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Significance

We describe the detrimental 
contributions of retinal microglia 
to retinopathy in early diabetes in 
the mouse, identify a 
dysregulated neuron-microglia 
signaling axis that underlies these 
contributions and is amenable to 
pharmacotherapeutic 
intervention, and create a 
framework for future studies of 
microglia in diabetic retinopathy 
and other central nervous system 
diseases.
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Diabetic retinopathy (DR) is a neurovascular complication of diabetes. Recent investi-
gations have suggested that early degeneration of the neuroretina may occur prior to the 
appearance of microvascular changes; however, the mechanisms underlying this neurode-
generation have been elusive. Microglia are the predominant resident immune cell in the 
retina and adopt dynamic roles in disease. Here, we show that ablation of retinal microglia 
ameliorates visual dysfunction and neurodegeneration in a type I diabetes mouse model. 
We also provide evidence of enhanced microglial contact and engulfment of amacrine 
cells, ultrastructural modifications, and transcriptome changes that drive inflammation 
and phagocytosis. We show that CD200-CD200R signaling between amacrine cells and 
microglia is dysregulated during early DR and that targeting CD200R can attenuate high 
glucose-induced inflammation and phagocytosis in cultured microglia. Last, we demon-
strate that targeting CD200R in vivo can prevent visual dysfunction, microglia activa-
tion, and retinal inflammation in the diabetic mouse. These studies provide a molecular 
framework for the pivotal role that microglia play in early DR pathogenesis and identify 
a potential immunotherapeutic target for treating DR in patients.

diabetes | retinopathy | microglia | inflammation | retina

Diabetic retinopathy (DR) is a leading cause of blindness in adults (1, 2). Diagnosis and 
treatment of DR primarily focus on microvascular changes as they can be identified 
through clinical examination and targeted with current therapeutics (3). However, labo-
ratory and clinical evidence demonstrate that retinal inflammation and neuronal alterations 
may precede vasculopathy and contribute to neurodegeneration and vision loss during 
early stages of DR (4–7). While changes in vascular permeability have been reported 
during early stages of DR, neuronal changes in early disease are difficult to visualize 
through fundoscopic examination (8). Furthermore, currently approved therapeutic strat-
egies for treating advanced DR primarily target vascular complications, require frequent 
pharmacologic or ablative laser treatment, and do not reverse retinopathy in the long term 
(9–12). Given the immense impact of DR on global health and the inability of current 
treatment strategies to restore neuroretinal structure and function, there remains a signif-
icant knowledge gap in our understanding of the cellular mechanisms underlying early 
DR pathogenesis.

Microglia are central nervous system (CNS) tissue–resident macrophages that regulate 
synaptic homeostasis, cellular debris and waste removal, and immune surveillance in the 
retinal parenchyma (13–15). In homeostasis and disease, microglia receive patterns of 
molecular cues within the tissue milieu and respond through dynamic activation and 
function (16–20). In the retina, these heterogeneous phenotypes have been shown to 
directly impact neuronal function and survival, supporting further investigation of these 
sentinel cells in the context of retinal disease (21–23). Morphological characteristics of 
microglia activation have been observed in the retinas of diabetic patients and animal 
models during early stages of DR, and are thought to indicate a response to hyperglycemia 
and inflammation in the diabetic retina (24–27). In an animal model of these conditions, 
microglia contribute to acute loss of retinal ganglion cells (RGC) and vascular degeneration 
but precise characterization of the innate microglia response to hyperglycemia and the 
molecular mechanisms that drive this phenotype have yet to be elucidated (28). Here, we 
examine the role of microglia as key regulators of visual dysfunction and retinal neurode-
generation in a hyperglycemia-driven model of DR.

While the role of inflammation in DR has been extensively studied, the specific contribu-
tion of resident microglia to early disease progression has yet to be examined. During vascular 
stages seen later in the life cycle of DR, the blood–retina barrier (BRB) is compromised and 
diverse classes of non-resident immune cells infiltrate, making it difficult to distinguish the 
relative contributions of the resident and systemic immune cell populations to disease 
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progression (29, 30). Furthermore, macroglial cell types such as 
Müller glia and astrocytes are implicated in DR but how their 
involvement emerges temporally, and whether they collaterally influ-
ence microglia, has yet to be resolved (31–33). Therefore, early-stage 
DR may provide the opportunity to interrogate the innate response 
of resident microglia prior to the emergence of later-stage disease 
elements. Furthermore, the plasticity of microglia makes them an 
attractive therapeutic target for early-DR intervention strategies that 
may preserve retinal neurons and vision as well as prevent later-stage 
pathology (34–36). To this end, molecular mechanisms underlying 
microglia-mediated features of DR present immense value in assess-
ing immunotherapeutic strategies for treating patients.

In this study, using a streptozotocin-induced (STZ) diabetes 
mouse model, we demonstrate that microglia are potent drivers 
of retinal dysfunction and neurodegeneration during early stages 
of DR. We also provide evidence of increased contact with and 
engulfment of amacrine cells and synapses by DR-associated 
microglia as a contributing facet of retinopathy. In evaluating 
transcriptomic changes in retinal microglia, we identify patterns 
consistent with pro-inflammatory signaling and phagocytosis. 
Furthermore, we identify dysregulation of amacrine cell CD200 
and microglial CD200R with associated neuroinflammation in 
DR. We demonstrate that CD200Fc, a CD200R agonist, can 
suppress high glucose-induced inflammation, transcriptomic 
changes, and phagocytosis in cultured microglia. Last, we show 
that CD200Fc also ameliorates visual dysfunction, microglial 
activation, and retinal inflammation during early-stage DR in the 
STZ mouse. Importantly, we present these findings in the absence 
of observable changes to vascular structure, macroglial reactivity, 
or immune composition in the retina. These studies provide 
unique molecular insight into how pathologically activated micro-
glia are primary contributors to hyperglycemia-induced retinop-
athy prior to later-stage pathology and a therapeutic strategy for 
treating early-stage DR in the mouse and potentially in patients.

Results

Microglia Activation Occurs with Intact Blood–Retina Barrier 
and Normal Immune Cell Composition during Early Diabetic 
Retinopathy. Altered morphologies and laminar localization of 
microglia have been previously observed during early stages of 
DR in the retinas of diabetic patients and animal models, but the 
features of DR that trigger this phenotype are unclear. STZ-induced 
early-stage DR has been shown to promote retinal transcriptome 
changes reflective of neurovascular degeneration and inflammation 
(37). Thus, we first assessed whether or not compromised structural 
elements of the BRB and infiltrating immune cells may indirectly 
promote morphological activation of resident microglia. To test 
this, we longitudinally evaluated retinal immune cell composition 
and BRB components in STZ-treated Cx3cr1GFP/+ mice during 
the canonical early stage of DR in the STZ model (onset—8 wk) 
(Fig. 1A). In line with previous studies using this model, STZ-
injected animals displayed hyperglycemic blood glucose levels 
within 1 wk of treatment and static weight trends compared to 
normoglycemic vehicle-injected animals that persisted for the 
duration of the study (SI Appendix, Fig. S1A) (38). To characterize 
the immune cell profile of the retina, we applied a comprehensive 
antibody panel to retinal single-cell suspensions generated from 
diabetic (4-wk STZ, 8-wk STZ) and control animals using flow 
cytometry (SI Appendix, Fig. S1B). Overall immune cell counts 
(CD45+) were not altered during the course of hyperglycemia 
(Fig.  1B). Control retina suspensions revealed that microglia 
(CD45lo, CD11b+, CX3CR1+) made up the vast majority (>90%) 
of the immune cell fraction, with minor fractions of natural killer 

(NK; CD45hi, NK1.1+) cells, neutrophils (NΦ; CD45hi, Ly6G+), 
T cells (CD45hi, TCRβ+), B cells (CD45hi, B220+), dendritic cells 
(DC; CD45+, CD11c+, CD11b−), CD11c+ macrophages (CD11c+ 
Mφ; CD45+, CX3CR1+, CD11b+, CD11c+), and border-associated 
macrophages (BAM; CD45+, CD11b+, CX3CR1+, MHCII+). 
Analysis of these immune cell fractions showed no significant 
changes in immune cell-specific proportions during early DR.

Next, we performed fundus imaging and immunostaining to 
examine potential changes to other components of the BRB during 
early DR. Fluorescein angiography and lectin staining did not 
demonstrate vascular leakage or alterations in vessel structure 
among control or diabetic groups (Fig. 1 C and D). In surveying 
macroglial subtypes, astrocyte density and coverage of primary 
arteriole vessels, as well as Müller glia density and reactivity, were 
also unchanged across all tested mouse groups (Fig. 1E). However, 
upon assessing temporal changes in microglia morphology, we 
found that microglia in the plexiform niches displayed significantly 
reduced cell area and volume, combined process length, and 
branching as early as 4 wk after onset of STZ-induced hyperglyce-
mia compared to controls (Fig. 1 F and G and SI Appendix, Fig. S1 
D and E). Since flow cytometry analysis revealed no change in 
retinal microglia counts during early-stage DR, we hypothesized 
that the apparent loss in microglia density in the plexiform layers 
could be explained by changes in spatio-temporal distribution 
within the retinal laminae (SI Appendix, Fig. S1C). Indeed, retinal 
cross-sections revealed that microglia soma density was significantly 
reduced in the outer plexiform layer (OPL) and increased in the 
inner nuclear (INL) and ganglion cell layers (GCL) of the inner 
retina during early stages of DR compared to controls (Fig. 1 H 
and I). Microglia somas contained within inner retina neuronal 
layers exhibited a cross-laminar orientation compared to the typical 
uniplanar morphology, suggesting migratory behavior.

Despite reports of their perturbation during established 
stages, our findings suggest that vascular elements, macroglia, 
and local immune composition remain unchanged during the 
early stage of STZ-induced DR. However, robust alterations to 
microglia size, ramification, and spatio-temporal distribution 
occur during this period, with regional recruitment of microglia 
to inner retinal neuronal layers that undergo neurodegeneration 
in early DR. These data suggest that aberrant microglial local-
ization might be involved in functional retina changes during 
early stages of DR and support the use of Cx3cr1-based strate-
gies to further evaluate these cells.

Chronic Microglia Ablation Prevents Visual Dysfunction and 
Neurodegeneration. One of the earliest features of DR in 
patients and animal models is progressive degeneration of inner 
retinal neurons and visual function deficits as measured by retinal 
electrophysiological output (4, 39, 40). In observing enhanced 
migration of microglia into the inner retina, we proposed 
that microglia might play a role in early loss of inner retinal 
structure and function. To test this, we used Cx3cr1CreER-YFP/+; 
Rosa26DTA/+ mice to induce sustained microglia ablation in 
the retina through continuous administration of tamoxifen-
infused chow (SI Appendix, Fig. S2A). We combined STZ and 
vehicle injections with regular or tamoxifen-infused chow to 
compare diabetic animals that were retinal microglia-depleted 
or retinal microglia–privileged, while controlling for potential 
phenotypes related to Cre activity and microglia ablation in 
healthy retinas (Fig. 2A). In diabetic and non-diabetic animals, 
tamoxifen-induced ablation of microglia did not induce changes 
to weight or blood glucose that differed from regular chow–
fed mice through 8 wk (SI Appendix, Fig. S2B). In assessing 
microglia ablation efficacy, we found that tamoxifen-treated 
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mice exhibited >93% reduction in retinal microglia density 
through 8 wk of treatment (Fig. 2 B and C). Importantly, this 
model of ablation allowed us to maintain a microglia-ablated 
retina without the confounding effects of residual microglia 
repopulation or neuroinflammatory phenotypes associated with 
other models of microglia ablation (41–43).

We next examined visual function and retinal thickness in 
mouse groups following early-stage DR. Anesthetized animals 
from all four cohorts were administered a scotopic (dark-adapted) 
and photopic (light-adapted) electroretinogram (ERG) to assess 
various components of rod- and cone- photoreceptor driven visual 
responses (SI Appendix, Fig. S2C). As expected from previous 
reports, photopic b-wave amplitudes were not significantly dif-
ferent among all groups, but scotopic a- and b-wave amplitudes 
were significantly reduced in STZ mice compared to each of the 
two normoglycemic groups (control and DTA) (Fig. 2D). In nor-
moglycemic mice, tamoxifen treatment had no effect on measured 

ERG parameters; however, scotopic a- and b-wave amplitudes 
surprisingly showed a partial rescue in STZ DTA mice compared 
to STZ mice. Similarly, the response latency of individual oscil-
latory wave potentials (OP) filtered from ERG waveforms 
(OP1-4) was increased in STZ mice compared to control mice 
as reported previously but were completely rescued in STZ DTA 
mice (Fig. 2E) (44). We next examined histology sections of ret-
inas from these mice and found that, in agreement with other 
studies, the retinas of STZ mice were significantly thinner com-
pared to those of controls, particularly the inner retina (Fig. 2 F 
and G). However, STZ DTA mouse retina thickness was signif-
icantly increased compared to STZ mice, indicating microglia 
ablation rescues early DR-associated neurodegeneration of the 
inner retina. Last, we performed standard fundus imaging and 
fluorescein angiography of mice but did not find any evidence 
of retinal lesions or vascular leakage in any groups (SI Appendix, 
Fig. S2D). Taken together, these data demonstrate that chronic 

Fig. 1. Microglia activation occurs with 
intact blood–retina barrier and normal 
immune cell composition during ear-
ly diabetic retinopathy. (A) Schematic 
of injection schedule for Cx3cr1+/GFP 
mouse groups. (B) Bar graphs showing 
raw CD45+ cell counts (Left) and CD45+ 
immune cell fractions (Right) for mouse 
retinal single cell suspensions. Each 
bar (n = 7 mice per group) indicates the 
mean ± SEM cell count or proportion 
of CD45+ cells. Statistical significance 
among groups for each cell type was 
determined using the Kruskal–Wal-
lis test. (C) Representative images of 
mouse eyes using the Phoenix Micron 
IV retinal imaging microscope equipped 
with bright field (Top) and angiography 
(Bottom) modalities taken before (Top) 
and after (Bottom) sodium fluorescein 
injection. (D) Representative confocal 
images of intermediate (Top) and deep 
capillary plexus (Bottom) vascular lami-
na. (E) Representative confocal images 
of astrocyte density and end-feet cov-
erage of primary arteriole vessels (Top), 
GFAP reactivity (Middle), and Müller glia 
density (Bottom). (F) Representative 
confocal images showing microglia 
morphology and organization in the 
IPL and OPL of mouse retinas. (G) Dot 
plots showing filament area, volume, 
cumulative branch length, and branch 
points of reconstructed microglia in 
control and STZ retinas. Each plot (OPL, 
n = 146 to 201 cells per group; IPL,  
n = 141 to 181 cells per group) indicates 
the median with each dot representing 
one microglia cell. Statistical significance 
among groups for the IPL and OPL was 
determined using the Kruskal–Wallis 
test followed by Dunn’s post hoc test for 
multiple comparisons. (H) Representa-
tive confocal images and bar graph (I) 
showing microglia soma counts in in-
dividual layers of control and STZ ret-
inas. White arrows point to microglia 
in trans-laminal orientation. Each bar  
(n = 8 to 10 mice per group) indicates the 
mean ± SEM of microglia soma counts 
per retina section. Statistical significance 
among groups for each retina layer was 
determined using Brown–Forsythe and 
Welch’s ANOVA tests followed by Dun-
nett’s T3 post hoc test for multiple com-
parisons (*P < 0.05; **P < 0.01; ***P < 
0.001; ****P < 0.0001).
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microglia ablation preserves components of rod-driven visual 
responses and retinal thinning in diabetic mice. This suggests 
that DR-associated microglia are significant contributors to the 
emergence of these functional and structural deficits associated 
with early-stage DR in the STZ mouse model. Furthermore, 
the strongly preserved oscillatory potential response timing in 
STZ DTA mice suggests that microglia may differentially  
impact certain retinal cell types that drive unique components 
of scotopic vision.

Microglia Promote Amacrine Cell and Inhibitory Synapse Loss 
through Increased Contact and Engulfment. OP responses 
are broadly generated from modulatory feedback pathways 
between bipolar cells (BPC), amacrine cells (AC), and ganglion 
cells (RGC) (45). Pharmacological studies have found that 
GABAergic and glycinergic transmission between ACs and 

BPCs, in addition to AC and RGC-generated action potentials, 
is necessary for maintaining normal OP latency responses (46). 
Since neurodegeneration of these inner retinal subtypes has 
been reported during early stages of disease in animal models 
of DR, we hypothesized that rescued OP response latencies in 
diabetic microglia-depleted mice may indicate a causative link 
between microglia and selective neurodegeneration of these cell 
types (39, 47, 48). To test this, we performed immunostaining 
of these cellular subtypes and synapses in retina sections taken 
from mouse cohorts. We first found that BPC axon terminal 
density was significantly reduced in STZ and STZ DTA retinas 
compared to controls (SI Appendix, Fig. S3A). Similarly, RGC 
soma density was significantly reduced in STZ retinas, but not 
in STZ DTA retinas, as compared to control and DTA retinas 
(SI Appendix, Fig. S3B). Previous studies have shown that ACs 
are among the first neurons to be affected by hyperglycemia. 

Fig. 2. Chronic microglia ablation 
prevents visual dysfunction and 
neurodegeneration. (A) Sche-
matic of injection and feeding 
schedule for Cx3cr1CreER-YFP/+;  
Rosa26DTA/+ mice. (B) Bar graph 
and (C) representative confocal 
images showing retinal micro-
glia (CX3CR1+, IBA1+) density 
in the retinas of control and 
tamoxifen-treated Cx3cr1CreER-

YFP/+;Rosa26DTA/+ mice. Each bar 
(n = 4 to 5 mice per group) indi-
cates the mean ± SEM of microglia 
counts per standardized area of 
the retina. Statistical significance 
among groups was determined 
using Brown–Forsythe and Wel
ch’s ANOVA tests followed by 
Dunnett’s T3 post hoc test for mul-
tiple comparisons. (D) Line graphs 
showing scotopic a- and b-wave, 
and photopic b-wave amplitudes 
for tested light intensities. (E) 
Line graphs showing scotopic OP 
latencies for tested light intensi-
ties that elicit Ops (−20 to 5db). 
Each line (n = 8 mice per group) 
indicates the mean ± SEM ampli-
tude (D) or latency (E). Statistical 
significance among groups was 
determined using two-way ANO-
VA tests followed by Bonferroni’s 
post hoc test for multiple compar-
isons. (F) Representative confocal 
images of paraffin-embedded 
hematoxylin and eosin-stained 
(H&E) retina sections and (G) spi-
der plots showing retinal layer 
histology and thickness for tested 
mouse groups. Black, blue, and 
red vertical lines indicate entire, 
outer (OPL/ONL/IS/OS), and inner 
(RGC/IPL/INL) retina, respective-
ly. Each line (n = 7 to 8 mice per 
group) indicates the mean ± SEM 
retina thickness at incremental 
distances from the ONH. Statis-
tical significance among groups 
was determined using two-way 
ANOVA tests followed by Bonfer-
roni’s post hoc test for multiple 
comparisons. Orange asterisks in 
(D, E, and G) indicate multiple com-
parisons test results between STZ 
and CTRL groups while red aster-
isks indicate results between STZ 
DTA and STZ groups (*P < 0.05; 
**P < 0.01; ***P < 0.001; ****P 
< 0.0001).
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In line with this, we found that the density of two subtypes of 
ACs (CHAT+, VGLUT3+) that provide GABAergic, cholinergic, 
and glycinergic synaptic input was significantly reduced in STZ 
retinas compared to that of control and DTA groups (Fig. 3 A–C). 
Interestingly, cell densities for these AC subtypes were significantly 
increased in STZ DTA retinas compared to STZ, suggesting 
that microglia are a necessary contributor to loss of these AC 
cell subtypes during DR. Further, we also observed a significant 
reduction in GABAergic inhibitory synaptic ribbon (VGAT) 
density in the IPL of STZ retinas compared to controls, while 
STZ DTA retina density was significantly increased compared to 
that of STZ retinas, suggesting greater preservation of this synaptic 
layer (Fig. 3D). Importantly, we did not observe any significant 
differences in cell or synapse density staining between control and 
DTA groups, ruling out tamoxifen toxicity or effects related to 
microglia ablation in healthy retinas. These data supported our 
hypothesis that microglia could be contributing to the reduction 
of AC-driven oscillatory potential responses by mediating the loss 
of at least two AC subtypes and their inhibitory synapses that are 
necessary for normal OP responses.

During retinal degeneration, microglia migrate to sites of neuro-
degeneration to engulf and degrade cell debris but, if pathologically 
activated, can exacerbate degeneration of the neuroretina through 
aberrant phagocytosis and synapse remodeling (21, 49). Thus, we 
hypothesized that aberrant engulfment of AC subtypes by 
DR-associated microglia may mediate microglia-dependent AC 
dysfunction and loss. To test this, we performed confocal Z-stack 
imaging of flat-mounted retinas immunostained for AC subtypes 
(CHAT+, VGLUT3+) in 8-wk STZ and control mice, generated 
3D reconstructions of image stacks, and quantified microglia-AC 
contact in the inner retina. Early DR led to a significant increase 
in the percentage of CHAT+ ACs in contact with microglia (Fig. 3 
E and F). Consistent with data from retina cross-sections (Fig. 3B), 
whole-mount quantification recapitulated significant reductions 
in CHAT+ ACs in STZ retinas compared to control retinas. 
Interestingly, we also observed that morphologically activated 
microglia in STZ retinas displayed increased average size of con-
tacts with CHAT+ ACs. Upon further investigation, we observed 
instances of CHAT+ AC encircling and engulfment by microglia, 
perhaps explaining the increased average volume of contact 
between these cell types (Fig. 3G and Movies S1–S3). We also 
found similar results for VGLUT3+ ACs (SI Appendix, Fig. S3 C–E 
and Movies S4 and S5). Taken together, these data illustrate that 
chronic microglia ablation preserves amacrine cell subtypes and 
inhibitory synapse architecture. Furthermore, DR-associated 
microglia increase contact with and engulfment of these AC sub-
types, which may explain preservation of ACs and the OP response 
in STZ DTA mice.

DR-Associated Microglia Display Ultrastructural Evidence of 
Activation, Oxidative Stress, and Synapse Remodeling. During 
CNS disease, chronic stress, and aging, microglia adopt unique 
ultrastructural features that correlate with their pathological activation 
and aberrant neurosynaptic remodeling (50). We hypothesized that 
the morphologically activated and phagocytic microglial phenotype 
we uncovered in the diabetic mouse retina may demonstrate similar 
ultrastructural remodeling and further explain their role in AC 
degeneration. To explore this, we prepared horizontal and vertical 
sections of control and 8-wk STZ retinas for transmission electron 
microscopy (TEM). Interestingly, we found a subtype of microglia 
that exhibited darkened cytoplasm, chromatin remodeling, and 
irregular shape in the inner retina (IPL/INL) of STZ retinas that 
was rarely observed in control retinas (Fig. 4A). We also frequently 
observed these DR-associated microglia (dmg) at the junction of 

the INL and IPL with electron-dense processes leading into the 
inner retina neuropil (Fig.  4B). In horizontal retina sections, we 
found that these electron-dense cells and processes were observed 
at a significantly higher frequency in STZ retinas compared to 
control retinas (Fig. 4C). Furthermore, the neuropil of the IPL in 
the STZ retinas appeared more disorganized than that of control 
retinas, potentially indicating neurosynaptic degeneration. Upon 
further examination of DR-associated microglial ultrastructure, 
we also observed irregularities in mitochondria shape and cristae 
compared to those of control microglia, indicating potential 
oxidative stress (Fig.  4D). Last, DR-associated microglia in the 
inner retina exhibited close apposition and encircling of synaptic 
dyads with compromised clefts that were not observed in control 
retinas. Interestingly, we observed occasions of encircled synapses of 
ACs, as indicated by their vesicular density and cytoplasmic detail 
(Fig. 4E) (51). These data provide evidence of a previously reported 
microglial ultrastructural phenotype in the diabetic mouse retina. 
Additionally, the ultrastructural evidence of oxidative stress and 
chromatin remodeling, in addition to synapse remodeling, further 
supports a pathological role of activated microglia in degeneration 
of ACs and other neurosynaptic elements of the inner retina during 
early-stage DR.

DR-Associated Microglia Transcriptome Changes Support 
Inflammation, Phagocytosis, and Metabolic Reprogramming. 
Microglia adopt transcriptional signatures that reflect their 
dynamic functional roles during inflammation and disease 
(20, 52, 53). While microglia transcriptome changes have 
been described in a rat model of DR, we wanted to examine 
the microglia transcriptome longitudinally during early DR 
progression in the STZ mouse to assess the emerging response 
of microglia to hyperglycemia that may also explain their affinity 
for, and increased contact of, the inner neuroretina (54). To do 
this, we first generated purified mRNA samples from pooled 
microglia using fluorescence-activated cell sorting (FACS) 
of viable, GFP+ microglia (SI  Appendix, Fig.  S4A). Following 
assessment of FACS event counts, RNA quantity, and purity, 
we performed RNA sequencing (RNA-Seq) using samples  
(n ≥ 3) from each diabetic (4-wk STZ, 8-wk STZ) and control 
condition. To validate the specificity of our FACS protocol, we 
first analyzed normalized gene counts and found that microglia-
specific genes (P2ry12, Tmem119, Hexb) were among the highest 
expressed genes across all samples (SI Appendix, Fig. S4B). We 
then performed a standard EdgeR-limma pipeline analysis on 
all samples (n = 10) and compiled differentially expressed genes 
(DEG; >|1.5|FC; FDR < 0.05) for each diabetic condition 
compared to control. The resulting 825 DEGs compiled from 
both conditions were then used to analyze variance across samples 
using multidimensional scaling, which revealed consistent 
clustering within conditions and separation of condition clusters 
(Fig. 5A). Interestingly, of the 825 DEGs identified, we found that 
767 resulted from analysis of 8-wk STZ vs. control conditions, 
while only 108 resulted from analysis of 4-wk STZ vs. control 
conditions, with 50 shared in both STZ conditions (Fig. 5B). 
We also performed hierarchal clustering based on DEGs, which 
further revealed a stark contrast between 8-wk STZ microglia 
transcriptome compared to that of control microglia, while 4-wk 
STZ microglia occupied a largely intermediate state (Fig. 5C). 
These data indicated that microglia undergo temporal changes to 
their transcriptome during early-stage DR that are substantially 
altered after 8 wk of hyperglycemia.

Next, we analyzed gene sets and biological pathway enrichment 
to relate transcriptional changes of microglia to potential functions 
in response to chronic hyperglycemia. Among the DEGs unique to 

http://www.pnas.org/lookup/doi/10.1073/pnas.2308214120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2308214120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2308214120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2308214120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2308214120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2308214120#supplementary-materials
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the 4-wk STZ group, we identified several upregulated genes related 
to disease-associated microglial activation (Cd44, Clec7a), antigen 
presentation, and nuclear factor kappa B signaling pathways (Ctse, 
Tnfrsf8), and Klf10, an inhibitor of gluconeogenesis that increases in 
expression in response to high glucose levels (Fig. 5C) (55). In fact, 
several downregulated 4-wk STZ DEGs genes were those related to 
glucose metabolism (Slc2a8, Idua). In examining the DEGs unique 
to the 8-wk STZ group, we found that upregulated genes were pri-
marily related to pro-inflammatory signaling and chemotaxis (Ccl2, 
Ccl3, Nfkbid, Tnf, Il1b, Map3k8, Cxcl14), as well as proliferation 
(Mki67), and lipid metabolism (Apoc1, Ch25h). Conversely, down-
regulated genes were primarily related to glycolysis (Pkm, Pgam1, 
Eno1, Eno2). Last, we analyzed genes that were differentially expressed 
at both time points to examine the temporal relationship between 
duration of hyperglycemia and changes to microglia transcriptome. 
While several homeostatic microglia genes were expectedly downreg-
ulated (Fcrls, Serpine2), we also identified commonly upregulated 
genes related to inflammation (Adora1, Serping1, Cd200r4), lipid 
metabolism (Cyp4f18, B3galt1), and insulin secretion disruption 
(Igf2bp2). To examine the larger 8-wk STZ gene set further, we ran 
gene ontology (GO) pathway enrichment analysis and found that 
biologic pathways enriched in 8-wk STZ microglia included those 

related to lysosome assembly, phagocytosis, and tumor necrosis factor 
(TNF) signaling (Fig. 5D). Conversely, pathways enriched in micro-
glia derived from control samples were related to glycolysis and neg-
ative regulation of fatty acid oxidation (Fig. 5E). Last, we isolated a 
separate batch of mRNA samples to validate expression levels of genes 
of interest through qPCR and found that there was a disease 
chronicity-dependent upregulation of these genes across STZ time 
points (Fig. 5F and SI Appendix, Fig. S4C). Taken together, we show 
that chronic hyperglycemia induces longitudinal alterations to retinal 
microglia transcriptome that reflect an acute activation after 4 wk of 
hyperglycemia followed by a robust phenotypic shift after 8 wk. 
Furthermore, the phenotype described by these experiments after 8 
wk favors phagocytosis, lysosomal degradation, and pro-inflammatory 
signaling, which is consistent with other features of DR-associated 
microglia described previously.

CD200R Signaling Attenuates High Glucose-Driven Microglial 
Inflammation and Phagocytosis In Vitro. Changes in neuroglial 
signaling within CNS tissue dictate microglia activation and 
function in disease. To identify potential signaling changes 
underlying pathological activation of retinal microglia and their 
contribution to loss of amacrine cells in STZ mice, we assessed 

Fig.  3. Microglia promote amacrine 
cell and inhibitory synapse loss through 
increased contact and engulfment. (A) 
Representative confocal images show-
ing (IBA1+) microglia in the retinas of 
CTRL, DTA, STZ, and STZ DTA mouse 
groups. (B–D) Representative confocal 
images (Left) and bar graphs (Right) 
showing amacrine cells (AC, CHAT+, 
VGLUT3+) and inhibitory synapse ribbon 
(VGAT+) density in the retinas of each 
mouse group. Each bar (n = 5 to 6 mice 
per group) indicates the mean ± SEM 
cell counts (B and C) or fluorescence in-
tensity (D) for standardized area of the 
retina section. Statistical significance 
among groups was determined using 
Brown–Forsythe and Welch’s ANOVA 
tests followed by Dunnett’s T3 post hoc 
test for multiple comparisons. (E) Rep-
resentative 3D reconstructions (Middle, 
Right) of confocal Z-stack images (Left) of 
flat-mounted retinas showing contacts 
between microglia (CX3CR1+) and CHAT+ 
amacrine cells in control and 8-wk STZ 
mouse retinas. (F) Bar graphs showing 
cell density (Left), contacted cells (Mid-
dle), and contact volume (Right) for 
CHAT+ amacrine cells in control and 
STZ retinas. Each bar (n = 5 to 7 mice 
per group) indicates the mean ± SEM. 
Contact volume for each mouse is an 
average from (n = 78 to 161) individual 
contacts identified in four to five con-
focal images of the retina. Statistical 
significance among groups was deter-
mined using the Mann–Whitney U test. 
(G) Representative images of microglia 
as outlined in (E) showing contact and 
engulfment profiles between microglia 
and CHAT-stained amacrine cells in 
control and STZ retinas (*P < 0.05; **P 
< 0.01).

http://www.pnas.org/lookup/doi/10.1073/pnas.2308214120#supplementary-materials
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whether microglia transcriptome changes included dysregulation 
of ligand–receptor interactions. Among dysregulated 8-wk STZ 
DEGs from Fig.  5B, we identified 50 corresponding to known 
ligand–receptor interactions (56). We found that Cd200r4, which 
encodes the receptor CD200R4, was one of only two receptor 
DEGs upregulated in microglia at both diabetic time points  
(4-wk STZ, 8-wk STZ) (SI Appendix, Fig. S5 A and B). In fact, 
both CD200R isoforms (Cd200r1, Cd200r4) expressed in microglia 
samples showed a disease chronicity-dependent upregulation across 
STZ time points (SI  Appendix, Fig.  S5C). In models of CNS 
neurodegeneration and stroke, increased CD200R expression 
on myeloid cells, and decreased expression of cognate CD200 
on neurons correlates with microglial activation, inflammation, 
and disease progression (57, 58). Thus, we investigated whether 
the CD200-CD200R axis was dysregulated in the mouse retina 
during early DR. Consistent with other reports, we found that 
in 8-wk STZ mouse retinas transcript levels of Cd200 decreased, 
Cd200r1 and Cd200r4 increased, and inflammatory cytokines such 
as Il1b and Tnf increased compared to control retinas (Fig. 6A). 
Also, immunostaining for CD200R1 revealed that expression was 
exclusive to microglia that displayed hyperactivated morphologies 
in the IPL of 8-wk STZ retinas but was undetectable in control 
retinas (SI  Appendix, Fig.  S5D). We also examined endogenous 
sources of CD200 in the mouse retina and found that expression 
was detected in RGC, IPL, and INL layers. Furthermore, we found 
that CD200 fluorescence intensity was decreased in the retinas of 
8-wk STZ mice compared to controls and similar to decreases in 
Cd200 transcript (Fig. 6 B and C). In the CNS, CD200 expressed 
by neurons interacts with microglial CD200R to inhibit various 
immune responses and control microglial activation through 
inhibition of Ras/MAPK pathways (59). We then revisited 
microglia–neuron interactions in 8-wk STZ retinas and found that 
AC subtypes such as CHAT+ and AP2+ GABAergic ACs express 
CD200 in the healthy mouse retina (SI Appendix, Fig. S5 E and F).  
However, 8-wk STZ retinas showed both reduced numbers of 
CD200-expressing ACs and loss of CD200 expression in remaining 
ACs, suggesting that chronic hyperglycemia may decrease AC-derived 

sources of CD200 in the mouse retina. Furthermore, ACs contacted 
by activated microglia in diabetic mouse retinas lacked expression of 
CD200, suggesting decreased CD200-CD200R interactions may 
elicit aberrant interaction and engulfment by microglia (Fig. 6D).

CD200R signaling with exogenous CD200 fusion protein 
(CD200Fc) has been shown to ameliorate microglia activation and 
features of disease progression (60, 61). To examine whether 
CD200R binding could resolve microglia-mediated neuroinflam-
mation in diabetes, we first created a cell culture model of hyperg-
lycemia by treating BV2 microglia cells in normal (1 g/L) or high 
(4.5 g/L) glucose media to mimic blood-glucose concentrations of 
STZ diabetic (450 mg/dL) and control (100 mg/dL) mice used in 
previous experiments. We also treated cells with or without CD200Fc 
to examine its impact on glucose-stimulated microglia (Fig. 6E). 
High glucose stimulation of microglia resulted in upregulation of 
nitrogen oxide species production (Nos2) and pro-inflammatory 
cytokines (Il1b, Tnf) similar to DR-associated microglia in vivo after 
48 h. Interestingly, CD200Fc suppressed high glucose-induced pro-
duction of these transcripts in a concentration-dependent manner 
(Fig. 6F). Next, we performed RNA Sequencing on purified mRNA 
samples from treated (50 ng/mL) and untreated BV2 microglia to 
interrogate broader transcriptional programs affected by CD200Fc. 
We used a standard EdgeR-limma pipeline analysis for all samples 
(n = 12) from each of the four conditions (NG, NG+CD200, HG, 
HG+CD200) to compile DEGs (>|1.5|FC; FDR < 0.05) for each 
paired comparison of interest. Using multidimensional scaling, we 
found consistent clustering of samples by condition but noticed that 
HG and HG+CD200 clusters were separated from NG and 
NG+CD200 clusters, which overlapped with one another 
(SI Appendix, Fig. S5G). Consistent with this analysis, we identified 
2064 total DEGs when comparing conditions, but the majority of 
these resulted from comparing HG against NG (1329) and 
HG+CD200 against HG (748) (Fig. 6G). Next, we examined genes 
at the intersection of these comparisons to enhance our understand-
ing of high glucose-induced gene expression patterns suppressed by 
CD200Fc treatment. We found 429 DEGs within this intersection 
that were predominantly increased when comparing HG against 

Fig.  4. DR-associated microglia display 
ultrastructural evidence of activation, ox-
idative stress, and synapse remodeling. 
(A) Representative TEM images show-
ing IPL microglia in control (mg) and STZ 
(dmg) retinas shaded in green with nu-
clear compartments outlined with dotted 
white lines. (B) Representative confocal 
(Left) and TEM (Right) images of dmg in 
trans-laminal orientation positioned 
between the inner plexiform (IPL) and 
nuclear (INL) layers. (C) Representative 
TEM images (Left) and bar graphs (Right) 
showing dmg frequency in the IPL (Left, 
Top panels) and INL (Left, Bottom panels) 
of control and STZ retinas. These imag-
es are of horizontally sectioned retinas 
with dmg somas and processes shaded in 
green. Each bar (IPL, n = 45 images per 
group; INL, n = 45 images per group; n = 3  
mice per group) indicates the mean ± 
SEM of dmg frequency displayed as a 
percentage of standardized retinal area. 
Statistical significance between groups 
was determined using the Mann–Whitney 
U test. (D) Representative TEM images 
showing microglial mitochondria labeled 
with white and black asterisks. (E) Repre-
sentative low-magnification (Left) and high-
magnification TEM image (Right) showing 
synaptic remodeling by dmg in the STZ 

retina. White arrows are directed at compromised synaptic clefts shared between amacrine cells (AC; orange, blue, purple) and ganglion cells (RGC; yellow) 
that are encircled by dmg shaded in green. (****P < 0.0001).

http://www.pnas.org/lookup/doi/10.1073/pnas.2308214120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2308214120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2308214120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2308214120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2308214120#supplementary-materials
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NG but decreased when comparing HG+CD200 against HG (Fig. 6 
H and I). Among these were genes related to inflammation (Mmp9, 
Nos2, C3, Slfn4, Adgre1, Stat2, Irf7), phagocytosis (Marco, C3, 
Cd300lf), and glycolysis (Slc16a3, Slc2a6). Interestingly, many of 
these same genes were among the most downregulated when com-
paring HG+CD200 against HG. We next ran Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway analysis on these down-
regulated genes and found that the top suppressed gene sets were 
related to nucleotide oligomerization domain (NOD)-like receptor 
signaling, antigen processing and presentation, complement signal-
ing, and phagocytosis, suggesting that CD200Fc potently inhibits 
high glucose-induced transcription underlying inflammation and 
scavenger-related functions in cultured microglia.

Acute high glucose exposure has been shown to stimulate surveil-
lance and scavenging functions in BV2 microglia (62). Since 
CD200Fc suppressed transcriptional patterns related to phagocytosis 
and lysosome function in high glucose-treated microglia, we wanted 
to test whether microglia upregulated these functions in vitro simi-
larly to aberrant phagocytosis observed in STZ mice in vivo. To do 
this, we stimulated BV2 microglia for 48 h as previously described 
(Fig. 6E) before exchanging for media containing isolated synapto-
somes from the mouse retina tagged with pHRodo conjugated dye. 
After 2 h of synaptosome exposure, we found that microglia pre-
treated with high glucose showed a greater accumulation of fluores-
cent synaptosomes compared to normal glucose-treated microglia 
(Fig. 6 J and K). However, microglia pretreated with CD200Fc- 
supplemented high glucose media showed fluorescent profiles more 
similar to normal glucose-treated microglia. Furthermore, microglia 
pretreated with CD200Fc-supplemented normal glucose media 
showed synaptosome uptake that did not significantly differ from 
that of normal glucose media-treated microglia, suggesting that 
CD200Fc suppresses high glucose-stimulated synaptosome engulf-
ment in vitro. These studies provide evidence of dysregulated 
CD200-CD200R neuroglial signaling in a mouse model of DR. 

Furthermore, these in vitro experiments demonstrate that therapeutic 
targeting of the microglia-specific CD200R with CD200Fc can 
inhibit high glucose-stimulated inflammation and phagocytosis in 
cultured microglia.

CD200R Signaling Prevents Visual Dysfunction, Microglial 
Activation, and Retinal Inflammation In  Vivo. Given the 
therapeutic potential of CD200Fc in models of CNS disease, and 
our demonstrations in vitro, we wanted to test whether CD200Fc 
could prevent features of microglia-mediated retinopathy in 
the STZ mouse. To do this, we administered single intravitreal 
injections of CD200Fc (2 µg/µL; 1.5 µL) or PBS into the eyes of 
control (CTRL+PBS) or 4-wk STZ (STZ+CD200Fc; STZ+PBS) 
mice since we previously identified robust transcriptional changes 
in DR-associated microglia between 4- and 8-wk STZ (Fig. 7A). 
We then assessed visual function, microglia morphology, and retinal 
inflammation 4 wk later (8-wk STZ). First, CD200Fc did not alter 
weight change or blood glucose trends in STZ mice (Fig.  7B). 
Next, we found that scotopic a- and b-wave amplitude responses 
were significantly increased in STZ+CD200Fc mice compared to 
STZ+PBS mice following mid- to high-intensity flash stimuli (−16 
to 5 db) (Fig. 7 C and D). In examining microglial morphology, 
we expectedly observed irregularly distributed and less ramified 
microglia in the OPL of STZ+PBS retinas, but microglia in the 
OPL of STZ+CD200Fc retinas appeared highly ramified and more 
evenly distributed, similar to that of CTRL+PBS retinas (Fig. 7F). 
Furthermore, we observed less hyperactivated microglia in the IPL 
of STZ+CD200Fc retinas compared to STZ+PBS retinas. Last, 
we found that transcript levels of Cd200r1 and inflammatory 
cytokines (Tnf, Nos2, Il6) were expectedly increased in STZ+PBS 
retinas compared to CTRL+PBS retinas, but expression levels 
were significantly decreased in STZ+CD200Fc retinas compared 
to STZ+PBS, and more similar to CTRL+PBS baselines (Fig. 7E). 
These experiments suggest that CD200Fc can prevent visual 

Fig. 5. DR-associated microglia tran-
scriptome changes support inflam-
mation, phagocytosis, and metabolic 
reprogramming. (A) Multidimensional 
scaling plot showing clustering of, and 
separation of, RNA-Seq samples (n = 
3 to 4 mice per group) for control, 4-
wk STZ, and 8-wk STZ conditions. (B) 
Euler diagrams showing the number of 
differentially expressed genes (DEGs) 
for 4-wk- and 8-wk-STZ conditions that 
are either increased (Top) or decreased 
(Bottom) in expression compared to 
control. (C) Heatmap showing hierar-
chical clustering of DEGs for all sam-
ples derived from normalized gene 
counts. (D and E) GO biological process 
pathways enriched in 8-wk STZ (D) and 
control (E) conditions using Fisher's 
exact (FE) test. (F) Bar graphs showing 
expression levels of genes validated 
by qPCR. Each bar (n = 6 to 7 mice 
per group) indicates the mean ± SEM 
of gene expression standardized to 
control values. Statistical significance 
among groups for each gene was de-
termined using the Kruskal–Wallis test 
followed by Dunn’s post hoc test for 
multiple comparisons (*P < 0.05; **P 
< 0.01).
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dysfunction, microglial activation, and retinal inflammation during 
early-stage DR in the STZ mouse. Furthermore, we show that this 
therapeutic effect can be achieved with a single intravitreal injection 
and sustained for at least 1 mo after injection.

Discussion

This study describes a cellular mechanism by which pathologically 
activated microglia contribute to inner retinal dysfunction and 
loss during early-stage DR in a mouse model of type I diabetes. 
Because the diabetic retina is a complex microenvironment in 
which to study cell type–specific contributions to disease, we 
implemented an early-stage model of STZ-induced DR and eval-
uated neuroinflammatory components in order to establish a basis 
for emerging retinopathy in response to chronic hyperglycemia. 
Through this approach, we demonstrate that morphologically 

activated microglia are the first responders and concentrate in the 
inner retina. Utilizing chronic microglia ablation in the retina, 
paired with interrogation of retinal function and structure, we 
identify features of retinopathy that are uniquely dependent upon 
microglial involvement. At the intersection of these findings, we 
show that enhanced microglial contact and engulfment of ACs 
and synapses in part explain their detrimental role in early DR 
pathogenesis. We overlay transcriptional changes in DR-associated 
microglia and retina and identify the CD200-CD200R signaling 
axis as a potential target for suppressing microglia-mediated retin-
opathy. Last, using in vitro and in vivo modeling of high glucose-
challenged microglia, we demonstrate that enhanced CD200R 
signaling via CD200Fc can dampen microglial activation, inflam-
mation, and phagocytosis, while also preserving visual function. 
These experiments provide a foundation for the development of 
an immunotherapeutic strategy to prevent microglia-mediated 

Fig.  6. CD200R signaling attenuates 
high glucose-driven microglial inflam-
mation and phagocytosis in  vitro. (A) 
Bar graphs showing expression levels 
of genes analyzed by qPCR using mouse 
retinal tissue. Each bar (n = 5 to 7 mice 
per group) indicates the mean ± SEM 
of gene expression standardized to 
control values. Statistical significance 
among groups for each gene was de-
termined using the Mann–Whitney U 
test. (B and C) Representative confocal 
images (B) and bar graph (C) showing 
CD200 fluorescence intensity in the ret-
inas of control and 8-wk STZ mice. In-
dividual INL neuron expressing CD200 
is outlined by a white square. Each bar 
(n = 5 to 8 mice per group) indicates 
the mean ± SEM fluorescence intensity 
standardized to control values. Statisti-
cal significance among groups for mean 
fluorescence was determined using the 
Mann–Whitney U test. (D) Representa-
tive high magnification confocal images 
showing CHAT+ amacrine cell CD200 ex-
pression in the INL of control and 8-wk 
STZ mice. CHAT+ amacrine cells contact-
ed by activated microglia are indicated 
with a white asterisk. (E) Schematic of 
seeding, treatment, and harvest sched-
ule for BV2 microglia cells. (F) Grouped 
bar graphs showing expression levels 
of genes analyzed by qPCR following 
treatment of BV2 microglia. Statistical 
significance among groups was de-
termined using two-way ANOVA tests 
followed by Bonferroni’s post hoc test 
for multiple comparisons. (G) Grouped 
Venn diagram showing the number of 
differentially expressed genes (DEGs) 
for each condition comparison of in-
terest. (H) Volcano plot showing DEGs 
that are increased (red) or decreased 
(blue) in HG samples compared to NG 
samples. (I) Volcano plot (Left) showing 
DEGs resulting from “HG+CD200 v. HG” 
comparison and dot plot (Right) showing 
KEGG gene sets with the greatest aver-
age decreased expression in HG+CD200 
samples compared to HG samples. (J) 
Representative images of BV2 micro-
glia following pHRodo-tagged synap-
tosome treatment. (K) Box and whisker 
plot showing BV2 microglia fluorescent 
intensity represented in (J, pHRodo). 
Each plot (NG, n = 245; NG+CD200, 
n = 238; HG, n = 223; HG+CD200,  
n = 220) indicates the median, maxi-
mum and minimum, and interquartile 

range. Statistical significance among groups was determined using the Kruskal–Wallis test followed by Dunn’s post hoc test for multiple comparisons (*P < 0.05; **P 
< 0.01; ***P < 0.001; ****P < 0.0001).
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neuroretinopathy in early DR and potentially other CNS diseases 
where microglia are implicated in neurosynaptic pathology.

We show that microglia remain the predominant immune cell 
type (>92%) in the retina and play a critical role in early DR patho-
genesis. While it remains likely that microglia are mediating the 
phenotypes we observe, we cannot exclude that depletion of resident 
non-microglial macrophages (<1%), intravascular adherent leuko-
cytes, and a portion of circulating monocytes via tamoxifen treatment 
in Cx3cr1CreER-YFP/+;Rosa26DTA/+ mice may also contribute to visual 
dysfunction and neurodegeneration (63). BRB compromise, periph-
eral immune cell infiltration, and macroglial activation and death are 
observed during established stages of DR, but we show that these 
facets of disease are not triggered within 8 wk of chronic hypergly-
cemia (4, 31, 64). However, the limited approach we use to study 
features such as vascular permeability does not rule out more acute 
vascular changes during early-stage DR that others have observed (8, 
65, 66). Importantly, we present these data in the same context as 
the majority of previous DR rodent studies in implementing STZ 
to model DR (67). Multiple low-dose administration of STZ has 
been shown to only partially damage pancreatic islets, triggering a 
primarily systemic inflammatory response followed by delayed hyper-
glycemia. Conversely, the single high-dose STZ model used in the 
present study sufficiently ablates pancreatic beta cells and provides a 
more powerful system for examining neuroinflammation in early 
DR elicited by chronic hyperglycemia (68). Future work is required 
to examine how ablation or inhibition of other myeloid cell species 
impacts features of DR across various models and stages of disease.

Morphological features of microglia activation and inner retinal 
neurodegeneration have been previously characterized in DR, but 
we present evidence of these phenomena emerging in parallel and 
being uniquely interconnected (24, 47, 48, 69). We show that ana-
tomically distinct populations of microglia in the plexiform layers 
reconfigure ramification patterns similarly, but OPL microglia 

display an enhanced affinity for regions of the inner retina. 
Furthermore, we report that chronically ablating these cells from the 
diabetic retina preserves inner retinal visual function and structure. 
In showing that microglia increase contact and engulfment of ACs 
within this area of the retina, and are necessary for the lengthening 
of OP response latency, we suspect that these findings point to a 
mechanism specific to ACs. Reduced GABA activity in the brain has 
been shown to result in enhanced microglial activity and contact 
with neuronal synapses, often resulting in aberrant remodeling (70). 
Furthermore, inflammatory cytokines disrupt synaptic homeostasis 
and can trigger apoptotic cell death. To this end, we propose that 
dysfunctional inhibitory AC synapses during early-stage DR may in 
part elicit initial activation of retinal microglia. However, as we have 
demonstrated in other parts of this work, elicitation of a response 
from microglia and their subsequent contact and disposal of ACs 
may be dictated by different signaling mechanisms. Future work will 
be devoted to untangling the importance, and temporal emergence, 
of these potential explanations of microglia-mediated loss of ACs 
and synapses.

Microglial ultrastructural remodeling such as chromatin aggre-
gation, irregular mitochondria morphology, and enhanced affinity 
for synaptic clefts in the inner retina may enhance our understand-
ing of microglia function in DR. While ultrastructural phenotypes 
of microglia can be heterogeneous, the subtype we observe aligns 
with previous reports of aberrant synapse remodeling by microglia 
in the context of chronic stress and disease, including diabetes (50, 
71, 72). Given the oxidative stress and inflammatory activation that 
microglia undergo in response to acute glucose fluctuations in vitro, 
our findings suggest that chronic hyperglycemia may induce a sim-
ilarly pathologic state in vivo that results in their contribution to 
inner retinal neurodegeneration through aberrant synapse stripping 
and inflammatory cytokine production during DR (73). Future 
work will be focused on examining longitudinal alterations to, and 

Fig. 7. CD200R signaling prevents  
visual dysfunction, microglial ac-
tivation, and retinal inflammation 
in vivo. (A) Schematic of intraperi
toneal and intravitreal injections 
for Cx3cr1CreER-YFP/+ mice. (B) Line 
graphs showing weight change 
(Left) and blood glucose meas
urements (Right) in mouse groups. 
Each line (n = 7 to 9 mice per group) 
indicates the mean ± SEM calculat-
ed for animals used in the study. 
(C and D) Line graphs showing sco-
topic electroretinogram (ERG) re-
sponse waveforms (C), and a- and 
b-wave amplitudes (D) for each 
mouse group. Data (n = 7 to 9 mice 
per group) indicate the mean ± SEM 
amplitude. Statistical significance 
among groups was determined 
using the two-way ANOVA test 
followed by Bonferroni’s post hoc 
test for multiple comparisons. Red 
asterisks in (D) indicate multiple 
comparisons test results between 
STZ+PBS and CTRL+PBS groups 
while beige asterisks indicate re-
sults between STZ+CD200Fc and 
STZ+PBS groups.  (E) Bar graphs 
showing expression levels of se-
lected genes by qPCR. Each bar  
(n = 5 to 7 mice per group) indicates 
the mean ± SEM of gene expression 
standardized to control values. Sta-
tistical significance among groups 

for each gene was determined using the Kruskal–Wallis test followed by Dunn’s post hoc test for multiple comparisons. (F) Representative confocal images show-
ing microglia morphology and organization in the IPL and OPL of tested mouse groups. Example hyperactivated microglia are indicated by white arrowheads. (G) 
Illustration of the proposed mechanism for treating CD200-CD200R dysregulation underlying microglia-mediated retinopathy during early-stage DR via CD200Fc 
treatment. (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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potential heterogeneity among, retinal microglia ultrastructure dur-
ing DR and its impact on surrounding neuroretina.

Our RNA-Seq dataset provides further resolution of microglia 
activation in identifying gene expression patterns that support 
pro-inflammatory signaling, phagocytosis, and metabolic repro-
gramming. While this is a depiction of microglia transcriptome 
alterations in response to chronic hyperglycemia in the STZ mouse, 
we can identify shared patterns with similar studies. High glucose 
stimulation of microglia in vitro results in upregulation of Tnf and 
Ccl2 through reactive oxygen species and nuclear factor kappa B 
pathways (74). Additionally, whole-retina single-cell RNA sequenc-
ing studies have reported on microglia-derived production of Il1b 
and metabolic reprogramming that may support inflammation in 
DR (75). Energetic needs of phagocytic macrophages favor a reduc-
tion in glucose uptake and glycolysis while increasing fatty acid 
oxidation and lipid metabolism, which are consistent with what 
we report in the present study (16, 76). While these features have 
been described as a feature of less inflammatory microglia, the 
combination of metabolic reprogramming and pro-inflammatory 
priming we observe may underscore a more complex and dynamic 
role that microglia play in early DR (77). Furthermore, without 
implementation of single-cell RNA sequencing, we cannot rule 
out the possibility of heterogeneous microglial subpopulations that 
may serve divergent roles in pathogenesis.

The leading observation from our RNA-Seq analysis is that 
CD200R isoforms expressed in retinal microglia are upregulated 
during early-stage DR. Increased microglial expression of CD200R 
correlates with their activation and disease pathogenesis (58, 78). 
CD200 is a transmembrane glycoprotein expressed by neurons and 
epithelial cells that, upon interacting with its receptor, attenuates 
immune responses (59). Interestingly, decreased expression of 
CD200 in CNS neurons, or blocking of CD200R binding, correlates 
with increases in myeloid cell CD200R expression and neurodegen-
eration (57, 79, 80). In the retina, this paradigm has also been shown 
to play roles in animal models of experimental autoimmune uveitis 
and glaucoma, suggesting that this signaling axis may play a role in 
other retinal diseases (81, 82). Here, we report that CD200 expres-
sion decreases broadly in the inner retinas of STZ-induced diabetic 
mice. Furthermore, we observe loss of CD200 expression in AC 
subtypes in diabetic mice, which correlates with contact by activated 
microglia and inflammation in the retina. In proposing that an 
imbalance in neuronal CD200 and microglial CD200R contributes 
in part to microglia-mediated retinopathy, we attempted to enhance 
microglial CD200R signaling via CD200Fc. Similar to benefits 
shown in other disease models, we show that CD200Fc attenuates 
high glucose-induced inflammation, transcriptomic alterations, and 
phagocytosis in vitro (60, 61, 83). More importantly, we show that 
CD200Fc therapy at a single time point prevents visual dysfunction, 
microglial activation, and retinal inflammation in vivo 1 mo later, 
providing an avenue to treat early-stage DR in the mouse. However, 
further testing will be necessary to determine whether CD200Fc 
treatment limits microglial phagocytic capacity in vivo, prevents 
neurodegeneration of amacrine cells and other key cell types, and 
sustains therapeutic benefits beyond the short experimental window 
we investigate in the present study. To this end, future work will need 
to investigate whether long-term inhibition of microglia via 

CD200-CD200R signaling dampens potentially beneficial roles of 
this cell type and others within the diabetic retinal milieu.

Overall, this study represents a significant advancement in our 
understanding of inner retinal degeneration during early-stage DR. 
Microglia dominate the local immune environment of the retina 
and are actively involved in concurrent neurodegeneration and 
visual dysfunction. Within this landscape of early disease, we have 
identified CD200-CD200R dysregulation as a mechanism under-
lying microglia-mediated retinopathy in the diabetic mouse. 
Furthermore, we provide strong evidence of the therapeutic value 
that CD200R signaling provides in the case of hyperglycemia-induced 
microglia activation. Through this work, we have created a frame-
work for future development of this therapy.

Materials and Methods

We generated mouse models of diabetes with streptozotocin and microglia abla-
tion. We performed flow cytometry, in vivo imaging, electroretinography, immu-
nohistochemistry, TEM, 3D image reconstruction and analysis, RNA sequencing 
with qPCR validation, and ligand–receptor analysis. We further validated and 
interrogated these findings with qPCR, immunostaining, and high glucose 
media challenge of a microglia cell line. We also tested the therapeutic benefit 
of CD200Fc treatment in vitro and in vivo using intravitreal injections in mice. 
Experimental details are described in SI Appendix.

Data, Materials, and Software Availability. Raw sequencing files and pro-
cessed data matrices for flow-sorted microglia RNA sequencing data have been 
deposited in GEO with the following accession number: GSE222005. Similar files 
for CD200Fc-treated BV2 microglia RNA sequencing data have been deposited 
in GEO with the following accession number: GSE238008. These sequencing 
datasets are publicly available as of the date of the publication. All other data are 
included in the manuscript and/or supporting information (84, 85).
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