (C57BL/6],
140 * 8 cones/mm retina; Cx3cr1 %"/
117 = 3 cones/mm retina; p = 0.08). Sim-
ilar differences were observed when
Cx3crI1“FCTP retinae were compared
with those isolated from the heterozygous
line (peripheral retinae:  Cx3cr1“*’*,
139 * 4 cones/mm retina; central retinae:
Cx3crl®FP* ) 125 *+ 4 cones/mm retina).
To determine whether the loss of micro-
glial Cx3crl also resulted in rod photore-
ceptor loss, ONL thickness was quantified
since this layer is mostly composed of rod
photoreceptor nuclei in the mouse. Nei-
ther central nor peripheral ONL thickness
was altered in the Cx3cr1“""* retina (Fig.
2G, insert, H, insert, P30; two-way
ANOVA, genotype, p = 0.998 and 0.929).
These data suggest that loss of Cx3cr1 receptor
signaling in the murine retina results in re-
duced cone pathway function soon after eye
opening and the abolition of the increased
functional response during photoreceptor
maturation. This dysfunction precedes cone 14
photoreceptor loss.
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Loss of Cx3cr1 signaling alters
microglia-photoreceptor interactions
during postnatal maturation
Asmicroglia are the predominant cell type
that express Cx3crl within the healthy
retina, we sought to determine whether
loss of signaling through this receptor and
associated cone photoreceptor dysfunc-
tion/loss was correlated with altered reti-
nal microglia. Wild-type retinae showed characteristic microglial
tiling, with cell bodies generally populating the IPL and OPL,
while their processes extended into the ganglion cell inner nu-
clear and outer nuclear layers (Fig. 3A). The Cx3cr1“™ ™ retina
exhibited a similar expression profile with microglial somata
commonly found in the plexiform layers. However, microglial
processes were often observed to extend deep into the outer nu-
clear layer where the photoreceptors reside (Fig. 3B, ONL). To
validate the quantification of microglial number/morphology

Inner nuclear layer.
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Figure1.  G3cr7“™/7 animals show early pathology before late-stage retinal degeneration. /n vivo fundusimaging and retinal
histology were used to validate late-stage retinal degeneration in Cx3cr7*”"” animals. 4, B, Micron Il fundus images from
3-month-old (A) and 16-month-old (B) animals show white/yellow lesions are only found in older animals. , D, Vertical sections
of 3-month-old (€) and 16-month-old (D) retinae were stained with toluidine blue, with the ONL in the 16-month-old retina
showing a reduced cell number, indicative of retinal degeneration. E, F, Age-matched WT (C57BL/6J) and 3-month-old Cx3cr7¢¢
retinae were immunolabeled with glutamine synthetase (green; E) and GFAP (red; F) to assess Miiller cell gliosis. G, Gliosis was
quantified in WT and (x3cr 7" retinae at various ages from P14 to P270, with increased gliosis evident from P30. Data are
presented asthe mean == SEM; n > 3.%**p < 0.001, ****p << 0.0001, two-way ANOVA. Scale bars: E, F, 20 m; €, D, 50 em. INL,

in the wild-type and Cx3cr1“"™/“** retinae, EGFP-expressing mi-
croglia were colabeled with Iba-1 and showed 100% colocaliza-
tion (Fig. 3C, inset). When quantified, there was an increase in
microglia numbers in the ONL of Cx3crI“"“"" animals from
P14 (Fig. 3C; C57BL/6J, 1.9 * 0.15 microglia/mm retina;
Cx3cr1CP/CP 4.2 +0.22 microglia/mm retina; p < 0.0001) and
a trend for increased microglial process number from P14 (C57BL/
6], 0.05 = 0.04 microglial processes/mm retina; Cx3cr1 /¥, 0.4 +
0.08 microglial processes/mm retina; p = 0.06), becoming signif-
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Loss of microglial (x3cr1 signaling causes a cone photoreceptor loss. The electroretinogram was used to assess the effect of (x3cr1 loss on retinal function. A-D, A twin flash protocol

was used to isolate rod (4) and cone (€) waveforms, which were modeled to gain the photoreceptor amplitude across age (B and D, respectively). Rod photoreceptor function (a-wave) in

Cx3cr1°F/5F animals was similar to wild-type counterparts until 9 months of age when a decrease in amplitude became evident (B). Cone-related function was decreased in Cx3cr

76FP/6FP animals

from soon after eye opening (P17; D). E-H, Cone photoreceptor number (Eand F; cone transducin, green; PNA, red) was quantified in wild-type, (x3cr 1™/ and Cx3cr1°™/* retinae and showed
reduced cone number from P30 in the periphery (G), while central retina (H) was affected at P90. Outer nuclear layer thickness was also quantified as an indirect measure of rod photoreceptor
numberand showed no alteration in either the peripheral or central retina (G, H, inset). Data are presented as the mean == SEM;n > 4 (G, H),n > 6 (B, D,1).*p < 0.05,****p < 0.0001, two-way

ANOVA. Scale bar, 20 em. INL, Inner nuclear layer.

icant at P90 (Fig. 3D; C57BL/6], 0.43 £ 0.14 microglial process-
es/mm retina; Cx3cr1“F7C 1.3 + 0.31 microglial processes/mm
retina; p < 0.0001). When expressed relative to control, the in-
creased microglial numbers in the Cx3cr1“"”“** were indepen-
dent of age (P14, 222 * 12%; P90, 181 * 15%; and P270, 181 =
12%; p < 0.0001); however, the presence of microglial processes
in the outer retina was increased at P14 compared with P90 (P14,
787 = 146%; P90, 286 = 33%; p = 0.0013), while levels further
increased at P270 (956 * 130%), which is likely due to the begin-
ning of retinal degeneration (Fig. 2B).

To determine whether these microglia exhibited an activated
(inflammatory) phenotype, microglial morphology was as-
sessed at the level of the photoreceptor terminals (Fig. 3E,
inset). When quantified, their soma size (Fig. 3F; C57BL/6],
1.0 *+ 0.04; Cx3cr1“™/SF 1,05 + 0.04; p = 0.79) and process
number (Fig. 3F; C57BL/6]J, 1.0 = 0.07; Cx3cr1“™<* 0,91 +
0.04; p = 0.42) remained unchanged relative to the wild-type
retina, while process length increased in the Cx3crl GFP/GEP retina
(Fig. 3F; C57BL/6J, 1.0 + 0.05; Cx3cr1®™/¢* 1,28 + 0.04; p =
0.0002). These characteristics are unlike those described for acti-
vated microglia, which typically exhibit increased soma size, and
reduced process number and length.

While Cx3crl is expressed on microglia within the retina, its
ligand fractalkine is generally expressed in inner retinal neurons
(Silverman et al., 2003; Zhang et al., 2012; Zieger et al., 2014), well
away from the photoreceptor layer. However, studies investigat-
ing fractalkine expression in the retina have been performed in
the adult eye, and there is no information on early postnatal
expression, particularly during photoreceptor maturation (P14
to P30) when the Cx3cr1“"“"* cone-related change is evident.
Using the Cx3cll/mCherry reporter mouse, fractalkine expres-
sion was predominantly found in the outer plexiform layer at
developmental times before and including eye opening (=P14;
Fig. 4A). Interestingly, at defined periods pre-eye opening, spe-

cifically at P8 to P10, fractalkine expression was also evident at the
tips of the developing photoreceptor outer segments (Fig. 4A,
inset). To determine whether microglia made contact with the
tips of the developing outer segments at P8 to P10, Cx3cr1°™*
retinae were labeled with the cone marker (Fig. 4B and inset PNA,
red). Microglial processes were observed to extend through the
outer nuclear layer to the developing cone outer segments (Fig.
4B, inset). By contrast to the early postnatal retina, fractalkine
expression in the adult retina (=P30) was limited to cell bodies
and processes within the ganglion cell and inner nuclear layers
(Fig. 4C), as previously reported (Silverman et al., 2003; Zhang et
al., 2012; Zieger et al., 2014). When fractalkine expression was
mapped across the retina as a function of age (P8 to P90), outer
retinal expression predominated before P21, while from P30 onward
expression was mainly limited to the inner retina (Fig. 4D, central
retina; Fig. 4E, peripheral retina). While fractalkine expression pro-
file was spatially regulated within the retina during postnatal devel-
opment, Cx3cll gene expression was not altered in Cx3cr1“™<F"
retinae compared with their wild-type counterparts (Fig. 4F).
Microglia are known to sample neuronal synapses, and data
from human retinae (Fig. 4G) and murine retinae (Fig. 4H, inset,
rendered view of a retinal microglia [Cx3cr1“"*/“™*, green] inter-
acting with cone photoreceptor terminals [PNA labeled, red])
show that microglia make direct contact with cone photorecep-
tors. Thus, given that fractalkine expression is predominantly
outer retinal during photoreceptor maturation and that there is
an increased microglial presence within the Cx3cr1“**/“** outer
retina, we sought to determine whether loss of Cx3crl altered
photoreceptor—microglial interaction. At P21, a time character-
ized by a cone functional loss (see Fig. 2D), microglial-cone in-
teractions were increased in the central (Fig. 4H; C57BL/6], 43 =
2.5%; Cx3cr1“*/CT 56 + 1.8%; p < 0.0001) and peripheral (Fig.
4H; C57BL/6], 49 = 1.4%; Cx3cr1“F/FF 59 + 1.6%; p = 0.001)
Cx3cr1 """ retinae. This increased association did not correlate
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(B; EGFP) retinae, and cell bodies were restricted to the outer and inner plexiform layers in both genotypes. C, Inset, To validate morphological assessment, all GFP-expressing microglia were
observed to colabel with Iba1. €, D, When quantified, an increased number of microglia and their processes were observed in the outer nuclear layer of C(x3cr1°™/%* retinae. E, F, Microglial
morphology was assessed in Image) at the level of the photoreceptor terminals (E, inset), and there was no reduction in soma size or process number, while increased process length was observed
inthe Cx3cr 1% retina (F). Data are presented as the mean =+ SEM; n = 5 (C, D). ***p << 0.001, ****p << 0.0001, two-way ANOVA. Scale bar, 20 wm. INL, Inner nuclear layer.

with gross changes in cone terminal structure (data not shown) and
was significantly less than the near doubling of microglia in the
outer retina, suggesting that they are interacting with other struc-
tures. Overall, these data show that fractalkine expression is
predominantly expressed in the outer retina (including the plex-
iform layer and outer segment) during photoreceptor matura-
tion and that interrupting Cx3crl signaling produces altered

photoreceptor—microglia interactions at a time when cone pho-
toreceptor dysfunction becomes evident.

Photoreceptor maturation and cilium structure is abnormal
due to a loss of Cx3cr1 signaling

Postnatal maturation of the retinal photoreceptor is character-
ized by elongation of the outer segment, increased photopigment
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**p <0.01, ****p < 0.0001, two-way ANOVA. Scale bars, 20 m. INL, Inner nuclear layer.

(opsin) expression and enhanced functional output (Timmers et
al., 1999; Gibson et al., 2013). To determine whether the micro-
glial Cx3crl pathway may have a role in coordinating this process,
the expressions of middle- and short-wavelength opsin (Opnl_mw,
Opnl_sw) and rhodopsin (Rho) were quantified. The expression of
middle-wavelength opsin (Fig. 5A) showed an age-related decline
in expression with no difference observed between wild-type and
Cx3cr1“F*/CTP retinae. Similar to previously published data (Tim-
mers et al., 1999), short-wavelength opsin (Fig. 5B) and rhodop-
sin (Fig. 5C) showed an increase in gene expression from P14 to

P30 in wild-type retinae, reflecting the increase in outer segment
length that occurs during that time. While there was no difference
between the two genotypes at P14, Cx3cr1“™/“'" retinae did not
show increased Opnl_sw or Rho expression at P30, with expres-
sion remaining at P14 levels. Imaging the cone outer segments at
P21 (PNA immunolabeling and 3D rendering) in wild-type (Fig.
5D) and Cx3cr1®F/CP retinae (Fig. 5E) showed evidence of short-
ened outer segments in the Cx3cr1“"*/“** retina (Fig. 5E, highlighted
yellow outer segments) and when retinal histology was used to quan-
tify photoreceptor outer segment length at P21, photoreceptors
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Microglial Cx3cr1 signaling is required for photoreceptor outer segment elongation. Photoreceptor outer segment elongation was characterized in wild-type and Cx3cr

16FP/6FP retinae.

Outer segment elongation was indirectly assessed by quantifying opsin gene expression from P14 to P90. A-C, While there was no alteration in middle-wavelength opsin expression (4, Opn1_mw),
short-wavelength opsin (B, Opn_sw), and thodopsin (C, Rho), gene expression was reduced in the Cx3cr7/ retina at P30, indicative of reduced outer segment elongation. D, E, Outer segments

of cone photoreceptors were imaged (D, wild-type; E, Cr3cr1°/%; PNA, green), shorter outer segment length was evident in the (x3cr

16PP/6FP retina (highlighted in yellow) and when photore-

ceptor outer segment length was quantified in P21 retina, the Cx3cr 7%/ retina showed shorter outer segments both in the central and peripheral retina. Data are presented as the mean = SEM;
n=9(A-0,n>5(F).*p <0.05**p < 0.01,***p < 0.001, ****p < 0.0001, two-way ANOVA.

from the Cx3cr1“"”“"" retina consistently showed shorter outer seg-
ments, both centrally and peripherally (Fig. 5F; central C57BL/6],
59 * 1.4 um; Cx3cr1“™S* 51 + 2.0 um; p = 0.004; peripheral
C57BL/6], 53 *+ 2.8 um; Cx3crI“™/9™ 41 + 1.4 pum; p = 0.03).
Thus, the Cx3cr1 ™" retina exhibits similar opsin expression to the
wild-type retinae at P14 (an indirect measure of outer segment
length), yet fails to show the increase coincident with outer seg-
ment elongation and exhibits shorter outer segments at P21.

A mouse expression beadchip array (>45,200 transcripts) was
performed on P14 wild-type and Cx3cr1“™/“** retinae to assess
the gene expression changes at this period of photoreceptor
maturation, before neuronal loss and outer segment change. Dif-
ferential gene expression analysis showed 4857 transcripts to be
significantly altered in the Cx3crI®™“'™ retinae, representing
4451 genes (difference due to multiple transcripts per gene). Bioinfor-
matic analysis indicated that these genes cover several biological
processes (Fig. 64, GO enrichment), including eye development
and sensory organ development (enrichment scores of 26 and 24,
respectively). A table of the top 100 regulated genes obtained
from the array is included as extended data and shows the genes
representing crystallin heat shock proteins (cryg, crya) to be
highly regulated, indicating retinal stress (Table 3).

Based on the previous data indicating photoreceptor outer
segment change and the fact that photoreceptor outer segment
elongation is dependent upon a modified primary cilium that
connects the inner and outer segments, providing for the move-
ment of proteins (Fig. 6B; Steinberg et al., 1980; Besharse et al.,
1985), cilium gene change was assessed (Fig. 6C; 272 genes col-
lated in http://www.syscilia.org/goldstandard.shtml). Hierarchi-

cal clustering of Cx3cr1°™“™ samples showed specific positive
(Fig. 6C, red in heatmap) and negative (Fig. 6C, blue in heatmap)
regulation of several cilium genes. While transcripts within the
one gene showed similar regulation, on occasion alternate regula-
tion was observed (Ulk4). To validate these cilium gene changes,
quantitative PCR was used to quantify the expression of several
key cilium genes involved in cilium structure/protein packaging
(Rpgr, Rpgripl) and protein transportation (Kif3b, Ift140) from
P14 onward. As observed in Figure 6, D and E, Rpgr and Rpgrip1
expression in the wild-type retinae showed an age-dependent
decrease in expression from P14, while levels in the Cx3cr1 “*/¢FF
retinae were significantly lower at P14 and unaffected at P30 and
P90 (P14: Rpgr, 0.63 = 0.02 and 0.39 * 0.03 copies/copy Hprt,
p < 0.0001; Rpgripl, 0.63 = 0.02 0.39 = 0.03 copies/copy Hprt,
p = 0.001). While the transportation genes, including Ift140,
showed a similar age-dependent decrease in expression from P14,
there were no differences in expression between wild-type and
Cx3cr1“F/STP retinae at any age (Fig. 6F,G). To determine
whether this cilium gene dysregulation was indicative of a general
response to retinal degeneration, the same genes were quantified
at P14 and P18 in the Pro23His model of retinal degeneration
(Fig. 7). No change in Rpgr, Rpgrip1, Ift140, or Kif3b expression
was observed either before or after photoreceptor loss, indicating
the changes described here for Cx3cr1“"/“"" are not common to
other models of retinal degeneration.

The above gene expression data suggest select alterations within
the cilium rather than extensive dysregulation. To confirm this and
to determine the specific Cx3crl-mediated effects, the profile of
protein expression within the photoreceptor cilium was explored.
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Figure 6.

Loss of Cx3cr1 signaling alters the expression of cilium genes during photoreceptor maturation. A, Bead-chip array was performed on P14 retinal tissues from wild-type and

(x3cr1°™/5" yetinae, and GO enrichment analysis showed the differentially expressed genes to represent ocular development processes (respective enrichment scores highlighted). B, The
photoreceptor contains a modified cilium that i responsible for the transportation of proteins to the outer segment. Associated with this structure are a number of key cilium-related proteins (Rpgr
and Rpgrip1). C, Analysis of cilium-related genes (http://www.syscilia.org/goldstandard.shtml) showed dysregulation of a number of genes. Quantitative PCR was used to further explore several of
the key photoreceptor cilium genes (Rpgr, Rpgrip1, Kif3b, Ift140) during photoreceptor maturation (P14 to P30) and in the adult retina (P90). D-G, All genes exhibited an age-dependent decrease,
particularly during outer segment elongation (P14 to P30, D—G). Loss of (x3cr1 signaling altered the expression of select genes, with only Rpgr and Rpgrip7 gene expression decreased at P14
(D, E, respectively). Data are presented as the mean == SEM; n = 9. **p < 0.01, ****p << 0.0001, two-way ANOVA.

The cilium structure was investigated using acetylated a-tubulin, a
biomarker for the axoneme (Fig. 8 A, B; Arikawa and Williams,
1993). When the length of the immunolabeling was quantified at
P14 and P21, no alteration was observed between wild-type and
Cx3cr1“"*/TP retinae, suggesting that the loss of Cx3cr1 signaling
does not alter overall axoneme length (Fig. 8C). However, when
the expression of select ciliary proteins was localized along the
axoneme, specific alterations in expression profile were observed.
Retinitis pigmentosa GTPase regulator interacting protein 1
(Rpgripl), a key protein in the transitional zone and centrin that
is expressed in the basal body and transitional zone, was found in
a distinct band between the inner and outer segments at P14 and
P21 (Fig. 8 D,G). Closer inspection showed significant areas of
coexpression along the photoreceptor cilium for both genotypes
(Fig. 8E-F', H-I"), yet the extent of the immunolabeling ap-
peared restricted in the Cx3cr1“"™/“'" retina at P21 (Figs. 8, com-
pare H-H", I-I"). When the extent of immunolabeling was
quantified along the axoneme, no alteration was found at P14,
while the Cx3cr1°™/“™F retina showed significantly reduced ex-
pression along the cilium at P21 for Rpgrip1 (Fig. 8J;0.74 = 0.03
vs 0.48 = 0.02 wm, p < 0.0001) and centrin (Fig. 8K; 0.70 = 0.02
vs 0.61 = 0.01 wm, p = 0.0004). The effect of Cx3cr1 loss on the
profile of cilium-specific protein expression in the photoreceptor
at P21 is summarized in Figure 8L. A similar alteration was ob-
served at P21 for the expression of Rpgr (Fig. 9; 0.87 % 0.02 vs
0.77 = 0.02 wm, p = 0.0005), while expression of the basal body
protein SDCCAGS8 was unaltered (Fig. 10). Thus, the lack of
microglial Cx3crl expression results in restricted expression
of key proteins within the transitional zone of the photoreceptor
cilium, while other regions of the cilium remain unaffected.

Discussion
Microglial-neuronal interaction via the Cx3crl signaling path-
way has been extensively explored in relation to pathology, with

more recent work highlighting a role in normal neuronal devel-
opment. Data from the current study have identified a novel
fractalkine-Cx3crl modulation of postnatal neuronal develop-
ment in the retina. Maturation of the light-detecting photoreceptors
involves elongation of the outer segment, which is coordinated with
eye opening and is dependent on protein transport via the photore-
ceptor cilium. Our data showed that the loss of microglial Cx3crl
signaling (Cx3cr1“*™/"™) restricted the expression of the key cil-
ium proteins, Rpgr, centrin, and Rpgrip1 within the transitional
zone of the cilium. Subsequent to these alterations, Cx3crl GFP/GFP
retina failed to exhibit the developmental increase in opsin expres-
sion that accompanies outer segment elongation, showed shorter
outer segments, and reduced retinal function within the cone path-
way. These Cx3crl-mediated changes ultimately lead to cone pho-
toreceptor loss.

Within the healthy retina, Cx3crl is expressed in a stable pop-
ulation of endogenous microglia, which are known to constantly
survey the retina. Our data show that deletion of Cx3cr1 signaling
in microglia via insertion of the EGFP gene (Jung et al., 2000)
resulted in the failure of outer segment elongation culminating in
loss of cone photoreceptors. This microglial regulation occurred
at a specific postnatal time in photoreceptor maturation when
outer segment elongation was coincident with increased light levels
(eye opening) and outer retinal (photoreceptor synaptic layer and
developing outer segments) fractalkine expression. These data high-
light a novel, as yet unidentified role of the fractalkine—Cx3crl
signaling axis in the retina. In fact, this is the first report of
Cx3crl-mediated refinement of the normal retinal neuronal cir-
cuit. While a previous study using the Ccl2/Cx3cr1 double knock-out
animal detailed early (P30) photoreceptor terminal degeneration
(Zhang et al., 2013), this effect is likely due to a background
mutation (rd8) rather than the absence of Ccl2/Cx3cr1 signaling
pathways (Luhmann et al., 2012; Vessey et al., 2012). Work un-
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Table 3. Top 100 genes regulated in the (x3cr1"”” retinae at P14
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Table 3. Continued

Gene name Transcript Regulation (C3cr7™“Pys WI)  pvalue Gene name Transcript Regulation (C3cr 1™ ys WI) — pvalue
Crygd ILMN_240632 17.42 0.0000247 A230057G18Rik ILMN_186103 —1.69 0.0002916
(Crygb ILMN_222948 15.92 0.0000459 Fos ILMN_222500 —1.69 0.0091080
Erdr1 ILMN_221931 14.81 0.0018341 4933439C20Rik ILMN_201669 =171 0.0015183
Crybal ILMN_214639 12.67 0.0003662 Chka ILMN_252861 =171 0.0007560
Crygs ILMN_218946 9.56 0.0012495 Clasp1 ILMN_237018 —1.72 0.0008889
Cryba2 ILMN_212719 8.40 0.0018360 10C236604 ILMN_325715 =172 0.0048868
Crygc ILMN_247742 7.51 0.0000159 A330068P14Rik ILMN_191871 —1.75 0.0152988
(ryba4 ILMN_218620 7.01 0.0009379 F830002E14Rik ILMN_207172 —1.76 0.0122756
Crybb2 ILMN_216365 5.49 0.0031111 Tmem181 ILMN_248539 —1.76 0.0003768
Crybb3 ILMN_220283 5.12 0.0007055 2810423019Rik ILMN_224094 —1.79 0.0056417
(Cryaa ILMN_213225 4.09 0.0056395 5cl0002069.1_48 ILMN_187328 —1.84 0.0027987
L0C665032 ILMN_233071 3.87 0.0000047 A830055I09Rik ILMN_205168 —1.86 0.0017236
Crybb1 ILMN_218933 3.63 0.0003985 BC030476 ILMN_209600 —1.87 0.0004203
(Cryga ILMN_219207 331 0.0001126 Lrr2 ILMN_239373 —1.90 0.0001355
Xist ILMN_187626 2.95 0.0255923 2900060B14Rik ILMN_192396 —1.91 0.0136437
Abhd14b ILMN_246267 2.69 0.0000498 Dusp7 ILMN_218093 —1.94 0.0005954
Wdfy1 ILMN_ 184827 2.57 0.0000172 Insig2 ILMN_217996 —1.97 0.0037118
1810013BO01Rik ILMN_224073 217 0.0004003 Entpd4 ILMN_240362 —2.02 0.0001330
BC032265 ILMN_224441 2.04 0.0001126 10381946 ILMN_201000 —2.07 0.0037097
1700047117Rik1 ILMN_221070 1.86 0.0008434 Lars2 ILMN_221567 —2.25 0.0000001
Cdk5rap1 ILMN_210158 1.79 0.0074371 H3f3b ILMN_240518 —2.36 0.0008136
Cryab ILMN_217805 1.64 0.0285807 Gsto1 ILMN_213260 —237 0.0109962
Nicn1 ILMN_209291 1.64 0.0000678 Stfal ILMN_245739 —241 0.0239512
Mtap1b ILMN_220448 1.58 0.0036510 Emp1 ILMN_213976 —2.63 0.0261338
EG627624 ILMN_247810 1.57 0.0000687 6430571L13Rik ILMN_214086 =277 0.0006210
10668038 ILMN_316510 1.56 0.0060444 Trf ILMN_192134 —3.05 0.0000235
Gucala ILMN_220524 1.55 0.0300676 Dorz1 ILMN_224020 —3.39 0.0000202
Kcne2 ILMN_213229 1.55 0.0146115 Wdr82 ILMN_329373 —3.51 0.0000019
L0C100048530 ILMN_311555 1.50 0.0266064 Atp2c1 ILMN_211584 —3.72 0.0000028
Rn18s ILMN_241508 1.48 0.0072960 Egr1 ILMN_215729 —3.89 0.0002716
Slc16a6 ILMN_233199 1.48 0.0023188 Rpl29 ILMN_221019 —4.29 0.0000007
Rai1 ILMN_222328 —1.49 0.0007107 2810409M01Rik ILMN_201789 —5.03 0.0000038
D030035F05Rik ILMN_205484 —1.49 0.0435819 Epm2aip1 ILMN_218771 —8.95 0.0000289
Tuft1 ILMN_184505 —1.50 0.0071321 10C383308 ILMN_200537 —11.87 0.0000003
Pdhb ILMN_206331 —151 0.0028265 Wild-type and Ce3cr7/5 animals were taken at P14 and subjected to an lllumina beadchip array (WG-6 version
5cl000260.1_64 ILMN_186860 —1.51 0.0188281 2). The top 100 differentially requlated genes are shown below, including the extent of the regulation and the
10384382 ILMN_200605 —1.51 0.0118750 estimated p value.
Raf1 ILMN_203721 —1.51 0.0004298
Nrxn3 ILMN_186459 —1.51 0.0045190
(230070D10Rik ILMN_206449 —1.52 0.0030692  dertaken in the brain, however, has detailed several physiological
BC030499 ILMN_250820 —152 0.0006435  roles for microglial Cx3cr1 signaling, such as providing trophic
Sir ILMN_206790 —152 0.0001989  support for developing neurons (Ueno et al., 2013), controlling
Otx.1 ILMN_217984 —153 0.0023874 synaptic pruning (Paolicelli et al., 2011), and altering synaptic ex-
Msi1h ILMN_206457 —1.54 0.0014083 . . .
pression of neurotransmitter receptors (Hoshiko et al., 2012), and

L0C100046129 ILMN_319878 —1.54 0.0007598 . . . . .
L00382163 ILMN_201443 154 00253172 1nvolV.ement‘ in S}‘rnaptl.c plasticity (.Rogers e'F al., 2011). Thus,. our
Prdm2 ILMN_ 230695 155 00007373  Work, in conjunction with the work in the brain suggests that micro-
Unci3b ILMN_ 248534 —155 00028161  glial-neuronal interaction via the fractalkine—Cx3cr1 signaling path-
F730023C13Rik ILMN_207147 —156 0.0049047  way is important for the refinement of the neural circuits throughout
10385274 ILMN_201506 —1.56 0.0212427 the CNS.
Snca ILMN_218187 —1.57 0.0223110 The retinal photoreceptor represents a specialized form of a
Gjal ILMN_217762  —1.58 0.0023868  primary cilium, which is predominantly responsible for protein
E530004K11Rik ILMN_206656 ~ —1.58 0.0087823  trafficking from the inner to the outer segment. The cilium dys-
Efg?:; :tm—ggiggg _122 gggﬁgg regulation in the Cx3cr1“™“™" retina was selective, primarily
AT30070601Rik ILVN_ 204057 159 0.0017209 affecting the transitional zone, while Fhelie was no alt.eratlon in
A430106613Rik ILMN_195915 159 00006800  Axoneme length .(a—tubuhn) or locahzat101'1 gf proteins to the
D230046H12Rik ILMN_206396 —159 0.0000227 basal body (centrin and SDCCAGS). Even within the transitional
Mtap7 ILMN_201776 —160 00001934  zone, Cx3crl-mediated change was specific, with Rpgr and Rpgripl
1110004P21Rik ILMN_191964 ~162 0.0000673  gene expression decreased, and Rpgr, Rpgripl, and centrin protein
10385256 ILMN_201494 —1.62 0.0153742  expression restricted to the more proximal regions of the transitional
Imizl ILMN_258289 —1.62 0.0326173  zone, while genes involved in the production of motor proteins
Trim3 ILMN_184744 —1.62 0.0001600  (Kif3b) and intraflagellar transport proteins (Ift140) were unaf-
Prfl ILMN_215956 —1.63 0.0043147  focted. Rpgr, Rpgripl, and centrin have previously been localized
Ixda ILMN_257105 —165 0'0095543 to the transitional zone in mice (Mavlyutov et al., 2002; Hong et

(Table continues)

al., 2003; Giessl et al., 2004); however, their role in cilium func-



Jobling et al. @ Microglia Regulate Photoreceptor Maturation J. Neurosci., May 16,2018 - 38(20):4708 — 4723 « 4719

Cc D

@8 SD

@8 SD ’g
g_ 2500- @ P23H c I 250- . P23H
I b
C - oo
o O [} )
% « 2000- 9 @ 200
n o - Qo
£s g8
S 9 1500- o — 1504
o — o -
2 5 1000- & S 100-
s S oD
ms RE
$% 5001 §% 501
< 8 &3
Q.
04 2 ol
[} Qo
k) P14 P18 3 P14 P18
E = sD F _ = sp
T €
£ 15004 @ P23H S 1001 = P23H
5% §%
w w »n o 804
2.2 @ _g
55 1000 58 6ol
D~ O~
L Q [
58 &% 40
&8  500- S
8% ¥ 201
L8 &3
=3 0+ E. (LE
8 P14 P18 8 P14 P18

Figure 7.  Key cilium genes show no regulation during photoreceptor death in the Pro23His model of retinal degeneration. 4, B, Retinal tissue from the Pro23His model of degeneration was
isolated at P14 and P18. TUNEL was used to identify dying retinal neurons and showed limited staining at P14, while numerous photoreceptors were undergoing cell death at P18 (A and B,
respectively). (—F, Quantitative PCR was used to further explore Rpgr, Rpgrip1, Kif3b, and Ift 140 gene expression at these times and showed no alteration in expression. This response is unlike that
observed for the (x3cr1°"/% retina, Data are presented as the mean = SEM; n = 9. Scale bar, 20 um. INL, Inner nuclear layer.
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Figure 8.  Microglial (x3cr1 signaling regulates Rpgrip1 and centrin expression along the transitional zone of the cilium during photoreceptor maturation. A, B, Overall photoreceptor cilium
structure was assessed in the wild-type (4) and (x3cr1F/5" (B) retinae using an antibody to acetylated a-tubulin, a biomarker for the axoneme. €, Quantification of axoneme length showed no
difference between the two groups at either P14 or P21. D-I", The expression of Rpgrip1and centrin along the cilium was also examined at P14 (D—F") and P21 (G—I") usingimmunohistochemistry
(centrin, green; Rpgrip1, red). Staining was evidentin a restricted band between the inner and outer segments (D, G), and there was significant colocalization independent of genotype or postnatal
age (E-F", H-I"). When the length of Rpgrip1 and centrin immunolabeling was quantified (J, K ), there was no difference at P14, while the labeling in the P21 (x3cr 7/ retina showed significant
reduction for both Rpgrip1and centrin. L, The (x3cr1-dependent change in cilium protein expression is summarized. Data are presented as the mean == SEM; n > 4.***p << 0.001, ****p < 0.0001,
two-way ANOVA. Scale bars: A, B, D, G, 20 pum; E-F", H=I", 1 m. IS, Inner segment; Ax, axoneme; TZ, transitional zone; CC, connecting cilium; BB, basal body; Ce, centriole.
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Figure9. Microglial (x3cr1 signaling regulates Rpgr expression along the transitional zone of the cilium during photoreceptor maturation. A—F, The expression of Rpgr and centrin-3 along the
photoreceptor cilium was examined at P14 (A-C") and P21 (D—F") usingimmunohistochemistry (centrin-3, green; Rpgr, red). Staining was evident in a restricted band between the inner and outer
segments (4, D), and there was significant colocalization independent of genotype or postnatal age (B-C", E-F"). G, H, When the length of Rpgr and centrin-3 immunolabeling was quantified
(G, H), there was no difference at P14, while the labeling in the P21 Cx3cr 1/ retina showed significant reduction for both Rpgr and centrin-3 (G, H). I, The (x3cr1-dependent change in cilium
protein expression is summarized. Data are presented as the mean == SEM; n > 4.***p < 0.001, ****p << 0.0001, two-way ANOVA. Scale bars: 4, D, 20 um; B-C", E-F", 1 um. IS, Inner segment;
Ax, axoneme; TZ, transitional zone; CC, connecting cilium; BB, basal body; Ce, centriole.
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Figure 10.  Microglial C(x3cr1 signaling does not alter SDCCAG8 expression in the cilium during photoreceptor maturation. A-F”, The expression of the seriologically defined colon cancer
antigen-8 (SDCCAG8) and centrin-3 along the photoreceptor cilium was examined at P14 (A-C") and P21 (D-F") using immunohistochemistry (centrin-3, green; SDCCAGS, red). Staining was
evident n arestricted band between the inner and outer segments (4, D), and there was colocalization only at the distal tip of the cilium incorporating the basal body/centriole (B”, C", E”, and F").
There was no observable alteration in the expression profile for SDCCAGS. G, The (x3cr1-dependent change in cilium protein expression is summarized. Scale bars: 4, D, 20 wm; B-C", E-F", T um.
IS, Inner segment; Ax, axoneme; TZ, transitional zone; CC, connecting cilium; BB, basal body; Ce, centriole.

tion is not fully elucidated. The transitional zone is thought toact  of galectin-3, which is expressed by activated microglia (Lalancette-
as a gatekeeper, controlling the movement of proteins from the =~ Hébert et al,, 2012), decreasing the number of ciliated dendritic
inner to the outer segment of the photoreceptor, and alterations  endings in olfactory sensory neurons (Comte et al., 2011). While
in proteins such as Rpgr, Rpgrip1, and centrin, are thought to  Cx3cr1“™“" animals exhibit a photoreceptor phenotype, they
have implications for the control of protein trafficking (Trojanet ~ do not appear to exhibit extensive change in other ciliated cells,
al., 2008; Won et al., 2009). In particular, Rpgrip1 is thought to  displaying no change in respiratory tract infection rates (Hall et
act as a cilium-specific scaffold, being responsible for the recruit-  al., 2009), breeding rates, or hearing thresholds (Sato et al., 2010).
ment of other proteins such as Rpgr, phosphodiesterase 6 delta ~ Such a limited phenotype may suggest microglial modulation of
subunit, and the Nek signaling network to the cilium (Zhao etal.,  the cilium is specific to the retinal photoreceptor. Supporting
2003; Remansetal.,2014). Thus, a Cx3crl-mediated alterationin  this, work by Patil et al. (2012) has shown that retinal and renal
transitional zone proteins could impact on protein recruitment  cilium structure are regulated in a cell-specific manner.

within the inner segment of the photoreceptor, cilium stability, Our data in conjunction with the work of Liang et al. (2009)
and movement of proteins between the inner and outer segments. indicate that microglial Cx3crl signaling is not required for cell
While several studies have reported Cx3crl expression on cil-  fate determination during fetal retinal development. However,

iated cells within airway epithelial cells and the fallopian tube  the presence of a microglial cell population is critical for proper
(Zhang et al., 2004; Jeong et al., 2015) and fractalkine expression  retinal development, with work in the developing zebrafish retina
has been reported on the ciliated inner ear hair cells (Kaur et al.,  showing that a delay in microglial colonization of the retina alters
2015), this appears to be the first report of microglial regulation = neuronal fate and ultimately retinal structure (Huang et al., 2012).
of ciliary structure. Work in the olfactory system provides indi-  Similarly, depletion of retinal microglia at birth results in altered
rect evidence of microglial modulation of ciliated cells, with loss  retinal vascular development (Checchin et al., 2006). Regarding
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the role of microglia in photoreceptor maintenance/pathology,
work from Wang et al. (2016) showed that retinal microglia were
required for ongoing maintenance of photoreceptor synaptic ter-
minals in the adult mouse retina. Support for our data showing
the involvement of Cx3cr1 in cone-related function comes from a
study reporting increased loss of cone function and inner segment/
outer segment structure in animals harboring the rd10 retinal
degeneration in addition to loss of Cx3crl (rd10/Cx3cr1“"/5FF)
when compared with rdI0alone (Pengetal., 2014). Importantly, this
study also showed increased cone degeneration and outer segment
protein mislocalization in the rd10/Cx3cr1“™“™, characteristic of
cilium disruption.

Subsequent to the cilium change in the Cx3cr retina,
cone photoreceptor number is reduced at 1 month of age.
Previous work has shown that alterations in cilium structure
affect photoreceptor outer segment formation and lead to neu-
ronal death (Rachel et al., 2012). Furthermore, mutations within
the RPGR gene account for 70-90% of the X-linked form of
retinitis pigmentosa, a condition involving extensive photore-
ceptor degeneration and irreversible severe vision loss (Shu et al.,
2007). Similarly, mutations in RPGRIPI are associated with an-
other retinal degeneration, Leber Congenital Amaurosis (Li,
2014). In addition to retinal diseases, mutations in cilium genes
are known to give rise to a number of neurodegenerative diseases
termed ciliopathies (i.e., Bardet-Biedl Syndrome, Joubert Syn-
drome). It is unclear from our data why cone photoreceptors are
preferentially targeted, given that Rho gene expression also indi-
cates a failure in rod outer segment elongation. Interestingly, 8 of
the 38 currently identified genes that give rise to nonsyndromic
inherited cone disorders encode proteins important in cilium-
based transport (Roosing et al., 2014), while several cilium-based
mutations show a predisposition toward cone photoreceptor de-
generation (Li et al., 2015; Nikopoulos et al., 2016; Lessieur et al.,
2017). In support of specific differences between rod and cone
cilium, work by Avasthi et al. (2009) has shown that protein
trafficking through the cilium is different between cone and rod
photoreceptors. Given our data showing different cone opsin regu-
lation, spectrally defined ERG and opsin immunocytochemistry will
be used to determine whether there is a specific cone photoreceptor
(M/L, S opsin) that is more prone to Cx3crl-mediated outer seg-
ment pathology and cell death loss.

The late-stage (>9-month-old animals) fundus pathology and
retinal degeneration we observed in the Cx3cr1“**/“** animal is sim-
ilar to results from previous reports using this model (Combadiére et
al., 2007; Raoul et al., 2010). This pathology, in addition to human
genetic studies (Tuo et al., 2004; Chan et al., 2005), has led to the
hypothesis that the loss of Cx3crl (Cx3cr1®™“™) or reduced
fractalkine binding capacity (V2491 and T280M polymorphisms
within the CX3CRI gene) result in chronic retinal parainflamma-
tion, leading to AMD. Our data showing early cone photorecep-
tor loss in the Cx3cr1“"*/“** retina may highlight an additional
mechanism whereby individuals harboring Cx3cr1 polymorphisms
may have reduced cone photoreceptor number. This lower cone
number, in addition to the development of parainflammation, may
predispose these individuals to a higher risk of the development of
AMD. At present, there are no data showing that those with the
V2491 or T280M CX3CRI1 polymorphisms have reduced cone
photoreceptor number/function before the development of
AMD.

Maturation of the light-detecting photoreceptors is a coordi-
nated process involving eye opening, increased production of the
light-detecting photopigment, and elongation of the outer seg-
ment. Our data show that microglial-neuronal interaction via the

1 GFP/GFP
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fractalkine-Cx3crl signaling pathway is important for outer
segment maturation, with the loss of Cx3crl leading to altered
distribution of photoreceptor cilium proteins, aberrant outer
segment elongation and cone photoreceptor degeneration. This
work highlights a novel role for the microglial Cx3cr1 signaling
pathway in the development of the retinal neuronal circuit and
may have implications for the development of age-related pathol-
ogy such as age-related macular degeneration.
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