1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Immunity. Author manuscript; available in PMC 2023 December 13.

Published in final edited form as:
Immunity. 2022 December 13; 55(12): 2318-2335.e7. d0i:10.1016/j.immuni.2022.10.018.

Neuronal signal regulatory protein alpha drives microglial
phagocytosis by limiting microglial interaction with CD47 in the
retina

Danye Jiangl2, Courtney A. Burger!2, Viktor Akhanov!2, Justine H. Liangl2, Robert
D. Mackin-2, Nicholas E. Albrecht!2, Pilar Andradel-2, Dorothy P. Schafer3, Melanie A.
Samuell.2+”

1Department of Neuroscience, Baylor College of Medicine, Houston, TX 77030

2Huffington Center on Aging, Baylor College of Medicine, Houston, TX 77030

3Department of Neurobiology, Brudnick Neuropsychiatric Research Institute, University of
Massachusetts Medical School, Worcester, Massachusetts 01605

Summary

Microglia utilize their phagocytic activity to prune redundant synapses and refine neural circuits
during precise developmental periods. However, the neuronal signals that control this phagocytic
clockwork remain largely undefined. Here, we showed that neuronal signal regulatory protein
alpha (SIRPa) was a permissive cue for microglial phagocytosis in the developing murine
retina. Removal of neuronal, but not microglial, SIRPa reduced microglial phagocytosis,
increased synaptic number, and impaired circuit function. Conversely, prolonging neuronal SIRPa
expression extended developmental microglial phagocytosis. These outcomes depended on the
interaction of presynaptic SIRPa with postsynaptic CD47. Global CD47 deficiency modestly
increased microglial phagocytosis, while CD47 overexpression reduced it. This effect was
rescued by co-expression of neuronal SIRPa or co-deletion of neuronal SIRPa and CDA47.
These data indicate that neuronal SIRPa regulated microglial phagocytosis by limiting access
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of microglial SIRPa to neuronal CD47. This discovery may aid our understanding of synapse loss
in neurological diseases.

eTOC blurb

Temporal regulation of microglia phagocytosis is central to nervous system development, but
the underlying mechanisms for this regulation remain poorly understood. Jiang et al. reveal that
neuronal, but not microglial, signal regulatory protein alpha (SIRPa) is necessary for microglia
phagocytosis and synapse refinement during development. To achieve this, neuronal SIRPa
functions as a decoy receptor to prevent microglial SIRPa.-CD47 interaction.
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Introduction

Microglia are resident central nervous system (CNS) immune cells that display defined
windows of heightened phagocytosis which align precisely with periods of neuron growth
and remodeling (Silverman and Wong, 2018; Wilton et al., 2019; Wu et al., 2015). Microglia
are highly phagocytic during neuron refinement and become less phagocytic as neurons
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mature, suggesting that the CNS experiences a “critical period” of heightened microglial
phagocytosis that is tightly controlled (Bessis et al., 2007; Perry et al., 2010; Schafer et

al., 2014; Schafer et al., 2012; Sierra et al., 2013; Tremblay et al., 2010). The importance
of understanding microglia phagocytosis regulation is underscored by the large number

of neurodegenerative disorders in which dysregulated microglia phagocytosis is implicated
(Estes and McAullister, 2015; Hong et al., 2016; Lall et al., 2021; Lui et al., 2016; Perry

et al., 2010; Salter and Stevens, 2017; Sellgren et al., 2019; Vasek et al., 2016; Werneburg
et al., 2020). Several microglia cell-surface receptors have been identified that regulate
phagocytosis over development (Fu et al., 2014; Gardai et al., 2005; Lui et al., 2016;
Oldenborg et al., 2001; Oldenborg et al., 2000), but whether neuron-derived cues can also be
instructive remains largely unknown.

Previously, we uncovered a candidate engulfment pathway controlled by signal regulatory
protein alpha (SIRPa) (Jiang et al., 2020). In the periphery, professional phagocytes can
express SIRPa, and binding of its receptor CD47 on host cells serves as a “don’t eat me
signal” that reduces phagocytosis (Gardai et a/., 2005; Oldenborg et al., 2001; Oldenborg
et al., 2000). Various cancers have exploited this pathway by upregulating CD47 to avoid
immune detection (Chao et al., 2011; Chao et al., 2012; Majeti et al., 2009; Weiskopf et al.,
2016; Willingham et al., 2012; Zhao et al., 2016). However, our view of these interactions
is expanding with the observation that cancer cells also express SIRPa, and that SIRPa
downregulation can likewise enhance cancer immune evasion (Chen et al., 2004; Qin et al.,
2006; Takahashi, 2018; Wu et al., 2000; Yan et al., 2004; Yao et al., 2017). Thus, the relative
levels of SIRPa in phagocytic and non-phagocytic cells appear important for modulating
immune outcomes.

Complementary roles for diverse cellular sources of SIRPa may also extend to the CNS.
SIRPa is present on both neurons and microglia (Barclay and Brown, 2006; Chuang and
Lagenaur, 1990; Jiang et al., 1999; Kharitonenkov et al., 1997; Mi et al., 2000; van Beek
et al., 2005), while high amounts of CD47 are present on neurons throughout development.
Surprisingly, microglia are highly phagocytic during this period despite the presence of
inhibitory CD47 (Lehrman et al., 2018). Whole-body deletion of CD47 can increase neural
refinement by microglia in an activity-dependent manner (Lehrman et al., 2018). In parallel,
SIRPa has also been shown to regulate activity-dependent synapse maturation (Nagappan-
Chettiar et al., 2018; Toth et al., 2013; Umemori and Sanes, 2008). Whether or how
microglia- or neuron-derived SIRPa differentially contribute to these outcomes remains
unclear. Further, the molecular pathways that permit microglia phagocytic activity during
development despite high amounts of inhibitory CD47 protein are unknown.

Here we used the murine retina to identify neuronal SIRPa as an unexpected permissive cue
for developmental microglia phagocytosis. Neurons produced the bulk of SIRPa in temporal
alignment with heightened microglial phagocytosis. SIRPa. was located presynaptically,
where it colocalized with postsynaptic CD47. We found that neuronal, but not microgliall,
SIRPa was required for developmental microglia phagocytosis and synaptic refinement.
Conversely, prolonging neuronal SIRPa. expression extended the window in which microglia
were highly phagocytic. We further showed that these outcomes depended on the interaction
of neuronal SIRPa with CD47. Increasing neuronal CD47 alone reduced microglial
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phagocytosis, while SIRPa. and CD47 co-expression in neurons was sufficient to restore
microglia phagocytosis. These data identified SIRPa as a critical neuron-derived cue that
instructed both the timing and degree of microglia phagocytosis through modulating the
accessibility of inhibitory CD47 over development.

Retinal neuron refinement coincided with heightened microglia phagocytosis

As in the brain, developmental refinement of the retina’s diverse neuron types occurs during
the first two postnatal weeks when neurites become restricted to two synapse layers (Kim
et al., 2010; Wong and Ghosh, 2002) (Figure 1A-B). The inner plexiform layer (IPL)
appears first (~P2), followed by the outer plexiform layer (OPL) at P5. By P14, neurons
have largely adopted their adult morphologies. To examine microglia during this period,

we used Cx3crICFP!* reporter mice in which microglia are selectively labeled with GFP
(Jung et al., 2000). We found that the location and number of retinal microglia coincided
precisely with synapse refinement (Figure 1C, Figure S1A). At P9, 97% of microglia

were present in retinal synapse layers (Figure S1A). Because OPL synapses between
presynaptic photoreceptors and postsynaptic horizontal and bipolar cells are particularly
large and highly ordered, we focused on this region for our analyses. We found that high
levels of microglia phagocytosis accompanied OPL synapse refinement. At P9, microglia
adopted a morphology characteristic of active engulfment, with shorter process length,
larger somas, and more phagocytic cups (round-shaped invaginations associated with
phagocytosis(Swanson, 2008)) compared to time points prior to and after P9 (Figure 1D-H,
Figure S1B). Consistent with heightened phagocytosis, microglia in P9 retina displayed
increased expression of the lysosomal membrane marker CD68 (Figure 11). As refinement
ended at P14, microglia adopted a morphology characteristic of more mature microglia with
reduced engulfment. This included increased ramification, smaller somas, decreased CD68
protein expression, and fewer numbers of phagocytic cups (Figure 1E-G, 1J, Figure S1C).
Together, these data showed that elevations in microglia phagocytic activity temporally

and spatially aligned with retinal neuron refinement. As neurons matured and refinement
concluded, microglial became ramified and lysosomal content declined, consistent with a
decrease in phagocytic function.

Neuronal SIRPa was enriched during periods of peak microglia phagocytosis

Through a screen for laminar-restricted molecules in the retina, we previously uncovered
SIRPa as a candidate regulator (Jiang et al., 2020). We documented significant SIRPa
expression in both inner and outer retina synapse layers using a beta-galactosidase reporter
line (Jiang et al., 2020), validating a prior report (Mi et al., 2000). To determine whether
SIRPa was at the right place and time to modulate microglia activity in the retina, we
mapped the histological distribution of SIRPa over development. SIRPa first appeared as
each retinal synapse layer emerged, and its expression increased as synapses refined (P9-14),
coinciding with a high degree of microglial phagocytosis (Figure 2A, Figure S2A). At

the conclusion of refinement at P14, SIRPa protein levels declined, though some SIRPa
remained in the OPL (Figure 2A, Figure S2B). In microglia, SIRPa was present at low but
detectable amounts, showing dim co-staining with the microglia marker Ibal (Figure 2B).
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However, the bulk of SIRPa signal was localized to retinal synapse layers (Figure 2C). We
further confirmed SIRPa localization at synapses by staining with pre- and postsynaptic
neuronal markers. We found that SIRPa colocalized with presynaptic cone and rod terminal
markers (MCAR and PSD95) but not with postsynaptic horizontal cell and cone bipolar

cell terminals (Calbindin and SCGN, Figure 2D-E, Figure S2C-D). Together, these results
demonstrated that, as in the brain (Lehrman et a/., 2018; Toth et al., 2013), SIRPa. was found
in both neurons and microglia in the retina during neuron refinement but that the majority

of SIRPa was associated with synapses. Further, the amount of neuronal SIRPa was highest
when microglia were most phagocytic. Thus, neuronal SIRPa is in the right place at the
right time to impact microglial phagocytosis.

SIRPa can be cleaved and secreted such that its histological localization may not necessarily
reflect its primary cellular source (Nagappan-Chettiar et al., 2018; Toth et al., 2013).
Accordingly, we sought to determine the cellular source of SIRPa over development and
performed single-molecule fluorescent /n situ hybridization (smFISH) for Sirpa mRNA
(Figure S2E). We found that early in development (P2), Sirpa was present in both neurons
and microglia, and this pattern persisted throughout refinement. From P14, Sirpa signal
appears largely restricted to neurons. To confirm and extend these findings, we genetically
assessed which cells produce SIRPa. by selectively eliminating SIRPa in microglia or
neurons. To achieve this, we crossed conditional S/RPa"F mice (Skarnes et al., 2011) to
either a yolk sac-derived erythro-myeloid progenitor Cre line TNVFRSF11AC™ (Maeda et
al., 2012), which in the brain are largely comprised of microglia (Jordao et al., 2019) or

a retina neuron-specific Cre line Six3°™ (Furuta et al., 2000). We termed these mouse
lines SIRPaMICROGLIA and 5/RPaNEURON regpectively, and confirmed their specificity
(Figure S2F). We found that in the absence of microglia-derived SIRPa, total SIRPa
protein levels were unaffected (Figure 2F—H). In contrast, in the absence of neuron-derived
SIRPa, protein levels were significantly decreased. We observed a marked decrease of
SIRPa immunofluorescent signal at synapses and in total protein levels (Figure 21-K).
Low levels of microglia-localized SIRPa protein remained visible in S/RPaNEURON mjce,
while neuron-associated SIRPa was unaltered in S/RPaMICROGLIA mice. To independently
confirm these results, we utilized the microglia depletion model Cx3crIC€ER - Rosa26PTR
(Zhao et al., 2019). This model resulted in 96% microglia depletion at P8 (Figure S2G).
Consistent with our results in S/RPaMICROGLIA mice, synaptic SIRPa was intact in
Cx3crICER - Rosa26PTR animals, showing comparable staining and localization to that
in controls (Figure S2H). Together, these data indicate that neurons are responsible for
producing nearly all synapse-associated SIRPa and the majority of total SIRPa during
neuron refinement.

Microglia phagocytosis was impaired in neuronal SIRPa-deficient mice

Given that neurons produced a high amount of SIRPa,, we sought to determine the relative
roles of neuron- and microglia-derived SIRPa in modulating microglia activity. To assess
this, we examined microglia at P9 in S/RPaNEURON and §/RPaMICROGLIA mjce using
seven independent measures. These included more general morphological features (soma
size, process length, and process endpoint number) and phagocytic machinery markers
(CD68 and prevalence of phagocytic cups). As expected at P9, microglia in control animals
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displayed shorter and less branched neurites, large somas, high amounts of the lysosomal
marker CD68, and a high number of phagocytic cups. Hallmarks of microglia phagocytosis
were largely absent in S/RPaNEURON mice during this period. S/RPaNEURON microglia
were highly ramified at P9 with long, extensive processes resulting in a significant increase
in total process endpoints and length relative to controls (Figure 3A-C). Microglia in
SIRPaNEURON mjce also had smaller somas (Figure 3D), and CD68 was drastically reduced
(Figure 3E-F). In addition, we imaged and reconstructed individual microglia at P9 and
assessed the average percent volume of CD68 within each cell (Figure 3G). S/RPaNEURON
mice displayed a significantly decreased volume of CD68 within microglia compared to
controls (Figure 3H). Assessment of selected phagocytic pathway genes by gPCR using
retinal RNA was largely consistent with our immunostaining data, showing reductions

in SIRPaNEURON myjce (Figure S3A). Next, we quantified phagocytic cups. Significantly
fewer microglia in S/RPaNEURON mice displayed phagocytic cups, and those with cups
contained half the number per cell compared to controls (Figure 31-J, Figure S3B). To
further determine whether microglial phagocytic capacity was altered in the absence of
neuronal SIRPa, we electroporated GFP plasmids into the retina at PO and assessed
internalized GFP within microglia at P9. This method only transfected dividing cells, which
consisted primarily of photoreceptors at this age (Figure S3C) (Matsuda and Cepko, 2004).
Because microglia are born embryonically outside the retina, they are not affected (Gomez
Perdiguero et al., 2015; Mass et al., 2016). Consistent with previous results, microglial
internalization of GFP* photoreceptor was significantly lower in S/RPaNEURON mice when
compared to controls (Figure 3K—L). Finally, we generated S/RPaNEURON, Cx3criCFP/*,
SIRPaMICROGLIA - ox 30 1GFPI* and SIRPaF!F; Cx3criCFPI* mice by crossing the cell
type-specific knockouts of SIRPa with Cx3crICFP animals, in which microglia express GFP.
We confirmed that most GFP* cells in this line were CD11b* and CD45!°%, consistent with
their microglial identity (Figure S3D) (Ford et al., 1995). We then performed functional
phagocytosis assays by measuring the engulfment of pHrodo-red-conjugated yeast particles
in retina explants followed by dissociation and flow cytometry. This pH-sensitive dye
conjugate only fluoresces upon lysosomal acidification allowing measures of phagocytosis
in individual microglia (Miksa et al., 2009; Wang et al., 2021b). We found that significantly
fewer microglia from S/RPaNEVRON - Cx3cr1GFPI* retinas engulfed labeled particles relative
to controls (Figure 3M, Figure S3E). Microglia phagocytosis is thus impaired in neuronal
SIRPa-deficient mice.

By marked contrast, microglia phagocytic activity was largely unaffected in
SIRPaMICROGLIA retina, Microglial morphology in these animals was indistinguishable
from that of P9 controls, and cells displayed comparable numbers of total process endpoints,
length, and soma size (Figure 3A-D). In addition, CD68 staining and the internalized
volume of CD68 within 3D-reconstructed microglia were similar to P9 controls (Figure
3E-H), as were the percentage of microglia with phagocytic cups and the number

of cups per cell (Figure 31-J, Figure S3B). Finally, microglia from S/RPaMICROGLIA.
Cx3crICFP!* retinas internalized GFP-labeled neuronal material (Figure 3K-L) and pHrodo-
red-conjugated yeast (Figure 3N) at amounts similar to those of control microglia. Together
these results suggest that neuronal, but not microglial SIRPa., is required to modulate
microglia phagocytosis during development.
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Neuronal SIRPa was required for synapse refinement and circuit function in the retina

To investigate whether decreased phagocytosis could alter synapse refinement outcomes, we
next assayed synapses in neuronal and microglial SIRPa knockouts. We utilized the helpful
organizational features of the OPL. Individual synapses in this layer can be quantified using
the ribbon marker RIBEYE due to their large size and laminar arrangement (Samuel et al.,
2011; Sarin et al., 2018). In S/RPaNEURON retina, decreased microglia phagocytosis was
associated with an increase in both RIBEYE fluorescence intensity and the total number

of RIBEYE™* synapses. In contrast, synapses were largely unaffected in S/RPaMICROGLIA
mice (Figure 4A-F). To assess whether these alterations in synapse number affected

visual function, we recorded electroretinograms (ERGs). We found that S/RPaNEURON,

but not S/RPaMICROGLIA mjce, showed decreased scotopic a-wave amplitudes, which
report directly on photoreceptor function (Figure 4G-L). These data indicate that neuronal
SIRPa-dependent microglia phagocytosis directly influences synapse refinement and circuit
function.

Prolonging neuronal SIRPa expression extended microglial phagocytosis

To test whether neuronal SIRPa alone was sufficient to define when and where microglia
were phagocytic, we used a gain-of-function approach in which we introduced SIRPa

by electroporating plasmid DNA in the retina at PO. We again confirmed that neurons,

but not microglia, expressed plasmid DNA following electroporation and that this method
successfully increased the amount of neuronal SIRPa (Figure 5A, Figure S4A). To test the
hypothesis that neuronal SIRPa can define the window in which microglia are phagocytic,
we assessed microglial morphology and CD68 levels at P21 when microglia phagocytosis
was low, cells were correspondingly ramified, and CD68 was reduced. Expression of SIRPa
and GFP (but not GFP alone) resulted in a significant increase in markers of microglial
phagocytosis (Figure 5B, Figure S4B). These cells displayed shorter processes and larger
somas and showed significantly increased levels of CD68 globally and in individual
microglia (Figure 5C-F). Next, we asked whether neuronal SIRPa acted as a local cue

to affect microglia phagocytosis. We took advantage of the fact that electroporation targets
the retina regionally (Matsuda and Cepko, 2004), generating patches of high neuronal
SIRPa expression adjacent to control un-transfected regions that contain wildtype SIRPa
expression. Notably, changes in microglial morphology and CD68 expression were restricted
precisely to regions in which SIRPa. was overexpressed, and adjacent un-transfected

regions showed normal, ramified microglia that did not differ significantly from GFP-only
transfected controls (Figure 5G-K). Thus, neuronal SIRPa appears sufficient to instruct both
the timing and location of microglial phagocytic activity.

To determine whether prolonging microglia phagocytosis beyond the normal developmental
window impacted neuronal refinement, we assayed synaptic engulfment and synapse density
in SIRPa electroporated retinas and respective controls. We quantified the volume of
engulfed GFP* neuronal material through 3D reconstruction of individual microglia in
SIRPa+GFP and control (GFP only) transfected retinas. Microglia in SIRPa+GFP patches
showed significantly increased engulfed neural material relative to those in controls (Figure
5L-M, Figure S4C). Increased engulfment was also associated with decreased synapse
numbers, as the total number of RIBEYE* synapses was significantly lower in SIRPa+GFP
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regions relative to controls (Figure 5SN-P). Together, these data suggest that neuronal SIRPa
acts as a locally restricted cue that determines microglial phagocytosis and is sufficient to
extend the developmental window in which neuronal material is engulfed by microglia.

Neuronal SIRPa is juxtaposed with CD47 at synapses during development

In the periphery, SIRPa is found on phagocytes and serves to limit engulfment through
recognition of its only known ligand CD47, which has been characterized as a “don’t

eat me” signal (Ishikawa-Sekigami et al., 2006; Kojima et al., 2016; Willingham et al.,
2012). To elucidate the cellular mechanisms through which neuronal SIRPa may impact
microglia function, we first determined where and when CD47 was present in the retina.
Immunostaining for CD47 revealed that it was localized to synapse layers as refinement
initiated at P2 and increased as refinement progressed (Figure 6A, Figure S5A). Notably,
high CD47 protein levels were present in both synapse layers at P9 during the peak of
microglia-mediated neuron remodeling, and CD47 was further increased in these regions in
adults. We confirmed CD47 localization at synapses by staining with pre- and postsynaptic
protein markers in the OPL. Little CD47 colocalized with pre-synaptic markers (Vglutl

and PSD95). Instead, the bulk of CD47 signal overlapped with postsynaptic markers
(Calbindin and SCGN), with a particular enrichment at horizontal cell terminals (Figure

6B, Figure S5B). We then performed smFISH to determine the cells responsible for CD47
mRNA production. Co-staining with cell type-specific markers confirmed high expression in
postsynaptic horizontal cells (Figure 6C). Signal was also present in the INL and GCL but
was largely absent from microglia (Figure 6C, Figure S5C). Together, these data suggest that
CDAT7 is localized postsynaptically in the outer retina and that high levels of this inhibitory
cue are present during peak periods of microglia phagocytosis.

We next sought to examine the structural localization of neuronal SIRPa relative to CD47.
We first co-labeled both proteins in the OPL over development and examined their structural
arrangement via confocal microscopy. We found that at P6, P9, and P14, SIRPa and CD47
were concentrated in the OPL and were closely associated (Figure 6D). To examine this
arrangement in more detail, we performed stochastic optical reconstruction microscopy
optimized for tissue imaging (Albrecht et al., 2022). Dual-color RAIN-STORM imaging
confirmed that SIRPa. expression was predominantly associated with RIBEYE-labeled
ribbon synapses and CD47 colocalized with SIRPa. at synapses (Figure 6E-F). These data
indicate that neuronal SIRPa overlaps with its binding partner CD47 at synapses during
development.

Neuronal SIRPa promotes microglia phagocytosis by interacting with CD47

We next investigated whether neuronal SIRPa instructed microglial phagocytosis through
its interaction with CD47. To begin, we asked if CD47 itself regulated developmental
microglia phagocytosis. Microglia in CD47 null mice showed a small but significant
change in the number of process endpoints (Figure 7A-B). However, microglia process
length, soma size, CD68 protein levels, and phagocytic cups did not differ significantly
from that of controls (Figure 7C-D, Figure S6A). Based on these modest effects, we
considered whether neuronal SIRPa. limits inhibitory CD47 signaling to microglia during
development. This model predicted that removing both neuronal CD47 and SIRPa. together
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would restore phagocytosis that is limited by removal of neuronal SIRPa alone. To test this,
we generated S/RPa’F - CD47/F ; Six3"e mice we termed S/RPaNEURON - cpg NEURON
in which both SIRPa and CD47 were removed only in neurons. We found that microglia

in SIRPaNEURON - cpg NEURON mjce showed similar morphologies (Figure 7E-G),
comparable CD68 expression (Figure 7H), and indistinguishable numbers and prevalence
of phagocytic cups relative to controls (Figure S6B).

Our model also predicted that increasing CD47 during development may limit microglia
phagocytosis, while increasing CD47 and neuronal SIRPa together would restore microglial
phagocytosis (Figure 71). To examine this, we overexpressed CD47 via electroporation

at PO and assayed microglial morphology and CD68 at P9 when microglia were highly
phagocytic. Microglia in CD47+GFP patches appeared significantly more ramified relative
to controls, with increased process length, process endpoints, and reduced soma size (Figure
7J-L). This was accompanied by decreased CD68 and a reduced number of phagocytic cups
per cell (Figure 7M-N). The inhibitory effect of increasing neuronal CD47 on microglial
phagocytic features was mitigated by co-elevating neuronal SIRPa (Figure 71-N). Microglia
in co-transfected regions displayed less ramified morphology, and the number of process
endpoints, process length, and soma size were all indistinguishable from that in GFP control
regions or regions in which SIRPa+GFP was transfected (Figure 7I-L). In addition, CD68
was unaltered, as was the number of phagocytic cups per cell (Figure 7M-N).

Finally, our model predicted important roles for microglia SIRPa in sensing neuronal CD47-
mediated inhibition. In line with this idea, we found that microglia SIRPa is required for
neuronal CD47-mediated phagocytosis inhibition. CD47 overexpression limited microglia
engulfment in controls but had no effect in S/IRPaMICROGLIA mjce, and microglia displayed
similar morphology and comparable CD68 expression (Figure S6C). We validated the
critical role of neuronal SIRPa in these interactions and confirmed that genetic models

did not cause baseline alterations in microglia function by restoring neuronal SIRPa

in S/IRPaNEURON animals via electroporation. Re-introduction of neuronal SIRPa at PO
significantly restored soma size and CD68 expression in S/RPaNEYRON animals (Figure
S6D). Together, these results suggest that neuronal SIRPa promotes microglia phagocytosis
in development by limiting the accessibility of neuronal CD47 to microglia SIRPa.

Discussion

Microglia display defined windows of phagocytosis, with high engulfment during neural
refinement that is restricted over time. Signals that limit phagocytosis as neurons mature
remain largely unknown. Using the murine retina, we showed that neurons use the
membrane glycoprotein SIRPa. to tune the levels and timing of microglia phagocytosis.
SIRPa localized to both neurons and microglia, and its expression correlated with peak
developmental pruning. Using cell type-specific deletion models, we showed that while
microglia-derived SIRPa is dispensable, neuron-derived SIRPa. is required for elevated
microglial phagocytosis during development. Deletion of neuronal SIRPa dampened
microglia phagocytosis and increased retinal synapse number, while prolonging neuronal
SIRPa extended the window of heightened microglial phagocytosis and reduced synapse
number. Interactions between neuronal SIRPa and its binding partner CD47 drove these
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outcomes. The phagocytic inducing effects of prolonging neuronal SIRPa in development
were restored by co-expression of neuronal CD47. Conversely, the phagocytic reducing
effects of increasing neuronal CD47 were counteracted by increasing neuronal SIRPa..
Finally, co-deletion of neuronal SIRPa. and CD47 restored microglia phagocytosis. These
results indicate that neuronal SIRPa permits microglia phagocytosis by limiting the
accessibility of neuronal CD47. These results define unappreciated roles for cell type-
specific SIRPa in modulating synapse engulfment.

The nervous system limits microglia engulfment to developmental periods in which neuron
remodeling occurs to ensure proper circuit outcomes. Our data indicate that neuronal
SIRPa is sufficient to instruct the timing of microglia phagocytosis. In support of this

idea, removing neuronal SIRPa caused microglia to adopt a homeostatic morphology

in development. Conversely, SIRPa overexpression was sufficient to sustain microglia
phagocytosis in normally homeostatic periods. These data raise important questions
regarding cause and effect. Does neuronal SIRPa influence synapse-specific decisions

that alter global microglial phagocytic capacity, or does microglia phagocytic capacity
fundamentally rely on the amount of CD47-SIPRa signaling? Our data cannot rule out the
former possibility but most strongly support the latter. Neuronal CD47 was sufficient to
rescue the effects of increasing SIRPa on microglia phagocytosis. This suggests an indirect
“decoy receptor” mechanism whereby interactions between presynaptic neuronal SIRPa and
postsynaptic CD47 influence phagocytosis by modulating the ability of microglia SIRPa
to detect neuronal CD47. In further support of this idea, neuron-independent measures

of microglia engulfment using labeled yeast particles confirmed a reduction in microglia
phagocytic capacity in neuronal SIRPa mutants. Direct signaling mechanisms may also
contribute. For example, neuronal SIRPa.-dependent synapse loss may affect microglia, or
neuronal SIRPa could bind directly to putative microglia CD47. While we did not detect
measurable CD47 in microglia, CD47 has been documented at low levels on peripheral
phagocytes (Doucey et al., 2004; Hayes et al., 2020). Further, while CD47 lacks a substantial
cytoplasmic signaling domain (Brooke et al., 2004; Matozaki et al., 2009), it is possible
that SIRPa-dependent lateral CD47 interactions with other binding partners could play
important roles.

In addition to temporal alignment with neuron remodeling, microglia activity is also
spatially restricted. This is particularly easy to appreciate in the laminated retina, where
most microglia processes are found within synaptic regions (Li et al., 2019; Rashid et al.,
2019). How local neuron-derived cues spatially restrict microglia activity was unknown. We
assessed the spatial relationship between neuronal SIRPa and local microglia phagocytosis
using electroporation to create restricted regions of neuronal SIRPa. manipulation. Neuronal
SIRPa was sufficient to locally instruct microglia activity only in the regions in which it
was present. These results have a few implications. First, they help explain how microglia
phagocytosis can proceed during development despite high anti-phagocytic CD47 levels by
locally controlling the degree to which microglia can detect this “don’t eat me” cue. Second,
they suggest that even though SIRPa can be cleaved and secreted (Toth ef a/., 2013), it

does not appear to diffuse broadly beyond the neurons from which it is derived. Third,

they suggest that despite the ability of microglia to migrate and dynamically survey diverse
neural regions, movements might be limited such that the bulk of signaling occurs locally.
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It will be informative to determine how neuronal SIRPa influences the rate of microglia
environmental sampling in real time.

This study raises important questions about the impact of local activity-dependent synapse
refinement and microglia engulfment. Several cues that target synapses for removal appear
to be regulated by activity. These include the complement proteins C1q and C3 (Burger et
al., 2020; Schafer et al., 2012), TREM2 (triggering receptor expressed on myeloid cells 2)
and its adaptor DAP12 (Filipello et al., 2018; Roumier et al., 2004), major histocompatibility
complex (MHC) class | molecules (Datwani et al., 2009; Huh et al., 2000), and fractalkine
and its receptor (Gunner et al., 2019; Paolicelli et al., 2011; Rogers et al., 2011). In line with
these ideas, SIRPa can directly contribute to synapse maturation in an activity-dependent
manner, while CD47 can serve as an activity-dependent “don’t eat me” cue that modifies
microglia-mediated synapse pruning (Lehrman et al., 2018; Toth et al., 2013). These models
imply that the amounts of these synapse-associated proteins vary from synapse to synapse in
a way that is predictive of whether a particular synapse will be removed or maintained. Our
results may help shed may light on these questions. Using STORM-microscopy, we found
that nearly all synapses in the OPL contained both CD47 and SIRPa., and amounts did not
appreciably differ from synapse to synapse. While we cannot rule out that minor differences
in SIRPa may influence whether a synapse is lost or maintained, these results are more
consistent with the idea that CD47-SIRPa signaling at a local population level rather than at
single synapses impacts microglia phagocytic activity.

How might our results be viewed in the context of SIRPa and CD47 whole-body knockout
experiments in the brain? Lehrman et al. show limited microglia morphological changes
but enhanced microglia engulfment when either SIRPa or CD47 is removed from all cells,
resulting in a ~20-30% decrease in synapse number in the dorsal lateral geniculate nucleus
(Lehrman et al., 2018). Similarly, we observed minor morphological changes in CD47
global knockouts with limited but measurable impacts on phagocytosis. Three factors might
contribute to the observed brain outcomes in whole-body SIRPa and CD47 knockouts. First,
global deletion may obscure the cell subtype-specific contribution of SIRPa. on neurons
and microglia. Our model predicts that neuronal and microglial SIRPa have opposing roles.
The former is required to promote microglia phagocytosis by temporally limiting microglia
SIRPa access to CD47, while the latter is required to limit microglia phagocytosis when
neuronal SIRPa decreases, exposing CD47. Consistent with this idea, loss of microglial
SIRPa worsens outcomes in a mouse model of Alzheimer’s disease (Ding et al., 2021).
Second, it is possible that the cellular mechanisms through which SIRPa and CD47 signal
may differ between the retina and retinorecipient areas in the brain. However, we view

this as unlikely given that: 1) a large body of evidence suggests that retina microglia are
structurally, functionally, and developmentally analogous to those in the brain (Anderson

et al., 2019; Burger et al., 2020; Hooks and Chen, 2007; Hume et al., 1983; O’Koren et

al., 2019; Punal et al., 2019; Schafer et a/., 2012; Silverman and Wong, 2018; Stevens et
al., 2007; Umpierre and Wu, 2021; Wang et al., 2016; Werneburg et al., 2017), and 2)

the expression of these proteins in neurons and microglia are temporally and structurally
conserved in the retina and the brain (Adams et al., 1998; Comu et al., 1997; Jiang et al.,
2020; Mi et al., 2000). Studies aimed at addressing CD47 and SIRPa cell-specific signaling
in the dLGN and other brain regions may aid in resolving these questions.
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Finally, our results have potential implications for neurodegenerative diseases. Microglia
reactivation is increasingly implicated in the pathogenesis of a large number of both retina
and brain diseases and injuries, including diabetic retinopathy, Alzheimer’s disease, frontal
temporal dementia, demyelinating diseases, and psychiatric diseases (Altmann and Schmidt,
2018; Estes and McAllister, 2015; Hong et al., 2016; Kinuthia et al., 2020; Lall et al.,

2021; Lui et al.,, 2016; Perry et al., 2010; Salter and Stevens, 2017; Sellgren et al., 2019;
Vasek et al.,, 2016; Werneburg et al., 2020). Might neuronal SIRPa and CD47 be involved
in these outcomes? Our model predicts that the answer might depend on the timing of
intervention and the regional amounts of neuronal SIRPa, microglial SIRPa, and CD47.
For example, in a disease-affected region in which high amounts of neuronal SIRPa and
CDA47 are present, decreasing neuronal SIRPa. may be sufficient to reduce microglia activity
and improve neural outcomes. In contrast, for diseases of excess connectivity (e.g. autism),
elevating neuronal SIRPa in otherwise low SIRPa regions may be sufficient to locally
induce microglia phagocytosis. Similarly, reduced CD47 expression has been documented
in patients with multiple sclerosis (Han et al., 2012; Koning et al., 2007), and experimental
models suggest that CD47-SIRPa signaling plays dual roles in this disease (Azcutia et al.,
2017; Han et al., 2012; Wang et al., 2021a). Given these results, understanding the regional,
neuron-subtype, and synapse-specific consequences of CD47-SIRPa signhaling may provide
new therapeutic opportunities for precisely intervening in neurological disease progression.

Limitations of the study

In this study, we demonstrated that neuronal SIRPa promotes microglia phagocytosis
because it prevents CD47 from accessing microglial SIRPa. Removing SIRPa from
neurons, but not microglia, reduced microglial phagocytosis and increased synapse number.
However, it is not clear if neuronal SIRPa alters other non-phagocytic microglia functions.
Future work will also be needed to determine whether neuronal SIRPa is required in
adulthood to promote microglia phagocytosis in normal or disease conditions. Our data also
showed the SIRPa-CDA47 signaling is sufficient to alter microglia state during development
despite the presumed presence of a variety of pro-engulfment cues, but precisely how
microglia reconcile conflicting “eat me” and “don’t eat me” cues was not determined.

STAR METHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Melanie Samuel
(melanie.samuel@bcm.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

. All data reported in this paper will be shared by the lead contact upon request.

. This paper does not report original code.
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. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice— S/RPa"F mice were kindly provided by Dr. Beth Steven, Boston Children’s
Hospital. To broadly delete SIRPa from retinal neurons, S/RPa"F mice were crossed

to Six3°"® mice (Furuta et al., 2000), referred here as S/IRPaNEYRON mice. To delete
SIRPa in microglia, S/RPaF'F mice were crossed to TNVFRSF11AC™ mice (Maeda et

al., 2012) to generate animals referred here as S/IRPaMICROGLIA mice. TNFRSF11ACTe

is expressed in and targets yolk sac-derived erythro-myeloid progenitors (Jordao et al.,
2019), which in the brain are comprised of microglia. For these lines, S/RPa"/F littermates
were used as controls. To deplete microglia, Cx3crIC™ER mice (Yona et al., 2013) were
crossed to ROSA26PTR mice (Buch et al., 2005) to generate animals referred here as
Cx3crICTeER  Rosa26PTR mice. C57BL/6 mice, Cx3Cr1CFP* mice, CD47/F, and CD477/~
mice were obtained from Jackson Labs. S/IRPaNEURON: cpgNEURON qoyple knockouts
were generated by crossing S/RPaF and €D47/F mice to Six3°™ mice. For this line,
SIRPaFF; D47 littermates were used as controls. All mice were used at the ages
specified in the experimental procedures outlined below, and a mixture of male and female
mice were used. Experiments were carried out in accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the NIH under protocols approved
by the BCM Institutional Animal Care and Use Committee.

METHOD DETAILS

Microglia depletion—For microglia ablation experiments, the ROSA26PTR line (Buch
et al., 2005) was crossed to the Cx3crIC™ER line (Yona et al., 2013) to generate animals
referred here as Cx3crICTER - Rosa26P TR To ablate microglia for longer periods of time
and prevent repopulation of microglia, we administered tamoxifen and diphtheria toxin as
previously described (Punal et al., 2019). In brief, 100 ug of tamoxifen was administered
via intraperitoneal (IP) injection to neonatal pups at P1, P5, and P7, and single doses of 80
ng of Diphtheria toxin were administered at P4, P6, and P8. Depletion (~96% compared to
control) was confirmed by staining with the microglial marker Ibal at P8 (Figure S2G).

Immunohistochemistry—Immunohistochemistry was performed as previously described
(Jiang et al., 2020). Briefly, eyes were harvested from mice at P2, P6, P9, P14, P21, and

14 weeks and fixed in 4% PFA for 45 min at room temperature. For cross-section analysis,
eye cups were dissected, and the cornea and lens were removed. Following cryoprotection
in 30% sucrose, eyes were embedded in OCT compound (VWR) and sectioned at 20 pm
thickness. Cryosections were incubated with blocking buffer (3% normal donkey serum and
0.3% Triton X-100 in PBS) for 1 h, and then with primary antibodies diluted in blocking
buffer overnight at 4°C. After washing, secondary antibodies were applied and incubated
for 1 h at room temperature. Slides were then washed again and mounted with Vectashield
(\Vector Labs). For whole-mount preparations, the retinas were removed from the eye cups
and blocked with a 10% normal donkey serum and 0.5% Triton X-100 solution in PBS for
1 h before proceeding with incubation with primary antibodies diluted in blocking buffer
for 5 days followed by washes and staining with secondary antibodies for 3 days at 4°C.
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All images were acquired using an Olympus Fluoview FVV1200 confocal microscope and
processed using FLI.

RNAscope—RNAscope single-molecule fluorescence RNA in situ hybridization
(smFISH) was performed on 20 um sections of retina collected as described

for immunohistochemistry using Probe-Mm-SIRPa (837091) and Probe-Mm-CD47-C2
(515461-C2, ACD-bio). RNAscope fluorescent multiplex assays were performed according
to the manufacturer’s instructions (ACD-bio) with the following modifications. Tissue
samples were dehydrated using an ethanol gradient of 10%, 30%, 50%, 70%, and 100%

(3 min each), and the boiling time in target retrieval solution was modified to 5 min. After
RNAscope, slides were co-stained with Ibal, Calbindin, RBPMS, and AP2 to visualize
microglia, horizontal cells, ganglion cells and amacrine cells, respectively.

Quantitative Real-Time PCR—Total RNA was isolated from whole retinas of P9
control and S/RPaNEURON animals using the RNeasy Mini kit (Qiagen) according to
the manufacturer’s instructions. 100ng of RNA was used to generate cDNA by reverse
transcription using the iScript Reverse Transcription Supermix (BioRad). gRT-PCR was
subsequently performed using the iTagq Universal SYBR Green Supermix (BioRad) on a
CFX384 Touch Real-Time PCR Detection System with primer sequences listed in Key
Resources Table.

Plasmid construction—pCAG and pCAG-GFP vectors were kindly provided by Dr.
Elizabeth Zuniga-Sanchez at Baylor College of Medicine. In brief, the pCAG vector was
generated by cloning the promoter region of the original pPCAG-IRES-GFP (Matsuda and
Cepko, 2004; 2007) plasmid into the pcDNA3.1 vector (Invitrogen). The pCAG-GFP
construct was generated by adding GFP to the pCAG (in pcDNA3.1) vector. Coding
sequences for either SIRPa and CD47 (MG208194 and MG204706, Origene) were removed
and cloned downstream of the CAG promoter in the pCAG vector. These vectors were then
expressed in combination with the pCAG-GFP to allow for fluorescent visualization.

Electroporation—For SIRPa and CD47 over-expression, retinas of neonatal pups (12-24
h) were electroporated with the expression plasmids detailed above using a modified version
of the protocol developed by Cepko and colleagues (Matsuda and Cepko, 2004). Briefly,
sharp end glass micropipettes (Sutter Instrument) were loaded with 5-8 ul of DNA (diluted
to a final concentration of 4 pg/ul) mixed with Fast Green Dye (0.2X) and were used to
deliver 2-3 pl DNA into the subretinal space. Following injection, five current pulses (80V,
50ms duration, 950ms interval) were applied across the pup head using Tweezer electrodes
(Harvard Apparatus).

Electroretinography—pP21 S/RPaNEURON (n=5) 5/RPaMICROGLIA (n=3) and
respective littermate control (n=4, n=7) animals were dark-adapted overnight and then
anesthetized with isoflurane (3% induction, 1.5% maintenance) carried in oxygen at a flow
rate of 1 L/min using a vaporizer. Animals were placed on a heated platform, and eyes were
dilated with phenylephrine hydrochloride and tropicamide. A contact lens-style electrode in
contact with Gonak solution was placed on each cornea. A reference electrode was placed at
the forehead, and a ground electrode was placed at the hip. Scotopic responses were elicited
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in the dark with flashes ranging from 0.003 cd*s/m? to 20 cd*s/m? using the Diagnosys
Celeris ERG system. Electroretinograms were recorded from both eyes simultaneously.

Ex vivo phagocytosis assay—We performed ex vivo phagocytosis assays as previously
described (Wang et al., 2021b). In brief, freshly dissected retinas from P9 control and
SIRPaNEURON - Cx3cr1GPFI* animals were incubated in 1 mg/mL pHrodo Red-conjugated
zymosan bioparticles (Thermo Fisher Scientific) resuspended in culture media of 1:1
mixture of DMEM and F-12 supplemented with B27(50X), BDNF(50X), and penicillin-
streptomycin(100X) at 37 °C with gentle agitation. Retinas were subsequently washed three
times with PBS and dissociated using cysteine-activated papain for 8 min at 37°C. Digestion
was inactivated by the addition of medium containing ovomucoid (1.5 mg/mL), BSA(1.5
mg/mL) and DNase | (67 U/mL), followed with gentle mechanical dissociation by pipetting
up and down with a P1000 tip. The sample was spun at 30 g for 20 sec, and supernatant
containing cells was passed through a 40 um strainer. This process was repeated until all
cells were dissociated. Cells were then spun at 350 g at 4°C for 10 min and resuspended in
500 uL of MEM-B (no glutamine with 4% Bovine Serum Albumin media) with 0.5 ug/mL
DAPI. Flow cytometry data were collected in a BD LSR Il Cytometer and analyzed using
FlowJo 9 to compute the percentage of GFP-positive microglia that were also positive for
pHrodo Red.

Immunoblotting analysis—WT (P4, P6, P9, P14), S/RPaNEURON (pg) and
SIRPaMICROGLIA (pg) retinas were dissected and snap frozen on dry ice. Frozen

tissues were then transferred into a RIPA buffer containing cOmplete protease inhibitor
(Roche, 1:50), phosphatase inhibitor | (Calbiochem, 1:100), and phosphatase inhibitor |1
(Calbiochem, 1:100). Samples were manually homogenized with a Kimble Kontes Pellet
Pestle homogenizer (DWK Life Sciences). For each sample, 10 ug of protein was loaded
and separated by SDS-PAGE on 10% tris-glycine gels before transferred onto nitrocellulose
membranes. Blots were blocked in blocking buffer (5% BSA, 0.05% Tween 20 in TBS)
for 1 h and then probed with primary antibodies overnight at 4°C in 5% BSA. Blots were
subsequently washed and stained with secondary antibodies for 1 h at room temperature.
F1JI was used to perform densitometry analysis of bands.

STORM imaging—Samples were prepared and imaged as described in Albrecht et al.,
2021. In brief, eyes were harvested from P9 animals and fixed in 4% PFA for 45 min

at room temperature. Eye cups were subsequently dissected, and the cornea and lens

were removed. Following cryoprotection in 30% sucrose, eyes were embedded in OCT
compound (VWR) and sectioned at 10 um thickness. Cryosections were incubated with a
3% normal donkey serum and 0.3% Triton X-100 solution in PBS for 1 h, and then with
primary antibodies overnight at 4°C. After washing, secondary antibodies were applied and
incubated for 1 h at room temperature. Images were acquired on a Bruker Vutara 352
(Bruker, Billerica, MA) using a 60X water objective (UPLSAPO60XW) at an axial step size
of 200 nm. 3D-structured images of OPL synapses were generated using the Ordering Points
to Identify the Clustering Structure (OPTICS) algorithm. To analyze images, a general
particle distance of 0.16 um and a particle count per cluster of 25 was used for all channels
on all images.
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QUANTIFICATION AND STATISTICAL ANALYSIS
Histological quantification

Microglia density quantification: To quantify wildtype microglia cell density at P6, P9,
and P14, three independent fields of view (635.90 um x 635.90 um) from one retina were
imaged per animal, and three animals were imaged (n=3). The number of microglia was
subsequently counted in each field, and density of microglia was calculated by dividing the
total number of microglia in each field by the image area.

Microglia morphology quantification: To assess microglia morphology at P9, whole-
mount retinas were stained for Ibal. For each genotype, n = 3 animals were imaged. Three
635.90 um x 635.90 um image fields were sampled in each animal. The humber of microglia
process endpoints and the total branch length were quantified as previously described
(Young and Morrison, 2018). In brief, each image was skeletonized after optimization and
transformed into a binary image. Individual microglia endpoints and branch length were
summed and divided by the total number of microglia using the Analyze Skeleton Plugin
in F1JI. Microglia soma size was measured using the Free-hand selection and Measure
tools in F1JI. A minimum of ten randomly selected microglia were measured for soma

size in each image. Phagocytic cups were identified as cup-shaped invaginations at the tip
of Ibal-positive microglial processes and were quantified using the Cell Counter tool in
F1JI. The average number of phagocytic cups per cell was calculated by dividing the total
number of phagocytic cups by the total number of microglia with cups in each image. The
percentage of microglia with cups was calculated by dividing the number of microglia with
cups by the total number of microglia in a given image.

Engulfment analysis: P9 retinas were harvested using the same methods described for
immunohistochemistry and were stained for Ibal and CD68 in whole-mount preparations.
For each genotype, n = 3 animals were imaged. For each animal, at least 15 microglia
residing in the OPL were imaged on an Olympus Fluoview FVV1200 confocal microscope at
20X using a step size (Z) of 0.5 um. The images were then processed and analyzed using
F1JI and IMARIS (Bitplane) as previously described (Schafer et al.,, 2014). Briefly, Ibal-
positive microglia and CD68-positive lysosomes were 3D-reconstructed using the volume
surface rendering function in IMARIS 9.2, and their respective volumes were determined.
Any CD68 signal outside the Ibal-positive microglia was masked in the image using

the mask function. The percent volume of CD68-positive lysosomes was determined by
dividing the volume of the internal CD68 staining (um3) by the volume of the Ibal-positive
microglia (um3). The CD68 mean fluorescence intensity was determined by dividing the
total CD68 signal by the image field area after background signal was subtracted. In

the over-expression experiment, engulfment of GFP-positive neural materials inside Ibal-
positive microglia was 3D-reconstructed using the same method. The percent volume of
GFP-positive neural material inside microglia was determined by dividing the volume of the
internal GFP staining by the volume of the microglia. All analyses were performed blind to
the experimental conditions.

Synapse guantification: Immunohistochemistry with the ribbon synapse marker RIBEYE
was performed on P21 retina cryosections as described above. For each genotype, h = 3
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animals were imaged and three independent fields of view in the OPL were captured per
animal (60X objective, 2X zoom) using a 20 um Z-stack comprised of a 0.5 um step size.
Images were subsequently quantified for the number of RIBEY E-positive ribbon synapses
in every fifth Z-plane using the Cell Counter tool in FIJI. Synapse numbers were then
averaged per animal. RIBEYE mean fluorescence intensity was determined by dividing the
total RIBEYE signal by the OPL area after background signal was subtracted using the
Freehand and Measure tools in FIJI. All analyses were performed blind to the genotype.

Colocalization guantification: To quantify the degree to which SIRPa or CD47 co-
localized with either presynaptic markers (NCAR, PSD95, Vglutl) or postsynaptic markers
(Calbindin, SCGN), we calculated the Manders’ Colocalization Coefficients (MCC) for each
combination of markers using the FIJI plugin JACoP (Just Another Co-localization Plug-in)
(Dunn et al., 2011). n = 3 animals were imaged, and at least two independent fields of

view in the OPL were captured per animal using an Olympus Fluoview FV1200 confocal
microscope.

Statistical analysis—Statistical analyses of the mean fluorescence intensity, the number
of RIBEYE synapses, the number of process endpoints per microglia, the summed process
length of microglia, microglia soma size, the percent CD68 and engulfment volume, the
percentage of microglia with phagocytic cups, the number of phagocytic cups per microglia,
the percent colocalization, and scotopic responses were performed using either unpaired
Student’s t-test, one-way ANOVA followed by Bonferroni correction, or two-way ANOVA
followed by Bonferroni correction in Prism GraphPad 8.0. P values < 0.05 were considered
statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Neuronal SIRPa production spatiotemporally aligns with peak microglial
phagocytosis.

. Neuronal, but not microglial, SIRPa permits microglial phagocytosis and
synapse refinement.

. Prolonging neuronal SIRPa expression is sufficient to extend microglia
phagocytosis.

. Neuronal SIRPa alters microglial phagocytosis by limiting neuronal CD47
accessibility.
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Figure 1. Retinal neuron refinement coincided with heightened microglia phagocytosis.
(A) Schematic of adult retina. Rods (R) and cones (C) in the outer nuclear layer (ONL)

synapse onto bipolar cells (BC) and horizontal cells (HC) in the inner nuclear layer (INL),
forming a thin synaptic band called outer plexiform layer (OPL). Bipolar cells and amacrine
cells (AC) relay signals to retinal ganglion cells (RGC) in the inner plexiform layer (IPL).
RGCs reside in the ganglion cell layer (GCL), and their axons form the optic nerve which
projects to the brain. Microglia (M) occupy the synaptic layers.

(B) Generation of retinal synaptic layers. Vglutl-labeled inner retina synapses (white) were
present at P2. At P5-P6, Vglutl* photoreceptor terminals were visible in the OPL. At P9,
both layers continued to be refined. Synaptogenesis largely completed by P14. Scale bars, 50
pm.

(C) Microglia (white) migration to the synaptic layers. Scale bars, 50 pm.
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(D) Representative wholemount images of P6, P9, and P14 OPL microglia in Cx3cr1CFP/*+
mice. Scale bars, 25 pum.

(E-G) Developmental time course of wildtype (WT) microglial morphology. Quantifications
of process length (E), process endpoints (F), and number of phagocytic cups per microglia
(G). n=7 for P6, n=7 for P9, n=6 for P14. Data were compared using one-way ANOVA with
posthoc Bonferroni correction.

(H) Schematic of OPL synaptogenesis.

(1) Representative retinal cross-sections showing WT P6, P9, and P14 lbal* OPL microglia
(green), CD68* lysosomes (red), and merge (yellow). Scale bars, 25 um.

(J) Quantification depicting the percentages of P6, P9, and P14 WT CD68* microglia. n=7
for P6, n=7 for P9, and n=4 for P14. Data were compared using one-way ANOVA with
posthoc Bonferroni correction.

Data from (E) to (J) were pooled from two independent experiments. All data are shown as
the mean + SEM. *p<0.05, **p<0.01, ****p<0.0001. See also Figure S1.
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Figure 2. Neuronal SIRPa was enriched during periods of peak microglia phagocytosis.
(A) Representative images showing P6, P9, and P14 WT SIRPa staining (magenta) in the

synaptic layers. Scale bars, 50 um (top) and 25 um (bottom). See also Figure S2A-B

(B) Representative images showing little SIRPa signal in Ibal* microglia (green). Scale
bars, 25 pm and 10 pm (insets). See also Figure S2C.

(C) Representative images showing colocalization of SIRPa. (magenta) and Vglutl*
photoreceptor terminals (cyan) in the OPL. Scale bars, 25 um. See also Figure S2C.

(D) Representative images showing colocalization of SIRPa (magenta) with cone (NCAR)
and rod (PSD95) terminals (green). Scale bars, 10 pm. See also Figure S2D.
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(E) Representative images showing SIRPa (magenta) with horizontal cell (Calbindin) and
cone bipolar cell (SCGN) terminals (green). Scale bars, 10 um. See also Figure S2D.

(F) Schematic of microglial SIRPa deficiency model (S/RPaMICROGLIA) "Example images
showing staining of SIRPa. (magenta), microglia (Ibal, green), and OPL synapses
(RIBEYE, cyan) in this model at P9. Scale bars, 25 pm and 10 um (insets). See also Figure
S2F.

(G) Levels of SIRPa fluorescence in OPL in S/RPaMICROGLIA relative to controls, n=6 per
group. Data were compared using an unpaired #test.

(H) Representative immunoblot image and quantification of SIRPa in whole retina from
P9 WT and S/RPaMICROGLIA mice. n=3 per group. Data were compared using an unpaired
ttest.

(1) Schematic of neuronal SIRPa deficiency model (S/RPaNEURON) Example images
showing staining of SIRPa (magenta), microglia (Ibal, green), and OPL synapses
(RIBEYE, cyan) in this model at P9. Scale bars, 25 pm and 10 um (insets). See Figure

S2F.

(J) Levels of SIRPa fluorescence in OPL in S/RPaNEURON mjce relative to controls, n=4
control and 5 S/RPaNEURON Data were compared using an unpaired #test.

(K) Representative immunoblot image and quantification of SIRPa. in whole retina from P9
WT and S/RPaNEURON n=3 per group. Data were compared using an unpaired #test.

Data from (H) and (K) were obtained from one experiment. (G) and (J) were pooled

from two independent experiments. All data are presented as the mean + SEM. **p<0.01,
****p<0.0001, ns, not significant. See also Figures S2-3.

Immunity. Author manuscript; available in PMC 2023 December 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jiang et al. Page 29

w

Control
D SIRP@NEURON
D SIRP@MICROGLIA

W SIRPQNICReTA

Process endpoints/cell

(2]

Process length/cell

B SIRPQNEURON

CD68 fluorescence
(fold change)

% CD68 volume

E
3
*J

= 15 kR
R4 o
PRy o
$210
248
S
) :!_é 0.5
8
T
0.0
L ns
40 *
K &
v G 30
6 £
e 320
AEAD 5
LN ) < 10
.
0
ns
M [esirre™ SIRPQEURON; 15 N [msirPe; SIRPQHICROSUA; 15
Cx3er1e” Cx3er1s” ] Cx3er1o Cx3cr1e " © ® .
3 e 3 g 3 3 g :
& ] e 8810 & & 5810 ¥ o
o o Eic o o € ¢
E k 5 | ef 3 3 c8 |3
I s I :gg‘. Pt T g T e °
5 5 5 8205 B s | w8 | g205
pHrodo+ pHrodo+| & = pHrodo+ pHrodo+ | & <
microglia microglia % microglia microglia | &
GFP GFP X 90 GFP GFP B

Figure 3. Microglia phagocytosis was impaired in neuronal SIRPa-deficient mice.
(A) Representative images of control, S/IRPaNEURON ‘and 5/RPaMICROGLIA OpL microglia

at P9. Scale bars, 100 pm (top) and 50 pm (below).

(B-D) Quantifications of microglia process endpoints (B), process length (C), and soma
size (D) in P9 control, S/RPaNEURON and S/RPaMICROGLIA mice. n=8 control, 4
SIRPaNEURON ‘and 3 5/RPaMICROGLIA mjce, one-way ANOVA with posthoc Bonferroni
correction.
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(E-F) Representative images showing the lysosomal marker CD68 in microglia in P9
control, S/RPaNEURON ‘and S/RPaMICROGLIA mice. Scale bars, 100 um and 20 pm
(insets). (F) Bar graphs depicting the levels of CD68 staining in control, S/RPaNEURON,
and S/RPaMICROGLIA animals. n=8 control, 4 S/RPaNEURON ‘and 3 S/RPaMICROGLIA
one-way ANOVA with posthoc Bonferroni correction.

(G-H) Representative 3D reconstructions of control, S/RPaNEURON 'and S/RPaMICROGLIA
microglia (green) with internalized CD68* lysosomes (red). Scale bars, 10 pm. (H)

Graph showing percent volume of CD68* lysosome in microglia from P9 S/RPaNEURON
and S/RPaMICROGLIA mice relative to control. n=8 control, 4 S/RPaNEURON 3
SIRPaMICROGLIA mice, one-way ANOVA with posthoc Bonferroni correction.

(1-J) Representative images of phagocytic cups (arrowheads) in control, S/RPaNEURON,
and S/RPaMICROGLIA microglia (green). Scale bars, 20 um. The graphs depict the number
of phagocytic cups per microglia (I). Data were compared using two-way ANOVA with
posthoc Bonferroni correction. See also Figure S3B.

(K-L) Representative 3D reconstructions of control, S/RPaNEURON ‘and S/RPaMICROGLIA
microglia (gray) with internalized GFP* neuronal material (green). Scale bars, 10 pm.

(L) Graph showing percent volume of GFP-labeled neuronal material in microglia

from P9 S/RPaNEURON ‘and S/RPaMICROGLIA mige relative to control. n=3 control, 4
SIRPaNEURON 3 6/ppaMICROGLIA mice, Data were compared using one-way ANOVA
with posthoc Bonferroni correction.

(M-N) Flow cytometry gating and quantification of microglial phagocytosis of pHrodo-
red-conjugated yeast particles in (M) S/RPaNEURON - cx3cr1GFPI* (n=20) and SIRPa"/F,
Cx3crICFPI* (n=16) retinas as well as (N) S/RPaMICROGLIA - oy 30, 1GFPI* (n=16) and
SIRPaFF - Cx3criCFP* (n-12) retinas at P9. *p<0.05, unpaired £test. See also Figure S3D-
E.

Data from (B) to (J) were obtained from one experiment. Data in (L) to (N) were pooled
from three independent experiments. All data are presented as the mean £ SEM. *p<0.05,
**p<0.01, ****p<0.0001, ns, not significant. See also Figure S3.
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Figure 4. Neuronal SIRPa was required for synapse refinement and circuit function in the
retina.

(A) Representative images of RIBEYE* OPL ribbon synapses in control and S/RPaNEURON
retinas. Scale bars, 10 pm.

(B-C) Graphs depicting the number of OPL ribbon synapses (B) and RIBEYE intensity (C)
in P9 S/RPaNEURON mice relative to controls. n=5 per group, unpaired &test.

(D) Representative images of RIBEYE-labeled OPL ribbon synapses in control and
SIRPaMICROGLIA yetinas, Scale bars, 10 pm.

(E-F) Graphs depicting the number of OPL ribbon synapses (E) and RIBEYE intensity (F)
at P9 in S/RPaMICROGLIA mice relative to controls. n>4 per group, unpaired £test.

(G) Representative traces of scotopic recording from control and S/RPaNEURON mice,

(H and 1) Quantifications of the amplitudes of the scotopic a-wave and b-wave in control
and S/RPaNEYRON mice. n=7 per group, paired £test.

(J) Representative traces of scotopic recording from control and S/IRPaMICROGLIA mjce,
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(K and L) Quantifications of the amplitudes of the scotopic a-wave and b-wave in control
and S/RPaMICROGLIA mice. n=7 per group, paired ttest.

Data were obtained from two to three independent experiments. All data are presented as the
mean £ SEM. *p<0.05, ns, not significant.
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Figure 5. Prolonging neuronal SIRPa expression extended microglia phagocytosis.
(A) Schematic illustration of /in vivo electroporation. See also Figure S4A.

(B) Representative confocal and 3D reconstructed images of GFP-expressing cells (white),
Ibal* microglia (green), and CD68* lysosomes (red) in control (GFP only) and SIRPa+GFP
retinas at P21, viewed in wholemount. Scale bars, 50 pm and 25 um (insets). See also Figure
S4B.

(C-D) Quantifications of microglial morphology, including process length (C) and soma
size (D), in control and SIRPa+GFP groups. n=10 control, 8 SIRPa+GFP mice, unpaired
ttest. (E-F) Quantification of the levels of CD68 staining (E) and internalized CD68*
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lysosome volume (F) in SIRPa+GFP versus control groups. n=10 control, 8 SIRPa+GFP
mice, unpaired £test.

(G) Representative confocal images showing borders of the electroporated retinal patch
(GFP, white, border indicated by the dotted line), microglia (Ibal, green) morphology, and
the levels of CD68 staining (red) in control and SIRPa+GFP regions. Scale bars, 50 ym.
(H-1) Quantifications of microglia process length (H) and CD68 staining levels (1) inside
and outside GFP control transfected regions. n=3 per group, unpaired ~test.

(J-K) Quantifications of microglia process length (J) and CD68 staining levels (K) inside
and outside SIRPa+GFP transfected regions. n=4 per group, unpaired #test.

(L-M) Representative 3D-reconstructed images of P21 Ibal* microglia (gray), internalized
GFP-labeled neuronal material (green), and CD68* lysosomes (red) in control and
SIRPa+GFP regions (L), and graph showing percent volume of GFP+ material in microglia
from these groups (M). Scale bars, 20 pm. n=3 per group, unpaired £test.

(N) Representative images of RIBEYE-labeled OPL ribbon synapses in control and
SIRPa+GFP groups. Scale bars, 10 um.

(O-P) Graphs depicting the number of OPL ribbon synapses (O) and RIBEYE intensity
(P) in P21 control and SIRPa+GFP groups. n=3 control and 5 SIRPa+GFP mice, unpaired
ttest. Data were pooled from at least three independent experiments. All data are presented
as the mean = SEM. *p<0.05, **p<0.01, ****p<0.0001, ns, not significant. See also Figure
S4.
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Cd47 mRNA

RIBEYE

Figure 6. Neuronal SIRPa was juxtaposed with CD47 at synapses during development.
(A) Representative images showing P6, P9, and P14 WT CDA47 staining (cyan) in retinal

synaptic layers. Scale bars, 50 um (top) and 25 um (bottom). See also Figure S5A.

(B) Representative images showing the juxtaposition of CD47 (cyan) with photoreceptor
terminals (Vglutl and PSD95, magenta) as well as colocalization with cone bipolar cell
(SCGN) and horizontal cell (Calbindin) terminals (magenta). Scale bars, 10 um. See also
Figure S5B.
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(C) Representative images of smFISH for Cad47mRNA(white) combined with IHC for
horizontal cell marker Calbindin (magenta) and microglia marker Ibal (green). Scale bars,
25 um and 5 pum (insets). See also Figure S5C.

(D) Representative images showing CD47 colocalization with SIRPa at P6, P9, and P14 in
WT retinas. Scale bars, 25 pm.

(E-F) Images showing examples of CD47 colocalization with SIRPa. (right) and RIBEYE
colocalization with SIRPa (left) in P14 retina using Stochastic Optical Reconstruction
Microscopy (STORM). In (F), co-localization between SIRPa and CD47 is depicted in
white. Scale bars, 2 um (top) and 500 nm (bottom).

See also Figure S5.

Immunity. Author manuscript; available in PMC 2023 December 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jiang et al.

o

o

I Control

Process endpoints/cell
(fold change)

Soma size (um?)

o

(fold change)

o
o

CD88 fluorescence

B SIRPQNEGEON;
’CD4 7NEU§ON

@
Process endpoints/cell

CD47

CD47+GFP

HT

SIRPa+CD47+GFP

i

SIRPa+GFP

]

"

Process endpoints/cell Process length/cell
(fold change) (fold change)

=

CD68 fluorescence
(fold change)
o o E; (3, o

o 9o

Phagocytic cups/cell
(fold change)

= N
o o

=3

(fold change)
o
)

e

0 Control SIRPgRERon
CD47ey

o o

o
o

CD68 fluorescence
(fold change)

Page 37

0 Control SIRPNEVRON;

CD47NEURON

RON *

ns

Control SIRPNEVRON;
QD4 7NEuRON

*k ns

Figure 7. Neuronal SIRPa and CDA47 functioned together to limit microglial phagocytosis.
(A) Representative images of Ibal* microglia (green) and CD68* lysosomes (red) in control

and CD47 knockout mice. Scale bars, 50 pm and 25 pm (insets).

(B-D) Quantifications of microglial morphology and levels of activation, including process
endpoints (B), soma size (C), and levels of CD68 staining (D). n=5 per group, unpaired

Etest. See also Figure S6A.
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(E) Representative images of 1bal* microglia (green) and CD68* lysosomes (red) in control
and SIRPa/CD47 neuron-specific double knockout mice (S/RPaNEURON - cpg NEURON),
Scale bars, 50 pm and 25 um (insets).

(F-H) Quantifications of microglial morphology and levels of activation, including process
endpoints (F), soma size (G), and levels of CD68 staining (H). n=3 per group, unpaired
Ettest. See also Figure S6B.

() Representative confocal images of GFP-expressing cells (white), Ibal-labeled

microglia (green), and CD68* lysosomes (red) in control (GFP only), CD47+GFP,
SIRPa+CD47+GFP, and SIRPa+GFP retinas, viewed in wholemount. Scale bars, 50 um.
(J-N) Quantifications of microglial morphology and CD68 levels, including process length
(J), process endpoints (K), soma size (L), levels of CD68 staining (M), and phagocytic cups
per cell (N). n=8 control, 9 SIRPa+CD47+GFP, 7 CD47+GFP, and 6 SIRPa+GFP mice,
one-way ANOVA with posthoc Bonferroni correction.

Data from (F) to (H) were obtained from one experiment. All other data were pooled from
two to three independent experiments. All data are presented as the mean = SEM. *p<0.05,
**p<0.01, ns, not significant. See also Figure S6.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit polyclonal anti-Ibal Wako 2%?3535%%741 RRID:
Goat polyclonal anti-Ibal Abcam 2@?;33%8?'*“31
Rat monoclonal anti-CD68 Bio-Rad Cat#MCA1957,

RRID:AB_322219

Rat monoclonal anti-SIRPa

BD Biosciences

Cat#552371; RRID:AB 394371

Rabbit polyclonal anti-SIRPa

Thermo Fisher

Cat#PA5-19869; RRID:AB
11155968

Rat monoclonal anti-CD47

BD Biosciences

Cat#555297; RRID:AB 395713

Cat#AF1866; RRID:AB

Goat polyclonal anti-CD47 R&D Systems 2074942

Chicken polyclonal anti-GFP Abcam ggg%%l?’wo; RRID:AB
Rabbit polyclonal anti-Vglutl Synaptic Systems Cat#135302; RRID:AB 887877
Rabbit polyclonal anti-mouse cone arrestin Millinore Cat#AB15282; RRID:AB
(MCAR) P 11210270

Goat polyclonal anti-PSD95 Abcam gggéi%ﬂog& RRID:AB
Rabbit polyclonal anti-RIBEYE Synaptic Systems Cat#192103;

RRID:AB_2086775

Rabbit polyclonal anti-secretagogin (SCGN)

BioVendor Laboratory Medicine

Cat#RD181120100;
RRID:AB_2034060

Chicken polyclonal anti-Calbindin D-28k

Novus biologicals

Cat#NBP2-50028; N/A

Guinea pig polyclonal anti-RBPMS

PhosphoSolutions

Cat#1832-RBPMS; RRID: AB
2395389

Mouse monoclonal anti-AP2 alpha (3B5)

Developmental Studies Hybridoma Bank

Cat#3b5; RRID: AB 528084

Rabbit polyclonal anti-GAPDH

Mlllipore

Cat#ABS16; RRID:AB
10806772

Donkey anti-rabbit IgG (H+L) secondary
antibody, Alexa Fluor 488

Jackson ImmunoResearch Labs

Cat#711-545-152;
RRID:AB_2313584

Donkey anti-rabbit IgG (H+L) secondary
antibody, Alexa Fluor 594

Jackson ImmunoResearch Labs

Cat#711-585-152;
RRID:AB_2340621

Donkey anti-rabbit IgG (H+L) secondary
antibody, Alexa Fluor 647

Jackson ImmunoResearch Labs

Cat#711-605-152;
RRID:AB_2492288

Donkey anti-rat IgG (H+L) secondary antibody,
Alexa Fluor 488

Jackson ImmunoResearch Labs

Cat#712-545-150;
RRID:AB_2340683

Donkey anti-rat IgG (H+L) secondary antibody,
Alexa Fluor 594

Jackson ImmunoResearch Labs

Cat#712-585-150;
RRID:AB_2340688

Donkey anti-rat 1IgG (H+L) secondary antibody,
Alexa Fluor 647

Jackson ImmunoResearch Labs

Cat#712-605-150;
RRID:AB_2340693

Donkey anti-goat IgG (H+L) secondary antibody,
Alexa Fluor 488

Jackson ImmunoResearch Labs

Cat#705-545-003;
RRID:AB_2340428

Donkey anti-goat 1gG (H+L) secondary antibodly,
Alexa Fluor 594

Jackson ImmunoResearch Labs

Cat#705-585-004;
RRID:AB_2340432
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Donkey anti-goat IgG (H+L) secondary antibodly,
Alexa Fluor 647

Jackson ImmunoResearch Labs

Cat#705-605-005;
RRID:AB_2340436

Donkey anti-chicken IgY (IgG) (H+L) secondary
antibody, Alexa Fluor 488

Jackson ImmunoResearch Labs

Cat#703-545-155;
RRID:AB_2340375

Donkey anti-mouse 1gG (H+L) secondary
antibody, Alexa Fluor 488

Jackson ImmunoResearch Labs

Cat#715-545-150;
RRID:AB_2340846

Donkey anti-mouse 1gG (H+L) secondary
antibody, Alexa Fluor 594

Jackson ImmunoResearch Labs

Cat#715-585-150;
RRID:AB_2340854

Critical Commercial Assays

Plasmid Plus Midi Kit QIAGEN Cat#12943
'I:ls\ls,:\;cope Multiplex Fluorescent Reagent Kit v2 ACD-Biotechne Cat#323100
RNeasy Mini Kit QIAGEN Cat#74104
iScript Reverse Transcription Supermix BioRad Cat#170-8840
iTag Universal SYBR Green Supermix BioRad Cat#172-5124

Experimental Models: Organisms/Strains

Mouse: Cx3crl+/eGFP: B6.129P-

The Jackson Laboratory

JAX stock #005582

Cx3crltmlLitt/d
Mouse: Sirpatm1b(EUCOMM)Hmgu Gift from Beth Stevens (Boston Children’s Hospital) N/A
Mouse: Cd47tm1Fpl The Jackson Laboratory JAX stock #003173

Mouse: Six3-Cre

The Jackson Laboratory

Furuta et al., 2000; JAX stock
#019755

Mouse: Tnfrsflla-Cre

Gift from Frederic Geissmann (Memorial Sloan
Kettering Cancer Center)

N/A

Mouse: Tnfrsflla-Cre

Gift from Frederic Geissmann (Memorial Sloan
Kettering Cancer Center)

N/A

Mouse:
Cx3crltm2.1(cre/ERT2)Jung

The Jackson Laboratory

Yona et al., 2013; JAX stock
#020940

Mouse: ROSA26iDTR

The Jackson Laboratory

Buch et al., 2005; JAX stock
#003173

Recombinant DNA

Plasmid: pPCAG-SIRPa This paper N/A

Plasmid: pPCAG-CDA47 This paper N/A

Plasmid: pCAG-GFP (in pcDNA3.1) géf;kfg")?ogyzabeth Zuniga-Sanchez, Matsuda and NIA

Plasmid: pCAG in pcDNA3.1 Gift from Elizabeth Zuniga-Sanchez N/A

Plasmid: Sirpa mouse tagged ORF clone ORIGENE Cat# MG208194
Plasmid: Cd47 mouse tagged ORF clone ORIGENE Cat# MG204706
Chemicals, Peptides, and Recombinant Proteins

Diphtheria toxin Sigma Cat#D0564
Tamoxifen Sigma Cat#T5648

10X PBS VWR Cat#101175-842

Normal Donkey Serum

Jackson ImmunoResearch Labs

Cat#017-000-121
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REAGENT or RESOURCE SOURCE IDENTIFIER
Triton X-100 EMD Cat#TX1568-1
Vectashield Vector Labs Cat#H-1000-10

FastGreen Dye

Sigma

Cat#F7252-5G

RNAscope Probe Mm-Sirpa-C1

ACD-Biotechne

Cat#837091

RNAscope Probe Mm-Cd47-C2

ACD-Biotechne

Cat#515461-C2

pHrodo Red Zymosan Bioparticles Conjugate for
Phagocytosis

Thermo Fisher

Cat#017-000-121

DMEM/F12 (1:1) Gibco Cat#11039-021

B27 (50X) Gibco Cat#17504-044
BDNF Invitrogen Cat#PHC7074
Dnase | Sigma Cat#D4527

Papain Worthington Cat#L.S003126
MEM Gibco Cat#11090

Bovine serum albumin (BSA) Sigam Cat#A-9418
Ovomucoid Worthington Cat#L.S003087
L-cysteine Sigma Cat#C1276

2.5% Phenylephrine Hydrochloride Ophthalmic Akom NDC: 17478-201-15
Solution

1% Tropicamide Ophthalmic Solution Akorn NDC: 17478-101-12
g?sgl;rfypromellose ophthalmic demulcent Akomn NDC: 17478-064-12
cOmplete protease inhibitor Roche Cat#04693124001
Phosphatase inhibitor | Calbiochem Cat#524624
Phosphatase inhibitor I1 Calbiochem Cat#524625

Oligonucleotides

gRT-PCR primers

Fwd - TGAGAGGGAAATCGTGCGTG

p actin Rev - TCGTTGCCAATAGTGATGACCTG Anderson et al., 2019
Cx3crl Egg:é::&%ggfég;;%ﬁgggig Anderson et al., 2019
-
NSNS | s o0
. v o TR o
oz Fwd - GCTGTGTTTGCCTCTCTACCAG NCBI Primer-BLAST

Rev - CAAGTAGAGGCAGGATCAGGCT
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REAGENT or RESOURCE SOURCE IDENTIFIER
Fwd - GAGCAACAGTGCCAAGGAATGG .
Miges Rev - ACTGTGGGCTACCTTGTAGGAC NCBI Primer-BLAST
Fwd - GGACCCGGAAACAACACATTG
Tyrobp Rev — GATCCCAGAGAGGGCTTGTT Anderson etal., 2019
Fwd - GTGTCCAACTGCACAGCAAG
Lrp Rev - GCAGACGTGAATGTCGCAAT Anderson et al., 2019
Softwares
Imaris, version 9 Bitplane http://www.bitplane.com/imaris
FLJI SciJava https:/fiji.sc

GraphPad Prism, version 9

GraphPad Software

http://www.graphpad.com/
scientific-software/prism

Others
BTX Harvard Apparatus Tweezertrodes BTX Cat#BTX450166
BTX Electroporation System BTX Cat#ECM830

Capillary Glass

Sutter Instrument

Cat#BF100-50-10

Fluoview FV1200 confocal microscope

Olympus

Model FV1200

STORM microscope

Bruker

Model Vutara 352

Celeris ERG system

Diagnosys LLC

N/A

Kimble Kontes Pellet Pestle homogenizer

DWK Life Sciences

Cat#749540-0000

CFX384 Touch Real-Time PCR Detection System

BioRad

N/A
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