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Abstract
TITLE: Characterizing the role of retinal microglia in a mouse model of retinopathy.
Clifford B. Kim, Yoko Okunuki, Ryo Mukai, Garrett Klokman, Patricia D’Amore, Kip M.
Connor
Purpose: Retinal microglia have been associated with certain vaso-proliferative retinopathies,
although their precise role in these conditions is poorly understood. We hypothesize that
resting retinal microglia are neuro-protective and that in response to injury or disease, microglia
acquire an intrinsic cytotoxic phenotype perpetuating disease.
Methods: Nursing mothers of C57Bl/6 and CX3CR1-EGFP heterozygous mice were placed on a
microglia-depleting diet containing PLX5622, an inhibitor of colony stimulating factor 1
receptor (CSF-1R), or on a control diet at the time of litter birth. Retinas from these mouse litters
were harvested during early postnatal development [postnatal day (P)0 to P7] as well as during
the early (P8) and late (P17) phases in a model of oxygen-induced retinopathy (OIR). Whole
retina flatmounts immunostained with lectin to visualize blood vessels and with a novel
microglia-specific marker, P2ry12, were imaged via fluorescence and confocal microscopy.
Extent of neovascularization (NV) was quantified using the “SWIFT_NV” macro in the software
ImageJ. Microglial size and area density were measured using the automated “Analyze
Particles” feature in ImageJ.
Results: Confocal microscopic images of P2ry12-immunostained retinal flatmounts show
increased size and ramification of retinal microglia during normal early postnatal development
(P0 – P7). Retinal microglia decrease in size and density during early OIR compared to
normoxia (P < 0.001), and co-localize with regressing vessels during phase 1 of OIR. Dietinduced microglial depletion with PLX5622 leads to decreased microglial size (P < 0.01) and
area density (P < 0.0001) in P7 mouse retinas compared to those on a control diet. The area
density of retinal microglia was greater in the central retina compared to the peripheral retina in
both the control diet (P < 0.05) and PLX5622 diet (P < 0.01) groups. Finally, microglial depletion
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with PLX5622 led to decreased NV in P17 retinas under OIR conditions compared to those on a
control diet (P < 0.05).
Conclusions: Morphologic changes of retinal microglia as well as microglial co-localization
with regressing blood vessels during the early stages of OIR suggest an activated microglial
state with phagocytic functions. Thus, depletion or suppression of microglia, which we showed
can decrease NV in the late phase of OIR, may be a potential therapeutic target in certain vasoproliferative retinopathies.
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Glossary of Abbreviations
BBB – blood brain barrier
CNS – central nervous system
CSF – colony stimulating factor
CSF-1R – colony stimulating factor 1 receptor
HIF – hypoxia-inducible factor
IRF – interferon regulatory factor
NV – neovascularization
OIR – oxygen-induced retinopathy
P – postnatal day
ROP – retinopathy of prematurity
TGF – transforming growth factor
Transmembrane protein 119 – Tmem119
VEGF – vascular endothelial growth factor
VO – vaso-obliteration
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Section 1: Introduction
Angiogenesis, or the development of new blood vessels, has broad applications in medicine,
from wound healing to cancer treatment. Although vascular development and regression are
essential for normal growth and function, uncontrolled or abnormal vascular development can
have severe consequences, particularly in the retina. Abnormal blood vessel growth in the
retina can impair vision and lead to blindness. Several forms of retinal disease (e.g., retinopathy
of prematurity, diabetic retinopathy) exhibit this phenomenon, which often progresses in two
distinct phases: initial vascular regression (phase 1) and subsequent pathological
neovascularization (NV) of the retina (phase 2)(1).
In the case of retinopathy of prematurity, a disease that can affect premature infants, phase 1 is
triggered by relative hyperoxia during birth, when the underdeveloped retinas are exposed to
more oxygen in room air than in utero(1,2). After birth, the retinas mature and exhibit
increasing levels of metabolic activity, which puts further strain on these already avascular
retinas(1,2). The relative hypoxia that ensues leads to phase 2, when hypoxia inducible factor
(HIF)-regulated growth factors rapidly increase after having been suppressed during phase
1(1,2). As a result, revascularization occurs, but some portion of this vascular proliferation (i.e.,
NV) is uncontrolled and disorganized(2,3). In some cases, NV may spontaneously regress, but
when unchecked, can lead to blindness(1,3).
Despite our understanding of the physiological changes that accompany retinopathies, we still
do not know the complete underlying molecular mechanisms that are involved. However,
recent studies have found a link between vascular development and the immune system(3),
particularly microglia(4–7). As the resident immune cells of the retina, microglia maintain
retinal integrity under healthy conditions; however, these cells can become reactive and trigger
neurodegeneration in diseased retina(7). It was initially thought that activated microglia aid
healthy cells by clearing local cytotoxic debris(8). However, studies utilizing isolated retinal
microglia-conditioned media showed that microglia secrete cytotoxic factors that facilitate
retinal degeneration(9). Given their multifaceted role depending on phenotype and cellular
context, microglia are considered an important target in ocular disease, though we do not fully
understand their precise involvement in retinopathy. Thus, this study seeks to address this
fundamental knowledge gap and hopefully lay the foundations for the identification of new
biomarkers for retinopathies and potential therapeutic modulation of microglial activity.
With regards to glial cell biology, there are five main glial cell types in the central nervous
system (CNS): astrocytes (the most abundant in the human brain), ependymal cells that line the
spinal cord and ventricular system, oligodendrocytes lining the axons of neurons, radial cells
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(which in the retina are termed Muller glia(10)), and microglia. In terms of the ratio of glial cells
to neurons, there is a longstanding and commonly held view that glial cells outnumber neurons
10:1 in the human brain(11). However, recent studies have found that this ratio is actually closer
to parity in humans(11). Of note, the glia to neuron ratio is very different across structures in
the human brain.
In terms of the embryological origin of neuroglia, all glial cell types besides microglia derive
from the neuroepithelium of the neural tube, which originates from the ectoderm. Microglia, on
the other hand, have recently been found to derive from the yolk sac(12). In contrast, circulating
macrophages derive from the bone marrow lineage. It is also worth highlighting key molecules
and receptors that are important in microglial development and survival. These include the
colony stimulating factor-1 receptor, CSF-1R, along with its ligands interleukin (IL)-34 and CSF1, as well as transforming growth factor (TGF)-b 1 and the PU1 and interferon regulatory factor
(IRF)8 pathways(12,13). In terms of glial functions: astrocytes maintain the neurochemical
environment and regulate the blood brain barrier; oligodendrocytes myelinate axons of the
CNS; ependymal cells line the ventricular system as the blood-cerebrospinal fluid barrier,
creating and secreting cerebrospinal fluid. Muller glia, the most common type of glial cell in the
retina, are important in retinal development and synaptogenesis(14). Finally, microglia are
thought to be the resident immune cells of the CNS. In the normal resting state, microglia
exhibit a highly ramified morphology, with numerous processes extending from the cell body.
However, in response to infection, injury, or immunological stimuli, microglia become
activated, assuming an amoeboid shape, with increased capabilities in phagocytosis, mobility,
antigen presentation, and production of inflammatory factors(12).
As of now, we do not have a clear understanding of microglial biology, especially in the context
of ocular diseases. Specifically, researchers have struggled to characterize the relationship
between microglia and monocytes/macrophages during neuroinflammation. This is largely due
to a lack of specific microglial markers. Microglia can be distinguished from other glial cell
types (e.g., astrocytes, oligodendrocytes) by expression of certain cellular markers(15) (e.g.,
CD11b, CD14, CD45), but such markers do not differentiate microglia from peripheral
infiltrating macrophages(16). One study by Checchin et al. explored microglial involvement in
vaso-proliferative retinopathies, concluding that resident retinal microglia are required for
retinal blood vessel formation(6). However, the study did not provide much evidence that the
labeled cells were exclusively microglia and not peripheral infiltrating macrophages. Thus, a
major barrier to studying microglial in retinal disease is their proper identification using specific
markers.
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Recently, our laboratory, in collaboration with Dr. Weiner and Dr. Butovsky at Brigham and
Women’s Hospital, has used comprehensive transcriptome/proteomics/bioinformatics
approaches to identify unique surface molecules (e.g., P2ry12, Fcrls) that have been
demonstrated to be specific to microglia in murine and human models of MS and ALS(17–20).
Novel antibodies were developed for these markers(17,18), and the specificity of these
microglia-specific antibodies has been confirmed in our recent study of microglia in ALS
models(19) and by other laboratories. These novel markers should allow for a better
characterization of the localization and kinetics of different cell types in vaso-proliferative
retinopathy, including an increased ability to distinguish microglia from circulating immune
monocytes and macrophages in the retina, which has been very difficult to do until now. In
addition to novel microglial-specific markers, recent studies have investigated pharmacologic
methods to conditionally deplete microglia in nervous tissue(21–23).
As mentioned earlier, CSF-1R is critical to the development and survival of microglia(13).
Indeed, certain CNS diseases (e.g., hereditary diffuse leukoencephalopathy with spheroids)
characterized by microglial dysfunction have been linked to changes in CSF-1R(24). Binding of
the ligand CSF-1 to CSF-1R, a tyrosine kinase receptor, leads to the proliferation of bone
marrow progenitor cells as well as their differentiation into mononuclear phagocytes(13). In
addition to influencing microglia and circulating monocytes and macrophages, activation of
CSF-1R has been shown to be involved in the development of osteoclasts and other dendritic
cell subsets (e.g., Langerhans cells)(13,25). In light of these findings, elimination or depletion of
microglia from CNS tissue can theoretically be achieved by directly inhibiting CSF-1R or by
targeting its ligands (e.g., CSF-1, IL-34). However, studies of CSF-1-deficient mice and CSF-1Rdeficient mice have shown that microglia are absent only in the latter group(13). Several recent
studies have demonstrated microglial depletion with CSF-1R inhibition using pharmacologic
compounds developed by Plexxikon, Inc(21–23,26,27). Of note, the compound PLX5622 has
been shown to almost entirely deplete microglia in brain tissue in a matter of days when fed to
mice(21,22).
In light of these considerations, this project seeks to address the research question of how
microglia are involved vaso-proliferative retinopathies. We hypothesize that resting retinal
microglia are neuro-protective and that in response to injury or disease, microglia acquire an
intrinsic cytotoxic phenotype perpetuating disease. Using a mouse model of oxygen-induced
retinopathy (OIR) and the aforementioned novel microglial-specific antibodies, we sought to
define the role of retinal microglia and infiltrating immune cells in the early (vaso-obliteration,
VO) and late (NV) stages of retinopathy. Specifically, we explored the phenotypic
characteristics of resident retinal microglia in the early (Postnatal days (P) 7-12) and late (P1417) phases of the OIR mouse model compared to control (normoxic) mice. We hypothesize that
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resident retinal microglia mediate both phases of OIR. We also explored how the conditional
ablation of retinal microglia affects progression of vaso-proliferative retinopathy. We
hypothesize that conditional ablation of resident retinal microglia can exert protective effects in
OIR models, decreasing the degree of vascular regression and NV. The findings from this study
will hopefully provide a clearer understanding of the link between retinopathy and retinal
microglia, and potentially lead to the discovery of new therapeutic targets to prevent vascular
regression and NV in the context of neovascular ocular disease.
Section 2: Student role
CX3CR1-EGFP homozygous mice were available for breeding in the animal facility at
Massachusetts Eye and Ear prior to the start of my project. PLX5622 and control mouse chow
diets were generously provided by the company, Plexxicon, and all plasma measurements of
PLX5622 in mouse pups were sent for analysis to a contract lab of Plexxicon, Inc. P2ry12
antibodies were generously provided by Dr. Oleg Butovsky’s laboratory at Brigham and
Women’s Hospital for immunostaining. I conducted all other aspects of this study, including
data collection and analysis, with the guidance of my mentor. All other co-authors listed on this
manuscript contributed an advisory role in terms of experimental troubleshooting or review of
the manuscript.
Section 3: Methods
Mice:
C57Bl/6 mice, whose postnatal vascular development has been well studied(3), were purchased
from Jackson Laboratories (stock no. 000664, Bar Harbor, ME, USA). For visualization of
CX3CR1+ cells, CX3CR1-EGFP heterozygous mice were generated by breeding CX3CR1-EGFP
homozygous male mice (stock no. 005582, Jackson Laboratories, Bar Harbor, ME, USA) with the
aforementioned C57Bl/6 female mice. All mouse colonies, including breeding cages, were
maintained in the Massachusetts Eye and Ear’s animal facility on a standard light cycle (12 hr
light/12 hr dark). All guidelines established in the Association for Research in Vision and
Ophthalmology’s (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research
were followed. IRB approval from Massachusetts Eye and Ear was obtained for the animal
protocol for this project. In addition, the Massachusetts Eye and Ear’s Animal Care Committee
has approved all animal experiments conducted for this project.
Mouse diet:
Microglial depletion in mice was achieved via an experimental diet provided by Plexxikon, Inc.
(Berkeley, CA), which has been shown to almost completely deplete microglia in brain tissue
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via CSF-1R inhibition(21–23). Specifically, mouse chow containing either a control compound or
the compound PLX5622 formulated in standard chow AIN-76A (300 ppm(23), 1200 mg/kg,
Research Diets, Inc., New Brunswick, NJ) were started for mouse mothers as soon as litters were
born (pregnant mice were kept on a standard, in-house breeding diet until giving birth). A
standard, in-house mouse chow diet (Massachusetts Eye and Ear) was utilized for experiments
not involving microglial depletion.
Retinal isolation:
Prior to enucleation, mice were anesthetized intraperitoneally with 0.25 – 0.5 mg/g of Avertin
(10 mg/mL of 2,2,2 tribromoethanol; Sigma-Aldrich, St. Louis, MO, USA dissolved in isoamyl
alcohol; ThermoScientific, Waltham, MA, USA). Eyes were subsequently enucleated with
forceps and placed in 4% paraformaldehyde for 15 minutes at room temperature and then
transferred to 2X PBS for 15 minutes at 4° C. Forceps were used to carefully dissect the retina as
previously described(1), and retinas were flat mounted into petal-shaped lobes with four
incisions. Retinas were then stored in methanol at -20° C until immunohistochemistry.
Measuring PLX5622 concentration in mouse pup plasma:
To confirm that the drug PLX5622 was being transferred from the nursing mothers to the mouse
pups, we obtained serum samples via decapitation from P7 C57Bl/6 mouse litters placed on
either a control or PLX5622 chow diet at the time of birth. Briefly, P7 mouse pups were
anesthetized and subsequently decapitated. The pooled blood was collected in heparinized
plasma collection tubes (Microvette CB 300 LH, Kent Scientific, Torrington, CT, USA) and
centrifuged at room temperature for 5 minutes at 2000 x g and promptly shipped to Plexxikon,
Inc. (Berkeley, CA) on dry ice for measurement of plasma P2ry12 concentration with
Plexxikon’s contract laboratory testing facility (protocol currently not released).
Oxygen-induced retinopathy (OIR) model:
The well-established mouse model of oxygen-induced retinopathy (OIR)(1) was utilized to
mimic the pathophysiological and molecular changes that occur during neovascular retinal
disease progression in humans. Unlike humans, mice have an immature (i.e., avascular) retinal
structure when born(2,3). This makes these animals a good model to study because the
developing postnatal vasculature is easily accessible for imaging and experimental
interventions compared to studying embryonic retinas(2,3). Furthermore, mouse models of OIR
develop reliably and in a quantifiable manner(1). In terms of the steps of OIR, newborn pups
were kept in room air (21% oxygen) from postnatal day (P)0, defined as day of birth, until P7.
Neonatal mice and their nursing mothers were then transferred to a hyperoxic chamber
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containing 75% oxygen from P7 to P12 (Biospherix Model 110, Lacona, NY, USA)(1,3). This
hyperoxic environment causes vascular regression, thus mimicking phase 1 of vasoproliferative retinopathy. Upon returning mouse cages from the hyperoxic chamber to room air
at P12, the non-perfused areas of retina become hypoxic, which triggers vascular regrowth and
NV(1,3), thus mimicking phase 2 (P14-17) of vaso-proliferative retinopathy. For assessment of
microglial morphology during phase 1 of OIR, mouse pups were harvested at P8, when
vascular regression is particularly prominent(2). For assessment of microglial morphology and
extent of NV during phase 2 of OIR, mouse pups were harvested on P17, when NV is at its
peak(1–3). Since post-natal weight gain has been shown to influence disease severity in the OIR
model(28), we excluded mice < 3g at P8 and mice < 6g at P17(1,2). Among the mice included for
analysis, mouse pup weights were comparable across all mouse strains, diets, and experimental
model groups.
OIR quantification:
Computer-aided quantification of the extent of NV in retinal flatmounts was performed using a
previously described macro protocol, “SWIFT_NV”, developed in the software program,
ImageJ(29). Briefly, the tracing tool in Adobe Photoshop was used to outline the area of vasoobliteration (VO) of lectin-stained retinal flatmounts of P17 CX3CR1 heterozygous mice fed a
control or PLX5622 diet from birth. All images were masked prior to VO tracing. The original
flatmount image and the VO-traced images were uploaded into the “SWIFT_NV” macro and
run as previously described(29) to yield the percentage of NV area with respect to the entire
flatmount.
Immunohistochemistry:
Retinas stored in methanol were then submersed in 1X PBS at room temperature. Retinas were
then placed into blocking buffer (1X PBS, 0.3% Triton X-100, 0.2% bovine serum albumin, and
5% goat serum) for 1 hour at room temperature. Retinas were then incubated overnight at 4° C
with rabbit anti-P2ry12 (1:500) to visualize microglia as well as with isolectin GS-IB4 conjugated
to Alexa Fluor 647 (I32450, Invitrogen) to visualize blood vessels in blocking buffer. Retinas
were then washed four times for 40 min in 1X PBS and 0.3% Triton X-100. Retinas were then
incubated with the secondary antibody goat anti-rabbit IgG (H+L) conjugated to Alexa Fluor
594 (A-11037, Life Technologies) 1:500 in 1X PBS and 0.3% Triton X-100 for 4 hours at 4° C.
Retinas were then washed four times for 1 hour in PBS + 0.3% Triton X-100 and flatmounted on
glass slides and coverslipped with PBS/glycerol (S2828; ThermoScientific-Invitrogen). Retinas
were imaged as previously described(30) with an AxioVision microscope (Zeiss, NY, USA).
Tiled images of retinal flatmounts were taken with the 5x objective and were stitched together
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using AxioVision 4.8.2 software. These stitched images were saved in the TIFF format for
quantification. For quantification of microglial density and size, retinal flatmounts were imaged
using confocal microscopy (TCS SP5, Leica, IL, USA) with the 20x objective. 8 images were
taken for each retina: 4 in the midperiphery of each lobe and 4 in the periphery of each lobe. 3D
reconstructed images were made from these confocal images using the software Amira (version
6.0, Thermo Fisher Scientific, Hillsboro, OR, USA).
Quantification of microglial size and density:
The automated “Analyze Particles” feature in ImageJ was used to quantify microglial size and
area density in P2ry12-immunostained retinal flatmounts. Default thresholds were consistently
used for all images analyzed.
Statistical analyses
Unpaired student’s t-tests were run for comparisons using the software program Prism. Results
are expressed as means ± SD, with statistical significance defined as P < 0.05.
Section 4: Results
Increased retinal microglial size and ramification during early postnatal development:
To visualize microglia in the developing retina, retinal flatmounts were made from P0, P5, and
P7 mouse pups and stained with P2ry12, one of the novel markers specific for microglia. The
imaging software Amira was used to reconstruct 3D images obtained by SP5 confocal
microscopy. As seen in Figure 1, there is increased density of microglial staining over time in
the outer retina, with increased size and spread of ramified processes extending from microglia.
In relation to the developing retinal vasculature, microglia, are present at the vascular front,
where vascular tip cells are known to help vessel growth(31). Close interaction between
microglial processes and these tip cells was observed even at birth (Figure 2). Additionally,
confocal microscopy of CX3CR1+/GFP labelled cells, a conventional marker of microglia,
confirmed that P2ry12 also labels microglia (Figure 3).
PLX5622 is transferred through breastmilk and leads to depletion and morphological changes of
retinal microglia:
PLX5622 is a potent inhibitor of CSF-1R, which is believed to be critical to microglial survival.
Incorporating this inhibitor into the mouse diet at P0, we sought to examine the drug’s effect on
developing microglia. In order to confirm that PLX5622 is actually being transferred from the
nursing mother to her pups, we analyzed the plasma concentration of the drug in P7 mouse
pups that were either on control or experimental diets. As seen in Figure 4, PLX5622 was indeed
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present in the pups’ plasma and undetectable in the control diet, confirming that the drug is
actually being transferred through breast milk (P < 0.01). Figure 5 shows a comparison of
microglial staining with P2ry12 of P0 to P7 retinal flatmounts from mice on either a control or
PLX5622 diet. Microglia appear to be widely distributed across the retina even at birth, and
increase in area density in the span of 1 week in the control diet group. But in the PLX5622 diet
group, microglial density decreases even after 5 days, as can be better visualized in Figure 6.
PLX5622 leads to decreased area density and mean size of retinal microglia:
Using confocal microscopy and ImageJ, the density of microglial staining and mean size of
microglial cells was quantified in the inner and outer flatmount quadrants of the control and
PLX5622 groups. Microglial density in the total retina, which includes inner and outer quadrant
measurements, is markedly decreased with PLX5622 compared to controls at both P5 and P7 (P
< 0.0001) (Figure 7). Additionally, ImageJ analysis of the average size of microglia showed that
the mean size of microglia in the PLX5622 groups were smaller than controls at P5 (P < 0.0001)
and P7 (P < 0.01). Interestingly, there was a decrease in microglial density when comparing
inner and outer retinal quadrants from control (P < 0.05) and PLX5622 (P < 0.01) diet groups
(Figure 8). In summary, microglial depletion occurs in a radial gradient in the presence of
PLX5622, with marked morphologic changes of microglial cells suggesting an activated
microglial state as depletion progresses.
Morphologic microglial changes and co-localization of microglia with regressing blood vessels
in the early phase of OIR:
After examining microglia during normal early postnatal development, we then explored the
role of microglia in a pathologic developmental context, namely the mouse model of OIR, which
models retinopathy of prematurity in humans(2,3). Using the 3D reconstructive software Amira,
microglia from P8 mice, when they are in the early vascular regression phase of OIR, appear to
engulf and phagocytize regressing vessels (Figure 9), which can be better appreciated with
magnified images of the same vessels with the microglial and vascular channels separated
(Figure 10). These images show a microglial cell engulfing a regressing vessel, which is
particularly prominent in the cross-sectional view through the regressing vessel (Figure 10).
Additionally, microglial area density and mean microglial size were calculated from retinal
flatmount quadrants from P8 mice under room air and OIR conditions. As seen in Figure 11, the
density and average size of microglia decrease under OIR conditions compared to room air (P <
0.001). Decreased microglial density and size, with co-localization of microglia with regressing
vessels, suggest an activated microglial state in the setting of OIR.
Microglial depletion with PLX5622 leads to reduced NV in the late phase of OIR:
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As mentioned earlier, phase 2 of OIR is characterized by the proliferation of pathologic
neovascular tufts, which peak at P17. As seen in Figure 12, P17 retina under OIR conditions
demonstrates numerous clusters of neovascular tufts. In order to assess the relation between
microglia and NV during phase 2 of OIR, newborn mice were started on either a control or
PLX5622 diet within the OIR model. The extent of NV at P17 was quantified and compared
between these groups. NV was decreased in the PLX5622 group compared to the control group
(P < 0.05) (Figure 13). Of note, while microglia were visualized to engulf regressing vessels
during phase 1 of OIR, there is decreased NV during phase 2 of OIR with PLX5622. Given that
decreased VO during phase 1 of OIR leads to decreased NV in the latter phase of OIR (2,3), our
findings suggest that microglial depletion reduces NV by limiting microglial engulfment of
regressing vessels.
Section 5:
Discussion
As mentioned earlier, studies have noted a spike in immune activity in vaso-proliferative
retinopathies(2,3). The extent of immune system involvement includes a major component of
the innate immune system, the complement system(30,32). The complement system is
composed of an intricate network of molecular pathways (i.e., classical, alternative, and lectin
pathways) and plays a critical role in defending against infections and in clearing pathologic or
injured host cells and tissues(30,32). Recent studies from our laboratory have implicated the
alternative pathway of the complement system in mediating vascular changes during OIR.
During phase 1 of OIR, blockade of the alternative complement pathway results in a moderate
decrease in VO(30). Conversely, during phase 2 of OIR, blockade of the alternative complement
pathway leads to increased NV(32). Of note, a down-regulation of complement inhibitor
expression was observed on the surface of regressing vessels during phase 1(30) as well as in
neovascular tufts during phase 2 of OIR(32), which allows for activation of the alternative
complement pathway in these pathologic vascular regions(30,32). These findings suggest that
the alternative pathway plays an important role in the clearance of pathologic vessels, whether
they are regressing vessels or NV. Thus, these studies demonstrate that the complement system,
particularly the alternative pathway, can either exacerbate or ameliorate OIR disease severity
depending on the cellular context.
Interestingly, recent studies have demonstrated a link between the complement system and
microglia that ultimately mediates synaptic loss in animal models of dementia(33,34). Coupling
our previous findings of the role of the complement system in OIR(30,32) with our current
observations of microglia during OIR, it is possible that there may be a shared mechanism
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between the alternative complement pathway and retinal microglia in mediating vascular
changes during OIR. In terms of other glial cell types, astrocytes have been shown to be
involved in normal retinal vascular development by guiding vascular patterning(6).
Interestingly, a recent Nature study has found that microglial activation induces neurotoxic
astrocytic activity, which has been shown to cause significant damage to neuronal cells(35).
Thus, it is feasible that microglia may exert indirect influence on retinal vessels via interactions
with astrocytes in the retina.
Our current findings demonstrate significant morphologic changes of microglia during OIR, as
evidenced by the decreased size and density of P2ry12+ cells. These morphologic changes are
suggestive of an activated microglial state(12), which is plausible given the inflammatory
conditions of OIR. While these changes could reflect the early stages of microglial cell death, the
co-localization of amoeboid-shaped microglia around regressing vessels during phase 1 of OIR
more plausibly reflect engulfment and phagocytosis of pathologic endothelial cells.
Interestingly, pharmacologic depletion of microglia with PLX5622 led to decreased NV during
phase 2 of OIR. At first glance, this finding appears to contradict the notion that microglial cells
phagocytize pathologic vessels such as neovascular tufts. However, it is well-established that
decreased VO during phase 1 of OIR is associated with decreased NV during phase 2 of
OIR(2,3). Thus, the decreased NV seen with microglial depletion could be explained by a
diminished ability of microglia to phagocytize regressing vessels during phase 1 of OIR, which
would ultimately diminish the severity of NV.
Limitations
It is possible that a critical subpopulation of microglia could down-regulate P2ry12 under
inflammatory conditions, thus making it difficult to identify resident microglia using this novel
antibody. Concurrent use of conventional markers such as Iba-1 and CX3CR1 with P2ry12 may
help identify such microglial subpopulations in future OIR studies. However, since P2ry12
staining of microglia requires methanol fixation, this may limit capabilities to co-stain with
markers for other cell types, which leads to the more general limitation of being able to define
additional cell types that are not known (that is, cells that are P2ry12 negative but may be
positive for the conventional markers CX3CR1 and Iba-1).
Additionally, it is worth noting that drug delivery may not be as effective in developing versus
mature retinal vasculature. Preliminary studies in our laboratory have found that microglia in
adult retinas are more effectively depleted with PLX5622 than in pup retinas, even though the
drug is clearly present in pup plasma. The difference in the extent of microglial depletion in
neonatal versus adult retinas may be due to differences in the blood brain barrier (BBB) in
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developing CNS tissue(36). There is a longstanding belief that the BBB in developing brains is
“immature” and “leaky,” which has influenced notions of caution with respect to drug
administration in pregnant mothers and neonates(36). However, there has been little evidence
to support these claims, with recent studies actually suggesting that critical components of the
BBB are already present in early development, limiting the passage of low molecular weight
molecules(36). Thus, it is possible that even though PLX5622 is transferred through breast milk
and into the circulation of pups, the compound may be selectively restricted from passing into
CNS tissue, which could account for our observation of limited microglial depletion.
Conclusions
In summary, we have shown that microglial morphology changes significantly during normal
retinal development in terms of size and ramifications. There appears to be a radial gradient of
retinal microglial density that is higher in the inner compared to outer retina during early
postnatal development. CSF-1R inhibition using PLX5622 feed decreases microglial density and
mean microglial size during normal early postnatal retinal development. In the setting of OIR,
microglial density and mean microglial size decreased during the early vascular regression
phase, with co-localization of microglia with regressing vessels indicative of phagocytic activity.
Finally, microglial depletion with PLX5622 feed leads to decreased NV in the second phase of
OIR, which further implicates microglia as mediators of OIR pathogenesis. Microglial depletion
could potentially reduce the extent of VO during the early phase of OIR by limiting
phagocytosis of regressing vessels by microglia, which could account for the decreased NV seen
in the later phase of OIR. Although further investigation is needed, these initial findings suggest
that microglia may exacerbate disease severity in the context of vaso-proliferative retinopathies,
with potential therapeutic benefit with pharmacologic depletion of microglia during the course
of disease.
Suggestions for Future Work
It would be beneficial to develop a more robust time course of microglial depletion, spanning
from P0 to P17, with increased sample size for each time-point. Additionally, it would be
interesting to see if there is any potential repopulation of microglia after depletion. Using the
OIR model, it would be helpful to assess the degree of vascular regression in response to
PLX5622 in P8 mice to see if microglial depletion affects the early phase of OIR. Our laboratory
is currently looking to improve techniques for quantifying microglial changes, whether by cell
counting via flow cytometry, or by developing a macro program in ImageJ for more precise
automated quantification. Studying differential gene regulation in immature versus adult
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retinal microglia using novel gene chips would help in identifying potential genetic changes
and molecular pathways for further analysis.
For future immunohistochemical studies, a recently developed monocyte-specific antibody,
4C12(18), can be used to that will help distinguish recruited monocytes from resident microglia.
Another novel marker, transmembrane protein 119 (Tmem119), has been shown to specifically
label microglia(37). Another method for conditional ablation of resident microglia involves the
use of a Diphtheria toxin (DTx) microglial-specific transgenic mouse. These mice can be used to
explore the effects of conditional ablation of resident retinal microglia in the early and late
phases of the OIR mouse model compared to control (normoxic) mice. Specifically, these novel
transgenic mice have had the IRES2-DTR-eGFP-LoxP targeting vector introduced into the Fcrls
gene, a microglial specific gene(19). Our laboratory has generated this new mouse model,
FCRLS-DTR-eGFP-LoxP transgenic C57Bl/6 mice, which allows for the specific ablation of
resident FCRLS+ microglia in the eyes of OIR and non-OIR mice without affecting peripheral
monocytes and macrophages during disease progression. Ablation can be achieved by subretinal injection of Diphtheria toxin (DTx). Optimal dose and timing needed to ablate 98-100%
of resident microglia in the eyes of OIR mice will need to be determined based on previous
studies of microglia ablation(38).
Our work has demonstrated that microglia are present throughout the murine retina even at
birth, despite the fact that the mouse retina is avascular at birth(2,3). It is possible that microglia
may migrate into the retina from a central (e.g., along the optic nerve) or peripheral (e.g., from
the ciliary body) location. It is also possible that there could be a resident pluripotent cell
population that can differentiate into retinal microglia. Thus, our laboratory is investigating
how microglial cells populate the retina during fetal development, and whether microglia can
repopulate the retina after cessation of CSF-1R inhibition.
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Figure 3
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Figure 4
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Figure 5
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Figure 6

Microglia: Magnified Comparison
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Figure 7

Microglial Depletion with PLX

P7 Inner Retina: Control Diet

P7 Inner Retina: PLX Diet

8 areas (4 inner, 4 outer quadrants)/mouse
2-3 mice per group
Scalebars = 50 um
P2ry12 = microglia

28

Figure 8

PLX: Microglial Changes
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Figure 9
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Figure 10
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Figure 11
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Figure 12
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Figure 13

OIR P17 NV Quantification
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