
Permanent neuroglial remodeling of the retina
following infiltration of CSF1R inhibition-resistant
peripheral monocytes
Eleftherios I. Paschalisa,b,c,1,2, Fengyang Leia,b,c,2, Chengxin Zhoua,b,c, Vassiliki Kapouleaa,b,c, Reza Danaa,
James Chodosha,b,c, Demetrios G. Vavvas (Δημήτριoς Γ. Βάββας)a,d,3, and Claes H. Dohlmana,b,3

aDepartment of Ophthalmology, Massachusetts Eye and Ear Infirmary, Harvard Medical School, Boston, MA 02114; bBoston Keratoprosthesis
Laboratory, Schepens Eye Research Institute, Massachusetts Eye and Ear Infirmary, Harvard Medical School, Boston, MA 02114; cDisruptive Technology
Laboratory, Department of Ophthalmology, Massachusetts Eye and Ear Infirmary, Harvard Medical School, Boston, MA 02114; and
dAngiogenesis Laboratory, Department of Ophthalmology, Massachusetts Eye and Ear Infirmary, Harvard Medical School, Boston, MA 02114

Edited by Kenneth M. Murphy, Washington University School of Medicine, St. Louis, MO, and approved October 24, 2018 (received for review May 14, 2018)

Previous studies have demonstrated that ocular injury can lead to
prompt infiltration of bone-marrow–derived peripheral mono-
cytes into the retina. However, the ability of these cells to inte-
grate into the tissue and become microglia has not been
investigated. Here we show that such peripheral monocytes that
infiltrate into the retina after ocular injury engraft permanently,
migrate to the three distinct microglia strata, and adopt a microglia-
like morphology. In the absence of ocular injury, peripheral mono-
cytes that repopulate the retina after depletion with colony-
stimulating factor 1 receptor (CSF1R) inhibitor remain sensitive
to CSF1R inhibition and can be redepleted. Strikingly, consequent
to ocular injury, the engrafted peripheral monocytes are resistant
to depletion by CSF1R inhibitor and likely express low CSF1R.
Moreover, these engrafted monocytes remain proinflammatory,
expressing high levels of MHC-II, IL-1β, and TNF-α over the long
term. The observed permanent neuroglia remodeling after injury
constitutes a major immunological change that may contribute to
progressive retinal degeneration. These findings may also be rel-
evant to other degenerative conditions of the retina and the cen-
tral nervous system.
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We recently showed that acute ocular surface injury causes
prompt infiltration of peripheral monocytes into the retina

(1). These cells gradually differentiate from ameboid C-C che-
mokine receptor 2+ (CCR2+) monocytes to highly ramified CX3C
chemokine receptor 1+ (CX3CR1+)-expressing macrophages (1)
and acquire a morphology that resembles microglia. However,
how these cells functionally integrate into the retina has not been
investigated. Understanding the contribution of peripheral mono-
cytes in retinal neuroglia remodeling may be clinically impor-
tant to our understanding of mechanisms involved in progressive
neuroretinal degeneration, especially after ocular injuries, since
depletion/antagonism strategies may be employed therapeutically
for patients with neuroglia disorders (2, 3).
Peripheral monocytes/macrophages share a common lineage

with microglia, complicating the study of the subsequent dif-
ferentiation of these two cell populations (4). Recently, new
markers have been proposed for labeling microglia (5, 6); how-
ever, they still require further validation. Traditionally, studies
have involved the use of transgenic mice and bone-marrow chi-
meras, but such studies have often generated confusion, primarily
due to side effects from gamma irradiation used in bone-marrow
transfer (BMT) which can result in blood–brain barrier disruption
(4, 7–9) and peripheral monocyte infiltration. Thus, the presence
of peripheral monocytes after BMT was initially attributed to a
physiological microglia turnover by peripheral monocytes. How-
ever, improved fate-mapping techniques have now confirmed that
peripheral monocytes/macrophages do not enter into the CNS or
retina parenchyma under normal conditions (1, 10, 11). Therefore,

such infiltration happens only in pathologic conditions (8) and
likely contributes to neuroinflammation (1, 12, 13).
This study was designed to examine the ontogeny and function

of peripheral infiltrating macrophages into the retina after ocular
injury (14). To address these questions, we employed our previously
characterized busulfan myelodepletion bone-marrow chimera
model for long-term fate mapping of peripheral monocyte infil-
tration into the retina (1). In addition, we used a small-molecule
inhibitor of colony-stimulating factor 1 receptor (CSF1R) to
perform a set of microglia-depletion experiments to study the
roles of microglia and peripheral monocytes in retinal repopu-
lation. This study shows that peripheral monocytes not only are
responsible for acute retinal inflammation after ocular injury (1,
14) but also contribute to the permanent remodeling of the
neuroglia system by establishing a proinflammatory phenotype
that may promote or contribute to neurodegeneration. These find-
ings may be clinically important and can help us better understand
the mechanisms by which patients with acute chemical, surgical, or
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traumatic ocular injuries become susceptible to progressive neuro-
degeneration processes such as progressive retinal ganglion cell loss
(glaucoma) (1, 15) long after the injury has taken place.

Results
Ocular Injury Leads to Infiltration and Permanent Engraftment of Blood-
Derived Monocytes into the Retina. We recently showed that corneal
alkali injury results in peripheral monocyte infiltration to the retina
within 24 h (1). These cells adopt a dendritiform morphology within
7 d and appear to integrate into the retina (1). To determine the
long-term effect of the peripheral monocyte infiltration into the
retina, we employed a CX3CR1+/EGFP::CCR2+/RFP bone-marrow
chimera model which maps the fate CCR2+ monocyte-derived
CX3CR1+ cells. Myelodepletion was performed with busulfan in-
stead of gamma irradiation, since busulfan treatment was re-
cently shown not to cause peripheral monocyte infiltration into
the retina of bone-marrow–transferred mice (1). To minimize
confounding, the contralateral eye of each mouse was used as
an internal control.
In the absence of retinal injury peripheral CX3CR1+ cells do

not physiologically infiltrate into the retina 16 mo after BMT
(Fig. 1). Only a small number of CX3CR1+ cells is present
around the optic nerve head (red arrows in Fig. 1 A and F) and
along the retinal vessels (white arrows in Fig. 1) (Fig. 1 A, D, F,
and I). However, peripheral CCR2+ monocytes are present in
the inner retina (Fig. 1 B, E, G, and J), appearing as “patrolling”
retinal monocytes, corroborating our earlier findings (1). Very
few of these peripheral CX3CR1+ cells coexpress CCR2 (Fig. 1
C and H). In contrast, after ocular injury, the retina is populated
almost entirely (∼93%) by peripheral CX3CR1+ cells (Fig. 1D)
that appear to engraft into the tissue permanently (16 mo
postinjury) (Fig. 1 D, I, K, and L). Peripheral CX3CR1+ cells
appear highly dendritic, morphologically resembling yolk-sac
microglia. These cells migrated and occupied all three distinct
retinal microglia strata [the ganglion cell layer (GCL), the inner
plexiform layer (IPL)/inner nuclear layer (INL), and the outer
plexiform layer (OPL)] in an orderly fashion, as yolk-sac
microglial cells do (Fig. 1 M–O and Movie S1). The extent of
peripheral CX3CR1+ monocyte presence in the retina 16 mo
after the injury appears to cause permanent retinal neuroglia
remodeling that does not involve an increase in CCR2+ cell
number (Fig. 1 E, J, P, and Q). Peripheral CCR2+ cells also
occupy the three distinct retinal microglia strata (GCL, IPL/INL,
and OPL) (Fig. 1 R–T) but without coexpressing the CX3CR1
marker (Fig. 1 U and V). These cells represent a population of
peripheral progenitor monocytes that can mature to CCR2−

CX3CR1+ cells and give rise to tissue-resident macrophages after
ocular injury (1). Sixteen months after the removal of the noxious
stimulus, these cells appeared to resume their apparent patrolling
function as peripheral progenitor CCR2+ cells. A representative
schematic of the flat-mount retina is provided in Fig. 1W.

Infiltrated Peripheral CX3CR1+ Cells Remain Proinflammatory Months
After Engraftment Despite Their Ramified Quiescent Morphology.We
previously showed that peripheral monocyte infiltration into the
retina is associated with marked neuroretinal tissue damage (1).
Prompt inhibition of the monocyte infiltration using the TNF-α
inhibitor infliximab leads to retinal protection (1). To assess the
nature of peripheral CX3CR1+ monocytes engrafted into the
retina, we employed a BMT model and flow cytometry to assess
the expression of MHC-II, IL-1β, and TNF-α, which serve as
indicators of cell activation. Five months after ocular injury, 72%
of the CX3CR1+ CD45hi cells are MHC-IIhi despite their oth-
erwise quiescent morphology (Fig. 2 A and B). At the same time,
79% of the CX3CR1+ CD45lo cells are MHC-II− (Fig. 2 A and
B). Using dual color labeling in CX3CR1+/EGFP chimeras, we
managed to differentiate peripheral CX3CR1+ (EGFP+/RFP+)
cells from EGFP−/RFP+ embryonic microglia and study their

inflammatory expression (Fig. 2C). Although both populations of
cells expressed IL-1β and TNF-α 16 wk after injury, peripheral
CX3CR1+ cells exhibited statistically significantly stronger ex-
pression than yolk-sac–derived microglia (Fig. 2E). Peripherally
engrafted CX3CR1+ cells were also shown to engulf β3-tubulin+
tissue 20 wk after the injury despite their apparent quiescent mor-
phology (Fig. 2 F and G), suggesting prolonged and active phago-
cytosis of the neuroretinal tissue (Fig. 2 F and G and Movie S2). In
contrast, embryonic microglia did not interact with β3-tubulin+ tis-
sue in steady-state conditions (Fig. 2 H and I and Movie S2).

Ocular Injury Causes Peripherally Engrafted Microglia to Become
Resistant to CSFR1 Inhibition. To further characterize the nature
of the retina-engrafted monocytes after ocular injury, we
performed microglia ablation using systemic administration of
PLX5622, a small molecule that inhibits CSF1R and leads to
microglia depletion (16, 17). First, we assessed the ability of
PLX5622 to deplete retinal microglia. Administration of PLX5622
for 3 wk completely removed retinal microglia from CX3CR1+/EGFP

mice not subjected to ocular injury. This event was followed by a
gradual repopulation of the retina within 3 wk. The repopulating
cells migrated into the three distinct retinal microglia strata
(GCL, IPL/INL, and OPL) and transformed to a dendritiform
morphology. PLX5622 treatment was performed in bone-
marrow–transferred mice to assess the contribution of periph-
eral monocytes in microglia repopulation (Fig. 3A). These
repopulating cells were primarily from the periphery (Fig. 3 B–
M) with a small number (∼7%) originating from nonperipheral
microglia progenitors, whose contribution increased after acute
ocular injury (∼20%) (SI Appendix, Fig. S1). Repopulating cells
migrate into the three distinct microglia strata within 6 wk of
cessation of PLX5622 treatment (Fig. 3 N–P). These repopu-
lated cells remained sensitive to the CSF1R inhibitor and could
be reablated by readministration of PLX5622 (Fig. 3 Q–U). In
contrast, in the setting of ocular injury, peripherally engrafted
monocytes were resistant to the CSF1R inhibitor and could not
be ablated with PLX5622 treatment (Fig. 4 A–H). These cells
appeared semiramified, occupying all three distinct microglia
strata (Fig. 4 I–K) but with higher density in the OPL (Fig. 4K),
likely due to local migration. The resistance of retinal microglia
that populated the retina after ocular injury to PLX5622 treat-
ment was not due to their peripheral origin, since repopulated
microglia in the absence of ocular injury also originated from the
periphery (Fig. 3 F and L) and remained sensitive to PLX5622
after engraftment (Fig. 3 R, S, and U). Resistance of CX3CR1+

cells to the CSF1R inhibitor is likely due to reduced expression of
CSF1R by these cells (SI Appendix, Fig. S2).
Further ex vivo functional analysis was performed in retinal

CSF1R+ and CSF1R− CX3CR1+ cells from CX3CR1+/EGFP

mice that were isolated using flow cytometry 3 wk after ocular
injury or from naive mice (Fig. 4 L, M, O, and P). Cells were
cultured for 5 d with or without recombinant CSF1 and IL-
4 stimulation (16, 18–20). BrdU was used to assess cell pro-
liferation. CSF1R− cells from both naive and injured eyes were
not influenced or rescued by CSF1 and IL-4 stimulation and did
not survive the 5-d culture (Fig. 4N). In contrast, CSF1R+ cells
were rescued with CSF1 and IL-4 stimulation and showed in-
creased proliferation and BrdU retention (Fig. 4N).

Discussion
Here, we show that ocular injury not only causes peripheral mono-
cyte infiltration into the retina, as previously demonstrated (1), but
also leads to permanent engraftment and remodeling of the neuro-
glia system to a proinflammatory state resistant to CSFR1 inhibition.
This process is characterized by (i) infiltration of peripheral
CX3CR1+CCR2+ cells into the retina within hours after the in-
jury; (ii) migration of these cells into the three distinct microglia
strata (GCL, IPL/INL, and OPL); (iii) differentiation of these cells

E11360 | www.pnas.org/cgi/doi/10.1073/pnas.1807123115 Paschalis et al.

http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1807123115/video-1
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1807123115/video-2
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1807123115/video-2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807123115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807123115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1807123115


to dendritiform cells; and, finally, (iv) permeant engraftment of
these cells into the retina as tissue-resident CX3CR1+CCR2−

monocytes. Interestingly, despite their integration into the tissue
and their morphometric resemblance to yolk-sac–derived microglia,
these cells remain different from yolk-sac–derived microglia. Unlike
native microglia, peripherally engrafted monocytes retain expres-
sion of the activation marker MHC-II, are actively involved in
phagocytosis of the neuroretinal tissue, and become resistant to
the CSF1R inhibitor despite their otherwise quiescent mor-
phology and integration into the retina.

Using PLX5622, a small-molecule inhibitor of CSF1R (an
essential receptor for microglia survival), we show that periph-
eral CX3CR1+ monocytes engrafted after injury differ from the
yolk-sac–derived microglia and cannot be ablated using CSF1R
inhibition. In contrast, peripheral CX3CR1+ cells repopulating
in the absence of ocular injury remain sensitive to PLX5622 treat-
ment and can be reablated. On one hand, the findings could be due
to the progeny of the infiltrating cell type and perhaps the existence
of bone-marrow cells that give rise to postembryonic self-maintaining
tissue-resident macrophages. On the other hand, they could be due to

Fig. 1. Ocular injury causes permanent engraftment in the retina of peripheral CX3CR1+ cells which adopt microglia morphology. (A–C and F–H) Confocal
microscopy of busulfan-myelodepleted and bone-marrow–transferred mice with CX3CR1+/EGFP::CCR2+/RFP cells 16 mo after corneal alkali burn injury. Maxi-
mum projection of confocal images shows that CX3CR1+ cells cannot enter into the retina of the contralateral noninjured eye 16 mo after injury (A), nor can
they populate the retina of naive eyes under physiological conditions (F). Few cells are present around the optic nerve head (red arrow) and along the major
retinal vessels (white arrow). Maximum projection of confocal images shows CCR2+ cells are scattered across the retina of the contralateral noninjured (B) and
of the naive (G) eye, located mainly in the GCL. C and H show overlay images of CX3CR1 and CCR2 channels. (D, E, I, and J) Quantification of the number of
peripheral CX3CR1+ and CCR2+ cells 16 mo after ocular injury shows a marked increase in CX3CR1+ cells (P < 0.003) but normal numbers of CCR2+ cells (P >
0.415) compared with contralateral noninjured and naive eyes. Data in D and E are presented as mean ± SD, paired t test. Data in I and J are presented as
mean ± SD, independent t test. **P < 0.01; ****P < 0.0001. (K and L) Ocular injury causes infiltration and permanent engraftment of peripheral CX3CR1+ cells
in the retina. (M–O) Sixteen months after the injury, infiltrated CX3CR1+ cells migrate into the three distinct microglia strata (GCL, IPL/INL, OPL) and adopt
dendritiform microglia morphology. (M) Isometric reconstruction of confocal stacks separated by retinal layers (GCL, IPL/INL, and OPL). (N) A cross-section of
the retina shows the presence of CX3CR1+ cells in the GCL, IPL/INL, and OPL. (O) A histogram of CX3CR1+/EGFP expression within the retinal tissue shows
intensity peaks of EGFP signal in the GCL, IPL/INL, and OPL. (P and Q) Patrolling CCR2+ cells are present in the retina but do not differentiate into CX3CR1+

cells. (R–T) Even though the number of peripheral CCR2+ cells is normal, peripheral CCR2+ cells are present in all three distinct microglia strata (GCL, IPL/INL,
and OPL) 16 mo after the injury. In O and T the thickness of the retinal tissue and the relative position of each microglia stratum was derived automatically by
the confocal system (Leica SP8) and was calculated by multiplying the number of serial confocal scans by the step of each scan in micrometers. (U and V)
Overlay images of CX3CR1 and CCR2 channels 16 mo after ocular injury. (W) A representative schematic of a flat-mount retina as used for confocal imaging.
The center white circle represents the optic nerve head, red lines represent the retinal vessels, and green dots represent the peripheral monocytes. (Scale bars:
50 μm in A–C, F–H, K, L, P, Q, U, and V.) n ≥ 5 mice per group.
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epigenetic effects stemming from the injury leading to changes in
gene expression and subsequent changes in the phenotype. Indeed,
epigenetic reprogramming can occur in brain microglia after expo-
sure to inflammatory mediators such as TNF-α, IL-1β, and IL-6 (21).
This effect persists for months and leads to microglia immune training
and tolerance. Therefore, altering microglia epigenetic reprogram-
ming through cytokine manipulation may be a potential therapeutic
avenue for retina and brain neuropathology (21, 22).
Previous studies have shown that at 7 d after injury infiltrated

peripheral monocytes in the CNS remain transcriptionally similar
to peripheral myeloid cells (23) and distinctly different from
microglia (5, 24–28). The lack of adaptation of recruited peripheral
monocytes in the CNS environment may contribute to functional
neuroglia changes and subsequent damage to the tissue (23). Whether

CSF1R resistance is due to epigenetic reprogramming or to se-
lective recruitment of distinct progenitor cells that do not express
CSF1R is not known and merits further investigation. However,
recent reports have demonstrated the existence of two waves of
temporally separated and functionally distinct monocyte pro-
genitors that emerge from the yolk sac between E7.5 and E.8.5
(29). The first wave consists of CSF1Rhi c-Myb− monocyte pro-
genitors giving rise to mostly local macrophages and microglia
without monocyte intermediates. The second wave consists of
CSF1Rlo c-Myb+ monocyte progenitors which give rise locally to
yolk-sac macrophages. Most of these latter cells migrate into the
fetal liver through the blood circulation at E9.5 to generate cells
of multiple lineages (29). They likely represent cells that tran-
siently become progenitors and precursors for the majority of

Fig. 2. Engrafted peripheral CX3CR1+ cells remain reactive despite their morphometric quiescence. (A–D) Flow cytometric analysis of retinal cells from
CX3CR1+/EGFP mice. (A) In naive mice, CX3CR1+ cells are predominantly CD45lo (96%), and only a small percentage is CD45hi (4%). CX3CR1+ CD45lo cells do not
express MHC-II; however, 2.8% of CX3CR1+ CD45hi cells have baseline MHC-II expression. (B) Twenty weeks after ocular injury, 94% percent of the CX3CR1+

cells are CD45lo, 20% of which express MHC-II. Likewise, 3% of the CX3CR1+ cells are CD45hi, 72% of which express MHC-II. (C) Flow cytometry for the
differentiation of yolk-sac–derived retinal microglia (YS-μGlia 16w) from peripherally engrafted bone-marrow CX3CR1+ monocytes (MB μG 16w) 16 wk after
ocular injury using RFP-conjugated CX3CR1 antibody against bone-marrow–transferred CX3CR1+/EGFP retinal cells. Both cell populations are strongly
expressed. (D) Flow cytometry and cell sorting of splenic CX3CR1+ cells (control), retinal yolk-sac–derived microglia, and retinal peripherally engrafted
monocytes 16 wk after ocular injury for subsequent analysis of IL-1β and TNF-α expression with qPCR. (E) Compared with splenic CX3CR1+ cells, both yolk-sac–
derived and peripheral microglia had elevated TNF-α and IL-1β gene expression. However, peripherally engrafted monocytes had significantly higher ex-
pression than yolk-sac–derived microglia 16 wk after injury. *P < 0.05; ****P < 0.0001; Tukey’s method for multiple comparisons. (F and G) Twenty weeks
after the injury, peripheral CX3CR1+ monocytes appear to frequently interact with and engulf β3 tubulin+ neuroretinal tissue (F), despite their otherwise
ramified and quiescent morphology (G). (H and I) In contrast, in naive eyes, although ramified CX3CR1+ monocytes come into contact with β3 tubulin+

neuronal tissue, they do not internalize it. (Scale bars: F–I, Upper, 50 μm; F–I, Lower, 20 μm.) All experiments were performed in triplicate.
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tissue-resident macrophages through a monocytic intermediate
(29, 30), which could give rise to tissue-resident macrophages
postembryonically (29). From our study, it appears that local
cues, such as chemokine and cytokine expression in the retina
(1), may be pivotal in determining the type of erythromyeloid
progenitor (EMP) cells (early or late) recruited into the adult
retina, without excluding the possibility that both EMP waves

originate from a single population that matures into CSF1R+

and CSF1R− cells (29).
Interestingly, CSF1 and IL-4 did not lead to survival of retinal

peripherally engrafted CX3CR1+ CSF1R− cells (Fig. 4N), suggest-
ing that other signals may be involved in the proliferation of these
cells in vivo. Moreover, the resistance of CX3CR1+ cells to
PLX5622 was likely due to reduced CSF1R expression (Fig. 4 M

Fig. 3. Microglia repopulation after PLX5622 treatment occurs primarily by peripheral CX3CR1+ cells. (A) Schematic of the experiment: Busulfan-
myelodepleted C57BL/6 mice received adoptive transfer of CX3CR1+/EGFP bone-marrow cells. Four weeks later they received PLX5622 treatment for 3 wk
followed by confocal microscopy 3 wk after the cessation of PLX5622 treatment. (B–F) Central color-depth–coded (0 represents innermost retina) confocal
images of flat-mount retinas 0, 4, 6 wk, and 3 mo after cessation of PLX5622 treatment (B–E) and of naive CX3CR1+/EGFP mice (F). (G–K) Midperipheral color-
depth–coded confocal images of flat-mount retinas 0, 4, 6 wk, and 3 mo after cessation of PLX5622 treatment (G–J) and of naive CX3CR1+/EGFP mice (K). (Scale
bars: 100 μm.) (L) Quantification of CX3CR1+ cell number at the indicated times post PLX5622 treatment. (M) Quantification of EGFP intensity at the indicated
times post PLX5622 treatment. **P < 0.01, ****P < 0.0001; Tukey’s multiple-comparisons method. PLX5622 treatment for 3 wk does not cause acute pe-
ripheral CX3CR1+ cell infiltration into the retina (B, F, G, L, andM). However, 6 wk after cessation of PLX5622 treatment peripheral CX3CR1+ cells appeared to
occupy the majority of the retina area (D, I, L, and M), and at 3 mo, the retina is completely repopulated by peripheral CX3CR1+ cells (E, J, L, and M). The
number of repopulated peripheral CX3CR1+ cells at 3 mo after the end of PLX5622 treatment approximates that of naive CX3CR1+/EGFP mice with no
PLX5622 treatment (F, K, L, and M). (N) Repopulating peripheral CX3CR1+ cells migrated into all three distinct microglia strata (GCL, IPL/INL, and OPL) 3 mo
after the injury. (O) A cross-section of the retina shows the presence of CX3CR1+ cells in the GCL, IPL/INL, and OPL. (P) A histogram of CX3CR1+/EGFP expression
within the retinal tissue shows intensity peaks of EGFP signal in the GCL, IPL/INL, and OPL. (Q) Schematic showing reapplication of PLX5622 in repopulated
peripheral microglia. (R and S) Peripheral monocytes that repopulate the retina remain sensitive to CSF1R inhibition and can be redepleted by reapplication of
PLX5622 treatment. (T) A representative schematic of a flat-mount retina as used for confocal imaging. The center white circle represents the optic nerve
head, red lines represent the retinal vessels, and green dots represent the peripheral monocytes. (U) Quantification of peripheral CX3CR1+ cells after
reapplication of PLX5622 shows complete depletion of repopulated CX3CR1+ cells. n = 5 mice per group.
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and P and SI Appendix, Fig. S2), but this requires further detailed
investigation. In contrast, CX3CR1+ CSF1R+ cells explanted from
the retina showed high dependency on CSF1 and IL-4, and stim-
ulation caused proliferation and survival in vitro. Although
CSF1 and IL-4 signals are required for microglia proliferation and
survival (16, 19, 31), it appears that some monocytes may possess
distinct survival strategies. A previous study by Hawley et al. (32)
showed that distinct populations of peritoneal macrophages have
different dependency on CSF1 levels, while alveolar macrophage
replenishment from BM following irradiation is largely independent

of CSF1R (33). In addition, a common dendritic cell-2 subset with
major overlap in cellular phenotype with other CD11b+ CD11c+

MHC-II+ monocyte-derived antigen-presenting cells (APCs) ex-
presses lower levels of CSF1R mRNA than monocyte-derived
APCs (34, 35), and this population is considered CSF1R in-
dependent (36). Given the diversity in macrophage function in re-
sponse to various stimuli (37), we believe that the CSF1 and
IL4 independence of peripherally engrafted monocytes of the retina
is likely a result of epigenetic reprogramming of progenitor mono-
cytes rather than a distinct ontogeny. However, this independence is

Fig. 4. Ocular injury leads to population of the retina by peripheral CX3CR1+ cells that are resistant to the CSF1R inhibitor. (A) Schematic of the experiment:
Busulfan-myelodepleted, CX3CR1+/EGFP bone-marrow chimeras received ocular injury and 4 wk later received PLX5622 treatment for 3 wk. (B and G) Im-
mediately after cessation of PLX5622 treatment, peripherally derived, retina-repopulating CX3CR1+ cells remained present in the retina (B) and were resistant
to CSF1R inhibition, unlike peripherally derived retina-repopulating CX3CR1+ cells in the absence of ocular injury (G). ****P < 0.0001; independent t test. (C–E
and H) One week (C), 2 wk (D), and 5 mo (E) after cessation of PLX5622 treatment peripherally populating CX3CR1+ cells remained present in the retina (H)
with unchanged cell number. Depth color-coding in B–E: 0 represents innermost retina. (Scale bars: 100 μm in B–E.) (F) A representative schematic of a flat-
mount retina as used for confocal imaging. The center white circle represents the optic nerve head, red lines represent the retinal vessels, and green dots
represent the peripheral monocytes. (I–K) Inhibition-resistant peripheral CX3CR1+ cells that were localized primarily in the GCL/IPL in the early stages after
repopulation (see the depth color-code in B–E) migrated into all three distinct microglia strata 5 mo after the injury with unusually increased cell density in
the OPL. (L–P) Ex vivo functional analysis using flow cytometry of CSF1R+ and CSF1R− CX3CR1+ retina cells isolated from CX3CR1+/EGFP mice 3 wk after ocular
injury or from naive mice. (L and M) Three weeks after the ocular injury, 86.5% of the CX3CR1+ retinal cells were CSF1R+ (CD115+), and 13.2% were CSF1R−

(CD115−). (O and P) In naive eyes, 97.8% of retinal CX3CR1+ cells were CSF1R+ (CD115+), and 1.97% were CSF1Rlo (CD115lo). (N) CSF1R− and CSF1R+ cells were
cultured for 5 d with or without recombinant CSF1 and IL-4 stimulation. BrdU was used in the culture to assess cell proliferation. CSF1R− cells from both naive
and injured eyes were not influenced or rescued by CSF1 and IL-4 stimulation, and cells did not survive the 5-d culture. In contrast, CSF1R+ cells were rescued
with CSF1 and IL-4 stimulation and showed increased proliferation and BrdU retention. n = 3 mice per group.
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likely to result in functional changes, given that CSF1 is required
for the transdifferentiation of monocytes to tissue-resident
macrophages, as previously demonstrated in hepatic macro-
phages (38). Therefore, the absence or low expression of CSF1R
and the consequence of CSF1 independence of peripherally
engrafted retinal monocytes may negatively affect retinal tissue
homeostasis in the long run. More studies in the single-cell level
are necessary to test this hypothesis.
Regardless of the mechanism of cell selection or differentia-

tion of EMPs, the presence of peripheral monocytes in the retina
constitutes a major homeostatic change (1, 8, 12, 13). Infiltration
of bone-marrow–derived myeloid cells was previously described
in disease models such as amyotrophic lateral sclerosis (39),
Alzheimer disease (40), scrapie (41), bacterial meningitis (42), and
other diseases of the CNS (4). Peripheral monocytes have also been
shown to contribute to nerve axon degeneration 42 d after spinal
cord injury (25). Our recent work demonstrated that MHC-II+

peripheral monocytes infiltrate into the retina promptly after cor-
neal injury, and these cells mediate inflammation and subsequent
neuroretinal tissue damage (1). Furthermore, in a more recent
study (43), we showed that microglia replacement by peripheral
monocytes promotes neurodegeneration after ocular hypertension
or traumatic corneal injury. Here we show that peripheral mono-
cytes that infiltrate into the retina remain MHC-II+ months after
infiltration and continue to express high levels of IL-1β and TNF-α
inflammatory cytokines despite their otherwise quiescent morphol-
ogy. We also show that peripherally engrafted cells engage more
frequently in phagocytosis of neuroretinal tissue, compared with
embryonic microglia. Quiescent microglia have low MHC-II ex-
pression, while activated microglia and infiltrated macrophages
express high MHC-II expression (1, 8, 44–47). Prolonged MHC-II
expression by microglia contributes to neuropathology in multiple
sclerosis (48) and in Alzheimer (49) and Parkinson’s disease (50).
Furthermore, a gradual increase in MHC-II expression in the white
matter has been shown to cause myelin loss and cognitive decline in
aged human and nonhuman primates (51). Our findings agree with
previous studies showing that the presence of peripheral monocytes
in the CNS and retina is pathologic and likely contributes to neu-
roinflammation (1, 8, 12, 13). Prolonged residency of activated
monocytes in the retina can lead to progressive gradual neuronal
damage and irreversible vision loss, which recapitulates the clinical
picture of progressive normotensive glaucomatous damage after
acute anterior segment injury and appears clinically as a loss of
retina ganglion cells. Indeed, acute ocular injury in mice leads to
progressive loss of β3-tubulin+ tissue and optic nerve axonal de-
generation, as also demonstrated in this study (SI Appendix, Fig.
S3). Under normal intraocular pressure this can resemble glaucoma
seen in patients with chemical injuries (52–54) and could explain the
increased susceptibility to glaucoma in patients who have suffered
acute ocular injuries (2, 3, 14, 22). In the setting of ocular injury,
ramified CX3CR1+ cells from the bone marrow may occupy and
engraft into the three distinct microglia strata, thereby coexisting
with embryonically derived microglia, but, as we have shown in this
study, they have a distinct proinflammatory phenotype. Thus,
modifying these immunological processes either by inhibiting the
infiltration of peripheral monocytes or retraining them to sup-
press their inflammatory phenotype may have therapeutic im-
plications for patients suffering from neurodegenerative diseases
secondary to inflammation and injury.
A recent study by Gibbings et al. (55) showed that postnatal

donor-derived macrophages that populate the alveolar niche
acquire a transcriptional profile (>98%) similar to that of em-
bryonic host-derived alveolar macrophages (55), demonstrating
that cell ontogeny may not be the only determinant of the
transcriptional fate of donor cells that populate the niche (55).
Likewise, a study by van de Laar et al. (56) showed that pro-
genitor yolk-sac–derived macrophages, fetal liver monocytes, and
bone-marrow–derived monocytes can efficiently colonize the

alveolar niche and become transcriptionally and functionally
similar to embryonic alveolar macrophages. However, trans-
ferred Kupffer cells and colon and peritoneal macrophages do
not efficiently colonize the alveolar niche and do not acquire the
signature and functions of embryonic alveolar macrophages (56).
In both studies, peripheral monocytes that colonized the niche
exhibited elevated MHC-II expression but without differences in
their inflammatory profile (55, 56). On the other hand, our study
shows that peripheral monocytes that populate the retina after
injury have high MHC-II expression and elevated expression of
IL-1β and TNF-α inflammatory cytokines compared with yolk-
sac–derived microglia. We also showed that these peripherally
engrafted cells contribute to progressive neurodegeneration and
phagocytosis of the neuroretina. Collectively, the studies by
Gibbings (55) and van Der Laar (56) and our study suggest that
epigenetic reprogramming of repopulating peripheral monocytes
may not be directed exclusively by the niche that supplies the
cells but also may be modulated by transient cues present during
colonization, such as inflammation. In a recent study assessing
the ontogeny of tissue-resident macrophages of various organs,
only microglia and, to some extent, epidermal Langerhans cells
were found to be yolk-sac–derived (57). Therefore, the difference
in the inflammatory expression of repopulating alveolar (55, 56)
vs. retina macrophages may stem from differences in niche re-
quirements to support resident macrophages as well as from local
cues that may be present in the niche during engraftment.
Another important finding of this study is the involvement of

microglia in the regulation of peripheral monocyte infiltration
into the retina. In the presence of microglia, peripheral CX3CR1+

cells are unable to infiltrate into the retina, and their presence
is limited to the area around the optic nerve head (1, 8) (Fig. 1).
In contrast, ocular injury or retina microglia depletion causes
repopulation from peripheral CX3CR1+ monocytes that are
CSF1R+ (Figs. 1 and 3). It is important to mention that microglia
depletion is a nonphysiological event that disturbs homeostasis
and therefore likely contributes to the deregulation of the neu-
roglia system. Indeed, microglia depletion with PLX5622 leads
to repopulation primarily from peripheral monocytes (∼93%)
and secondarily from nonperipheral progenitors (7%). In the
setting of ocular injury, the contribution from nonperipheral
progenitors increases to 20%, which is still relatively low. The
inability of nonperipheral microglia progenitors to supply the
cells required for prompt repopulation may be due to the nature
of microglia, which are long-lived self-renewing cells with a low
basal turnover rate (28, 58). In the setting of acute microglia
depletion, peripheral monocytes seem to be necessary to support
the process of repopulation and overcome the slow turnover rate
of microglia progenitors. The ability of CSF1R-independent
embryonic precursors to functionally replace yolk-sac–derived
microglia during development has been demonstrated (30),
suggesting that other tissue macrophages may assume the role of
microglia under certain conditions. Our findings are in dis-
agreement with a recent report showing that peripheral mono-
cytes have little contribution to microglia repopulation following
PLX5622 treatment (59). Both studies confirm the existence of
two distinct CX3CR1+ cell populations (peripheral and central),
but their relative contributions differ. Perhaps differences in the
fate-mapping techniques used may explain this disparity. Here
we used busulfan myelodepletion, which was previously shown
not to result in artificial peripheral monocyte infiltration into the
retina (1, 4). However, instead of BMT, the contrasting study
(59) employed a CX3CR1creERT2-tdTomato model in which
most, but not all, peripheral tdTomato+ monocytes are lost 3 mo
after tamoxifen induction (60) while microglia retain tdTomato
(58, 61). Because not all peripheral tdTomato+ monocytes are
lost, it is possible that peripheral monocytes repopulating the
retina may arise from a specific peripheral monocyte sub-
population that has not lost tdTomato expression and that lives
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significantly longer once engrafted into the tissue. Further
studies are needed to resolve this discrepancy.
In conclusion, we have demonstrated that a surface injury to

the eye can cause not only peripheral monocyte infiltration into
the retina but also permanent engraftment and integration into
the neuroretinal tissue, morphologically resembling yolk-sac–
derived microglia. However, despite this resemblance, periph-
erally derived microglia are functionally distinct from yolk-sac–
derived ones, remaining activated for the long term, expressing
MHC-II, being involved in active phagocytosis of neuronal tis-
sue, and becoming resistant to CSF1R inhibition. These features
are not due to their peripheral origin; in the absence of ocular
injury, peripherally monocytes that repopulate the retina after
PLX5622 treatment remain sensitive to CSF1R inhibition and
are MHC-IIlo. This observed microglia remodeling contributes to
progressive neurodegeneration, which clinically recapitulates the
progressive glaucomatous damage to the retina observed in pa-
tients with similar ocular injuries. Therefore, modifying this
phenotype of peripheral monocytes that contribute to inflam-
matory microglial remodeling may have clinical therapeutic im-
plications in diseases in which continued neuroinflammatory
processes contribute to neurodegeneration.

Materials and Methods
Mouse Model of Alkali Burn. All animal-based procedures were performed in
accordance with the Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Vision Research. This
study was approved by the Animal Care Committee of the Massachusetts
Eye and Ear Infirmary. Mice were bred in-house at the Massachusetts Eye
and Ear Infirmary Animal Facility and were used at the age of 6–12 wk.
CX3CR1CreERT2::ROSA26-tdTomato mice were generated by breeding male
B6.129P2(C)-Cx3cr1tm2.1(cre/ERT2)Jung/J mice with female B6.Cg-Gt(ROSA)
26Sortm14(CAG- tdTomato)Hze/J mice. CX3CR1+/EGFP/::CCR2+/RFP mice were gener-
ated by breeding male B6.129(Cg)-Ccr2tm2.1lfc/J mice with female B6.129P-
Cx3cr1tm1Litt/J mice. The breeding schemes are described in SI Appendix, Fig.
S4. The following strains were obtained from Jackson Laboratory: C57BL/6J
(stock no. 000664), B6.129P-Cx3cr1tm1Litt/J (CX3CR1EGFP/EGFP) (stock no.
005582) (62), B6.129(Cg)-Ccr2tm2.1lfc/J (CCR2RFP/RFP) (stock no. 017586) (63),
B6.129P2(C)-CX3CR1tm2.1(cre/ERT2)Jung/J (stock no. 020940) (64), and B6.Cg-
Gt(ROSA)26Sortm14(CAG- tdTomato)Hze/J (stock no. 007914) (65).

Alkali chemical burns were performed according to our previous study
(14). In brief, mice were anesthetized using ketamine (60 mg/kg) and xyla-
zine (6 mg/kg), and deep anesthesia was confirmed by toe pinch. A prop-
aracaine hydrochloride USP 0.5% ophthalmic solution (Bausch and Lomb)
was applied to the cornea and after 1 min was carefully dried with a Weck-
Cel (Beaver Visitec International, Inc.). A 2-mm-diameter filter paper was
soaked in 1 M sodium hydroxide (NaOH) solution for 10 s, dried of excess
alkali, and applied onto the mouse cornea for 20 s. After the filter paper was
removed, prompt irrigation with sterile saline was applied for 10 s. The
mouse was then positioned laterally on a heating pad, and the eye was ir-
rigated for another 15 min at low pressure using sterile saline. Buprenor-
phine hydrochloride (0.05 mg/kg) (Buprenex Injectable; Reckitt Benckiser
Healthcare, Ltd.) was administered s.c. for pain management. A single drop
of topical Polytrim antibiotic (polymyxin B/trimethoprim; Bausch & Lomb,
Inc.) was administered after the irrigation. Mice were kept on the heating
pad until fully awake.

Tissue Preparation for Flat-Mount Imaging. Following the alkali burn, eyes
were enucleated at predetermined time points and fixed in 4% para-
formaldehyde (PFA) solution (Sigma-Aldrich) for 1 h at 4 °C. The cornea and
retina tissue were carefully excised using microsurgical techniques and were
washed three times (5 min each washing) in PBS (Sigma-Aldrich) at 4 °C. The
tissues were then incubated in 5% BSA (Sigma-Aldrich) and permeabilized
using 0.3% Triton-X (Sigma-Aldrich) for 1 h at 4 °C. The specific antibody was
added in blocking solution, incubated overnight at 4 °C, and then washed
three times (10 min each washing) with 0.1% Triton-X in PBS. The tissues
were transferred from the tube to positively charged glass slides using a
wide pipette tip with the concave face upward. Four relaxing incisions were
made from the center to the periphery to generate four flat tissue quad-
rants. VECTASHIELD mounting medium (H-1000; Vector Laboratories) was
placed over the tissue followed by a coverslip.

Paraphenylenediamine Staining of Optic Nerves. Optic nerve cross sections
were processed using a modified paraphenylenediamine (PPD) staining
protocol to stain the myelin sheath of all axons and the axoplasma of
damaged axons, as previously described (66). Optic nerves were fixed with
half-strength Karnovsky’s fixative [2% formaldehyde + 2.5% glutaraldehyde
in 0.1 M sodium cacodylate buffer, pH 7.4 (Electron Microscopy Sciences)] for
a minimum of 24 h at 40 °C. After fixation, samples were rinsed with 0.1 M
sodium cacodylate buffer, postfixed with 2% osmium tetroxide in 0.1 M
sodium cacodylate buffer, dehydrated with graded ethyl alcohol solutions,
and transitioned with propylene oxide and resin infiltrated in tEPON-
812 epoxy resin (Tousimis). Optic nerve cross-sections (1 μm) were stained
with filtered 2% aqueous PPD (MP Biomedicals, LLC) solution for 1 h at room
temperature, rinsed in tap and deionized water solutions, and air-dried.
Mounting medium and a glass coverslip were applied over the sections for
light microscopic analysis.

Retinal Flat-Mount Imaging. The tissues were prepared for flat mounts and
were imaged using a confocalmicroscope (Leica SP8; LeicaMicrosystems, Inc.).
Images were taken using 10×, 20×, 40×, and 63× objective lenses and z-stacks
of 0.7-, 0.6-, 0.4-, and 0.3-μm step sizes, respectively. Image processing was per-
formed with ImageJ version 1.52h software (NIH) to obtain maximum and av-
erage projections of the z axis, color depth maps, and 3D volumetric images.
Amira software v.6 (Thermo Fisher Scientific) was used to perform 3D rendering
of confocal images. The number and density of retinal microglia/macrophage
cells were quantified using ImageJ software. Retinal flat-mount quantification
was performed by averaging the results of one central image (20×) and four
peripheral images (20×) of the four retinal quadrants of each retina (n = 5).
Color-coding analysis of retinal confocal stacks was performed to provide a visual
representation of cell density in different retinal strata. A heat map was gen-
erated with cold colors (violet–blue) representing the inner retina. The retinal
cross-sectional projection was generated from confocal stacks using ImageJ
software, and the retinal thickness was calculated by multiplying the num-
ber of serial stacks by the step size (in micrometers) of each stack. This in-
formation is provided automatically by the LASX v. 1.9.0.13747.1 software of the
Leica SP8 confocal microscope (Leica Microsystems, Inc.).

Bone-Marrow Chimera Model. C57BL/6J mice were myelodepleted with three
i.p. injections of busulfan (35 mg/kg; Sigma-Aldrich), an alkylating agent that
depletes bone-marrow cells, 7, 5, and 3 d before BMT. CX3CR1+/EGFP::CCR2+/RFP,
B6::CX3CR1+/EGFP, and CX3CR1CreERT2::ROSA26-tdTomato bone-marrow cells
(5 × 106 total bone-marrow cells) were transferred to the myelodepleted
C57BL/6J mice through tail vein injection 1 mo before corneal alkali burn.
Bactrim (trimethoprim/sulfamethoxazole resuspended in 400 mL drinking
water) was given ad libitum for 15 d after busulfan treatment.

Flow Cytometric Analysis of Retinal Cells. Retinas from the harvested eyes
were isolated surgically, digested with the Papain Dissociation System
(Worthington Biochemical Corporation), and processed with flow cytometry.
Retinal microglia/macrophage cells were detected as the EGFP+ or tdTomato
population in CX3CR1+/EGFP and CX3CR1CreERT2::ROSA26-tdTomato mice, re-
spectively. Different fluorescent CD45 (clone: 104), CD11b (clone: M1/70),
I-A/I-E (MHC-II) (clone: M5/114.15.2), CX3CR1 (clone: SA011F11), Ly6C (clone:
HK1.4), and Ly6G (clone: 1A8) antibodies (BioLegend) were used to perform
the flow cytometry. Cells were analyzed on a BD LSR II cytometer (BD Bio-
sciences) using FlowJo software (Tree Star).

Evaluation of the Inflammatory Response of Peripherally Engrafted Monocytes
After Ocular Injury.Myelodepleted C57BL/6mice received adoptive transfer of
CX3CR1+/EGFP bone-marrow cells and were subjected to corneal injury using
1N NaOH. Sixteen weeks after the injury, the mice were killed, and retinal
tissues were surgically removed for enzymatic digestion. CX3CR1+ cells were
enriched by FACS, and RNA was isolated from CX3CR1+ cells by using the
QIAGEN RNeasy Micro Kit (Qiagen). cDNA was generated using Invitrogen’s
SuperScript III Reverse Transcriptase (Thermo Fisher Scientific) per the manu-
facturer’s recommendation, and TNF-α (Mm99999068_m1, no. 4331182), IL-1b
(Mm00434228_m, no. 4331182), and 18S (Hs99999901_s1, no. 4331182) gene
expression was quantified using qPCR and Taqman probes (Thermo Fisher
Scientific). qPCR data were analyzed using the ΔΔCt method.

Ex Vivo Proliferation Assay of CSF1R− Peripherally Engrafted Monocytes.
CX3CR1+/EGFP mice were subjected to corneal injury using 1N NaOH. Three
weeks later the mice were killed, and retinal tissues were surgically dissected
for enzymatic digestion. The single-cell suspension was stained with PE-
CD115 (CSF1R) before FACS. CX3CR1+ CD115+ and CX3CR1+ CD115− cells
were sorted separately and used for cell culture with or without stimulation
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with 10 ng/mL m-CSF (no. 315-02; PeproTech) and 10 ng/mL IL-4 (no. 214-14;
PeproTech) in the presence of BrdU (no. 423401; BioLegend) for 5 d. At the
end of coculture (5 d), cells were trypsinized, fixed with 4% PFA, per-
meabilized with 0.5% Triton-X100 (Sigma-Aldrich), and stained with APC
anti-BrdU antibody (no. 339807; Biolegend) for evaluation of BrdU in-
corporation by flow cytometry.

Microglia Depletion. Microglia depletion was performed using PLX5622, a
CSF1R inhibitor. The compound was provided by Plexxikon, Inc. and was
formulated in AIN-76A standard chow by Research Diets, Inc. A dose of
1,200 ppm was given to mice for 3 wk.

Statistical Analysis. Results were analyzed with SPSS version 17.0 software
(Statistical Package for the Social Sciences, Inc.). The normality of continuous
variables was assessed using the Kolmogorov–Smirnov test. All tests were
two-tailed, and statistical significance was determined at P < 0.05. The in-

dependent Student’s t test was used for comparisons between two groups,
and the pairwise t test was used to compare changes within the same group.
Alpha-level correction was applied, as appropriate, for multiple comparisons.
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