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ABSTRACT OF THE DISSERTATION 

Examining the role of microglia in diabetic retinopathy: Phenotypes, mechanisms, and therapies 

by 

Charles W. Pfeifer 

Doctor of Philosophy in Biology and Biomedical Sciences 

Neurosciences 

Washington University in St. Louis, 2023 

Professor Aaron DiAntonio, Chair 

 
 

Retinal microglia activation and function is a pivotal component of ocular disease pathology, but 

their involvement in diabetic retinopathy, a complex neurovascular complication of diabetes, 

remains unclear. The purpose of this thesis work is to thoroughly examine features of microglia 

activation in DR, identify mechanistic underpinnings of their contributions to neuroinflammatory 

features of disease pathogenesis, and assess immunotherapeutic targeting of microglia as a 

potential approach to treating early-stage DR. Here, we show that chronic hyperglycemia elicits 

morphological, ultrastructural, and transcriptional changes in retinal microglia during early-stage 

DR while other elements of the retinal neurovascular unit remain unperturbed. Through chronic 

ablation of retinal microglia in diabetic mice, we find that microglia are not only first responders 

to chronic hyperglycemia but also potent contributors to visual dysfunction and 

neurodegeneration. Furthermore, we find that microglia are particularly detrimental to amacrine 

cells, a critical interneuron subtype, through aberrant contact and phagocytosis. Through ligand-

receptor analysis of DR-associated microglial transcriptomic changes, we discover that microglia 

upregulate CD200R while its immunomodulatory cognate protein CD200, is decreased in 
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amacrine cells of the diabetic retina, and correlates with retinal inflammation and pathological 

microglial contact. Lastly, we find that CD200-CD200R dysregulation is amenable to treatment 

via CD200 fusion protein (CD200Fc), which attenuates high glucose-induced inflammation, 

transcriptomic changes, and phagocytosis in microglia in vitro. Furthermore, we show that 

CD200Fc suppresses visual dysfunction, microglia activation, and retinal inflammation in the 

STZ mouse in vivo, demonstrating that CD200Fc treatment may be a promising therapeutic 

avenue for preventing microglia-mediated retinopathy in diabetic animals and patients. Together, 

these findings show that microglia are a significant contributor to features of early-stage DR and 

are amenable to treatment via correction of CD200-CD200R dysregulation in vivo. This work 

provides a valuable framework for future studies in microglia-mediated disease pathology as 

well as development of this novel therapy in the context of DR.
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Chapter 1: Introduction 
1.1 Discovery, ontogeny, and longevity of microglia 

In 1856, German pathologist Rudolf Virchow first identified a connective tissue in the 

brain, the ‘nervenkitt’ or nerve-cement, which he termed ‘neuroglia’1. This initial discovery 

would be debated by scientists for several decades until 1913, when Spanish neuroscientist 

Santiago Ramón y Cajal described oligodendrocytes and microglia together as a new element of 

the central nervous system (CNS)2. This would gain further traction as Alois Alzheimer, Franz 

Nissl, and others began to recognize these apolar cells in various types of brain diseases, such as 

dementia and multiple sclerosis3,4. In 1919, another prominent Spanish neuroscientist Pio del Rio 

Hortega published a series of papers that distinguished microglia as a distinct population of 

immune cells in the brain parenchyma using a modified silver carbonate impregnation labeling 

method5. Using this technique, he differentiated microglia from oligodendrocytes based on their 

mesodermal origin, ramified morphology at rest, and phagocytic and migratory capacity6.  

For a time, there was much support for the notion that microglia shared a ectodermal 

origin with other glial cells7. In fact, a common progenitor for microglia, astrocytes, and 

oligodendrocytes was agreed upon up until the 1990s8,9. This view was later replaced by the 

concept that microglia were of blood monocytic origin, which has been upheld up until the last 

decade or so10. With the development of fate-mapping techniques, it has been shown that 

microglia arise from embryonic yolk sac (YS) precursors and migrate to the developing brain 

around embryonic day 9.5 in the mouse, and colonize the human cerebrum within the first 6 

months of gestation11,12,13,14. As an independent lineage from hematopoietic stem cells, microglia 

maintain their population throughout the life span of the organism through slow self-replication 
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with little contribution from bone-derived myeloid precursors15,16,17. Using lineage tracing and 

conditional microglia ablation, this has also been upheld in the retina where nearly 90% of 

residing microglia are “long-lived” and repopulating microglia following ablation events are 

largely derived from a surviving minority of residual microglia and display transcriptional and 

functional properties similar to bona fide microglia18,19,20. These discoveries regarding microglial 

identity, ontogeny, and longevity set up the early frontier of microglial biology and built the 

foundation from which the field now flourishes. Furthermore, the distinction among microglia, 

tissue-resident macrophages, and blood-derived cells have ignited a rapidly growing discussion 

surrounding their discreet functional roles in development, adulthood, and disease. 

1.2 Microglial precursor development and maintenance 

The committed differentiation of myeloid precursors to microglia and their early 

maintenance is tightly controlled by various transcription factors, growth factors, chemokines, 

and microRNAs21,22. Runt-related transcription factor (RUNX1) is a transcription factor that 

binds directly to enhancer genes required for myeloid cell development. Its expression level is 

high during early embryonic development when amoeboid microglia are actively populating the 

CNS while progressive loss of expression correlates with conclusive transformation into resident, 

resting microglia around postnatal day 1023. Mutations of RUNX1 result in embryonic lethality 

as well as poor differentiation of myeloid progenitors in the developing embryo, however it 

remains unknown if RUNX1 is necessary to support function24. PU.1 is a member of the ETS (E-

twenty six) family of transcription factors that are dynamically expressed in various cells, 

including macrophages, neutrophils, B cells, and microglia25,26. PU.1 is considered to be a master 

regulator of myelomonocytic differentiation during embryonic development as deficiency in 
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PU.1 is associated with immunocompromise and poor maturation of yolk-sac-derived myeloid 

progenitors27. Colony stimulating factor 1 receptor (CSF1R) is a receptor tyrosine kinase that 

regulates microglial survival, differentiation, and development. As such, CSF1R mutations or 

deficiency result in decreased numbers of microglia and other tissue macrophages28,29. CSF1R 

binds two ligands, CSF1 and interleukin-34 (IL-34), which are both secreted primarily by 

neurons in the CNS and when genetically modified, result in partial reduction in microglia 

numbers30. Interferon regulatory factor 8 (IRF-8) is an additional transcription factor that 

modulates the proliferative capacity and activation of microglia, as shown in studies 

demonstrating that IRF-8-deficiency results in increased abundance of morphologically activated 

microglia31. miR-124 is one of the most abundantly expressed microRNAs in the CNS and in 

addition to its role in neuronal differentiation it also maintains microglial quiescence by targeting 

the transcription factor C/EBP and its downstream target PU.132. Through this developmental 

program, microglial genesis is guided towards appropriate colonization of CNS tissues and 

involvement in neurovascular development.  

1.3 Organization of the retina and microglial colonization 

during development 

The retina is part of the CNS due to its neuroectodermal origin and is structured in 

diverse layers of cell types that form morphologically and functionally distinct circuits to 

generate complex visual output. The outermost layer of the retina is the retinal pigment 

epithelium (RPE), a monolayer of pigmented cells that resembles the choroid-blood-retinal 

barrier with Bruch’s membrane and choroid at the lateral retina and regulates metabolism and 

physiology in the retina33,34. Anterior to the RPE lies the outer nuclear layer (ONL), which 
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contains rod and cone photoreceptors that drive dim-light, low acuity, and bright-light, high 

acuity color vision, respectively. The inner nuclear layer (INL) contains cell bodies of bipolar 

cells, the second-order neurons that receive glutamatergic signals from photoreceptors within the 

outer plexiform layer (OPL) and depolarize (ON) or hyperpolarize (OFF) to increments in light 

intensity. Amacrine and horizontal cells are key interneuron subtypes that also exist within the 

INL and stratify laterally to modulate transmitted signals from bipolar and photoreceptor cells, 

respectively, and provide feedback in the inner plexiform layer (IPL) through GABAergic and 

glycinergic input. The ganglion cell layer (GCL) is primarily made up of retinal ganglion cells 

(RGC), which transmit these modified signals to the lateral geniculate nucleus (LGN) in the 

thalamus and superior colliculus in the midbrain using glutamate via long axons that make up the 

optic nerve35,36.  

Glia (Müller cells, astrocytes, and microglia) are also critical to maintaining homeostasis 

in the retina. Müller cells are the predominant subtype that span the entire thickness of the retina, 

regulating ion composition in the extracellular space, trophic and anti-oxidant support of 

neurons, and maintenance of the blood-retina-barrier37,38. Astrocytes are restricted to the 

superficial vessel and nerve fiber layer (NFL) where they radiate fibrous processes to drive 

important roles in vascular development, neurovascular coupling, and blood flow39. Lastly, the 

retina is supplied with an intricate vascular network that distributes within the RGC/NFL layers 

(superficial vascular plexus), IPL (intermediate vascular plexus), and OPL (deep capillary 

plexus). Supported structurally by endothelial cells and pericytes, and secondarily by glial cells, 

this vascular system supports the retinal parenchyma while providing a physical inner blood 

retina barrier (iBRB). The outer blood retina barrier (oBRB) is maintained by the RPE and 

choroidal vasculature that exists posterior to the RPE. While the concept of ocular immune 
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privilege, first introduced by Sir Peter Medawar over 70 years ago, remains controversial, these 

anatomical barriers do provide a degree of specialized protection against destructive 

inflammatory responses and tolerate foreign antigens40,41. The molecular basis of this tolerance 

has given rise to the development of therapeutic approaches to prevent destructive inflammation 

in the eye and other tissues and organs.  

As part of the CNS, microglia migrate to, and aid the development of the retina. 

Microglia are first detected in the human retina by 10 weeks gestation and in the mouse retina by 

E11.542,43. Based on the apparent localization of early-arriving microglia, there are two instances 

of microglia infiltration proposed for the developing retina. The first occurs prior to 

vascularization via the ciliary margin or non-neural ciliary regions in the periphery while the 

second occurs following vascularization via blood vessels or the optic disc44,45,46. At first, 

microglia cells with ameboid morphology are found at the primary vascular plexus in the GCL, 

where they radiate laterally. Until P10, microglia progressively colonize the IPL and OPL in 

parallel to development of the intermediate (IPL) and deep capillary (OPL) vascular 

plexuses47,48. In adulthood, microglia maintain primary networks within the IPL and OPL with 

consistent intercellular distances that are believed to be dictated by repulsive signaling 

mechanisms49. Occasional microglia are found in the GCL and INL but are not observed in the 

ONL in homeostatic conditions50. Through this process of retinal colonization and organization, 

microglia simultaneously witness and mediate various crucial facets of neurovascular 

development necessary for homeostatic retinal function in adulthood. 

1.4 General microglial functions in development and 

adulthood  
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Following migration to, and differentiation within, developing CNS tissue, microglia 

participate in various ongoing facets of development that are consistent across tissue niches. As 

inferred by their paralleled temporal and spatial organization during development, microglia aid 

the growth of sprouting vessels during vasculogenesis via Mas1 and Notch1 receptors, secreted 

trophic factors, and direct contact with endothelial cells and pericytes51,52,53. Similarly, microglia 

selectively release trophic factors at proliferative zones during neurogenesis to regulate the rate 

of neuronal precursor production and axonal growth54,55. Given the amount of cell death that 

occurs during development, microglia provide an efficient cleanup force that phagocytoses 

cellular debris without initiating an inflammatory response. To speed up proper neuronal 

integration through elimination of these cells, microglia contribute to programmed cell death 

through production of superoxide ions and growth factors where necessary56,57,58. The shaping of 

nascent synapses during development is perhaps one of the main functions of postnatal 

microglia. This process is regulated by neuronal activity and expression of classical complement 

proteins (C1q, C3) by synapses which are then recognized and phagocytosed via microglia-

specific expression of complement receptor CR359,60. Additional mechanisms at play include the 

release of soluble fractalkine (CX3CL1) by damaged neurons which can promote phagocytosis 

via expression of milk fat globule-epidermal growth factor 8 (MFG-E8)61. At a broader scale, the 

synergistic involvement of microglia in vasculo- and neurogenesis, cell survival and 

proliferation, and synaptic refinement drive the establishment and active remodeling of whole 

neural circuits which directly impacts connectivity and function62,63,64,65,66. Following postnatal 

development, microglia form non-overlapping network mosaics within CNS tissue where they 

constantly survey and contact neural elements with their highly active processes67,68,69. Through 
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this active surveillance, microglia interact with virtually all neuronal cell types to establish and 

maintain CNS tissue homeostasis during development and adulthood70. 

1.5 Microglial heterogeneity and plasticity in disease 

As resident immune cells, microglial activation is a pivotal feature of virtually all 

neurodegenerative diseases71. This response is generated by their recognition of pathogens, 

immunoglobulins, adhesion molecules and other subtle changes in the tissue micromilieu with 

chemokine receptors (CCR), Toll-like receptors (TLR), purinoreceptors, and scavenger/Fc 

receptors. These interactions result in morphological changes, release of cytokines and trophic 

factors, migration, and phagocytosis that influence surrounding tissue function and survival. 

Microglia activation was previously characterized similarly to classical macrophages, subdivided 

into either pro-inflammatory and neurotoxic (M1) or anti-inflammatory and neuroprotective 

(M2) based on the expression of a small set of markers72. However, with the emergence of single 

cell RNA sequencing (scRNA-Seq) and similar technologies there is now a greater appreciation 

for the complexity of microglia activation, which exists as a dynamic spectrum of ever-evolving 

‘states’ unique to the tissue cues generated in a given pathological context73. This can be 

appreciated by the accumulating body of literature describing heterogenous microglial 

phenotypes that shape the landscape of disease pathogenesis, for better or for worse74,75,76,77,78,79. 

Activated microglia represent the first responders to tissue insults and thus a pivotal biomarker 

for pathology and therapeutic intervention. In disease, local chemokine signaling and antigen 

presentation, as well as compromise of the vascular network, results in the recruitment and 

infiltration of blood-derived monocytes and other immune cell types. Despite the similarity in 

markers for microglia and these infiltrating cell types, progress has been made in identifying the 
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differential contributions of infiltrating versus resident myeloid populations to disease 

pathogenesis80,81,82. Furthermore, microglia activation is susceptible to exogenous stimulation 

and reprogramming in vitro and in vivo, making this cell type a reputable target for early-disease 

therapeutic intervention83,84,85. Through these recent discoveries, careful study of microglia-

specific contributions to early disease pathogenesis and identification of underlying biomarkers 

will generate unique therapeutic strategies to suppress detrimental activation features while 

augmenting beneficial features as an avenue of treatment options.  

1.6 Retinal microglia activation and function in disease 

Similar to the brain, retinal microglia subpopulations in the OPL and IPL form non-

overlapping mosaic networks of cells that display ramified morphology and highly active 

processes86. Through this constant surveillance, retinal microglia contribute to synaptic 

maintenance and neurotransmission, elimination of cellular waste and debris, and immunological 

surveillance of the retinal parenchyma in homeostasis46,87,88. Importantly, while these 

subpopulations serve largely overlapping roles, more recent functional differences have been 

identified, mainly that microglial maintenance of synaptic health in the IPL is dependent upon Il-

34 secretion by inner retinal neurons20.  

As sentinels of the retina, microglia are highly sensitive to an array of cytokines, 

chemokines, complement components, antibodies, and damage-associated molecular patterns 

meant to either elicit or inhibit activity89. This has led to a growing appreciation for the study of 

heterogenous microglial phenotypes in the context of retinal diseases, particularly those that 

directly impact neuronal function and survival90,20,91. While disease-associated molecules can 

impact microglial activation and function, various signaling mechanisms intrinsic to the retina 
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modulate microglial reactivity in homeostasis (Fig.1.1). Retinal pigment epithelial cells (RPE) 

release immunomodulatory factors into the outer retinal space such as transforming growth 

factor-beta (TGF-B), which downregulates expression of antigen presentation proteins and has 

the potential to reprogram microglia towards an anti-inflammatory phenotype92,93. 

Thrombospondin-1 (TSP-1) and somatostatin (SOM) are also released by RPE cells to inhibit 

migration of microglia to the subretinal space, a common feature of retinal disease94. Muller glia 

also limit microglial reactivity via release of diazepam binding inhibitor protein (DBI), which 

binds to microglial translocator protein (TSPO) to suppress activation95,96. Microglial activation 

is also controlled by direct physical interaction with other retinal cells. CD200 is a 

transmembrane glycoprotein expressed primarily by neurons in the retina which upon binding 

with its receptor (CD200R) specific to microglia, triggers inhibition of microglial activation, 

migration, and inflammation via Ras/MAPK pathways97,98,99. The importance of this pathway 

can be appreciated by studies that have observed CD200 deficiency resulting in microglial 

activation, enhanced pro-inflammatory markers, and more severe experimental autoimmune 

uveitis (EAU) development in mice100,101. Another key neuroimmune regulator is fractalkine 

(CX3CL1), a neuronal chemokine that is constitutively released from healthy retinal neurons and 

endothelial cells and binds to its cognate receptor CX3CR1 expressed by microglia102. This 

interaction regulates microglial process motility and migration, neurotoxicity, and overall 

surveillance103,104. Furthermore, disruption of CX3CL1-CX3CR1 signaling increases phagocytic 

activity of microglia, pro-inflammatory cytokine production, and acceleration of age-related 

macular degeneration and choroidal neovascularization105,106. Lastly, neuronal activity regulated 

primarily by glutamatergic and GABAergic signaling influences the release of adenosine 
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triphosphate (ATP), which binds to microglial ATP-gated purinergic P2 receptors (P2R) to 

influence process behavior and activation107,108. 

Despite only comprising a mere 0.2% of all cells in the retina, microglia are increasingly 

recognized as key mediators in ocular disease109. Laboratory and clinical research on leading 

blindness diseases such as glaucoma, retinitis pigmentosa (RP), age-related macular degeneration 

(AMD), and diabetic retinopathy (DR) have identified activated microglia as a prominent feature 

of disease pathogenesis110,111,112,106,113. However, the methods for targeting and suppressing 

detrimental features of activated microglia in disease are lacking. Depletion of microglia and 

broad anti-inflammatory treatments remain the most prominent strategies and while both have 

shown efficacy in preserving retinal neurons, cell ablation in human patients is impractical and 

current treatments yield highly variable outcomes across different disease models and stages of 

pathogenesis114,115,116,20. This suggests that there remain areas of microglial biology that require 

deeper investigation to substantially improve the precision and success of current therapies for 

treating blindness diseases. To this end, increasing efforts to identify dysregulated signaling 

mechanisms innate to the retinal microenvironment and interrogate microglial heterogeneity in 

disease will accelerate the development of microglia-based ocular therapeutics.  
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Figure 1.1: Schematic of neuro-glial mechanisms underlying retinal microglial activation in 

homeostasis and disease. Figure adapted from117  

1.7 Diabetic retinopathy: Pathobiology and current outlook  

Diabetes mellitus is a chronic disease in which the body’s ability to produce or respond to 

insulin is impaired, resulting in poor conversion of food into energy and elevated levels of 

glucose in the blood and urine118. This dysfunction results from inadequate insulin secretion 

(type 1) or decreased tissue responses to insulin (type 2). The former category is characterized by 

autoimmune processes that damage the pancreatic islets or genetic predisposition while the latter, 
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more prevalent category, is characterized by a progressive resistance to insulin and an absent 

compensatory insulin secretory response. For both categories, excess glucose can accumulate in 

the blood, leading to hyperglycemia that varies in severity and duration depending on symptom 

onset and progression. Nearly half a billion people are living with diabetes worldwide and 

projections suggest that prevalence will increase by 25% in 2030 and 50% in 2045119. With 

increased numbers of individuals with diabetes comes higher incidence of diabetes-specific 

complications. Macrovascular complications of diabetes include coronary heart disease, 

peripheral vascular disease, and stroke while microvascular complications include end-stage 

renal disease (ESRD), neuropathy, and retinopathy120.  

Diabetic retinopathy (DR) is the primary cause of visual impairment in adults globally121. 

Affecting 1 in 3 individuals with diabetes, DR is a gradual neurovascular complication of 

prolonged hyperglycemic stress on the eye. This excess glucose leads to oxidative stress and 

increased levels of glycolytic metabolites in virtually all retinal cell types, which increases flux 

through the polyol and hexosamine biochemical pathways, advanced glycation end (AGE) 

product formation, and protein kinase-C (PKC) activation122,123. Over time, these harmful 

metabolic imbalances lead to neuronal dysfunction and apoptosis, gliosis and inflammation, and 

microvascular complications. Diagnosis and treatment of DR primarily focuses on microvascular 

changes as they can be identified through clinical examination and targeted with current 

therapeutics122. DR is subdivided into a non-proliferative (NPDR) stage characterized by 

vascular tortuosity, retinal hemorrhages, and lipid exudates, and a proliferative stage (PDR), 

characterized by the aberrant growth of new and fragile vessels124. Diabetic macular edema 

(DME), or the accumulation of fluid into the neural retinal, can also occur and lead to abnormal 

thickening of the retina. Despite the close attention paid to these stages of vascular abnormalities, 
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laboratory and clinical evidence demonstrate that retinal inflammation and neuronal alterations 

precede vasculopathy and contribute to neurodegeneration and vision loss during early stages of 

DR125,126,127,128. Unlike diabetic retinal vasculopathy, neuronal changes in early disease cannot be 

visualized through fundoscopic examination. Furthermore, currently approved therapeutic 

strategies for treating advanced DR only target vascular complications, require frequent 

pharmacologic and laser treatment, and do not reverse retinopathy in the long term129,130,131,132. 

Given the immense impact of DR on global health and inability of current treatment strategies to 

restore retinal structure and function, there remains a significant knowledge gap in our 

understanding of the cellular mechanisms underlying early DR pathogenesis and with that, 

appropriate treatment methods. 

 Microglia activation and neuroinflammation are prominent features of early-stage DR in 

patients and animal models, suggesting that microglia may play an early role in disease 

pathogenesis113,133,134,135. Given the simultaneous evidence of pro-inflammatory mediators in the 

ocular tissues and serum of DR patients, the current view is that microglia contribute to 

inflammation and neuroretinal decline in DR136. However, the bulk of laboratory and clinical 

research is conducted during established stages of DR when macroglial activation, blood-retina 

barrier (BRB) breakdown, and peripheral immune cell invasion have been observed124,137,122. 

This has led to the possibility that early-stage DR may provide an investigative window to 

properly interrogate the early response of microglia to hyperglycemic stress and acute retinal 

changes prior to compromise of the ocular immune environment138. Furthermore, discovery of 

novel mechanisms underlying microglial involvement in early-stage DR may generate 

immunotherapeutic treatment strategies to preserve retinal structure and function and prevent 

more robust features of retinopathy in later stages of disease. Within this conceptual framework, 
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we have conducted an extensive investigation of microglial phenotypes during early-stage DR, 

mechanisms underlying their contributions to disease, and preliminary demonstrations of a novel 

therapy for treating microglia-mediated retinopathy in a diabetes mouse model. We have 

presented and discussed these findings in the following chapters. Furthermore, we have added an 

additional chapter that discusses the implications and future directions of this work with regards 

to microglia-specific immunotherapy as a leading strategy for treating DR in patients.  

 

Figure 1.2: Schematic overview of diabetic retinopathy pathobiology. Figure from139 
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Chapter 2: Features of the retinal 
neurovascular unit in homeostasis and early 

diabetes 

 
Adapted from unpublished data and manuscript in revision: 

Pfeifer, C.W., Walsh, J.T., Santeford, A., Lin, J.B., Beatty W.L., Terao, R., Liu, Y.A., Hase, K., 
Ruzycki, P.A., Apte, R.S. (2023). Dysregulated CD200-CD200R signaling in early diabetes 
modulates microglia-mediated retinopathy. Proc. Natl. Acad. Sci. U.S.A. (revision submitted 
8/10/23) 
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2.1 Introduction 

Clinical and laboratory research has traditionally focused on vascular dysfunction during 

DR but diabetic microvasculopathy does not explain associated peripheral nerve damage, 

cognitive impairment, or loss of vision. As a result, studies have shifted focus onto 

neurodegenerative and inflammatory features of DR, particularly due to their emergence prior to 

observable microvascular complications125,140,141,142. While genetic determinants of susceptibility 

and accelerating factors such as hypertension contribute to diabetes-associated tissue damage, 

hyperglycemia is believed to be the main determinant of comorbidities such as DR143. Exposure 

of diverse neuronal cell types in the retina to hyperglycemia, and their differential susceptibility 

to damage, has led to the discovery of dysfunctional intracellular glucose control mechanisms 

such as the polyol pathway, hexosamine pathway, and advanced glycation end product (AGE) 

formation as contributors to oxidative stress, dysfunction, and apoptosis144,123. However, 

simultaneous disturbance of neurovascular unit elements such as vascular endothelial cells and 

glial cells, and the invasion of peripheral immune cells, contribute to retinal inflammation that 

may modulate the progression of early DR124,145. The role of inflammation in DR has been 

extensively studied but the diverse landscape of contributing cell types and their involvement 

within the broad course of disease has made it difficult to characterize cell-specific contributions 

to DR pathogenesis and develop effective therapies138. This is reflected in the limited 

effectiveness of current immunosuppressive and anti-inflammatory treatments for DR. 

Microglia are the resident immune cells of the retina. Morphological features of 

microglia activation have been reported during early stages of DR in patients and animal 

models134,113,135. Elevated levels of inflammatory cytokines and chemokines have been detected 

in ocular tissues from patients with non-proliferative DR, suggesting that activated microglia 
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may be directly contributing to local inflammation in the retina146,147. However, recruitment of 

peripheral immune cells to the retinal parenchyma has been reported during established stages of 

DR in rodent models, complicating efforts to distinguish contributions of resident vs. peripheral 

immune cells to DR-associated inflammation148. Vascular changes such as enhanced 

permeability permit the invasion of peripheral immune cells and have been observed during DR, 

but the precise emergence of blood-retina-barrier (BRB) compromise during early stages of 

disease remains unclear149,150,151. Lastly, activation of macroglia such as astrocytes and muller 

glia is reported during similar stages of disease but whether they precede and elicit microglia 

activation is unresolved145. Until the temporal progression of these contributing features is 

elucidated, treatments for early DR-associated neuroinflammation will continue to be imprecise 

and provide limited effectiveness.  

Studying elements of the retinal neurovascular unit in the context of 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 this 

cell type a promising therapeutic target for early-DR intervention strategies that may preserve 

retinal neurons and vision as well as prevent later-stage pathology83,84,85. Here we show that 

microglia emerge as a solely activated component of the retina during early stages of 

streptozotocin-induced (STZ) DR in the absence of alterations to other features of the retinal 

neurovascular unit. This dynamic activation includes morphological, ultrastructural, and 

transcriptional features that not only identifies microglia as a uniquely affected cell type in the 

diabetic retina but also underscores their potential functional contributions to early disease 

phenotypes.  
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2.2 Materials and Methods 

Animals. All animal use and experiments were approved by the Institutional Animal Care and 

Use Committee (IACUC) of Washington University in Saint Louis and performed according to 

the Washington University Animal Care and Use Guidelines. A Cx3cr1GFP/GFP mouse (stock no. 

005582) was obtained from Jackson Laboratory (Bar Harbor, ME) and was backcrossed with 

C57BL/6J (stock no. 000664) mice for 10 generations prior to use (Cx3cr1GFP/+) in 

experiments152. Genotyping of the resulting N10 generation was also performed to confirm the 

absence of the confounding rd8 mutation in the Crumbs1 gene153. Hyperglycemia was induced in 

male mice via intraperitoneal delivery of a single streptozotocin injection (150mg/kg 

bodyweight) in sodium citrate buffer (pH 4.5; 15mg/mL buffer), while control animals received 

an equivalent volume of buffer. On post-injection day 7, fasting blood glucose levels of all mice 

were measured from the tail vein with a One Touch Basic blood glucose monitoring system. 

Mice that displayed hyperglycemic blood glucose levels (>250mg/dL) and exceeded this 

threshold for the duration of the study were considered diabetic and used for experiments. Mice 

were also weighed weekly to monitor weight loss. Due to the insensitivity of female mice to 

streptozotocin, only male mice were used for these studies154. 

Flow cytometry. Mice were anesthetized with a cocktail of ketamine (86.9mg/kg) and xylazine 

(10mg/kg), then cardiac-perfused with ice cold phosphate buffered saline (PBS) with heparin 

(3U/mL) prior to surgical dissection of eyes into ice-cold PBS with 10% fetal bovine serum 

(FBS) to isolate the retina from the retinal pigment epithelium-choroid complex. Retinas were 

then were digested for 25 minutes at 37⁰C with constant agitation using 1 mL of pre-warmed 

digestion buffer (DMEM, 2% FBS, 1 mg/mL collagenase VIII (Sigma Aldrich), and 0.5 mg/mL 
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DNase I), and filtered through a 70µm cell strainer.  Enzymes were then neutralized with 1 mL 

of FACS buffer (DMEM with 10% FBS). An additional 2 mL of FACS buffer was added, 

samples were centrifuged at 350 x g for five minutes, and samples were resuspended in FACS 

buffer with anti-CD16/32 (Biolegend, 101302) diluted 1:50 in FACS buffer and fluorescently 

conjugated antibodies added for 20 minutes at 4⁰C. Samples were washed in FACS buffer and 

resuspended in FACS buffer with 133 ng/mL DAPI before running on a Cytek Aurora spectral 

flow cytometer (Cytek) and analyzed using FlowJo software (Tree Star). In addition to 

endogenous EGFP (Cx3cr1GFP/+) the following antibodies were used: rat anti-mouse/human 

CD45R/B220-Alexa Fluor 700 (Biolegend, 103231), rat anti-mouse/human CD11b-

APC/Cyanine7 (Biolegend, 101225), Armenian hamster anti-mouse CD11c-PE/Cyanine7 

(Biolegend, 117317), Armenian hamster anti-mouse TCR(B)-APC (Biolegend, 109211), rat anti-

mouse CD45-PE (Biolegend, 103105), rat anti-mouse Ly6G-Alexa Fluor 647 (Biolegend, 

127609), mouse anti-mouse NK1.1-BUV 395 (BD Biosciences, 564144), rat anti-mouse MHCII-

BV421 (BD Biosciences, 562564), and DAPI (Thermo, 62248). 

Retina dissociation. Retinas were isolated as previously described. Retinas of both eyes were 

pooled for each animal before undergoing papain-based enzymatic digestion (Worthington 

Biochemical) with 0.5 mg/mL DNase I (Sigma Aldrich) for 40 minutes in a water bath at 28⁰C. 

Samples were then moved to a separate water bath at 8⁰C for 8 minutes. Digested material was 

then homogenized by gentle trituration with a pipette before being spun down by centrifugation 

at 300 x g for 5 minutes at 4⁰C. Supernatant was then discarded and the sample resuspended with 

FACS buffer (PBS, 1% FBS, 1mM EDTA) containing ovomucoid inhibitor. 
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Fluorescence-activated cell sorting (FACS). FACS was carried out with a Beckman Coulter 

MoFlo cytometer at the Siteman Cancer Center Flow Cytometry core (Washington University St. 

Louis) equipped with a 120µm nozzle and 350nm (UV)/530nm (green) excitation lasers to 

isolate GFP-positive, DAPI-negative (viable) microglia. Fluorescence-minus-one controls were 

used for gating analyses to distinguish positively and negatively stained cell populations. Cells 

were sorted directly into RLT lysis buffer (Qiagen) and snap-frozen for storage (-80⁰C) and 

future use.  

Immunohistochemistry. Mice were euthanized and eyeballs were enucleated and fixed in 10% 

formalin overnight at 4⁰C. For retinal flat mounts, retinas were dissected gently from fixed 

eyecups and remaining choroid and vitreous were removed. Retinas were submerged in blocking 

solution (PBS, 5% BSA, 0.3% Triton X-100) overnight at 4⁰C. Primary antibody incubation was 

carried out overnight at 4⁰C followed by washing and secondary incubation at 4⁰C. Four radial 

incisions were made to flatten the retinas on glass slides before mounting (VECTASHIELD, 

Vector Laboratories). For frozen sections, the cornea and lens were removed from fixed eyeballs 

and remaining eyecups were submerged in successive rehydration solutions of 15% and 30% 

sucrose (PBS). Eyecups were then submerged in OCT solution, snap-frozen, and sectioned at 

20µm. Sections were then rinsed with PBS and submerged in blocking solution (3% BSA, 0.1% 

Triton X-100) at room temperature for 1 hour in a humidified chamber. Primary antibody 

incubation was carried out overnight at 4⁰C followed by washing and secondary antibody 

incubation at room temperature for 1 hour with inclusion of nuclear staining with DAPI. Sections 

were then washed and mounted. The following antibodies were used: Dylight-594 labeled 

tomato lectin (Vector Laboratories, DL-1177-1), anti-GFAP (Invitrogen, 13-0300), anti-GS 

(Sigma-Aldrich, G2781). 
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Morphological analysis. For microglia morphology analysis, CX3CR1-positive microglia in the 

OPL and IPL layers of the retina were visualized using confocal laser scanning microscopy 

(Zeiss LSM 800, 20x) and 20µm Z-stacks (0.5µm slices). Images were taken at 50% eccentricity 

in relation to the optic nerve and in proximity to vascular elements of similar order. Microglia 

completely captured within images were reconstructed using the semi-automated, interactive 

FilamentTracer tool in Imaris 9.9 software (Oxford Instruments). Following the automatic 

tracing of microglial cells, manual editing was performed to delete erroneous process segments. 

Quantification of cell area, volume, process length, and branching points were then automatically 

generated for all reconstructed microglia captured entirely within Z-stack images.  

Transmission electron microscopy. Whole mouse eyes were fixed in 2% 

paraformaldehyde/2.5% glutaraldehyde (Ted Pella Inc., Redding, CA) in 100 mM sodium 

cacodylate buffer for 1 hour at room temperature and then overnight at 4°C.  Samples were then 

washed in sodium cacodylate buffer and postfixed in 2% osmium tetroxide (Ted Pella Inc.) for 1 

hour at room temperature.  After three washes in dH2O, samples were en bloc stained in 1% 

aqueous uranyl acetate (Electron Microscopy Sciences, Hatfield, PA) for 1 hour.  Samples were 

then rinsed in dH2O, dehydrated in a graded series of ethanol, and embedded in Eponate 12 resin 

(Ted Pella Inc).  Vertical and lateral sections of 95 nm were cut with a Leica Ultracut UCT 

ultramicrotome (Leica Microsystems Inc., Bannockburn, IL), and stained with uranyl acetate and 

lead citrate.  Sections were viewed on a JEOL 1200 EX transmission electron microscope (JEOL 

USA Inc., Peabody, MA) equipped with an AMT 8 megapixel digital camera and AMT Image 

Capture Engine V602 software (Advanced Microscopy Techniques, Woburn, MA).  
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Fundus imaging and fluorescein angiography. Digital color fundus and angiography 

photography was performed using the Micron IV retinal imaging system (Phoenix Research 

Laboratories). Prior to fundus imaging, mice were anesthetized with ketamine/xylazine and 

administered 1.0% atropine sulfate to dilate pupils. For angiography, fluorescein (AK-Fluor, 

10mg/mL) was injected intraperitoneally and images were taken once peak vessel fluorescence 

was reached.   

Quantitative RT-PCR. For mRNA expression analysis, samples were isolated from flow-sorted 

microglia using the RNeasy Plus Micro Kit (Qiagen) as per manufacturer’s instructions. We 

prepared cDNA with 1-2ng total RNA per sample using the High Capacity Reverse 

Transcription kit (Thermo Fisher Scientific). We then amplified cDNA using the TaqMan 

PreAmp Master Mix (Thermo Fisher Scientific) with pooled gene expression probes. We then 

performed qPCR using TaqMan Fast Advanced Master Mix (Thermo Fisher Scientific) with n=2 

technical replicates per sample. We used the ∆∆Ct methods and normalized to the geometric 

mean of Actb, Gapdh, and Hprt housekeeping genes. The following TaqMan Gene Expression 

probes were utilized: Actb (Mm00607939_s1), Gapdh (Mm99999915_g1), Hprt 

(Mm00446968_m1), Ccl3 (Mm00441259_g1), Tnf (Mm00443258_m1), Lpl 

(Mm00434764_m1), Cyp4f18 (Mm07298284_m1), Il1b (Mm00434228_m1), Apoc1 

(Mm00431816_m1), Alox5 (Mm01182747_m1), Fxyd5 (Mm00435435_m1), Ctse 

(Mm00456010_m1), Gale (Mm00617772_g1), Tlr2 (Mm00442346_m1). 

Bulk RNA-Sequencing. Total RNA was isolated from flow-sorted microglia using the RNeasy 

Plus Micro Kit (Qiagen). RNA quantity and integrity was determined using a 2100 Bioanalyzer 

and RNA Pico kit (Agilent Technologies). All samples (n = 10) contained 2.0 – 4.0ng RNA and 
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had RIN > 8.0. Library preparation was performed by the Genome Technology Access Center 

(GTAC) through the McDonnell Genome Institute (MGI) with 1-2ng of total RNA per sample. 

Ds-cDNA was prepared using the SMARTer Ultra Low RNA kit for Illumina Sequencing 

(Takara-Clontech). Fragments were sequenced on an Illumina NovaSeq-6000 using paired end 

reads extending 150 bases. Basecalls and demultiplexing were performed with Illumina’s 

bcl2fastq software with a maximum of one mismatch in the indexing read. RNA-Seq reads were 

then aligned to the Ensembl release 101 primary assembly with STAR version 2.7.9a1. Gene 

counts were derived from the number of uniquely aligned unambiguous reads by 

Subread:featureCount version 2.0.32. Raw gene counts were then filtered based on a ≥1 CPM 

threshold for (n-1) samples in a given condition. Next, a standard EdgeR-limma analysis of gene-

level features was performed, defining significant up- or downregulated genes as a |fold-change| 

> 1.50 with a FDR < 0.05. All further analysis and figures were generated in R (R Core Team).  

2.3 Results 

2.3.1 Microglia dominate retinal immune cell composition during homeostasis 

and early-stage DR  

Altered morphologies and laminar organization of microglia have been previously 

observed during early stages of DR in the retinas of diabetic patients and animals 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 

inflammation155. Thus, we first assessed whether or not perturbed elements of the retinal 

neurovascular unit and infiltrating immune cells may indirectly promote morphological 

activation of resident microglia. To test this, we first longitudinally evaluated retinal immune cell 
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composition in STZ-treated Cx3cr1GFP/+ mice during the canonical early-stage of DR in the STZ 

model (onset – 8 weeks) (Fig.2.1; Fig.2.2A). In line with previous studies using this model, STZ- 

injected animals displayed hyperglycemic blood glucose levels within one week of treatment and 

static weight trends compared to normoglycemic vehicle-injected animals that persisted for the 

duration of the study (Fig.2.2B)156.  

 

Figure 2.1. Endogenous labeling and visualization of retinal microglia with fluorescent 
reporter mouse. Genetic construct of Cx3cr1GFP/+ mouse (left) used to visualize microglia in 
vivo using fundus and two-photon imaging (right, top) and in fixed retinal tissue using confocal 
microscopy (right, bottom). 
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Figure 2.2. Single-dose streptozotocin induces chronic hyperglycemia in mice. (A) 
Schematic depicting injection schedule for 4 week- and 8 week-STZ and control Cx3cr1GFP/+ 

mouse groups. (B) Line graphs showing weight change (left) and blood glucose measurements 
(right) in STZ- and vehicle-injected mice. Each line (Control, n=21; STZ, n=47) indicates the 
mean ± SEM calculated for animals used in the study. Black vertical dashed line indicates time 
of injection and red horizontal dashed line indicates hyperglycemic threshold (250mg/dL). 

 

To characterize the immune cell profile of the retina we applied a comprehensive 

antibody panel to retinal single cell suspensions generated from diabetic (4wk STZ, 8wk STZ) 

and control animals for flow cytometry (Fig.2.3A). Overall immune cell counts (CD45+) were 

not altered during the course of hyperglycemia (Fig.2.3B). Control retina suspensions revealed 

that microglia (CD45lo, CD11b+, CX3CR1+) made up the vast majority (>90%) of the immune 

cell fraction, with minor fractions of dendritic cells (DC; CD45hi, CD11c+, CD11b-) natural killer 

cells (NK; CD45hi, NK1.1+), neutrophils (NΦ; CD45hi, Ly6G+), T cells (CD45hi, TCRβ+), B cells 

(CD45hi, B220+), monocyte-derived macrophages (Mo-Mφ; CD45lo, CD11b+, CD11c+, 

CX3CR1+), and border-associated macrophages (BAM; CD45lo, CD11b+, CX3CR1+, MHCII+) 

(Fig.2.3C). Analysis of these immune cell fractions showed no significant changes in immune 

cell-specific proportions during early DR. These data indicate that microglia dominate retinal 

immune cell composition during homeostasis and early-stage DR without significant infiltration 

by peripheral immune cells.  
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Figure 2.3. Local immune composition of the retina is dominated by microglia in 
homeostasis and early diabetes. (A) Flow cytometry gating strategy for exclusion of dead cells, 
non-cellular events, and doublets (top panel), and capture of CD45+ immune cell fractions 
(middle, bottom panels) within mouse retina cell suspensions. (B) Bar graphs showing raw 
CD45+ cell counts (left) and CD45+ immune cell fractions (right) for STZ and control 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-Wallis test. 
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2.3.2 Blood-retina-barrier and macroglia are unperturbed during early DR  

Blood-retina-barrier (BRB) changes such as enhanced vascular permeability, endothelial 

cell and pericyte dropout, and macroglial reactivity have been observed during established stages 

of DR in rodent models and may contribute to inflammation, microglia activation, and disease 

progression. However, the precise emergence of these features within the time course of DR 

progression and whether they impact microglia reactivity remains unclear. To evaluate potential 

changes to the vascular network in the retina, we first performed in vivo fundus imaging and 

fluorescein angiography but did not find evidence of primary vessel attenuation or vascular 

leakage among control or diabetic mouse groups (Fig.2.4A). We next examined the structure of 

lower-order vessels contained within the intermediate and deep capillary plexus of the retina 

using lectin immunostaining but did not find any changes in broad vascular structure or acellular 

capillaries (Fig.2.4B). Next, we used immunostaining to survey macroglial reactivity or loss. 

Astrocyte density and coverage of primary arteriole vessels, as well as Müller glia density and 

reactivity as measured by glial fibrillary acid protein (GFAP), were unchanged across all tested 

mouse groups (Fig.2.5A). These data suggest that, similar to immune composition, vascular and 

macroglial alterations do not emerge during early-stage DR in the STZ mouse.  
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Figure 2.4. Blood-retina-barrier permeability, structure, and organization is unchanged in 
early diabetes. (A) Representative images of STZ and control mouse eyes and superficial 
vascular plexus (SVP) using the Phoenix Micron IV retinal imaging microscope equipped with 
bright field (top panel) and angiography (bottom panel) modalities. Images were acquired in 
anesthetized mice before (top panel) and after (bottom panel) sodium fluorescein injection. (D) 
Representative confocal images of intermediate (ICP, top panel) and deep capillary plexus (DCP, 
bottom panel) layers. These images are of immunostained flat-mounted retinas and are maximum 
projections of the lamina shown. 
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Figure 2.5. Astrocyte and Muller glia density and reactivity is unchanged in early diabetes. 
(E) Representative confocal images of astrocyte density and end-feet coverage of SVP vessels 
(top panel), GFAP reactivity (middle panel), and Müller glia density (bottom panel). These 
images are of immunostained flat-mounted (top panel) and cryo-sectioned (middle, bottom 
panels) retinas and are maximum projections of the vascular lamina and retina section shown, 
respectively. 
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2.3.3 DR-associated microglia exhibit changes in morphology and temporo-

spatial distribution 

We next wanted to assess potential temporal changes in microglia morphology and 

localization in our STZ model to investigate if morphological features of microglia activation 

occur without alterations to other neurovascular unit elements. Given the differential functions 

attributed to anatomically distinct pools of outer plexiform (OPL) and inner plexiform (IPL) 

microglia, we also wanted to evaluate potentially divergent properties of these niches in DR20. 

We found that microglia in both plexiform niches displayed significantly reduced cell area and 

volume, combined process length, and branching as early as 4 weeks after onset of STZ-induced 

hyperglycemia compared to controls (Fig.2.6A-D). 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 temporo-spatial 

distribution within the retinal laminae. Indeed, retinal cross sections revealed that microglia soma 

density was significantly reduced in the 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.2.6E-F). Microglia somas contained within inner retina neuronal layers also exhibited a 

cross-laminar orientation compared to the typical uniplanar morphology, suggesting migratory 

behavior. These data suggest that microglia are highly responsive to hyperglycemia within 4 

weeks of exposure, and redistribute within retinal laminae with an affinity for neuronal layers of 

the retina. Given that the inner retina is susceptible to dysfunction and neurodegeneration during 

early phases of DR, this may also highlight a microglial response to neuro-synaptic dysfunction.  
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Figure 2.6. DR-associated microglia exhibit changes in morphology and temporo-spatial 
distribution. (A) Representative confocal images showing microglia morphology and 
organization in the IPL and OPL of control and STZ mouse retinas. These images are of flat-
mounted retinas and are maximum projections of the retinal layers shown. (B) Representative 3D 
reconstruction of confocal Z-stack image taken of retinal OPL microglia (top) and filament 
traces of individual microglia (bottom) generated using Imaris software. (C) Representative 
filament traces of individual OPL and IPL microglia in retinas of control and STZ mice. (D) Dot 
plots showing filament area, volume, cumulative branch length, and branch points of 
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reconstructed microglia in control and STZ retinas. Each plot (OPL, n=146-201 cells per group; 
IPL, n=141-181 cells per group) indicates the median with each dot representing one microglia 
cell. Cell reconstructions and quantification are derived from four retinal Z-stack images per 
layer (n=5 mice per group). 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. (E) Representative confocal images and bar graph (F) showing microglia soma 
counts in individual layers of control and STZ retinas. These images are of cryo-sectioned retinas 
and are maximum projections of the retina section shown. White arrows point to microglia in 
trans-laminal orientation. Each bar (n=8-10 mice per group) indicates the mean ± SEM of 
microglia soma counts per retina section. Each mouse count is an average of counts from three to 
four retina sections. Statistical significance among groups for each retina layer was determined 
using Brown-Forsythe and Welch’s ANOVA tests followed by Dunnett’s T3 post hoc test for 
multiple comparisons (*P<.05; **P<.01; ***P<.001; ****P<.0001). 
 
2.3.4 DR-associated microglia undergo ultrastructural remodeling  

During CNS disease, chronic stress, and aging, microglia adopt unique ultrastructural 

features that correlate with their activation and function157. We hypothesized that the 

morphological characteristics of activation we uncovered may indicate other changes at the 

ultrastructural level. To explore this, we prepared horizontal and vertical sections of control and 

8 week-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 not observed in control retinas 

(Fig.2.7A). 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.2.7B). 

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.2.7C). Furthermore, the neuropil of the IPL in the STZ retinas appeared more disorganized 

than that of control retinas, potentially indicating neuro-synaptic degeneration. Upon further 

examination of DR-associated microglial ultrastructure, we also observed irregularities in 

mitochondria shape and cristae number compared to those of control microglia, indicating 
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potential oxidative stress (Fig.2.7D). These findings provide evidence of a previously reported 

microglial ultrastructural phenotype in the diabetic mouse retina. Additionally, the ultrastructural 

evidence of irregular mitochondria and chromatin remodeling suggests that microglia undergo 

oxidative stress and transcriptional changes that may impact broader features of DR progression.   

 

 

Figure 2.7. DR-associated microglia exhibit ultrastructural remodeling. (A) Representative 
transmission electron microscopy (TEM) images showing IPL microglia in control and STZ 
retinas. These images are of vertically-sectioned retinas. Control microglia (mg) and DR-
associated microglia (dmg) are shaded in green with dotted white lines outlining nuclear 
compartments. (B) Representative confocal (left) and TEM (right) images of microglia in trans-
laminal orientation positioned between the inner plexiform (IPL) and nuclear (INL) layers in 
STZ retinas. (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 images 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 
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area. Statistical significance between groups was determined using Mann-Whitney U test. (D) 
Representative TEM images showing microglial mitochondria in control and STZ retinas. These 
images are of vertically-sectioned retinas with mitochondria in control and STZ retinas labeled 
with white and black asterisks, respectively (****P<.0001). 

2.3.5 DR-associated microglia transcriptome supports inflammation, 

phagocytosis, and metabolic reprogramming 

Microglia adopt transcriptional signatures that reflect their dynamic functional roles 

during inflammation and disease158,159,160. 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 the inner neuroretina161. To do this, we 

first generated purified mRNA samples from pooled microglia using fluorescence-activated cell 

sorting (FACS) of viable, GFP+ microglia (Fig.2.8A). Following assessment of FACS event 

counts, RNA quantity, and purity, we performed RNA sequencing (RNA-Seq) using samples (n 

≥ 3) from each diabetic (4wk STZ, 8wk 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 (Fig.2.8B). We then performed a standard EdgeR-limma pipeline analysis on all 

samples (n = 10) and compiled differentially expressed genes (DEG; >|1.5|FC; FDR< .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.2.9A-B). Interestingly, of the 825 DEGs identified we found that 767 resulted from analysis 

of 8wk STZ vs. control conditions while only 108 resulted from analysis of 4wk STZ vs. control 

conditions, with 50 shared in both STZ conditions. We also performed hierarchal clustering 
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based on DEGs, which further revealed a stark contrast between 8wk STZ microglia 

transcriptome compared to that of control microglia while 4wk STZ microglia occupied a largely 

intermediate state (Fig.2.9C). These data indicated that microglia undergo temporal changes to 

their transcriptome during early-stage DR that are substantially altered after 8 weeks of 

hyperglycemia.  

 

 

Figure 2.8. FACS-driven isolation of retinal microglia results in mRNA samples enriched in 
microglia-specific genes. (A) Fluorescence-activated cell sorting (FACS) gating strategy 
showing exclusion of non-cellular debris, doublets, and dead cells. Green dashed-line circle 
indicates the resulting population of Cx3cr1GFP-positive microglia cells. (B) Dot plots showing 
normalized gene counts (counts per million, CPM) from RNA-Seq data for each sample 
condition. All genes are represented by grey dots while red dots with labels correspond to genes 
that are microglia-specific. 

 

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 
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DEGs unique to the 4wk 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 

response to high glucose levels162. In fact, several downregulated 4wk STZ DEGs genes were 

those related to glucose metabolism (Slc2a8, Idua). In examining the DEGs unique to the 8wk 

STZ group, we found that upregulated genes were primarily 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, downregulated genes 

were primarily related to glycolysis (Pkm, Pgam1, Eno1, Eno2). Lastly, 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 downregulated (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 8wk STZ gene set further, we ran gene ontology (GO) pathway 

enrichment analysis and found that biologic pathways enriched in 8wk STZ microglia included 

those related to lysosome assembly, phagocytosis, and tumor necrosis factor (TNF) signaling 

(Fig.2.10A-B). Conversely, pathways enriched in microglia derived from control samples were 

related to glycolysis and negative regulation of fatty acid oxidation. Lastly, 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.2.9D). Taken together, we show that chronic hyperglycemia induces 

longitudinal alterations to retinal microglia transcriptome that reflect an acute activation after 4 
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weeks of hyperglycemia followed by a robust phenotypic shift after 8 weeks. Furthermore, the 

phenotype described by these experiments after 8 weeks seems to largely favor pro-inflammatory 

signaling and phagocytosis, which may underlie critical functional properties of DR-associated 

microglia.  
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Figure 2.9. Microglia transcriptome is altered in early-stage DR. (A) Multidimensional 
scaling plot (MDS) showing clustering of, and separation of, RNA-Seq samples (n=3-4 mice per 
group) for control, 4wk STZ, and 8wk STZ conditions. (B) Euler diagrams showing the number 
of differentially expressed genes (DEGs) for 4wk- and 8wk-STZ conditions that are either 
increased (top) or decreased (bottom) in expression compared to control. Intersection regions of 
diagrams indicate DEGs identified in both conditions. (C) Heatmap showing hierarchical 
clustering of DEGs for all samples. Data (825 DEGs) are shown as Z-scores for each sample on a 
color gradient scale derived from normalized gene counts. Example DEG rows are labeled on the 
left. (D) Bar graphs showing expression levels of genes validated by quantitative polymerase 
chain reaction (qPCR). Each bar (n=6-7 mice per group) indicates the mean ± SEM of gene 
expression standardized to control values. Statistical significance among groups for each gene 
was determined using the Kruskal-Wallis test followed by Dunn’s post hoc test for multiple 
comparisons (*P<.05; **P<.01). 
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Figure 2.10. DR-associated microglia upregulate gene programs related to inflammation, 
phagocytosis, and lipid metabolism. (A-B) Top GO biological process pathways enriched in 
control (A) and  8wk STZ (B) microglia. Enrichment scores were calculated using Fisher’s exact 
(FE) test. 
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2.4 Discussion 

We show that microglia remain the predominant immune cell type (>92%) in the retina 

and uniquely respond to hyperglycemia during early stages of DR in the STZ mouse. Our 

analysis of retinal immune fractions also supports the use of Cx3cr1-based strategies to further 

evaluate these cells. BRB compromise, peripheral immune cell infiltration, and macroglial 

activation and death are reported features of DR but we show that these facets of disease are not 

significantly altered within 8 weeks of chronic hyperglycemia125,137,148. However, the limited 

approach we use to study these features does not rule of more acute vascular changes or 

macroglial phenotypes during early-stage DR that others have observed149,150,151,163,145. 

Furthermore, while local immune composition does not change significantly, we appreciate that 

cell types such as monocyte-derived macrophages do increase longitudinally in proportion and 

indicate a potential trend in infiltration that may become significant during later stages of 

disease. Importantly, we present this data in the same context as the majority of previous DR 

rodent studies in implementing STZ to model DR164. Multiple low-dose administration of STZ 

has been shown to only partially damage pancreatic islets, triggering a primarily systemic 

inflammatory response followed by delayed hyperglycemia. 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 

hyperglycemia165. Future work is required to examine how retinal neurovascular unit elements 

are impacted by early-stage DR across various models and species.  

We report on robust alterations to microglia size, ramification, and spatio-temporal 

distribution that occur as early as 4 weeks after the onset of hyperglycemia. Additionally, we 

identify regional changes in recruitment of microglia to inner retinal neuronal layers. Since the 
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inner retina is susceptible to dysfunction and neurodegeneration during early stages of DR in 

patients and animal models, these morphological observations suggest that microglia may be 

involved in these facets of DR pathogenesis166. While ultrastructural phenotypes of microglia can 

be heterogeneous, the subtype we aligns with previous reports of aberrant synapse remodeling by 

microglia in the context of chronic stress and disease157,167. Our findings also align with one 

study that reported on a similar phenotype in the brain of diabetic mice, suggesting that diabetes 

may elicit similar microglia phenotypes across CNS tissues168. Microglia undergo oxidative 

stress and inflammatory activation in response to acute glucose fluctuations in vitro. As such, our 

findings suggest that chronic hyperglycemia may induce a similarly pathologic state in vivo169. 

Future work will be focused on examining longitudinal alterations to, and potential heterogeneity 

among, retinal microglia ultrastructure during 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 

reprogramming. While this is the first 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 pathways170. Additionally, 

whole-retina single cell RNA-Sequencing studies have reported on microglia-derived production 

of Il1b and metabolic reprogramming that may support inflammation in DR171.  Energetic needs 

of phagocytic macrophages favor a reduction in glucose uptake and glycolysis while increasing 

fatty acid oxidation and lipid metabolism, which are consistent with what we report in the 

present study73,172. While these features have been described as a feature of less inflammatory 

microglia, the combination of metabolic reprogramming and pro-inflammatory priming we 
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observe may underscore a more complex and dynamic role that microglia play in early DR173. 

Furthermore, without implementation of single cell RNA sequencing we cannot rule out the 

possibility of heterogenous microglial subpopulations that may serve divergent roles in 

pathogenesis. 

Taken together, we provide a thorough report on the immune, vascular, and glial features 

of the diabetic mouse retina during early stages of STZ-induced DR that clarifies their 

emergence following the onset of hyperglycemia. More importantly, in identifying microglia as a 

prominent responder to hyperglycemia in the STZ model, we describe novel morphological, 

ultrastructural, and transcriptional features of microglia activation in DR that may further inform 

their functional contributions to retinopathy.  
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Chapter 3: Microglia-mediated features of 
early-stage diabetic retinopathy 

 
Adapted from unpublished data and manuscript in revision: 

Pfeifer, C.W., Walsh, J.T., Santeford, A., Lin, J.B., Beatty W.L., Terao, R., Liu, Y.A., Hase, K., 
Ruzycki, P.A., Apte, R.S. (2023). Dysregulated CD200-CD200R signaling in early diabetes 
modulates microglia-mediated retinopathy. Proc. Natl. Acad. Sci. U.S.A. (revision submitted 
8/10/23) 
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3.1 Introduction 

Morphological features of microglia activation been observed during early DR 

pathogenesis in patients and animal models but the functional contribution underlying activation 

remains unclear134,113,135,133,174,175,176. A recent study has reported on inflammatory markers 

associated with microglia activation during early and established stages of DR in the mouse but 

whether these phenotypic changes contribute to retinal dysfunction and neurodegeneration is still 

unresolved177. This can be appreciated by the complex metabolic, inflammatory, and functional 

changes that occur in the retinal environment during DR progression130. We have previously 

clarified the temporal progression of these changes in the STZ mouse by showing that the 

immune landscape of the diabetic retina is predominantly presided over by resident microglia. 

Microglia also robustly alter morphology, ultrastructure, and transcriptome in response to early-

stage DR hyperglycemia while other components of the retinal environment remain unchanged. 

This suggests that microglia are potentially the first responders to hyperglycemic stress in the 

retina and may play a pivotal role in the emergence of visual dysfunction, neurodegeneration, 

and inflammation.  

Previous studies have used microglia ablation strategies to uncover detrimental and 

beneficial contributions of microglia to pathogenesis178,179,114,90,20. Thus, we hypothesized that 

chronic ablation of retinal microglia during early-stage DR may impact these features of disease 

and in doing so, reveal which components of disease if any, are uniquely impacted by the input 

of activated retinal microglia. We show that chronic microglia ablation in the retina prevents 

visual dysfunction and neurodegeneration of the inner retina. Through immunostaining of 

different retinal cell and synapse types, we find that amacrine cell dysfunction and loss – an early 

feature of DR in patients and animal models – is particularly impacted by the contributions of 
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microglia. Using 3D image reconstruction techniques and transmission electron microscopy 

(TEM), we find that activated microglia increase contact and engulfment of amacrine cells and 

synapses in the diabetic retina, suggesting that aberrant phagocytosis is a feature of DR-

associated microglia that contributes to neurodegeneration. Lastly, we find that chronic microglia 

ablation suppresses DR-associated changes to the retinal transcriptome such as leukocyte 

migration and cytokine production, synapse remodeling, and antigen presentation. These studies 

provide novel insight into specific features of early-stage DR that are impacted by the 

contributions of activated microglia. Furthermore, we provide evidence of enhanced 

phagocytosis by microglia as an explanation for their detrimental contribution to the dysfunction 

and loss of amacrine cells, a key interneuron cell type implicated in DR pathology. Lastly, this 

work provides a framework for future studies of molecular substrates underlying aberrant 

activation and function of microglia that may be targeted with immunotherapeutics to prevent 

these features of early DR in animal models and perhaps patients. 

3.2 Materials and Methods 

Animals. All animal use and experiments were approved by the Institutional Animal Care and 

Use Committee (IACUC) of Washington University in Saint Louis and performed according to 

the Washington University Animal Care and Use Guidelines. For experiments implementing 

microglia ablation in the retina, two separate mice (Cx3cr1CreER/CreER, stock no. 0221160 and 

Rosa26DTA/DTA, stock no. 009669) were obtained from Jackson Laboratory and crossed in our 

animal facility180,181. To induce Cre-driven ablation of microglia, tamoxifen-infused chow 

(500mg/kg chow) was provided in cages ad libitum for 8 weeks on a 6 days-on/1 day-off weekly 
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schedule to manage potential weight loss or toxicity. STZ-induced diabetic mice were prepared 

and monitored as previously described (Chapter 2.2). 

Electroretinography. Mice were dark adapted overnight. Under red light illumination, animals 

were anesthetized with ketamine/xylazine. Pupils were dilated with 1% atropine sulfate and a 

small amount of hypromellose was applied to the surface of the corneas before placement of 

corneal lens electrodes and reference/ground electrodes. Body temperature was maintained at 

37⁰C with a heating pad. Stimuli were brief white flashes delivered via a Ganzfeld integrating 

sphere, and signals were recorded with bandpass settings of 0.3 Hz to 500 Hz. After a 10-minute 

adaptation period, a 9-step scotopic intensity series was recorded that included rod-

specific/scotopic bright flash responses. After a 10-minute light adaptation period on a steady 

white background, a 7-step cone-specific/photopic intensity series was recorded. Quantitative 

measurements were extracted from ERG waveforms using an existing Microsoft Excel macro 

that defines the a-wave amplitude as the difference between the average pre-trial baseline and the 

most negative point of the average trace and defines the b-wave amplitude as the difference 

between this most negative point to the highest positive point, after subtracting oscillatory 

potentials. The eye with the larger recorded b-wave amplitude was used for each mouse. 

Oscillatory potentials were isolated using a digital Butterworth 45 Hz high-pass filter. 

Immunohistochemistry. Retina flat mounts and frozen sections were prepared as previously 

describe (Chapter 2.2). Mice were euthanized and eyeballs were enucleated and fixed in 10% 

formalin overnight at 4⁰C. The following antibodies were used: anti-Iba1 (FUJIFILM Wako, 

019-19741), anti-PKCα (Sigma-Aldrich, P4334), anti-RBPMS (Raygene, A008712), anti-ChAT 
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(Sigma-Aldrich, AB144P), anti-vGlut3 (Synaptic Systems, 135204), anti-VGAT (Sigma-

Aldrich, AB5062P), anti-GFP (Abcam, ab13970). 

Histology. Mice were euthanized and eyeballs were enucleated and fixed in 4% glutaraldehyde 

for 1 hour followed by 10% formalin at 4⁰C overnight. Eyeballs were then washed with PBS and 

embedded in paraffin for sectioning and staining with hematoxylin and eosin (H&E).   

Contact analysis. For microglia-amacrine contact analysis, CX3CR1-positive microglia and 

amacrine cell subtypes (CHAT+, VGLUT3+) were visualized and imaged as previously described 

(Chapter 2.2). Z-stack images were then processed in Imaris to first identify voxels within 

reconstructed Z-stacks that were colocalized to fluorescence channels corresponding to microglia 

and amacrine cell subtypes using the ImarisColoc tool. Surface renderings were then created for 

fluorescence channels corresponding to microglia and amacrine cell subtypes, as well as 

colocalized voxels (“contacts”). Before quantification of contact number and volume, all contact 

segments were screened to remove erroneous segments produced from non-specific 

fluorescence. 

Quantitative RT-PCR. For mRNA expression analysis, samples were isolated from mouse 

retinas using the RNeasy Plus Mini Kit (Qiagen) as per manufacturer’s instructions. cDNA was 

prepared using the High Capacity Reverse Transcription kit (Thermo Fisher Scientific). We then 

performed qPCR using TaqMan Fast Advanced Master Mix (Thermo Fisher Scientific) with n=2 

technical replicates per sample. We used the ∆∆Ct methods and normalized to the geometric 

mean of Actb and Gapdh housekeeping genes. The following TaqMan Gene Expression probes 

were utilized: Actb (Mm00607939_s1), Gapdh (Mm99999915_g1), Cx3cr1 (Mm02620111_s1). 
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Bulk RNA-Sequencing. Total RNA was isolated from mouse using the RNeasy Plus Mini Kit 

(Qiagen). Total RNA quantity and integrity was determined using 4200 Tapestation. All samples 

(n = 10) contained 0.5-4.0ug RNA and had RIN > 8.0. Library preparation was performed by the 

Genome Technology Access Center (GTAC) through the McDonnell Genome Institute (MGI) 

with 0.5-1.0ug of total RNA per sample. Ribosomal RNA was removed by an RNase-H method 

using RiboErase kits (Kapa Biosystems). mRNA was reverse transcribed to yield cDNA using 

Super Script III RT enzyme (Life Technologies, per manufacturer’s instructions) and random 

hexamers. Fragments were then amplified and sequenced on an Illumina NovaSeq-6000 using 

paired end reads extending 150 bases. Basecalls and demultiplexing were performed with 

Illumina’s bcl2fastq software with a maximum of one mismatch in the indexing read. RNA-Seq 

reads were then aligned to the Ensembl release 101 primary assembly with STAR version 

2.7.9a1. Gene counts were derived from the number of uniquely aligned unambiguous reads by 

Subread:featureCount version 2.0.32. Raw gene counts were then filtered based on a ≥1 CPM 

threshold for (n-1) samples in a given condition. Next, a standard EdgeR-limma analysis of gene-

level features was performed, defining significant up- or downregulated genes as a |fold-change| 

> 2.0 with a P value < 0.05. All further analysis and figures were generated in R (R Core Team).   

3.3 Results 

3.3.1 Continuous tamoxifen administration in Cx3cr1CreER-YFP/+;Rosa26DTA/+ 

mice results in retinal microglia ablation 

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 

output125,182,183. In observing enhanced migration of microglia into the inner retina (Figure 2.6E-
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F) we proposed that microglia might play a role in early loss of inner retinal structure and 

function. To test this, we developed an approach to ablating microglia in the retinas of diabetic 

mice to examine whether these features of DR were dependent on their involvement. Using the 

Cx3cr1CreER-YFP/+;Rosa26DTA/+ mouse, continuous administration of tamoxifen-infused chow was 

used to express diphtheria toxin fragment A (DTA) in Cx3cr1-expressing microglia followed by 

immediate translocation and apoptosis (Fig.3.1A). Given that this technique has not been 

implemented beyond 4 weeks of treatment, we assessed microglia ablation efficacy by 

immunostaining retinas for microglia in the retinas of treated mice along 8 weeks of continuous 

tamoxifen chow administration87. We found that tamoxifen-treated mice exhibited >93% 

reduction in retinal microglia density through 8 weeks of treatment compared to untreated 

control mice (Fig.3.1B-C). We next combined STZ and vehicle injections with regular or 

tamoxifen-infused chow to compare diabetic animals that were retinal microglia-depleted (STZ 

DTA) or retinal microglia-privileged (STZ), while controlling for potential phenotypes related to 

Cre activity and microglia ablation (DTA) in healthy retinas (Fig.3.1D). In diabetic and non- 

diabetic animals (CTRL), tamoxifen-induced ablation of microglia did not induce changes to 

weight or blood glucose that differed from regular chow-fed mice through 8 weeks (Fig.3.1E). 

These findings demonstrated that this method of ablation maintains a sufficiently microglia-

ablated retina without the confounding effects of residual microglia repopulation or 

neuroinflammatory phenotypes associated with other models of microglia ablation184,185,186. 
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Figure 3.1: Continuous tamoxifen administration in Cx3cr1CreER-YFP/+;Rosa26DTA/+ mice 
results in a microglia-ablated retina through 8 weeks of treatment. (A) Schematic showing 
the mechanism by which microglia are genetically ablated by Cre-mediated expression of 
diphtheria toxin fragment A (DTA) following tamoxifen (TAM) administration in Cx3cr1CreER-

YFP/+;Rosa26DTA/+ mice. (B) Bar graph and (C) representative confocal images showing retinal 
microglia (Cx3cr1+, Iba1+) density in the retinas of control and tamoxifen-treated Cx3cr1CreER-

YFP/+;Rosa26DTA/+ mice. These images are of immunostained flat-mounted retinas and are 
maximum projections of the retina. Each bar (n=4-5 mice per group) indicates the mean ± SEM 
of microglia counts per standardized area of the retina. 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. (D) Schematic of injection (STZ | vehicle) and feeding 
(Tamoxifen-infused chow | regular chow) schedule for Cx3cr1CreER-YFP/+;Rosa26DTA/+ mice. (E) 
Line graphs showing weight change (left) and blood glucose measurements (right) in control 
(CTRL), microglia-ablated (DTA), diabetic (STZ), and diabetic microglia-ablated (STZ DTA) 
mice. Each line (CTRL, n=10; DTA, n=10; STZ, n=20; STZ DTA, n=20) indicates the mean ± 
SEM weight or blood glucose calculated for animals used in the study. Black vertical dashed line 
indicates time of injection and red horizontal dashed line indicates hyperglycemic threshold 
(250mg/dL) (**P<.01; ****P<.0001). 
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3.3.2 Microglia ablation prevents visual dysfunction and neurodegeneration 

during early-stage DR 

We next wanted to examine the impact of chronic microglia ablation on visual function 

and neurodegeneration during early-stage DR. To accomplish this, animals from four cohorts 

(CTRL, DTA, STZ, STZ DTA) were administered a scotopic (dark-adapted) and photopic (light-

adapted) electroretinogram (ERG) to assess various components of rod- and cone- photoreceptor 

driven visual responses (Fig.3.2A). As expected from previous reports, photopic b-wave 

amplitudes were not significantly different 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.3.2B). In normoglycemic 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 oscillatory wave potentials (OP) filtered from ERG waveforms (OP1-4) were 

increased in STZ mice compared to control mice as reported previously, but were completely 

rescued in STZ DTA mice (Fig.3.2C)166. 

We next examined histology sections of retinas from tested mouse groups to appreciate 

potential differences in retinal neurodegeneration. In agreement with other studies, we found that 

the retinas of STZ mice were significantly thinner compared to those of controls, particularly the 

inner retina (Fig.3.3A-B)140,134,187,188. However, STZ DTA mouse retina thickness was 

significantly increased compared to STZ mice, indicating microglia ablation rescues early DR-

associated neurodegeneration of the inner retina. Previous reports have suggested microglia 

contribute to maintenance of the blood-retina-barrier (BRB) in homeostasis and DR189. To 

investigate if microglia ablation may impact vascular permeability and structure, we performed 
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standard fundus imaging and fluorescein angiography of mouse groups but did not find any 

evidence of retinal lesions or vascular leakage (Fig.3.4). Taken together, these data demonstrate 

that chronic 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 vision. 

 

Figure 3.2: Chronic retinal microglia ablation prevents features of scotopic visual 
dysfunction during early-stage DR. (A) Waveforms showing scotopic (left), filtered oscillatory 
potential (OP, middle), and photopic (right) electroretinogram (ERG) responses. Each waveform 
(n=8 mice) indicates the control group mean annotated with individual wave components 
measured in (B-C). (B) Line graphs showing scotopic a- and b-wave, and photopic b-wave 
amplitudes for tested light intensities. (C) Line graphs showing scotopic OP latencies for tested 
light intensities that elicit Ops (-20-5db). Each line (n=8 mice per group) indicates the mean ± 



54 
 

SEM amplitude (D) or latency (E). Statistical significance among groups was determined using 
two-way ANOVA tests followed by Bonferonni’s post hoc test for multiple comparisons. Orange 
asterisks in (B-C) indicate multiple comparisons test results between STZ and CTRL groups 
while red asterisks indicate results between STZ DTA and STZ groups (*P<.05; **P<.01; 
***P<.001; ****P<.0001). 
 

 

Figure 3.3: Microglia ablation prevents inner retinal neurodegeneration during early-stage 
DR. (A) Representative confocal images and (B) spider plots showing retinal layer histology and 
thickness for tested mouse groups. Images are maximum projections of paraffin-embedded 
hematoxylin and eosin-stained (H&E) retina sections taken at 0.50mm from the optic nerve head 
(ONH). Black, blue, and red vertical lines indicate entire, outer (OPL/ONL/IS/OS) and inner 
(RGC/IPL/INL) retina, respectively. Each line (n=7-8 mice per group) indicates the mean ± SEM 
retina thickness at incremental distances from the ONH. Statistical significance among groups 
was determined using two-way ANOVA tests followed by Bonferonni’s post hoc test for 
multiple comparisons. Orange asterisks in (B) indicate multiple comparisons test results between 
STZ and CTRL groups while red asterisks indicate results between STZ DTA and STZ groups 
(*P<.05; **P<.01; ***P<.001; ****P<.0001). 
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Figure 3.4: Chronic microglia ablation does not impact BRB integrity in homeostasis or 
early-stage DR. Representative fundus images of mouse eyes using bright field (top panel) and 
fluorescence (bottom panel) imaging modalities. Images were acquired in anesthetized mice 
before (top panel) and after (bottom panel) sodium fluorescein injection. 
 
3.3.3 Microglia ablation preserves amacrine cells and synapses during early-

stage DR  

OP responses are broadly generated from modulatory feedback pathways between bipolar cells 

(BPC), amacrine cells (AC), and ganglion cells (RGC)190. Pharmacological studies have found 

that GABAergic and glycinergic transmission between ACs and BPCs, in addition to AC and 

RGC-generated action potentials, are necessary for maintaining normal OP latency responses191. 

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 types188,192,193. To test this, we performed immunostaining of 

these cell and synapse types 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 
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controls (Fig.3.5A-B). Similarly, RGC soma density was reduced in STZ retinas, but not in STZ 

DTA retinas, as compared to control and DTA retinas (Fig.3.5C). Previous studies have shown 

that ACs are among the first neurons to be affected by hyperglycemia192,194. In line with this, we 

found that the densities of two subtypes of ACs (CHAT+, VGLUT3+) that provide GABAergic, 

cholinergic, and glycinergic synaptic input were significantly reduced in STZ retinas compared 

to those of control and DTA groups (Fig.3.5D-E). 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.3.5.F). 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. 
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Figure 3.5: Chronic microglia ablation prevents amacrine cell subtype and synapse loss 
during early-stage DR. (A) Representative confocal images showing (IBA1+) microglia in the 
retinas of CTRL, DTA, STZ, and STZ DTA mouse groups. (B-F) Representative confocal 
images (left) and bar graphs (right) showing bipolar cells (BPC, PKCA+), ganglion cells (RGC, 



58 
 

RBPMS+), amacrine cells (AC, ChAT+, VGLUT3+), and inhibitory synapse ribbon (VGAT+) 
density in the retinas of each mouse group. Each bar (n=5-6 mice per group) indicates the mean 
± SEM of fluorescence area (B-C), cell counts (D-E), and fluorescence intensity (F) for 
standardized area of retina section. Each mouse count is an average from four to five retina 
sections. 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. (A-F) 
These images are of immunostained cryo-sectioned retinas and are maximum projections of the 
section shown (*P<.05; **P<.01; ***P<.001; ****P<.0001). 

3.3.4 Microglia increase contact and engulfment of amacrine cells and 

synapses during early-stage DR 

During retinal degeneration, microglia migrate to sites of neurodegeneration to engulf 

and degrade cell debris but if pathologically activated, can exacerbate degeneration of the 

neuroretina through aberrant phagocytosis and synapse remodeling90,114,. We have determined 

that DR-associated microglia are drawn to neuronal layers of the inner retina, increase 

transcriptional programs related to phagocytosis, and are a necessary contributor to amacrine cell 

dysfunction and loss (Figures 2.5; 2.8; 3.3). Thus, we hypothesized that aberrant engulfment of 

AC subtypes and synapses 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-week STZ and control mice, 

generated 3D reconstructions of image stacks, and quantified microglia-AC contact in the inner 

retina (Fig.3.6A). Early DR led to a significant increase in the percentage of CHAT+ ACs in 

contact with microglia (Fig.3.6B). Consistent with data from retina cross sections, 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 contacts 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.3.6C). 
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We also found similar results for VGLUT3+ ACs (Fig.3.6D-F). To examine microglia-synapse 

interactions we revisited TEM imaging of the inner retina in STZ and control mice and once 

again identified DR-associated microglia and processes leading into the IPL neuropil. 

Interestingly, DR-associated microglia within the IPL exhibited close apposition and encircling 

of synaptic dyads with compromised clefts that was not observed in control retinas (Fig.3.6G). 

Furthermore, we observed occasions of encircled synapses of ACs, as indicated by their 

vesicular density and cytoplasmic detail195. These data indicate that DR-associated microglia 

increase contact with and engulfment of AC subtypes and synapses, which may explain 

preservation of ACs and the OP response in STZ DTA mice. 
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Figure 3.6: DR-associated microglia increase contact and engulfment of amacrine cell 
subtypes and synapses. (A,D) Representative 3D reconstructions of confocal Z-stack images 
showing contacts between microglia (CX3CR1+) and amacrine cells (CHAT+, VGLUT3+) in 
control and 8wk STZ mouse retinas. These images are of immunostained flat-mounted retinas 
and surface reconstructions (middle, right) of microglia, amacrine cells, and colocalized contacts 
were produced using Imaris imaging analysis software. (B,E) Bar graphs showing cell density 
(left), contacted cells (middle), and contact volume (right) for amacrine cells (CHAT+, 
VGLUT3+) in control and STZ retinas. Each bar (n=5-7 mice per group) indicates the mean ± 
SEM. Cell density and percentage of contacted cells for each mouse is an average from four to 
five confocal images of the retina. Contact volume for each mouse is an average from (n=78-
161) individual contacts identified in four to five confocal images of the retina. Statistical 
significance among groups was determined using the Mann-Whitney U test. (C,F) 
Representative images of microglia as outlined in (A,D) showing contact and engulfment 
profiles between microglia and amacrine cells in control and STZ retinas (*P<.05; **P<.01). (G) 
Representative low-magnification (left) and high-magnification TEM image (right) showing 
synaptic remodeling by dmg in STZ retina. These images are of vertically-sectioned 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<.05; **P<.01). 
 
3.3.5 Chronic microglia ablation suppresses diabetic retinal gene expression 

programs related to inflammation and synapse remodeling 

During early-stage DR in the mouse, the retinal transcriptome changes to reflect an 

affinity for gene programs related to inflammation155. Thus, we wanted to investigate potential 

transcriptomic changes in the diabetic microglia-ablated mouse retina to identify broader 

biological implications of microglia ablation in the diabetic retina. To do this, we isolated 

purified mRNA samples from STZ and STZ DTA mouse retinas. Following assessment of RNA 

quantity and purity, we performed RNA-Sequencing using samples (n=5) from each condition. 

We then performed a standard EdgeR-limma pipeline analysis on all samples (n = 10) and 

compiled differentially expressed genes (DEG; >|2.0|FC; PValue< .05) when comparing STZ 

DTA against STZ. We first identified that samples appeared to cluster and separate from one 

another based on condition, as shown through multi-dimensional scaling (Fig.3.7A). To validate 

our microglia ablation approach in these samples, we first looked at the most downregulated 
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genes in STZ DTA samples compared to STZ and confirmed that most were microglia-specific 

(Siglech, Tmem119, Selplg, Sall1, Cx3cr1) (Fig.3.7C). We also performed confirmatory qPCR 

and found that while whole-retina transcript levels of Cx3cr1 in STZ samples were similar to 

control littermates, transcripts in STZ DTA samples were 84% lower than STZ samples 

(Fig.3.7B). These initial assessments indicated that STZ DTA samples were indeed derived from 

diabetic microglia-ablated retinas.  

Following comparison of STZ DTA against STZ samples we identified 110 DEGs. Through 

hierarchical heatmap analysis, we found that there was consistency in normalized gene counts 

across samples and stark contrasts in expression levels between conditions (Fig.3.7E). Among 

the 110 DEGs not directly related to ablation of microglia, we found genes related to 

photoreceptor-RPE function (Oxtr, Rgsl1, Stra6l), connective tissue and cell-cell adhesion 

(Col5a2, Cdh3), and inflammation (Cd40) upregulated in STZ DTA samples compared to STZ 

(Fig.3.7D). We also identified genes related to lysosome function (Laptm5), vesicle trafficking in 

antigen-presenting cells (Fgd2, Myo1h), and leukocyte activation and migration (Vsir, Il6ra, 

Inpp5d, Pld4) that were downregulated in STZ DTA samples compared to STZ. Lastly, to 

enhance our understanding of broader biological functions impacted by microglia ablation in 

DR, we performed biological pathway enrichment analysis on our entire dataset to identify the 

most suppressed gene sets. Through this analysis we found that pathways related to innate 

immune response and cytokine production, leukocyte motility and cytotoxicity, and synapse 

pruning and cell junction disassembly were among the top gene sets downregulated in STZ DTA 

retinas (Fig.3.7F). These data indicate that at a transcriptional level, microglia ablation 

suppresses gene expression patterns related to detrimental biologic functions such as 

inflammation and synapse pruning, which further supports our findings that microglia provide 
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detrimental contributions to DR progression. Furthermore, we provide demonstrations of 

microglia ablation as a preliminary method for ameliorating microglia-mediated features of DR. 
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Figure 3.7: Chronic microglia ablation suppresses DR-associated whole-retina 
transcriptome changes related to inflammation and synapse remodeling. (A) 
Multidimensional scaling plot (MDS) showing clustering of, and separation of, RNA-Seq 
samples (n=5 mice per group) for STZ and STZ DTA conditions. (B) Bar graph showing 
expression levels of Cx3cr1 by quantitative polymerase chain reaction (qPCR). Each bar (n=5-7 
mice per group) indicates the mean ± SEM of gene expression standardized to control values. 
Statistical significance among groups for each gene was determined using the Kruskal-Wallis 
test followed by Dunn’s post hoc test for multiple comparisons. (C) Volcano plot showing DEGs 
either upregulated (red) or downregulated (blue) in STZ DTA samples compared to STZ samples 
with microglia-specific genes annotated. (D) Volcano plot showing DEGs either upregulated 
(red) or downregulated (blue) in STZ DTA samples compared to STZ samples with genes that 
are not microglia-specific annotated. (E) Heatmap showing hierarchical clustering of DEGs for 
all samples. Data (110 DEGs) are shown as Z-scores for each sample on a color gradient scale 
derived from normalized gene counts. Example DEG rows are labeled on the right. (F) Gene set 
enrichment analysis for downregulated genes in STZ DTA compared to STZ. Top 10 gene sets 
are shown and organized by mean logFC, PValue, and gene set size (*P<.05; **P<.01). 

3.4 Discussion   

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 interconnected134,192,193,196. We show that ablating microglia from the 

diabetic retina preserves inner retinal visual function and structure but reveals a specific 

susceptibility of amacrine cells. 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 leukocytes, and a portion of circulating monocytes 

via tamoxifen treatment in Cx3cr1CreER-YFP/+;Rosa26DTA/+ mice may also contribute to visual 

dysfunction and neurodegeneration197. We also show that microglia ablation in healthy adult 

mice for 8 weeks does not significantly impact visual function or neurodegeneration, which 

conflicts with previous reports87. However, the study in question implemented tamoxifen 

administration via injection and used exclusively young, female mice. We suspect that the 

differences in outcomes can be explained by these differences in approaches. Future work is 
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required to examine how ablation or inhibition of microglia and other myeloid cell species 

impacts features of DR across various models and stages of disease.  

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 postulate that these 

findings point to an underlying 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 remodeling198. More so, inflammatory cytokines disrupt synaptic 

homeostasis and 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-driven loss of ACs and 

synapses. 

We show that chronic ablation of microglia suppresses DR-associated retinal 

transcriptome changes associated with immune responses, tissue remodeling, and leukocyte 

migration and cytotoxicity. We attribute many of these suppressed biological pathways to the 

absence of microglia, which we describe previously as an activated and migratory cell type 

upregulating pro-inflammatory signaling molecules and phagocytosis (Fig.2.5-2.10). However, 

some of the changes we discovered may reveal indirect consequences of microglia ablation. 

Increased co-expression of Cd40 and ATP in muller glia has been identified as a trigger of 

microglia activation and inflammatory cytokine production in a mouse model of DR199. To this 

end, we suspect that the increase in Cd40 we see in STZ DTA retinas may reveal an inhibitory 
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role of microglia in muller glia function during DR that is yet to be elucidated. We also describe 

several gene changes related to photoreceptor-RPE communication and function. While 

alterations to the inner retina are observed earlier than those to the outer retina in DR literature, 

dysfunctional visual cycle metabolism and photoreceptor-RPE junctions lead to outer segment 

thinning and detachment200. We observe outer segment shortening in STZ histology retina 

sections, suggesting that microglia may contribute to early stages of outer retinal dysfunction in 

DR through mechanisms we have yet to elucidate. Future work will be devoted to enhancing our 

understanding of microglia-mediated outer retinal dysfunction and features of DR during more 

established stages.  

Overall, this work provides a significant advancement in our understanding of microglia 

function during early stages of DR in the STZ mouse. Through chronic microglia ablation, we 

have uncovered unique structural, functional, and transcriptional features of the diabetic mouse 

retina uniquely dependent upon microglial involvement. These findings provide a framework for 

future studies devoted to uncovering the molecular substrates of microglia-mediated retinopathy 

necessary for developing microglia-specific immunotherapeutic strategies for treating DR. 
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Chapter 4: Dysregulated CD200-CD200R 
signaling during early diabetes modulates 

microglia-mediated neuroretinopathy 

 
Adapted from unpublished data and manuscript in revision: 

Pfeifer, C.W., Walsh, J.T., Santeford, A., Lin, J.B., Beatty W.L., Terao, R., Liu, Y.A., Hase, K., 
Ruzycki, P.A., Apte, R.S. (2023). Dysregulated CD200-CD200R signaling in early diabetes 
modulates microglia-mediated retinopathy. Proc. Natl. Acad. Sci. U.S.A. (revision submitted 
8/10/23) 
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4.1 Introduction 

We and others have shown that microglia contribute to features of diabetic retinopathy 

such as neurodegeneration, vascular breakdown, and inflammation201,202,203. However, ablation 

of microglia is not a sustainable strategy for treating DR given that some of their functions or 

indirect effects on other retinal cell types may be beneficial. For this reason, reprogramming 

microglia or mitigating the detrimental features of their response to hyperglycemia is a more 

precise and desirable therapeutic approach. However, the molecular mechanisms underlying 

harmful microglia phenotypes during DR remain unknown thus inhibiting progress with regards 

to immunotherapeutic research. Systemic administration of minocycline, a tetracycline antibiotic, 

has been shown to reduce microglia activation, retinal inflammation, and neuronal apoptosis in 

diabetic rats but its benefit in treating diabetic macular edema in clinical trials was minimal204,205. 

Inhibition of fractalkine-receptor signaling (CX3CL1-CX3CR1) between retinal neurons and 

microglia has been shown to exacerbate vascular permeability and other features of DR in the 

diabetic mouse, but it remains unclear whether this signaling axis is perturbed in DR to begin 

with148. Lastly, neutralization of potent pro-inflammatory cytokines such as Il1b and Tnf with 

monoclonal antibodies has shown some effectiveness in preserving retinal neurons and visual 

function in animal models and small clinical trials but fail to target and reprogram microglia 

directly206,207,208,209. Seeing as current therapeutic strategies are lacking in effectiveness and 

specificity, we sought out to identify microglia-neuron signaling mechanisms dysregulated 

during early diabetes that underlie harmful microglial phenotypes and are amenable to 

therapeutic targeting. 

Here we show that during early-stage DR, activated microglia upregulate receptors 

(CD200R1, CD200R4) for the immunomodulatory transmembrane glycoprotein CD200, which 
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is decreased in the diabetic retina but primarily on amacrine cells. We provide additional 

evidence of dysregulated CD200-CD200R signaling correlating with retinal inflammation and 

pathological microglia contact with amacrine cells. In an attempt to correct this perturbed 

signaling axis, we show that CD200 protein can attenuate high glucose-induced microglial 

phagocytosis, inflammation, and transcriptional changes in vitro. Lastly, we demonstrate that a 

single intravitreal injection of CD200 protein is sufficient to suppress microglial activation, 

retinal inflammation, and visual dysfunction during early-stage DR. These studies present a 

primary signaling mechanism shared between microglia and amacrine cells that is dysregulated 

in early diabetes and correlates with features of microglia-mediated DR. Furthermore, this work 

demonstrates that CD200R signaling in microglia is a potent immunotherapeutic target in vitro 

and in vivo, providing a framework for future therapeutic testing in other animal models of DR 

and potentially patients. 

4.2 Materials and Methods 

Ligand-Receptor Analysis. Ligand-receptor pairings dysregulated in DR-associated microglia 

were identified by cross-referencing 8wk STZ DEGs identified in (Fig 2.9B) with the LRdb 

ligand-receptor interactions database. Identified pairings were then organized in signaling 

networks constructed in Cytoscape210. 

Quantitative RT-PCR. mRNA analysis was performed as previously described (Chapter 2.2). 

The following TaqMan Gene Expression probes were utilized: Nos2 (Mm00440502_m1), Cd200 

(Mm00487740_m1), Cd200r1 (Mm00491164_m1), Cd200r4 (Mm02605260_s1), Tnf 

(Mm00443258_m1), Il1b (Mm00434228_m1), Il6 (Mm00446190). 
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Immunohistochemistry. Retina flat mounts and frozen sections were prepared as previously 

describe (Chapter 2.2) were euthanized and eyeballs were enucleated and fixed in 10% formalin 

overnight at 4⁰C. The following antibodies were used: anti-Iba1 (FUJIFILM Wako, 019-19741), 

anti-ChAT (Sigma-Aldrich, AB144P), anti-vGlut3 (Synaptic Systems, 135204), anti-CD200 

(Abcam, ab33734), anti-AP2 (Abcam, ab52222), and anti-CD200R1 (R&D Systems, AF2554). 

Cell Culture. BV2 microglial cells were purchased from AcceGen (ABC-TC212S) and 

maintained in our lab. Cells were cultured in normal glucose (1g/L) DMEM (Gibco Life 

Technologies) containing 10% FBS (Gibco) and 1% penicillin-streptomycin (Gibco) at 37⁰C in a 

humidified incubator under 5% CO2. For experiments, cells were seeded in 12-well plates 

(1x105) and left overnight to adhere. The next day, plates were washed two to three times with 

DPBS to remove non-adherent cells and then treated with normal or high glucose (4.5g/L) 

DMEM (Gibco) with or without the addition of recombinant mouse CD200Fc (R&D Systems, 

3355-CD-050). After 48 hours, cells were washed two to three times with DPBS before RNA 

was extracted with the total RNA extraction kit (Qiagen) for cDNA preparation and RT-PCR. 

Bulk RNA-Sequencing. Total RNA was isolated BV2 microglia as previously described 

(Methods 2.2). Total RNA quantity and integrity was determined using 4200 Tapestation. All 

samples (n = 12) contained 0.5-4.0ug RNA and had RIN > 9.5. Library preparation was 

performed by the Genome Technology Access Center (GTAC) through the McDonnell Genome 

Institute (MGI) with 0.5-1.0ug of total RNA per sample. Ds-cDNA was prepared using the 

SMARTer Ultra Low RNA kit for Illumina Sequencing (Takara-Clontech). Fragments were 

sequenced on an Illumina NovaSeq-6000 using paired end reads extending 150 bases. Basecalls 

and demultiplexing were performed with Illumina’s bcl2fastq software with a maximum of one 
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mismatch in the indexing read. RNA-Seq reads were then aligned to the Ensembl release 101 

primary assembly with STAR version 2.7.9a1. Gene counts were derived from the number of 

uniquely aligned unambiguous reads by Subread:featureCount version 2.0.32. Raw gene counts 

were then filtered based on a ≥1 CPM threshold for (n-1) samples in a given condition. Next, a 

standard EdgeR-limma analysis of gene-level features was performed, defining significant up- or 

downregulated genes as a |fold-change| > 1.50 with a FDR < 0.05. All further analysis and 

figures were generated in R (R Core Team).  

Synaptosome isolation and pHrodo labeling. Fresh mouse retinas were harvested in ice-cold 

HBSS. Once vitreous and residual choroid-RPE was removed, retinas were homogenized 

(dounce kit) in Syn-PER gradient buffer. The homogenate was centrifuged at 1000g for 20 

minutes to discard cell nuclei and debris and collect supernatant, which was then centrifuged at 

16000g for 10 minutes to obtain synaptosome pellet. The pellet was then resuspended in 300uL 

HBSS and incubated with pHrodo Red succinimidyl (NHS) ester (Life Technologies, P36000) 

for 2 hours at room temperature on a table shaker at a concentration of 1:100 (after initial 1:100 

dilution). After incubation, unconjugated pHRodo was washed out with several cycles of HBSS.  

In vitro microglial engulfment assay. Equal amounts of pHrodo-red conjugated synaptosomes 

(500uL) were added to BV2 microglial cells following 4-chamber slide seeding and 48-hour pre-

treatment with conditioned media. After incubation for 2 hours at 37C/5% CO2, cells were 

washed several times with DPBS to remove residual synaptosomes and then fixed in warm 10% 

formalin for 10 minutes. After fixation, cells were washed in DPBS twice more and then 

mounted (Vectashield with DAPI). To quantify fluorescence, images of BV2 cells were captured 
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using confocal microscopy and individual cell fluorescence intensity was calculated using 

corrected total cell fluorescence (CTCF) to account for background fluorescence.  

Intravitreal injections. Mice were anesthetized by intraperitoneal injection of a mixture of 

ketamine and xylazine. For both eyes, an incision in the pars plana region of the sclera was made 

with a 30 G needle and injections of CD200Fc (2ug/uL; 1.5uL total) or an equal volume of PBS 

were carried out with a Hamilton syringe. Following injections, ophthalmic ointment was applied 

to the corneal surface.  

Electroretinography. Scotopic electroretinography testing was performed as previously 

described (Chapter 3.2). 

4.3 Results 

4.3.1 Dysregulated CD200-CD200R signaling between amacrine cells and 

microglia correlates with retinal inflammation and microglia-amacrine 

contact 

Changes in neuro-glial signaling within CNS tissue can impact microglia activation and 

function in disease. While hyperglycemia can directly impact microglia, we wanted to uncover 

potential ligand-receptor signaling changes in the diabetic retina that might explain the unique 

susceptibility of amacrine cells to aberrant contact and phagocytosis by microglia. To do this, we 

assessed whether microglia transcriptome changes from (Chapter 2) included dysregulation of 

ligand-receptor interactions. Among dysregulated 8wk STZ DEGs we identified 50 

corresponding to known ligand-receptor interactions (Fig.4.1A-B)211. We found that Cd200r4, 

which encodes the receptor CD200R4, was one of only two receptor DEGs upregulated in 
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microglia at both diabetic time points (4wk STZ, 8wk STZ). In fact, both CD200R isoforms 

(Cd200r1, Cd200r4) expressed in microglia samples showed a disease chronicity-dependent 

upregulation across STZ time points (Fig.4.1C). 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 

progression212,213,214. Thus, we investigated whether the CD200-CD200R axis was dysregulated 

in the mouse retina during early DR. Consistent with previous reports, we found that in 8wk 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.4.1D). 

Also, immunostaining for CD200R1 revealed that expression was exclusive to microglia that 

displayed hyperactivated morphologies in the IPL of 8wk STZ retinas but was undetectable in 

control retinas (Fig.4.1F). We also examined endogenous sources of CD200 in the mouse retina 

and found that expression was detected in RGC, IPL, and INL layers (Fig.4.1E). Furthermore, 

we found that CD200 fluorescence intensity was decreased in the retinas of 8wk STZ mice 

compared to controls, and similar to decreases in Cd200 transcript. In the CNS, CD200 

expressed by neurons interacts with microglial CD200R to inhibit various immune response and 

control microglial activation through inhibition of Ras/MAPK pathways215. We then revisited 

microglia-neuron interactions in 8wk STZ retinas and found that AC subtypes such as CHAT+ 

and AP2+ GABAergic ACs express CD200 in the healthy mouse retina (Fig.4.1G-H). However, 

8wk 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 
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interactions may elicit aberrant interaction and engulfment by microglia (Fig.4.1I). These 

experiments provide preliminary evidence of dysregulated CD200-CD200R signaling between 

microglia and amacrine cells as a potential mechanism underlying aberrant microglia activation 

and contact with amacrine cells.  
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Figure 4.1: Dysregulated CD200-CD200R signaling in early diabetes correlates with retinal 
inflammation and microglia-amacrine contact. (A-B) Signaling networks for ligands (A) and 
receptors (B) dysregulated in 8wk STZ microglia and their cognate binding partners. Networks 
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were constructed in Cytoscape using DEGs identified in (Fig.2.9B) that correspond to known 
ligand-receptor pairs. Red or blue ligands and receptors correspond to increased or decreased 
expression compared to control microglia, respectively. CD200R4-CD200 binding partners are 
outlined in red. (C) Heatmap showing Cd200r1 and Cd200r4 expression in microglia RNA 
Sequencing samples from (Fig.2.9B). Gene expression is presented on a color gradient scale 
derived from normalized (Z-score) gene counts. (D) Bar graphs showing expression levels of 
genes analyzed by quantitative polymerase chain reaction (qPCR) using mouse retinal tissue. 
Each bar (n=5-7 mice per group) indicates the mean ± SEM of gene expression standardized to 
control values. Statistical significance among groups for each gene was determined using the 
Mann-Whitney U test. (E) Representative confocal images (left) and bar graph (right) showing 
CD200 fluorescence intensity in the retinas of control and 8wk STZ mice. These images are of 
immunostained cryo-sectioned retinas and are maximum projections of the section shown. 
Individual INL neuron expressing CD200 is outlined by a white square. Each bar (n=5-8 mice 
per group) indicates the mean ± SEM fluorescence intensity standardized to control values. Each 
mouse count is an average from four retina sections and fluorescence was calculated using 
corrected total cell fluorescence (CTCF). Statistical significance among groups for mean 
fluorescence was determined using the Mann-Whitney U test. (F) Representative confocal 
images showing CD200R1 expression in the retinas of control and 8wk STZ mice. These images 
are of immunostained flat-mounted retinas and are maximum projections of the IPL. (G-H) 
Representative confocal images showing CD200 expression in CHAT+ (G) and AP2+ (H) 
amacrine cells in the retinas of control and 8wk STZ mice. These images are of immunostained 
flat-mounted retinas and are maximum projections of the INL. Individual nuclei co-expressing 
CHAT or AP2 and CD200 are indicated by white dotted circles. (I) Representative high 
magnification images of CD200 expression in CHAT+ amacrine cells in the INL of control and 
8wk STZ mice. These images are of immunostained flat-mounted retinas and are maximum 
projections of the INL. CHAT+ amacrine cells contacted by activated microglia are indicated 
with a white asterisk (*P<.05; **P<.01). 

4.3.2 CD200Fc attenuates high glucose-induced microglial inflammation in 

vitro 

CD200R signaling with exogenous CD200 fusion protein (CD200Fc) has been shown to 

ameliorate microglia activation and features of disease progression216,217. To examine whether 

CD200R binding could resolve microglia-mediated neuroinflammation in diabetes, we first 

created a cell culture model of hyperglycemia by treating BV2 microglia cells in normal (1g/L) 

or high (4.5g/L) glucose media to mimic blood-glucose concentrations of STZ diabetic 

(450mg/dL) and control (100mg/dL) mice used in previous experiments. We also treated cells 

with or without CD200Fc to examine the impact of CD200Fc on glucose-stimulated microglia 
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(Fig.4.2A). 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 48hrs. Interestingly, CD200Fc suppressed high glucose-induced 

production of these transcripts in a concentration-dependent manner (Fig.4.2B). This in vitro 

experiment demonstrates that therapeutic targeting of the microglia-specific CD200R with 

CD200Fc can inhibit their inflammatory activation in BV2 microglia.  

 

 

Figure 4.2: CD200Fc attenuates high glucose-induced microglial inflammation in vitro. (A) 
Schematic of seeding, treatment, and harvest schedule for BV2 microglia cells using normal 
(1.0g/L) or high (4.5g/L) glucose media with or without CD200Fc. (B) Grouped bar graphs 
showing expression levels of genes analyzed by quantitative polymerase chain reaction (qPCR) 
using BV2 microglia cell lysates following glucose-CD200Fc media treatment for 48hrs. 
Statistical significance among groups was determined using two-way ANOVA tests followed by 
Bonferonni’s post hoc test for multiple comparisons (*P<.05; **P<.01; ***P<.001; 
****P<.0001). 
 
4.3.3 CD200Fc suppresses transcriptional programs related to inflammation, 

phagocytosis, and complement signaling in high glucose-treated microglia in 

vitro 

In identifying an optimal concentration of CD200Fc capable of suppressing high glucose-

induced production of inflammatory cytokines, we wanted to interrogate broader transcriptional 

programs affected by CD200Fc treatment. To do this, we generated purified mRNA samples 

from BV2 microglia treated with normal or high glucose cell media supplemented with or 

without CD200Fc (50ng/mL) as previously described (Figure 4.2). Following assessment of 
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RNA quantity and purity, we performed RNA sequencing and used a standard EdgeR-limma 

pipeline analysis on all samples (n=12) to compile differentially expressed genes (DEG; 

>|1.5|FC; FDR< .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 

(Fig.4.3A). 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.4.3B). Next, we examined genes at the intersection of these 

comparisons to enhance our understanding 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 NG but decreased when comparing 

HG+CD200 against HG. Among these were genes related to inflammation (Mmp9, Nos2, C3, 

Slfn4, Adgre1, Stat2, Irf7), phagocytosis (Marco, C3, Cd300lf), and glycolysis (Slc16a3, Slc2a6) 

(Fig.4.3C). Interestingly, many of these same genes were among the most downregulated when 

comparing HG+CD200 against HG (Fig.4.3D). We next ran Kyoto Encyclopedia of Genes and 

Genomes (KEGG) pathway analysis on these downregulated genes and found that the top 

suppressed gene sets were related to NOD-like receptor signaling, antigen processing and 

presentation, complement signaling, and phagocytosis, suggesting that CD200Fc potently 

inhibits high glucose-induced transcription underlying inflammation and scavenger-related 

functions in cultured microglia. These data demonstrate that beyond suppression of primary 

inflammatory cytokine production, CD200Fc treatment is capable of attenuating a broad range of 

transcriptional changes in the context of high glucose stimulation, which may impact microglial 

function. 
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Figure 4.3: CD200Fc suppresses high glucose-induced transcriptomic changes that drive 
inflammation, phagocytosis, and complement signaling. (A) Multidimensional scaling plot 
(MDS) showing clustering of, and separation of, RNA-Sequencing samples (n=3 per group) for 
BV2 microglia. (B) Grouped Venn diagram showing the number of differentially expressed 
genes (DEGs) for each condition comparison of interest. DEGs at the intersection of ‘HG v. NG’ 
and ‘HG+CD200 v. HG’ comparisons are outlined in red. (C) Volcano plot showing DEGs that 
are either increased (red) or decreased (blue) in HG samples compared to NG samples. (D) 
Volcano plot (left) showing DEGs that are either increased (red) or decreased (blue) in 
HG+CD200 samples compared to HG samples and dot plot (right) showing Kyoto Encyclopedia 
of Genes and Genomes (KEGG) gene sets with the greatest average decreased expression in 
HG+CD200 samples compared to HG samples. 

4.3.4 CD200Fc suppresses high glucose-induced microglial phagocytosis in 

vitro 

Acute high glucose exposure has been shown to stimulate surveillance and scavenging 

functions in BV2 microglia218. Since CD200Fc suppressed transcriptional patterns related to 
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phagocytosis and lysosome function in high glucose-treated microglia, we wanted to test if 

microglia upregulated these functions in vitro similarly to aberrant phagocytosis observed in STZ 

mice in vivo. To do this, we stimulated BV2 microglia for 48 hours as previously described 

before exchanging for media containing isolated synaptosomes from mouse retina tagged with 

pHRodo conjugated dye. After 2 hours of synaptosome exposure, we found that microglia pre-

treated with high glucose showed a greater accumulation of fluorescent synaptosomes compared 

to normal glucose-treated microglia (Fig.4.4A-B). However, microglia pre-treated with 

CD200Fc-supplemented high glucose media showed fluorescent profiles more similar to normal 

glucose-treated microglia. Furthermore, microglia pre-treated 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 engulfment in vitro. These data indicate that high glucose stimulation of 

microglia results in upregulated surveillance and phagocytosis in vitro similar to what we 

observe in DR-associated microglia in vivo. This also demonstrates that in addition to 

transcriptional activity, CD200Fc treatment also effects microglial function. 

 

Figure 4.4: CD200Fc suppresses high glucose-induced microglial phagocytosis in vitro. (A) 
Representative images of BV2 microglia following pHRodo-tagged synaptosome treatment. (B) 
Box and whisker plot showing BV2 microglia fluorescent intensity represented in (A, pHRodo). 
Each plot (NG, n=245; NG+CD200, n=238; HG, n=223; HG+CD200, n=220) indicates the 
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median, maximum 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<.01; ****P<.0001). 
 
4.3.5 CD200Fc prevents DR-associated visual dysfunction, retinal 

inflammation, and microglia activation 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 (2µg/uL; 1.5uL) or PBS into the eyes of control (CTRL+PBS) or 4wk STZ 

(STZ+CD200Fc; STZ+PBS) mice since we previously identified robust transcriptional changes 

in DR-associated microglia between 4- and 8-weeks STZ (Fig.4.5A). We then assessed visual 

function, microglia morphology, and retinal inflammation 4 weeks later (8wk STZ). First, 

CD200Fc did not alter weight change or blood glucose trends in STZ mice (Fig.4.5B). 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 – 5db) (Fig.4.5C-D). Furthermore, combined OP amplitude responses driven by amacrine 

cells were significantly decreased in STZ+PBS mice compared to CTRL+PBS mice at lower 

flash intensities (-20db) but significantly increased in STZ+CD200Fc mice compared to 

STZ+PBS at mid-range flash intensities (-10 – 0db). 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.4.6A). Furthermore, we observed 

less hyperactivated microglia in the IPL of STZ+CD200Fc retinas compared to STZ+PBS 

retinas. Lastly, we found that transcript levels of Cd200r1 and inflammatory cytokines (Tnf, 
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Nos2, Il6, Il1b, Ccl2) were expectedly increased in STZ+PBS retinas compared to CTRL+PBS 

retinas but expression levels were decreased in STZ+CD200Fc retinas compared to STZ+PBS, 

and more similar to CTRL+PBS baselines (Fig.4.6B). These data suggest that CD200Fc can 

prevent visual 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 sustains for at least 1 month after injection. 

 

 

Figure 4.5: CD200Fc prevents visual dysfunction in vivo during early-stage DR. (A) 
Schematic of intraperitoneal (Control/STZ) and intravitreal (PBS/CD200Fc) injections for 
Cx3cr1CreER-YFP/+ mice. (B) Line graphs showing weight change (left) and blood glucose 
measurements (right) in mouse groups. Each line (n=7-9 mice per group) indicates the mean ± 
SEM calculated for animals used in the study. Black vertical dashed line indicates time of 
intraperitoneal injection. (C-D) Line graphs showing scotopic electroretinogram (ERG) response 
waveforms (C), and a-wave, b-wave, and combined OP amplitudes (D) for each mouse group. 
Data (n=7-9 mice per group) indicates the mean ± SEM amplitude. Statistical significance 
among groups was determined using two-way ANOVA test followed by Bonferonni’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 results between 
STZ+CD200Fc and STZ+PBS groups (*P<.05; **P<.01; ***P<.001; ****P<.0001). 
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Figure 4.6: CD200Fc prevents microglial activation and retinal inflammation in vivo during 
early-stage DR. (A) Representative confocal images showing microglia morphology and 
organization in the IPL and OPL of tested mouse groups. These images are of flat-mounted 
retinas and are maximum projections of the retinal layers shown. Example hyperactivated 
microglia are indicated by white arrowheads. (B) Bar graphs showing expression levels of 
selected genes by qPCR. Each bar (n=5-7 mice per group) indicates the mean ± SEM of gene 
expression standardized to control values. Statistical significance among groups for each gene 
was determined using the Kruskal-Wallis test followed by Dunn’s post hoc test for multiple 
comparisons (*P<.05; **P<.01). 
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4.4.4 Discussion 

The leading observation from our ligand-receptor analysis of DR-associated microglial 

transcriptome dataset is that CD200R isoforms are upregulated in microglia during early-stage 

DR. Increased microglial expression of CD200R correlates with their activation and disease 

pathogenesis219,213. CD200 is a transmembrane glycoprotein expressed by neurons and epithelial 

cells that, upon interacting with its receptor, attenuates immune responses215. Interestingly, 

decreased expression of CD200 in CNS neurons, or blocking of CD200R binding, correlates 

with increases in myeloid cell CD200R expression, and neurodegeneration212,220,221. 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 

diseases98,214. Here, we report that CD200 expression 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 

vitro216,217,222. More importantly, we show that CD200Fc therapy at a single time point prevents 

visual dysfunction, microglial activation, and retinal inflammation in vivo one month later, 

providing an avenue to treat early-stage DR in the mouse (Fig.4.7). 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. 
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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 

novel mechanism underlying 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 framework for future development of this novel therapy in animal models and 

potentially DR patients.     

 

Figure 4.7: Schematic of proposed CD200Fc treatment mechanism. Illustration of proposed 
mechanism for treating CD200-CD200R dysregulation underlying microglia-mediated 
retinopathy during early-stage DR via CD200Fc treatment. 
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Chapter 5: Future Directions 
 Microglia continue to prevail as a primary contributor to CNS disease pathogenesis. In 

this thesis, we tested this phenomenon in the context of diabetic retinopathy (DR), which poses 

the greatest global threat to vision. Here, we will discuss potential future directions that could be 

investigated to further enhance our understanding of microglial function in DR and broader CNS 

disease contexts.  

5.1 Microglia-vascular interactions in DR  

In chapter 2, we perform a comprehensive survey of retinal neurovascular unit 

components implicated in DR literature to examine the temporal emergence of phenomena such 

as glial reactivity, blood retina barrier (BRB) compromise, and peripheral immune cell 

infiltration. We convincingly show that during the first 2 months of hyperglycemia-induced DR 

in the STZ mouse, microglia display robust changes in morphology, ultrastructure, and 

transcriptome while vascular integrity, macroglial reactivity, and local immune composition 

remain unchanged. However, the limited methodology we implemented in these investigations 

prohibits us from ruling out the occurrence of more acute changes. There is a growing 

appreciation in the DR field for innovative imaging and analysis software that can be utilized to 

detect acute vascular changes in early DR prior to obvious changes in permeability. Using these 

methods, recent demonstrations have suggested that vessel dilation, blood flow changes, and 

microvascular density reductions may be early markers of retinopathy in patients223,224,225,226. 

Interestingly, a recent report has shown that microglial fractalkine signaling (CX3CL1-CX3CR1) 

and contact with capillary vessels underlies decreased blood flow and vasomodulation of 

capillary vessels during early-stage DR in the STZ rat161. Even in our own transcriptomic 
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assessment of microglia we identified a gene set related to vascular permeability during acute 

inflammatory response upregulated in 8wk STZ microglia (Figure 2.10B). To this end, microglia 

may mediate various features of diabetic vasculopathy in addition to their role in 

neuroinflammation. To interrogate this further, we could implement a longitudinal tail vein 

sodium fluorescein study in diabetic microglia-privileged and microglia-ablated mice to track 

primary arteriole and venule blood flow dynamics and vessel diameter to evaluate phenotypes 

from the previous study in higher order vessels. Acellular capillaries, pericyte dropout, and 

microvascular density are additional features of DR that we could evaluate as well. Seeing as 

ophthalmic imaging in our lab is limited by the Phoenix Micron instrument, we may also 

implement in vivo two-photon microscopy through collaboration within our department, to 

enhance resolution and precision of blood flow and microglia-vessel contact in real time. By 

combining our refined approaches to studying microglia with improved methods for ophthalmic 

imaging we may be able to advance the field’s understanding of microglial involvement in 

vascular features of DR across various stages of pathogenesis.  

5.2 Microglia-mediated recruitment of peripheral immune 

responses during DR 

We report that local immune cell composition in the retinal parenchyma does not 

significantly change during early-stage DR, distinguishing microglia as the prominent resident 

immune cell species. However, flow cytometry analysis of dissociated retinal tissue prevents our 

ability to examine whether intravascular leukocyte adhesion is increasing in retinal vessels. 

Increased “rolling” and adhesion of leukocytes inside vessel walls has been shown to occur prior 

to extravasation into the retinal parenchyma in inflammatory eye diseases, including DR227,228,229. 
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Although we did not observe significant peripheral immune cell infiltration during early-stage 

DR, we are interested in whether ablation of microglia, or inhibition of microglia via CD200Fc, 

may prevent intravascular adherence of leukocytes and their infiltration of the retina during 

established stages of DR. This is supported by our data showing increased chemokine (Ccl2, 

Ccl3) transcript production in DR-associated microglia (Fig.2.8) and suppression these transcript 

levels in the diabetic retina following intravitreal injection of CD200Fc (Fig.4.6). To investigate 

this question, we could implement tail vein injections of FITC-conjugated dye and cardiac 

perfusion procedures to label adherent leukocytes in the retinal vasculature followed by confocal 

imaging and quantification to compare adherent cells in high and low-order vessels among 

diabetic microglia-privileged and microglia-ablated animals. We could also take blood samples 

from these mice to investigate circulating levels of monocytes via flow cytometry or 

inflammatory mediators via qPCR to assess whether microglial inflammatory responses in the 

retina make meaningful contributions to peripheral immune responses during early-stage DR. 

Through these experiments, we could expand our understanding of microglial involvement in 

DR pathogenesis beyond local signaling within the retina. 

5.3 Non-microglial immune cell contributions to DR 

 In chapter 3, we show that chronic ablation of retinal microglia prevents visual 

dysfunction and neurodegeneration associated with early-stage DR. However, we cannot exclude 

that depletion of resident non-microglial macrophages (<1%), intravascular adherent leukocytes, 

and a portion of circulating monocytes via tamoxifen treatment in Cx3cr1CreER-YFP/+;Rosa26DTA/+ 

mice may also contribute to these observed phenotypes. Furthermore, our method is systemic, 

meaning all CNS Cx3cr1-expressing cells are ablated, so we are unable to control for the effects 



90 
 

of microglia ablation in the diabetic brain and spinal cord. This is important given that diabetes 

has been shown to induce brain atrophy and cognitive decline230,231. While our DTA control 

allowed us to rule out effects of Cx3cr1-expressing cell ablation in healthy animals, we are 

interested in further teasing apart the relative contributions of resident non-microglia 

macrophages, intravascular leukocytes, and monocytes in diabetes, as they have been implicated 

independently in DR pathogenesis232,233,175. To accomplish this, we could implement Ccr2CreER/+ 

and LysmCreER/+ crosses with Rosa26DTA/+ mice to continuously ablate monocytes and monocyte-

derived macrophages, respectively, and perform similar experiments to those performed in 

chapter 3. To target the retina specifically, we could attempt intravitreal injections of tamoxifen, 

which has not been attempted previously and would require some troubleshooting, but would 

allow us to eliminate potentially confounded phenotypes based on non-retinal CNS ablation of 

microglia. We also could administer PLX5622, a CSF1R inhibitor that induces myeloid cell 

ablation, to healthy and diabetic mice to assess whether observed phenotypes parallel those 

generated with Cx3cr1CreER-EYFP/+; Rosa26DTA/+ mice234. These experiments have the ability to not 

only strengthen our claims of microglia-mediated features of DR but untangle the relative 

contributions of other immune cell types known to contribute to DR pathogenesis. In doing this, 

development of alternative therapies to target the peripheral immune response, in addition to the 

innate immune response, in DR may be possible.  

5.4 Exploring the triggers of CD200-CD200R dysregulation 

 We show that dysregulation of CD200-CD200R signaling contributes to microglia-

mediatedretinopathy in early diabetes but how and why these proteins decrease and increase in 

amacrine cells and microglia, respectively, remains unclear. By investigating dysregulated 

neuro-glial signaling in other disease contexts we may be able to generate potential explanations 
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for this phenomena in DR. Fractalkine-mediated (CX3CL1-CX3CR1) communication between 

neurons and microglia has been shown to mediate microglia activation and disease 

progression235. Similar to the CD200-CD200R axis, studies have demonstrated that decreased 

neuronal CX3CL1 as a function of CNS disease, or absence of CX3CR1 in transgenic mouse 

species, exacerbates disease phenotypes and microglial activation but is amenable to exogenous 

sources of CX3CL1236,237,238. To test whether CD200-CD200R dynamics are a direct result of 

hyperglycemia we could implement additional models of retinal neurodegeneration such as light 

damage-induced or NMDA excitotoxicity models and observe if CD200 expression decreases 

similarly in retinal neurons such as amacrine cells. We could also develop a neuron and 

microglia co-culture in vitro model and expose both cell types to high glucose media and assess 

whether CD200 and CD200R expression is altered in a similar manner to our in vivo model. 

There is also the possibility that increased CD200R expression in microglia is a compensatory 

response to decreased CD200 expression in amacrine cells and not related to high glucose 

exposure. To test this, we could apply a small interfering ribonucleic acid (siRNA) to silence 

CD200 expression in cultured neurons plated with normal glucose media and assess whether 

CD200R expression increases in co-cultured microglia. These experiments would clarify the 

respective triggers of CD200-CD200R dysregulation in diabetes and further inform therapeutic 

development.  

CD200R expression increases over the course of early DR but there is some controversy 

over the function of this. We observe this increased expression in activated microglia that is 

associated with aberrant phagocytosis and production of pro-inflammatory mediators. However, 

others have reported increased CD200R expression as a marker for alternatively activated 

macrophages (M2a) that increase phagocytic capacity but also produce growth factors and anti-
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inflammatory mediators to promote tissue repair239. Admittedly, our microglia RNA-Sequencing 

data points to a phenotype that is puzzling – pro-inflammatory but not glycolytic, yet prone to 

scavenging functions and enhanced lipid metabolism. Heterogeneity among activated microglia 

in disease is a widely accepted phenomenon, but one that requires careful investigation. To 

properly resolve whether the DR-associated microglia we describe are made up of one or several 

subpopulations of microglia we could use single cell RNA-Sequencing (scRNA-Seq). Microglia 

make up 0.2% of all cells in the retina, making traditional scRNA-Seq of microglia using whole-

retina suspensions difficult and inefficient109. Alternatively, we could implement fluorescent-

activated cell sorting-driven (FACS) isolation of microglia at a 1:1 capture in wells pre-filled 

with master mix components for scRNA-Seq to ensure proper cell yields and maximize read 

depth per cell. In doing so, we may find that a predominant subpopulation of pro-inflammatory 

microglia exists, as we and others have observed, but also smaller M2a or similar 

subpopulations. Resolving this question will be important in determining whether broad 

inhibition of retinal microglia with CD200R signaling is the best approach to treating DR, or if 

this may neutralize beneficial contributions of a small yet crucial minority. This may also reveal 

additional genes related to activation states of detrimental subpopulations which would further 

refine therapeutic targeting. 

5.5 Mechanisms of microglial phagocytosis mediated by 

CD200R signaling  

We have shown that microglia participate in excessive phagocytosis of amacrine cells 

and synapses, and that CD200Fc inhibits high glucose-induced phagocytosis and supporting 

transcriptional changes in vitro. To this end, we are interested in determining whether CD200R 
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signaling can inhibit aberrant phagocytic behavior of microglia during DR. Microglia participate 

in phagocytosis of dead and dying neurons to reduce inflammation but also engulf live neurons 

in pathological contexts240. While phagocytosis is mediated by various mechanisms, excessive 

‘tagging’ and phagocytosis of neuronal synapses through complement-mediated pathways is a 

consistent feature of Alzheimer’s disease, multiple sclerosis, and stroke in mouse 

models241,242,243,244,245. We have shown that traditional ‘eat me’ signals like Calreticulin, and the 

bridging molecules associated with recognition and phagocytosis of the dying neurons that 

present them, such as Mfge8, are not only unchanged in diabetic mouse retinas, but also 

unaffected by CD200Fc treatment (Fig.5.1A). However, primary complement proteins C3, C1q, 

C3ar, and C5ar, are robustly increased in diabetic retinas but suppressed following CD200Fc 

injection (Fig.5.1B). Furthermore, we observe increased numbers of hyperactivated C3-positive 

microglia in the IPL of diabetic mouse retinas compared to control and diabetic CD200Fc-

injected retinas (Fig.5.1C). This suggests that complement-mediated phagocytosis may be the 

mechanism underlying the aberrant phagocytic microglial phenotype. This is further supported 

by our in vitro data which demonstrated that transcription of C3 and other complement 

components in BV2 microglia was stimulated by high glucose media but suppressed following 

addition of CD200Fc. We hypothesize that aberrant complement-mediated synapse remodeling 

by microglia may lead to neuronal dysfunction and eventual apoptosis. This is supported by our 

data that shows robust increases in microglial contact of amacrine cells but instances of soma 

engulfment being rarer. One way to investigate this further would be to examine C3 expression 

co-localized at retinal synapses in control and diabetic retinas to first confirm increased synapse 

“tagging”. To confirm that increased synapse tagging of C3 is due to microglia, we could then 

examine expression levels in STZ DTA mouse retinas expecting levels to return to that of 
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control. We could also examine C3 expression in retinal synapses, and their general densities, 

following CD200Fc treatment in vivo to determine whether CD200R signaling can attenuate 

aberrant complement-mediated phagocytosis of retinal synapses by microglia in DR. 

Investigating the underlying mechanism of aberrant microglial phagocytosis will not only clarify 

their role in DR but provide critical knowledge for enhancing our general understanding of 

synaptic pathology across retinal diseases.  
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Figure 5.1: CD200Fc attenuates complement-mediated phagocytosis components in the 
diabetic retina while classical phagocytosis components remain unchanged. (A-B) Bar 
graphs showing expression levels of selected genes related to classical (A) and complement-
mediated (B) phagocytosis by qPCR. Each bar (n=5-7 mice per group) indicates the mean ± 
SEM of gene expression standardized to control values. Statistical significance among groups for 
each gene was determined using the Kruskal-Wallis test followed by Dunn’s post hoc test for 
multiple comparisons. (C) Representative confocal images of complement-3-positive (C3) 
microglia in the IPL of mouse retinas. CX3CR1-positive microglia expressing C3 are indicated 
by purple arrowheads (*P<.05). 

5.6 Investigating CD200-CD200R expression patterns in 

humans  

We are interested in translating success in treating DR mice with CD200Fc to treating 

patients in the clinic. Currently, no treatments for early-stage DR exist, so finding a way to 

introduce local administration of a CD200R agonist to preserve retinal function, reduce 

inflammation, and improve quality of life in diabetic patients would be an immense advancement 

in the field. To begin this process, we have investigated CD200 expression in the human retina 

using a published single-nuclei RNA-seq (snRNA-seq) transcriptomic dataset of human retinal 

tissue and an interactive web-based resource for exploring previously published single-cell RNA 

sequencing data from ocular studies246,247. Analysis of standardized CD200 expression across 

major retinal cells revealed that expression was high in amacrine cells and moderate in bipolar 

cells (Fig.5.2A-B). Next, we looked closer at the amacrine cell cluster and found that individual 

cells either highly expressed CD200 or not at all (Fig.5.2C). There are currently over 40 

identified amacrine cell subtypes in the human retina and over 60 subtypes in the mouse retina, 

with complex morphological and functional characteristics248,249,250. To this end, the expression 

pattern we observe in this human dataset may indicate that specific amacrine subtypes express 

CD200, but uncovering their identities will require further investigation. Through collaborative 
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efforts, we have also performed preliminary immunostaining of CD200 in healthy human retinas, 

which shows similar expression in the INL and IPL as we have found in the mouse retina 

(Fig.5.2D). Future efforts will be devoted to staining diabetic patient retinas to determine if 

diabetes causes decreases in CD200 expression. Furthermore, microglia activation has been 

previously described in diabetic patient retinas so examining CD200R expression, and its 

potential labeling of activated microglia, would further translate our findings in the mouse. Gene 

polymorphisms have been identified that associate with predisposition for and severity of DR251. 

This raises the question as to whether Cd200 or Cd200r mutations may be associated with more 

severe DR or rapid progression. To evaluate this, we could look into comprehensive and 

interactive gene association databases such as DisGeNET to explore gene-disease associations in 

diabetic individuals related to the CD200-CD200R signaling axis252. A discovery regarding a 

genetic predisposition to dysregulated CD200-CD200R signaling would strengthen our claim in 

targeting this pathway in diabetic humans to treat DR.  
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Figure 5.2: CD200 expression in the healthy human retina. (A) TSNE plot of single cell 
RNA-Sequencing data from[ref] analyzed using eye-seq.org. (B) Normalized expression of 
Cd200 across all cell clusters presented on a Z-scored color gradient. (C) Log expression of 
Cd200 across all cells contained within the amacrine cell (AC) cluster presented on a color 
gradient. (D) Representative confocal image of CD200 expression in healthy human retina. This 
is an image of retina crysection and is a maximum projection image of the section.  
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5.7 Conclusion 

Through the combined body of work described in this thesis, we hope to have advanced 

our understanding of early DR pathogenesis and how microglia contribute to CNS disease 

pathology. Furthermore, it is our hope that the penultimate chapter of this work specifically 

outlines preliminary demonstrations of a potentially powerful approach to pharmacologically 

inhibiting microglia and the neuroinflammatory facets of DR that they contribute to. This work 

holds real bench-to-bedside value, particularly if similar results are reached in other animal 

models of diabetes. If so, this may represent a significant step forward in treating patients during 

early stages of disease to better preserve retinal structure and function and ultimately, quality of 

life.  
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