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Retinal detachment (RD) is a sight-threatening complication com-
mon in many highly prevalent retinal disorders. RD rapidly leads to
photoreceptor cell death beginning within 12 h following de-
tachment. In patients with sustained RD, progressive visual decline
due to photoreceptor cell death is common, leading to significant
and permanent loss of vision. Microglia are the resident immune cells
of the central nervous system, including the retina, and function in
the homeostatic maintenance of the neuro-retinal microenvironment.
It is known that microglia become activated and change their morphol-
ogy in retinal diseases. However, the function of activated microglia in
RD is incompletely understood, in part because of the lack of microglia-
specific markers. Here, using the newly identified microglia marker
P2ry12 and microglial depletion strategies, we demonstrate that
retinal microglia are rapidly activated in response to RD andmigrate
into the injured area within 24 h post-RD, where they closely associate
with infiltrating macrophages, a population distinct from microglia.
Once in the injured photoreceptor layer, activated microglia can be
observed to contain autofluorescence within their cell bodies,
suggesting they function to phagocytose injured or dying photore-
ceptors. Depletion of retinal microglia results in increased disease
severity and inhibition of macrophage infiltration, suggesting that
microglia are involved in regulating neuroinflammation in the
retina. Our work identifies that microglia mediate photoreceptor
survival in RD and suggests that this effect may be due to microglial
regulation of immune cells and photoreceptor phagocytosis.
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Retinal detachment (RD) is a sight-threatening complication
of a variety of common retinal disorders including rhegma-

togenous RD (1), neovascular age-related macular degeneration
(2), and diabetic retinopathy (3). In patients with sustained RD,
progressive visual decline due to photoreceptor cell death is
common (4) and leads to significant and permanent vision loss (1,
5). Photoreceptor cell death occurs when photoreceptor outer
segments are physically separated from the underlying retinal
pigment epithelium (RPE) and choroidal vasculature, which
provide metabolic support and oxygen to the outer layers of the
retina (6, 7). While numerous pathological changes occur in the
detached retina (8), studies using patient samples and animal
models have shown that photoreceptor cell death is induced as
early as 12 h after RD (4, 9). In the pathogenesis of RD, several
inflammatory factors have been associated with the progression of
photoreceptor cell death including MCP-1, TNF-α, and IL-1β (10–
13). Macrophage/microglia infiltration into the retina after RD
was previously thought to contribute to RD-induced photorecep-
tor apoptosis (9).
Microglia are resident immune cells of the CNS/retina, and

function in the homeostatic maintenance of the neuro-retinal

microenvironment (14). In healthy eyes, microglia typically have
a highly ramified morphology, and their cell bodies are located in
the inner retina, including the ganglion cell layer, the inner
plexiform layer (IPL), and the outer plexiform layer (OPL) of
the retina, and are not present in the photoreceptor cell layer
(15). Previous studies have demonstrated that microglia are ac-
tivated during retinal disease processes including glaucoma (16),
retinitis pigmentosa (17), age-related macular degeneration (18),
retinopathies (19–21), and RD (11, 15, 22, 23). Once microglia
are activated, they become increasingly mobile, their horizontal
processes shrink, and their morphology becomes amoeboid in
nature. Activated microglia perform multiple functions such as
phagocytosis, antigen presentation, and production of in-
flammatory factors, which can be either beneficial or harmful to
the affected tissue (24, 25). Multiple studies have suggested that
activated microglia promote neuronal cell death in both the
retina and the brain (11, 26–28), including animal models of RD
and inherited retinal degeneration, in which photoreceptor cell
death is a key process in the pathogenesis (23, 29). It has been
reported that microglia phagocytize live photoreceptor cells and
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worsen photoreceptor loss in retinal degeneration (29). In con-
trast, other studies have reported a protective function for acti-
vated microglia in ischemic brain injury, in which neuronal cell
death is the main cause of pathogenesis (30, 31). However,
whether microglia activity affects photoreceptor cell death in RD
has not been clearly investigated.
The role and function of microglia in disease progression is not

well understood due to the multiple phenotypes and/or different
stages of activation of microglia that are associated with either
harmful or beneficial effects during disease pathogenesis. Pre-
dominantly, investigators have struggled to understand how
microglia are related to monocytes/macrophage populations dur-
ing neuroinflammation. This is due in part to the lack of
microglial-specific markers. The most commonly used markers in
prior microglial studies are CX3CR1, CD11b, and Iba1 (32–34),
which are also expressed in other types of immune cells such as
monocytes and macrophages (35, 36). Thus, distinguishing
microglia from other infiltrating immune cells is not possible using
these markers, especially in the context of disease or injury, where
inflammation is present. Previous research from our laboratory
demonstrated that macrophages/microglia were observed in the
subretinal space after RD (9, 13). We hypothesized that these cells
contributed to local inflammation and affected photoreceptor cell
death. However, given our reagents at the time, we were unable to
elucidate the differential role of macrophages and microglia and
their respective effects on photoreceptor cell death.
P2ry12 was previously shown to regulate microglial activation

(37) and has recently been identified as a microglia-specific marker
that is not expressed by monocytes or macrophages (35). In this
study, we used an antibody against P2ry12, which allowed us to
distinguish microglia from other types of immune cells during RD-
induced inflammation. We first observed the dynamic morpho-
logical changes of microglia in RD, acquiring images that clearly
depict microglia interacting with infiltrating macrophages and
phagocytized photoreceptors. To directly assess the role of
microglia in RD, we depleted microglia and assessed the severity of
neurodegeneration in response to RD. Our results suggest that
microglia inhibit photoreceptor cell death in acute RD and con-
tribute to macrophage infiltration and photoreceptor phagocytosis.

Results
Longitudinal Assessment of Morphological Changes in Microglia
Following RD. To define the activation of microglia in response
to RD, we first examined the morphological changes microglia
undergo in response to RD. We induced RD in mice and isolated
retinas for whole-mount immunohistochemistry (IHC) at 1, 3, 6,
12, and 24 h after RD induction. Retinas were stained for the
microglial-specific marker P2ry12. Isolectin GS-B4 (lectin) was
used to label vessels to orientate microglia within the retina as well
as to identify possible infiltrating immune cells. The entire retinal
thickness of each detached area was scanned by confocal mi-
croscopy, and 3D reconstructions were performed using the soft-
ware platform Amira (38). Untreated eyes served as a baseline
(0 h). The superior orthogonal views of 3D-constructed retinal
images illustrate that microglia are evenly distributed in the nor-
mal retina (Fig. 1). Post detachment, microglia begin to condense
and migrate to the injured area, which is most prominent at 24 h
post-RD (Fig. 1 and SI Appendix, Fig. S1A). When microglia in the
detached area were focally examined by whole-mount IHC,
microglial density was reduced in as little as 1 h post-RD (P <
0.05), reflecting microglial condensation and migration to the in-
jured area (SI Appendix, Fig. S1 A and B). This condensation of
the microglial cell body increased as disease progression occurred
(24 h post-RD, P < 0.0001) (SI Appendix, Fig. S1 A and B). The
number of microglia in the upper retina was significantly reduced
at 24 h (P < 0.001) (SI Appendix, Fig. S1 A and C), a reflection of
their migration into the photoreceptor cell layer and subretinal
space in the region of injury (see SI Appendix, Fig. S13, which is
described below). To determine if microglial cell numbers are
stable throughout the disease course, we used flow cytometry with
a marker that has been reported to be microglia specific, Fc-
receptor like-S, scavenger receptor (Fcrls) (35), and quantified
the number of microglia in the entire retina through disease
progression. We found that Fcrls+ microglial numbers in whole-
retinal suspensions were unchanged in response to RD (SI Ap-
pendix, Fig. S2). The 3D-constructed cross-sectional views of the
retina clearly define the distribution of microglia. Before RD (0 h)
microglia are located in the OPL, the IPL, and the ganglion cell
layer and microglial processes or cell bodies are not present in the
outer nuclear layer (ONL, the photoreceptor cell layer) (Fig. 2A).
Microglia contain highly ramified processes parallel to the retinal

1h 3h

6h 12h 24h

P2ry12
Lectin

0h (no RD)

Fig. 1. Time-course images of the top view 3D-
constructed retinas after RD. Retinas at various
time points after detachment were whole-mount
stained with anti-P2ry12 Ab (magenta) and lectin
(yellow). Confocal images of the entire retinal
thickness around the peak of RD were taken by a 20×
lens and were 3D reconstructed using Amira soft-
ware. At least six eyes were examined for each time
point. (Scale bar: 100 μm.)
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vasculature in normal retinas (Fig. 2 B and C). In contrast, fol-
lowing RD, microglia become dynamic and migrate rapidly into
the injured outer retina (Fig. 2A and SI Appendix, Fig. S3).
Microglia rapidly extend their processes into the injured area in as
little as 1 h post-RD; they then migrate to the outer retina while
condensing their processes (Fig. 2). At 24 h post-RD, many of the
microglial cell bodies in the detached area are located in the
outermost layer of the retina. During this phase microglia take on
a variety of morphological features suggesting differing levels of
activation and potentially differential functions. A number of microglia
in the injured photoreceptor layer demonstrate an amoeboid
morphology (Fig. 2A and SI Appendix, Fig. S3), a microglial
phenotype that is associated with an activated state (39). These
results illustrate that, in response to RD injury, retinal microglia
become activated within 24 h and migrate into the injured
photoreceptor layer.

Depletion of Microglia in RD. Microglia are extremely dynamic in
their morphology and are able to migrate rapidly into injured
areas of the retina following RD. However, their function in RD
injury remains unclear. It has been suggested that infiltrating
macrophages and/or microglia contribute to photoreceptor cell
death, the key pathology of RD (12, 13). However, the role of
microglia in acute RD disease progression is still unclear. To begin
to address this, we first depleted retinal microglia utilizing a
transgenic (TG) approach and evaluated photoreceptor cell death
in microglia-depleted animals. Cx3cr1CreER mice, which express a
Cre-ER fusion protein from endogenous CX3CR1 promoter en-
hancer elements (40), were crossed to B6-iDTR mice, which
contain a flox-STOP-flox diphtheria toxin receptor (DTR) in the
ROSA26 locus (41). In subsequent offspring, Cre recombinase
activation under the control of the Cx3cr1 promoter can be in-
duced by tamoxifen, leading to expression of the human DTR on
CX3CR1-expressing cells, including microglia (36). In a normal

retina, essentially all CX3CR1+ cells are microglia, and therefore
tamoxifen administration will trigger expression of the DTR only in
retinal microglia. Cells expressing the DTR undergo cell death in
response to the administration of diphtheria toxin (DTX) in this
TG mouse system, allowing microglial depletion by DTX admin-
istration (40). To induce DTR expression in this system, we induced
activation of Cre recombinase in TG mice with five consecutive
days of i.p. tamoxifen injections starting at 6 wk of age. Two weeks
later, retinal microglia were depleted by introducing DTX via the
anterior chamber (AC) (42) to locally deplete CX3CR1+ cells
within the retina and to minimize the systemic effect of DTX-
induced cell death in circulating CX3CR1+ cells.
Injection of DTX in tamoxifen-treated TG mice depleted

88.5% of retinal microglia in 48 h (P < 0.0001) (Fig. 3A and SI
Appendix, Fig. S4). However, tamoxifen i.p. injection alone also
suppressed the number of microglia by approximately 30% (Fig.
3A). These data are consistent with a report that described ta-
moxifen suppression of microglial viability in vitro (43). To in-
vestigate the effect of microglial depletion in photoreceptor cell
death, we administered DTX (AC) 48 h before and at the time of
RD induction. Photoreceptor cell death was assessed 24 h post-
RD, the peak of cell death in this model (9). Photoreceptor cell
death in DTX-injected mice was significantly increased compared
with saline-injected control mice (P < 0.05) (Fig. 3B). This sup-
ports a role for retinal microglia in safeguarding photoreceptors
from cell death in response to RD. ONL thickness evaluated at
24 h post-RD did not differ between retinas with and without
microglia depletion in TG mice (SI Appendix, Fig. S5A), indicating
that microglia depletion by DTX did not affect the total number of
photoreceptor cells at this acute time point.
However, because approximately 11.5% of P2ry12+ microglia

still remained after microglial deletion using this TG mouse system
(Fig. 3A), we could not exclude the possibility that the remaining
microglia contributed to this finding. Moreover, because CX3CR1
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Fig. 2. Microglia change location and morphology within 24 h post-RD. Retinas at various time points after detachment were whole-mount stained with
anti-P2ry12 Ab (magenta) and lectin (yellow). The confocal images around the peak of RD were taken by a 63× lens, and the images were 3D-reconstructed
using Amira software. (A) The side view of the retinas shows the time-course change of microglia location and their processes in the ONL. (B and C) Top (B)
and side (C) views of magnified images of a single microglia from each time point show the time-course change in shape and size. At least six eyes were
examined for each time point. (Scale bars, 50 μm.)
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is not microglia specific, especially in the setting of inflammation, it is
possible that targeting CX3CR1+ cells led to the depletion of other
populations such as infiltrating macrophages. Therefore, we next
utilized a pharmacologic approach to deplete microglia by targeting
colony-stimulating factor 1 receptor (CSF1R), a receptor required for
microglia survival (44). We utilized an orally administered CSF1R
antagonist, PLX5622, to deplete microglia. After 7 d of adminis-
tration of PLX5622, formulated in chow (1,200 ppm), no microglia
were detected in the retina (Fig. 4A and SI Appendix, Fig. S6).
We started the PLX5622 diet 7 d before RD induction and

assessed photoreceptor cell death. At 24-h post-RD, retinas from
PLX5622-fed mice had a significant increase in the number of
TUNEL+ cells in the ONL compared with retinas from mice
receiving control diet (P < 0.05) (Fig. 4B). These results are
consistent with the results from our microglia depletion study in
TG mice (Fig. 3B), further confirming that microglia inhibit
photoreceptor cell death in response to acute RD injury. ONL
thickness evaluated at 24 h post-RD did not differ between retinas
with and without microglia depletion with PLX5622 (SI Appendix,
Fig. S5B), indicating that microglia depletion by PLX5622 did not
affect the total number of photoreceptor cells at this acute time
point. Retinal function evaluation by electroretinography (ERG)
at 7 d post-RD did not show a difference between the RD retinas
with and without microglia depletion by PLX5622 (SI Appendix,
Fig. S7). Of note, the a- and b-wave amplitudes from human pa-
tients with total rhegmatogenous RD are almost nonrecordable
(45); therefore these findings are not unexpected. Consequently, it
is likely that recordings of full-field ERG in partial RD originate
mostly from the nondetached retina, so any effects on photore-
ceptor survival in the detached retina would not be reflected in the
ERG response. This point is further detailed in Discussion.

We next examined the relationship among microglia, photo-
receptors, and TUNEL+ nuclei by IHC to ensure that microglial
death was completed before RD induction and did not affect
TUNEL+ cell numbers in PLX5622-treated mice with RD and
that cell populations other than photoreceptor cells did not
contribute to TUNEL+ cell numbers. We first examined if
PLX5622 affected the number of TUNEL+ cells in naive/healthy
retinas. Although TUNEL+ cells were not observed in control
retinas (SI Appendix, Fig. S8A), TUNEL+ microglia were detected
at early time points (day 1–2) of PLX5622 administration (SI
Appendix, Fig. S8 B and C). After 7 d of PLX5622 administration,
microglia were not observed, and there were no TUNEL+ cells in
the ONL (SI Appendix, Fig. S8D). This result confirms that
microglia death is complete by day 7 of PLX5622 administration
and does not affect the number of TUNEL+ cells in PLX5622-
treated RD mice. Complete depletion of microglia was also con-
firmed in PLX5622-treated RD mice (SI Appendix, Fig. S9), sug-
gesting that dying microglia in PLX5622-treated retinas do not
contribute to TUNEL+ cells in the ONL.
Next we examined localization of TUNEL+ nuclei within the

cells of the ONL in association with a photoreceptor-specific cell
marker, recoverin, which is a membrane protein. TUNEL+ nuclei
at 24 h post-RD with and without microglia depletion were lo-
cated inside the staining of recoverin+ cells, confirming that
TUNEL+ cells were photoreceptors (SI Appendix, Fig. S10). To-
gether, these data confirm that the increase in TUNEL+ cells in
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stack images of the entire thickness of the retina were created by ImageJ for
microglia counting. Consequently, four images from one eye were used for
the quantification of microglia number. (Scale bars: 100 μm.) n = 3–4. ***P <
0.001; ****P < 0.0001, one-way ANOVA followed by Tukey’s multiple com-
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RD following microglia depletion was due to increased photore-
ceptor cell death.

Microglial Association with Inflammatory Cells in the Photoreceptor
Layer After RD. Our results illustrated that, following RD, micro-
glia migrated rapidly into the photoreceptor layer. However,
microglia are not the only population infiltrating into the subretina
after RD injury. We observed lectin+ cells infiltrating into the
retina at 12 h post-RD, becoming more prominent at 24 h (Fig.
5A). This observation is consistent with our earlier studies in which
CD11b+ cells appeared in the subretina beginning at 12 h after RD
(9). We next examined the characteristics of infiltrating inflamma-
tory cells, as the infiltrating CD11b+ subretinal cells could be either
activated microglia or infiltrating macrophages (9, 11, 13, 23).
To observe the detail of lectin+ cells in the photoreceptor layer,

3D orthogonal views from retinal whole mounts were constructed
with a view projected from the subretina in lectin- and P2ry12-
labeled samples (Fig. 5A). The upper retinal layers were seg-
mented by a black surface so that only the ONL and the photore-
ceptor inner and outer segment layers were observed. Interestingly,
some of the microglia appeared to interact directly with lectin+ cells,
which were observed at 12 and 24 h post-RD (Fig. 5 A and B). The
magnified z-stack images and the 3D-constructed images of
microglia show that the P2ry12+ microglia were wrapping around
(Fig. 5C) and interacting with lectin+ cells (Fig. 5D), suggesting that
a subset of microglia actively phagocytize infiltrating lectin+ cells
and communicate with infiltrating cells via their processes. The 360°
movie images of these microglia (Movies S1 and S2) more clearly
demonstrate that microglia interact directly with infiltrating lectin+

cells. These images strongly suggest that P2ry12+ microglia and

infiltrating lectin+ immune cells are distinct populations. However,
microglia are weakly positive for lectin staining, and this staining is
relatively nonspecific for immune cell types (Fig. 5 C and D). Given
this, we next performed a more detailed characterization of lectin+

cells utilizing reported microglia/macrophage markers (46). IHC for
CD11b clearly stained lectin+ cells, while P2ry12+ ramified micro-
glia had only faint CD11b reactivity (Fig. 6A). On the other hand,
anti-F4/80 IHC did not stain infiltrating lectin+ cells but appeared to
stain activated P2ry12+ microglia (Fig. 6B). 3D-reconstructed im-
ages clearly show microglia directly interacting with CD11b+ mac-
rophages (Movie S3). In addition, a number of lectin+ infiltrating
immune cells were CX3CR1− when GFP signal was examined in
retinas from CX3CR1+/GFP mice (Fig. 6C), supporting previous
work identifying these cells as activated monocytes/macrophages
(34, 47, 48). Conversely, P2ry12+ microglia were Cx3cr1-GFP+

(Fig. 6C).
Because microglia were in direct contact with CD11b+ in-

filtrating macrophages, it is possible that microglia affect the activity
and/or infiltration of macrophages. To examine this possibility, we
depleted microglia and evaluated CD11b+ cells in whole-mount
retinas 24 h post-RD. Interestingly, in detached retinas from
microglia-depleted TG mice, infiltration of CD11b+ macrophages
was markedly suppressed compared with retinas from control mice
(P < 0.01) (Fig. 7 A and B and SI Appendix, Fig. S11B). Moreover,
CD11b+ macrophages were almost absent in detached retinas from
PLX5622-fed C57BL/6J mice (P < 0.01) (Fig. 7 C and D and SI
Appendix, Fig. S11C). The absence of microglia and CD11b+ cells in
PLX5622-treated RD retinas was also confirmed in cross-sectional
analysis (Fig. 7E). It should be noted that some CD11b+ macro-
phages were observed in the far peripheral retina around the RD
injection site in both microglia depletion methods, indicating that
the systemic CD11b+ macrophage population was not significantly
decreased by microglia depletion methods (SI Appendix, Fig. S11).
In addition, we confirmed by flow cytometric analysis that the
systemic (blood and spleen) CD11b+ cell populations did not
change significantly with either microglia depletion method (SI
Appendix, Fig. S12). These results suggest that loss of microglia is
the direct cause of reduced infiltrating CD11b+ macrophages in
the retina, indicating that microglia control the infiltration of
macrophages into the damaged tissue.
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dicates the microglia magnified in C, and the arrows indicate the microglia in
D. (C) The magnified z-stack images and the corresponding 3D-reconstructed
images show that the microglia wraps around the lectin+ cells. (D) Two other
adjacent microglia are contacting lectin+ cells. (Scale bar: 50 μm in B; 10 μm
in C; 20 μm in D.)

e

CD11bP2ry12 LectinMerge

LectinP2ry12 F4/80Merge

P2ry12 LectinCX3CR1-GFPMerge

A

B

C

Fig. 6. Infiltrating cells 24 h post-RD are CD11b+, F4/80−, and CX3CR1−.
Retinas 24 h post-RD were stained with anti-P2ry12 Ab and lectin together
with anti-CD11b Ab (A) or anti-F4/80 Ab (B), or CX3CR1+/GFP mice were used
(C). Images around the peak of RD were taken by confocal microscopy using
a 63× lens. Z-stack images of the bottom of the retinas were created by
ImageJ. Magnified single-color images of the microglia indicated by dotted
squares are shown on the Right. Lectin+ cells interacted by microglia are
CD11b+, F4/80−, and CX3CR1-GFP−. At least three eyes were examined for
each staining. (Scale bars: 25 μm.)

E6268 | www.pnas.org/cgi/doi/10.1073/pnas.1719601115 Okunuki et al.

http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1719601115/video-1
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1719601115/video-2
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1719601115/video-3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719601115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719601115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719601115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719601115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719601115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719601115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1719601115


Microglial Phagocytosis of Autofluorescent Particles in the Photoreceptor
Layer.We have shown that microglia and inflammatory cells migrate
rapidly into the photoreceptor layer within 24 h in RD. These ob-
servations suggest that in the early stage of RD the primary immune
cell activity occurs in the photoreceptor layer, which is the location
of retinal injury in this model. We have shown that microglia at this
stage interact with CD11b+ macrophages, although there were also
numerous amoeboid microglia that did not have contact with
CD11b+ macrophages but were located within the photoreceptor
layer. This suggests that activated microglial subsets may perform
differing functions in the damaged photoreceptor layer.
Previous studies have demonstrated that when microglia/

macrophages engulf damaged photoreceptors, the engulfed pho-
toreceptors can be identified by autofluorescence within phagocytic
vacuoles (49, 50). We examined if autofluorescence was detected in
amoeboid microglia within the damaged photoreceptor layer in
mice with RD. Retinas of 24 h post-RD mice were stained with
anti-P2ry12 Ab, and confocal images around the center of the
detachment were taken together with autofluorescence identified
at the 488-nm excitation wavelength (50, 51). Interestingly, auto-
fluorescence was observed within the cell bodies of amoeboid
microglia (Fig. 8A), indicating phagocytosis of injured photore-
ceptors. Magnified 3D-reconstructed images clearly show that the
microglia cell bodies contain multiple autofluorescent particles

approximately 2–3 μm in diameter (Fig. 8B). While CD11b+

macrophages also contain autofluorescence in their cell bodies
(Fig. 8C), the average autofluorescent volume within a single
microglial cell body was seven times larger than that in a single
macrophage, and the total area of autofluorescence in all microglia
was five times larger than that of macrophages (Fig. 8D). This suggests
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Fig. 7. CD11b+P2ry12− macrophage infiltration is decreased in association
with microglia depletion. The eyes were isolated 24 h post-RD with or
without microglia depletion. (A–D) Whole-mount retinas were stained for
P2ry12, CD11b, and lectin. (A and C) Z-stack images of the center of the
detached area, which corresponds to the peak of RD, were obtained by
confocal microscopy using a 63× lens. Consequently, two images were
obtained per eye. (B and D) The number of CD11b+P2ry12− cells in the
photoreceptor layer was manually counted using z-stack images created by
ImageJ. The results from two images from the same eye were averaged and
shown as the cell number from the eye (B, n = 5; D, n = 4–5). (A and B)
Microglia depletion in TG mice (CX3CR1cre × B6-iDTR). DTX or saline was AC
inoculated in TG mice 48 h before and at the time of RD surgery. (C and D)
Microglia depletion with PLX5622. PLX5622 or control diet was given start-
ing 7 d before RD induction in C57BL/6J mice. (E) Fresh-frozen eyes preserved
in OCT compound were stained for P2ry12, CD11b, and DAPI. Representative
images from at least 12 sections from three eyes per group are presented.
(Scale bars: 100 μm in A and C; 50 μm in E.) Data are expressed as mean;
**P < 0.01, unpaired t test.
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Fig. 8. Phagocytosis of autofluorescent particles by activated microglia.
Whole-mount retinas 24 h post-RD were stained with P2ry12 and CD11b.
Confocal images were taken together with autofluorescence excited at
488 nm. (A and B) Representative images of four retinas. (A) Single-slice
images and orthogonal z-slices of microglia and autofluorescence in the
outer retina created by ImageJ. Microglia cell bodies and autofluorescence
colocalize. (B) Z-stack images and a 3D-constructed image of a microglia
phagocytizing autofluorescent particles created by ImageJ and Amira. The
microglia contains multiple autofluorescent particles in its cell body. (C) Z-
stack images of the bottom of the retina. Microglia (P2ry12+) and macro-
phages (P2ry12−CD11b+) contain autofluorescence in their cell bodies.
Microglia interacting with macrophages are indicated by arrows. (D) Evalu-
ation of the autofluorescence area in a single cell (Upper) and in a 1-mm2

area (Lower). Four confocal images (each area 246.03 × 246.03 μm) were
taken per retina. All the P2ry12+ microglia (20–27 cells per retina) and
P2ry12−CD11b+ macrophages (10–49 cells per retina) which contain auto-
fluorescence in the four images per retina were evaluated to calculate the
area of autofluorescence (AF). ***P < 0.001; ****P < 0.0001. (E) Magnified
images of a single microglia indicated by the dashed square in C. A microglia
containing autofluorescence interacts with a macrophage. A 360° video
image of this microglia is shown in Movie S4. (C–E) n = 4 retinas (16 images).
(Scale bars: 50 μm in A; 10 μm in B; 50 μm in C; 10 μm in E.)
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that microglia are the main cell population contributing to phagocy-
tosis of damaged photoreceptors. Some of the autofluorescence-
containing microglia also interacted with CD11b+ macrophages
(Fig. 8E and Movie S4), indicating that microglia may have diverse
functions depending on disease pathology. The association of
microglia, autofluorescence, and CD11b+ macrophages was also
examined by IHC in retinal cross-sections. Amoeboid microglia
containing autofluorescence adjacent to the ONL were observed
interacting with CD11b+ macrophages in the subretinal space (SI
Appendix, Fig. S13). Moreover a number of microglia entering the
subretinal space were also identified (SI Appendix, Fig. S13B),
suggesting some of the activated microglia may exit the retina
during RD. These data demonstrate that following injury there is
dynamic microglial phagocytic activity in the photoreceptor layer,
which may protect surrounding photoreceptors from further
damage. Thus, an important function of microglia following RD is
clearing distressed or dying photoreceptors.

Discussion
In this study we demonstrated that in response to RD microglia
undergo dramatic morphological changes following activation.
Activated microglia traveled rapidly into the damaged photore-
ceptor layer within 24 h post-RD, where microglia either interact
with infiltrating macrophages and/or engulf dying photoreceptors.
In the present study, we observed microglial activation within as

little as 1 h after RD induction. This microglia activation started
earlier than the peak of photoreceptor cell death, which occurs at
24 h in this RD model (13, 52). At 24 h post-RD, activated
microglia were located in the photoreceptor layer, indicating that
the target of activated microglia in RD is the photoreceptor layer,
where direct injury occurs. It should be noted that microglia with
multiple different morphologies (fully amoeboid and ramified)
exist in the outer retina at 24 h post-RD (Fig. 5). Some microglia
even remained in the inner retina after RD (SI Appendix, Figs.
S3 and S9), and microglia migrating into the subretinal space were
observed (SI Appendix, Fig. S13B). This suggests that microglia are
not a homogenous population but rather contain several subsets
with discrete functions, as recently demonstrated in brain-resident
Fcrls+ microglia that contained three distinct populations with
different cytokine expression patterns (53).
We observed that the loss of retinal microglia resulted in in-

creased photoreceptor cell death in response to RD, suggesting
that retinal microglia have a role in inhibiting photoreceptor cell
death in this acute injury model. While ERG analysis did not
detect any change in retinal function in microglia-depleted RD
retinas, this could be due to the limitations of the ERG technology
in detecting retinal changes in the detached retina. In human RD,
full-field ERG recordings from patients with total RD have an
almost nonrecordable ERG response which is not predictive of
retinal function after reattachment (45). In our murine RDmodel,
RD is induced in approximately 50% of the total retinal area (6).
The results of a full-field ERG include both the nondetached area
and detached area, although very little signal is likely to originate
from the detached area. This indicates that the ERG recordings
obtained in this murine RD model originate predominately from
nondetached areas and that the amplitudes would be reflective of
the size/function of the nondetached retina, not the area of de-
tachment. Although many reports demonstrate photoreceptor cell
death in murine models of sodium hyaluronate-induced RD, ERG
data were not presented in these reports (11, 54–57).
There are reports of ERG differences in saline-injected surgical

murine RD models (58, 59). Saline is rapidly absorbed, and reat-
tachment occurs within 1–3 d after injection (60). Therefore, ERG
recordings of saline-injected retinas are reflective of both the
reattached retina and the nondetached retina. By contrast, in-
jection of sodium hyaluronate, which we used in the present study,
induces persistent and stable RD, preventing ERG assessment.

We have identified that one function of microglia in RD is to
phagocytose injured photoreceptors, as detected by the auto-
fluorescent signature in microglia (Fig. 8). It is generally known
that autofluorescent material, called “lipofuscin,” originates
from the ingestion of shed photoreceptor outer segments. The
outer segments are renewed approximately every 10–14 d in
normal conditions, and outer segments that are shed from the
photoreceptor cell bodies are normally phagocytized by RPE
cells (61). Conventionally, lipofuscin in RPE cells is known as the
main source of fundus autofluorescence, although perivascular
and subretinal microglia/macrophages have also been shown to
be an important source of autofluorescence in the aged retina
(51). It is thought that the accumulation of lipofuscin is one of
the causes of increased photoreceptor cell death in mouse
models of accelerated senescence (62) and Stargardt disease
(63). In disease conditions, microglia and/or macrophages will
phagocytize degraded outer segments and become a source of
autofluorescence in the injured area (50, 64, 65). However, due
to the absence of specific markers for microglia and macrophages,
the identity of cell populations containing autofluorescence was
not clear in previous studies (49, 64). In the current report, using a
microglia-specific anti-P2ry12 antibody (35), we clearly demon-
strate that microglia contain autofluorescence in RD. These re-
sults suggest that microglia may contribute to maintaining a
homeostatic microenvironment by removing injured photorecep-
tor outer segments. While we observed autofluorescence in mac-
rophages, this autofluorescence was minimal in volume compared
with microglia, suggesting that microglia play a more significant
role in photoreceptor removal.
We also observed that activated microglia interacted with

CD11b+ macrophages, which have a morphology and staining pat-
tern different from that of microglia. Interestingly, infiltration of
CD11b+ macrophages, which was prominent in the control mice at
24 h post-RD, was suppressed in retinas from microglia-depleted
mice (Fig. 7). This could be explained by one of two scenarios.
First, CX3CR1+ cell depletion by DTX and CSF1R blockade

by PLX5622 might have depleted systemic CD11b+ macrophage
populations as well. CSF1R is also expressed in blood monocytes
and is important for the survival, maturation, and differentiation of
these cells (66, 67), and therefore it is possible that PLX5622 sup-
pressed systemic CD11b+ monocytes as well. Likewise, although
DTX was administered locally in the eye in the TG model, it could
potentially enter the circulation and deplete systemic monocytes.
However, we demonstrated that neither microglia depletion method
changed the relative levels of circulating CD11b+ cell populations (SI
Appendix, Fig. S12). A prior study demonstrating that PLX5622 does
not alter circulating monocyte numbers (68) supports our results.
The second possibility is that in the absence of microglia,

CD11b+ cellular infiltration into the retina is blocked. Microglia
may direct infiltrating cells from the systemic circulation into the
retina during injury, and in the absence of microglia immune
cells are blocked from CNS entry. No previous studies have
identified that microglia direct the CNS immune response, and
this newly discovered interaction could be of significant interest as
a therapeutic target. This finding also suggests heterogeneity in
microglial function in RD, as microglia both direct the immune
response in early phases of RD and later engulf immune cells. It
seems likely that distinct subpopulations of microglia may perform
these discrete functions and keep neuroinflammation in check.
We are just beginning to understand the roles of retinal

microglia in response to the acute injury of RD. Our current study
demonstrates that the absence of microglia exacerbates photore-
ceptor cell death along with a corresponding reduction of CD11b+

cells infiltrating into the injured retina in RD (Figs. 3, 4, and 7).
The association of infiltrating macrophages with photoreceptor
cell death remains controversial. Our previous findings suggested
that inflammatory cytokines, such as IL-1β, MCP-1, and TNF-α
produced by CD11b+ macrophages/microglia may increase
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photoreceptor cell death (13). We therefore expected photore-
ceptor cell death to be reduced in microglia-depleted retinas, as
this decreased both microglia and macrophages (Fig. 7). Surpris-
ingly, photoreceptor cell death was increased in microglia-depleted
retinas (Figs. 3 and 4). It is known that microglia produce trophic
factors such as brain-derived neurotrophic factor (24) and that
Müller cells increase the expression of trophic factors when they
are cocultured with activated microglia (69). Further, these tro-
phic factors produced by microglia and Müller cells increased
photoreceptor viability in vitro (69). It is also likely that distinct
populations of microglia may have differential effects on photo-
receptor survival. In addition, damaged photoreceptors that are
not phagocytized in microglia-depleted retinas may trigger apo-
ptosis of neighboring photoreceptors, resulting in an expansion of
damaged tissue. It is likely that the effect of microglial depletion
on photoreceptor cell death is multifactorial.
Although the present study yields important insights into the

function of microglia in retinal injury, it is important to recognize
the inherent and unavoidable limitations. First, there are differ-
ences between human RD and animal models of RD. In animal
models, RD is created surgically within a few minutes, which
would be similar to traumatic RD in human patients (6, 23).
However, the mechanism of photoreceptor damage may differ
when RD is triggered not by traumatic injury but as a consequence
of retinal disease in which RD forms gradually over time. Because
RD occurs as a complication of many retinal diseases, it is possible
that microglia have differential functions dependent on the un-
derlying cause of RD. Second, we use sodium hyaluronate (1%),
which is highly viscous, to create a stable RD in animals. By
contrast, the subretinal fluid in human RD is primarily liquefied
vitreous, serum transudate, and aqueous humor (70, 71). Sodium
hyaluronate is the predominant glycosaminoglycan of human vit-
reous, and the concentration of hyaluronan in adult human vit-
reous has reported to be between approximately 0.0065 and 0.04%
(72), much lower than the concentration used for induction of RD
in animals. However, despite these differences, there are multiple
similarities between animal RD models and human RD, such as
activation of IL-1β (13), subretinal microglia/macrophage in-
filtration (65), and timing of apoptotic cells observed in the ONL
(4). Third, although P2ry12 is expressed exclusively in microglia,
P2ry12 expression has been reported to be decreased in some
disease conditions (73, 74). Therefore, it is possible that, post- RD,
some activated microglia down-regulate P2ry12 expression, al-
though activated P2ry12+ amoeboid microglia were observed in
the photoreceptor layer (Figs. 2, 5, 7, and 8) and in the subretinal
space (SI Appendix, Fig. S13B).
In summary, our results indicate that in acute RD microglia

help maintain photoreceptor viability and protect photoreceptor
cells from degeneration, in part via microglia-mediated control
of macrophage infiltration and photoreceptor phagocytosis.

Materials and Methods
Animals. All animal experiments followed the guidelines of the Association
for Research in Vision and Ophthalmology Statement for the Use of Animals
in Ophthalmic and Vision Research and were approved by the Animal Care
Committee of the Massachusetts Eye and Ear Infirmary. C57BL/6J mice (stock
no. 00664) and CX3CR1GFP/GFP mice on a C57BL/6 background (stock no.
005582), Cx3cr1CreER mice (stock no. 021160), and B6-iDTR mice (stock no.
007900) were purchased from Jackson Laboratories. Heterozygous CX3CR1+/GFP

mice were created by crossing CX3CR1GFP/GFP mice with wild-type C57BL/6J mice.
Mice were fed standard laboratory chow except during the microglia-depletion
experiments, in which PLX5622 or the control diet was given. Mice were allowed
free access to water in a climate-controlled room with a 12-h light/12-h dark
cycle. All mice used for experiments were 7–9 wk old.

Induction of RD. RDwas induced as previously described (6). Briefly, mice were
anesthetized with an i.p. injection of 2,2,2-tribromoethanol (250 mg/kg;
Sigma-Aldrich Corp.), and pupils were dilated with topical phenylephrine
(5%) and tropicamide (0.5%). The temporal conjunctiva at the posterior

limbus was incised and detached from the sclera. A 30-gauge needle (BD)
was used with the bevel pointed up to create a sclerotomy 1 mm posterior to
the limbus. A scleral tunnel was created, followed by scleral penetration into
the choroid, making a self-sealing scleral wound. A corneal puncture was
made with a 30-gauge needle to lower intraocular pressure. A 33-gauge
needle connected to a NanoFil 10-μL syringe (World Precision Instruments,
Inc.) was inserted into the subretinal space with the bevel pointed down.
Then, 4 μL of 1% sodium hyaluronate (Provisc; Alcon) was gently injected,
detaching approximately 60% of the temporal-nasal neurosensory retina
from the underlying RPE. Finally, cyanoacrylate surgical glue (Webglue;
Patterson Veterinary) was applied to the scleral wound, and the conjunctiva
was reattached to the original position. Eyes with subretinal hemorrhage or
unsuccessful detachment were excluded from analysis.

Microglia Depletion. Microglia depletion was performed using Cx3cr1CreER ×
B6-iDTR (TG) mice or PLX5622 (Plexxikon Inc.), an orally available, selective
CSF1R inhibitor incorporated into rodent chow. To generate TG mice,
Cx3cr1CreER mice, which express Cre-ER fusion protein from endogenous
CX3CR1 promoter enhance elements (40), were crossed with B6-iDTR mice,
which contain a flox-STOP-flox DTR in the ROSA26 locus (41). In this TG
mouse system, Cre recombinase activation under control of the Cx3cr1
promoter can be induced by tamoxifen, which leads to surface expression of
DTR on CX3CR1-expressing cells. The activation of Cre recombinase was in-
duced by five consecutive days of i.p. tamoxifen injection (Sigma-Aldrich)
(2 mg per mouse per day) at age 6 wk. Tamoxifen was dissolved in corn oil
(Sigma-Aldrich) at a final concentration of 20 mg/mL. The suspension was
heated at 50 °C until dissolved. At age 8 wk, DTX (Sigma-Aldrich) (25 ng/1 μL
saline) AC inoculation was conducted to deplete CX3CR1-expressing cells
following a previous report (42). DTX AC administration was performed 2 d
before and right after RD induction. Control mice were given saline (AC).

For microglia depletion using PLX5622, mice were fed the control chow
(AIN-76) or chow containing 1,200 ppm of PLX5622 1wk before RD induction.
No obvious behavioral or health problems were observed as a result of the
PLX5622-supplemented diet.

IHC of Whole-Mount Retinas. After anesthesia, eyes were enucleated fol-
lowing retinal perfusion with PBS. The eyes were fixed in 4% para-
formaldehyde (PFA) in 2× PBS for 15 min and then were transferred to 2×
PBS on ice for 10 min. After the eyes were dissected, retinal whole mounts
were prepared. The detached area was easily distinguishable by the char-
acteristic morphology. The retinas were then transferred to ice-cold meth-
anol and kept at −80 °C until use. For IHC, rabbit anti-P2ry12 Ab (1:500; a gift
from H.L.W.), rat anti-CD11b Ab (1:100, clone M1/70; Abcam), and rat anti-
F4/80 Ab (1:2,000, clone CI:A3-1; Bio-Rad) were used for primary antibodies,
and Alexa Fluor 594-conjugated goat anti-rabbit Ab and Alexa Fluor 488-
conjugated goat anti-rat Ab (1:500; Thermo Fisher Scientific) were used for
secondary antibodies. The retinas were first blocked in a blocking buffer
(0.3% Triton X-100, 0.2% BSA, and 5% goat serum in PBS) for 1 h at room
temperature and were incubated with primary antibodies and Alexa Fluor
647-conjugated Isolectin GS-B4 (1:100; Thermo Fisher Scientific) overnight at
4 °C. After washing, the retinas were incubated with secondary antibodies
for 4 h at 4 °C. The retinas were mounted after washing.

Image Processing and Analysis. Images of whole-mount retinas and cross-
sections were captured by confocal microscopy (SP5 or SP8; Leica) or epi-
fluorescent microscopy (Axio Observer Z1; Carl Zeiss). For autofluorescence
detection, the laser was excited at 488 nm, and emission at 500–600 nm was
detected. For confocal images of detached retinas, images were taken
around the center of each bump of the detached area. For evaluation of
microglial cell number and density, one image (775 × 775 μm) from each
detached area was taken. Therefore, images of two fields were obtained
from each flat-mounted retina with detachment. For quantification of the
autofluorescence area, four images (each 246.03 × 246.03 μm) were taken
per retina. The images processed by ImageJ (NIH) were used. For microglial
cell number counting, microglial cell bodies were counted manually based
on the z-stack images. For microglial density evaluation, maximum intensity
z-stack images were created, and the images were processed with the
smoothing, make binary, and watershed tools. The area of particles was
then calculated using the analyze particles tool, setting the size range to 10–
1,000. For evaluation of the autofluorescence area, maximum intensity z-
stack images were created, and the areas of autofluorescence were seg-
mented using the threshold tool. The segmented areas were measured using
the analyze particles tool, setting the size range at 1–1,000. Amira 5 soft-
ware (FEI) was used to make 3D-reconstruction images. The numbers of
P2ry12−CD11b+ cells were counted manually using enlarged z-stack images
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and single-scan images from each series scan to clearly distinguish P2ry12−

CD11b+ cells from autofluorescence and P2r12+CD11b+ double-positive cells.

TUNEL Staining. TUNEL staining for RD was performed as previously described
(52). RD eyes were enucleated and embedded in OCT compound (Tissue-Tek;
Sakura Finetek). Serial sections in the sagittal plane were cut at 10-μm
thickness on a cryostat (CM1950; Leica). Sections approximately 1,000 μm
from the injection site, which is the region of the most significant RD, were
used for disease assessment (SI Appendix, Fig. S14). The TUNEL assay was
performed according to the manufacturer’s protocol (In Situ Cell Death
Detection Kit, TMR red; Roche), and cell nuclei were stained with DAPI
(Vectashield; Vector). Images of the center of detachment were taken by
epifluorescence microscopy (Axio Observer Z1) using a 40× lens. The areas
imaged for TUNEL evaluation are theoretically a stable distance from the
optic disk and are at the same location within each detached retina (SI
Appendix, Fig. S14). TUNEL+ cells in the ONL, containing the photoreceptor
cell bodies, were counted manually. The area of the ONL was also measured
by ImageJ, and TUNEL+ cell density in the ONL was calculated. The average
TUNEL+ cell density at two parts of the retina was calculated as the repre-
sentative TUNEL+ photoreceptor cell density of the section. Then, the aver-
age of the TUNEL+ photoreceptor cell densities from four sections was
determined as the representative TUNEL+ photoreceptor cell density of the
eye. The ONL thickness was measured manually using ImageJ in the images
used for TUNEL evaluation. The ONL thickness at three points per section
was measured to calculate the thickness of the section (12).

IHC for Cross-Sections. For costaining with TUNEL, fixed eyes were used for
IHC. After anesthesia, the animals were perfused with PBS and 4% PFA. The
eyes were fixed in 4% PFA for 1 h and were treated in 10%, 20%, and 30%
sucrose-PBS for 1 h each. The eyes were embedded in OCT compound. Serial
sections in the sagittal plane were cut at a 20-μm thickness on a cryostat. IHC
was performed after TUNEL staining (ApopTag; Millipore). For IHC with
fresh-frozen eyes, 10-μm-thick sections were used. Rabbit anti-recoverin Ab
(1:100; Millipore), anti-P2Y12 Ab (1:500–1:10,000; AnaSpec), and anti-CD11b
(1:100) were used for primary Abs (overnight at 4 °C), and sections were
incubated with secondary antibodies for 1 h at room temperature. The
sections were finally stained with DAPI (300 nM; Thermo Fisher Scientific),
and images were taken by confocal microscopy (SP8; Leica).

ERG Recording. Full-field ERGs were recorded after dark adaptation overnight
(>12 h). Mice were anesthetized with i.p. injections of a mixture of ketamine
(90 mg/kg) and xylazine (9 mg/kg). Mydriasis was achieved with one drop of
0.5% tropicamide with 5% phenylephrine. Corneal anesthesia was per-
formed with a single drop of 0.5% proparacaine hydrochloride ophthalmic
solution (Akorn Inc.). A warm heating pad was used to maintain body
temperature (37 °C). ERGs were recorded using the HMsERG LAB system

(OcuScience). Stimulus flashes were presented in a Ganzfeld bowl. Stimulus
intensities ranging from −1.5 to 1.0 log cd s/m2 in 0.5-log unit steps were
used under dark-adapted conditions. Light stimuli were presented with a
1-min interval between successive stimuli.

Flow Cytometric Analysis. For CD11b+ cell evaluation from animals with
microglia depletion, microglia depletion was performed using Cx3cr1CreER ×
B6-iDTR (TG) mice or chow containing the CSF1R antagonist PLX5622. In TG
mice, all the animals received i.p. injections of tamoxifen (2 mg per mouse per
day) for five consecutive days. Two weeks later, 1 μL of vehicle (saline) or DTX
(25 ng/1 μL saline) was injected in the AC 3 d and 1 d before the experiment,
following the procedure performed for microglia depletion in RD. C57BL/
6 mice were started on PLX5622 or control chow 7 d before the experiment.
On the day of the experiment, approximately 1 mL of blood was obtained
from each animal by cardiac puncture. Blood samples were collected in a tube
containing EDTA, and lymphocytes were collected by gradient centrifugation
using Hitopaque-1083 solution (Sigma-Aldrich). Spleens were harvested, and
single-cell suspensions were prepared. The cells were stained with CD45-FITC
(30-F11; BD Bioscience) and CD11b-PECy7 (M1/70; BioLegend).

For flow cytometric analysis ofmicroglia in RD,micewere perfusedwith PBS,
and retinas were collected from control animals and RD animals 12 h and 24 h
post-RD. Ten retinas per group were pooled and gently homogenized in HBSS
using a glass tissue homogenizer. Single-cell suspensions were prepared and
centrifuged over a 37%/70% discontinuous Percoll gradient (GE Healthcare),
and mononuclear cells were isolated from the interface. Isolated cells were
labeled with FRCLS antibody to specifically identify resident microglia (35).

The samples were examined on an LSR II flow cytometer (BD Bioscience) in
the presence of DAPI. Acquired data were analyzed using FlowJo 10.1.

Statistical Analysis. Data are presented as the mean ± SEM. Differences be-
tween two groups were analyzed using an unpaired two-tailed Student’s
t test. Multiple-group comparisons were performed by one-way ANOVA
followed by Tukey’s multiple comparison test. All statistical analysis was
performed using GraphPad software (Prism 6; GraphPad Software, Inc.).
Significance levels are marked *P < 0.05; **P < 0.01; ***P < 0.001; and
****P < 0.0001 in figures.
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