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Abstract 

In the central nervous system, billions of neurons interconnect with precision to 

form morphologically complex and functionally diverse neural circuits. The 

stereotypical fashion by which neurons assemble suggests that cell-surface molecular 

cues can act as identity tags during development. These cell surface receptors allow 

neurons to distinguish between circuit partners, incorrect connections and homotypic 

neighbors. Multiple EGF-like domains 10 (Megf10) was previously identified to mediate 

homotypic recognition of certain retinal cell types. Genetic evidence suggests that 

MEGF10 acts as both ligand and receptor to initiate cell-cell repulsion. Although its 

significance in cell-cell recognition has been demonstrated, the exact mechanism of how 

MEGF10 mediates mosaic formation remains unclear. Specifically, the biochemical basis 

of MEGF10-MEGF10 interaction is largely unknown nor do we have knowledge on what 

molecules are involved in signaling transduction. Further, MEGF10 is also expressed in 

glia cells, but it has not been tested if this MEGF10 recognition event is neuron specific. 

To address these questions, we decided to first characterize the molecular components 

of the MEGF10 complex. We determined MEGF10 complex composition through co-

immunoprecipitation (co-IP) and chemical crosslinking and discovered that MEGF10 

forms a lateral complex. Truncation and co-IP studies reveal that the interacting motifs 

are located on the ectodomain of MEGF10. Such binding is not restricted to MEGF10 as 



 

 

v 

we also discovered hetero-multimers between MEGF10 and MEGF12.  Next, to identify 

other molecules in the MEGF10 signaling pathway, we performed IP to isolate native 

MEGF10 interacting complexes and conducted proteomic analysis. We found previously 

known MEGF10-interacting molecules such as Dynamin1 and Traf4, as well as novel 

MEGF10 associating candidates. Our identification of interacting molecules that 

facilitate cytoskeletal and membrane rearrangement suggests that MEGF10 activates 

these cellular processes. Finally, we characterized Müller glia organization through a 

genetic-based labeling method. With a MEGF10 mutant mouse, we determined that 

MEGF10 is not necessary for glial array formation. We conclude that MEGF10 has 

distinct functions in neurons vs. glia. This study sets the stage to describe the molecular 

mechanism by which MEGF10 mediates cell-cell recognition, potentially uncovered 

novel MEGF10 interactions, and distinguishes MEGF10 neuronal function from its role 

in glia.
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1. Introduction  

1.1 Circuit assembly 

The human central nervous system (CNS) is arguably the most complex 

biological structure. More than 100 billion neurons in the CNS interconnect into at least 

100 trillion synapses to form circuits that enable sensory and cognitive functions (1,2). 

During CNS development, cells of different types and shapes are precisely arranged into 

intricate neural networks. To ensure correct assembly of neural circuits, highly 

choreographed developmental programs are utilized to instruct morphological traits 

that are involved in neuron-neuron interconnection. One widely accepted notion 

suggests that cell surface molecular cues are crucial in circuit development because they 

assign identities to individual neurons or cell types to direct their patterning (3). 

Previous studies have shed some light on surface molecules involved in fate 

specification (4,5), self-recognition (6,7), axonal targeting (8), and synaptogenesis (9). 

However, the molecular mechanism of these processes remains largely unknown. 

Meanwhile, many other steps, including homotypic cell-cell recognition, remain poorly 

understood (10). In order to learn how neural circuits are formed, it is important for us 

to decipher the molecular mechanisms that impart these recognition events. 

One well-known model for studying recognition events is the retina: over 70 

types of neurons are evenly spaced across the retinal surface, a phenomenon known as a 

mosaic (11). The formation of retinal mosaics is an evolutionarily conserved 
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phenomenon which ensures the presence of sensory processing elements across the 

entire retina (12). These evenly spaced cellular arrays are thought to result from 

recognition-triggered repulsion among homotypic cells (13,14). If we know how cell-cell 

recognition works in the mosaic system, we will gain valuable insights into circuit 

assembly. Moreover, the retina is an anatomically and genetically well-characterized 

system: prior tools developed for cell-type specific labeling and manipulation have 

made it an accessible model for dissecting mechanisms underlying cell-cell recognition 

events. 

Mosaics are formed when homotypic retinal neurons recognize each other and 

move away from their same-type neighbors to create exclusion zones (13,15,16). The 

creation of an exclusion zone indicates a repulsive response among neurons following a 

recognition event. When cells fail to recognize each other, they cannot reposition 

themselves through repulsion into a regular array. Instead, clumps with dendritic over-

coverage and gaps devoid of neurons appear. Multiple EGF-like domains 10 (Megf10) 

and its homolog, Megf11, are the only two known molecules that mediate homotypic 

recognition in mosaic formation (17). Starburst amacrine cells display irregular 

patterning when homotypic repulsion is disrupted in our Megf10-/- mutant mouse. 

Additionally, cell patterning can also be disrupted with an imbalance of repulsive forces 

through ectopic MEGF10 expression (17,18). Megf10-/- and Megf11-/- double knockouts 

disarrayed horizontal cell mosaic patterning (17). Genetic manipulation shows that 
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MEGF10 acts homophilically, as a receptor and a ligand, to induce repulsive responses 

in homotypic neurons (17,19). In addition MEGF10 also facilitates dendritic homotypic 

interaction which leads to laminar formation. When MEGF10 is deleted, homotypic 

contact-triggered neuropil innervation is disrupted and ultimately leads to errors in 

synaptic sublayer formation (19). These disruptions can lead to functional consequences 

including broader direction tuning and weaker direction-selectivity in retinal ganglion 

cells (19).  

Although its significance in retinal mosaic formation has been demonstrated, the 

molecular mechanism of MEGF10 signaling remains largely unclear. Does MEGF10 

interact directly with other MEGF10 molecules? Are these other proteins involved in this 

recognition event? How does MEGF10 initiate its signal transduction? What is the 

signaling cascade downstream of MEGF10 and what cellular processes are involved in 

response to its activation? In addition to neuronal mosaic patterning, glial tiling is 

another renowned phenomenon that requires homotypic recognition. During 

development, glia grow until they encounter a homotypic neighbor. This allows them to 

set up non-overlapping territories. Since MEGF10 is also expressed in glia during the 

onset of their territory establishment, is it also responsible for setting up glial networks? 

1.2 MEGF10 protein 

The Megf10 gene obtained its name in a motif-trap screening together with other 

MEGF family proteins (MEGF1-MEGF12) (20). It is a type 1 single span transmembrane 
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protein (Fig. 1). On the ectodomain side, it is composed of an N-terminus signal peptide, 

one EMI domain, and 17 EGF-like domains. The intracellular region of MEGF10 contains 

a phosphotyrosine binding (PTB) and Src homology-2 (SH2) domain binding sites.  

 

Figure 1: MEGF10, MEGF11 and MEGF12 protein schematics. 

Predicted domain organization of three closely related MEGF family proteins. All three 

protein are type I transmembrane proteins with an N-terminus ectodomain, 

transmembrane domain and C-terminus intracellular domain. EMI and EGF domains 

are on the extracellular side while NPXY and YXXL motifs are on the intracellular side 

for MEGF10. Domains were predicted using Simple Modular Architecture Research Tool 

(SMART). 

1.2.1 MEGF10 protein structure: ectodomain 

The MEGF10 ectodomain consists of an EMI domain which has around 80 amino 

acids located close to the N-terminus end. EMI is a cysteine-rich region first identified 

from elastin microfibril interface located protein (EMILIN) (21). Structurally, it is defined 

by 7 conserved cysteine residues and been computationally predicted to have 3 

intramolecular disulfide bonds (22). This predicted structure exhibits a similarity to 
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EGF-like domains (22). The remaining single cysteine is hypothesized to mediate protein 

interactions including self-association (21,23). Previous studies have demonstrated that 

the EMI domain can function as a protein-protein interaction module. It has been shown 

to interact with the C1q domain of EMILIN1 and EMILIN2 (21,24), EGF-like domains on 

Notch (25,26), the EMI domain on TGFBI (23), and with collagen (27).  

Following the EMI domain are 17 EGF-like domains. These EGFs can be divided 

into two categories: 12 typical EGF-like domains and 5 EGF-laminin domains (Fig. 1). 

EGF like domains have 6 conserved cysteines and form 3 disulfide-bonds. The EGF-

laminin domains are larger with 1 additional pair of cysteine residues (28). EGF domains 

are expressed by a large variety of multidomain cell surface or secreted proteins 

including growth factors, receptors, clotting factors and extracellular matrix proteins 

(29-31). EGF-like domains are involved in adhesion and protein-protein interactions. 

Specifically, these domains exhibited ability to form hetero- as well as homo-binding 

between the same molecule (32,33). 

One feature of EMI and EGF domain-containing proteins is that they commonly 

undergo a type of post-translational modification known as glycosylation. EGF domains 

are frequently modified with N-like glycosylation which enables the trafficking, 

localization, structural stability and function diversity of the protein (34). Other types of 

glycosylation including O-glycosylation and O-fucosylation have been observed in other 
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EGF-like domain containing proteins including thrombospondin and Notch (35-37). The 

exact function of these modifications on MEGF10 remains to be explored. 

1.2.2 MEGF10 protein structure: intracellular domain 

MEGF10 has a cytoplasmic domain containing phosphotyrosine-binding (PTB) 

and Src homology 2 (SH2)-binding domains with NPXY and YXXL motifs, respectively 

(38) (Fig. 2). These motifs provide docking sites for adaptor proteins to promote signal 

transduction. The NPXY motif interacts with GULP, or C. elegans CED-6 to enable 

engulfment (39,40). The YXXL motif, an immunoreceptor tyrosine-based activation motif 

(ITAM), consists of tyrosine residues that upon phosphorylation can recruit Src family 

kinases (SFKs) and activates downstream signals through Syk (41). Similarly, studies on 

MEGF10 and its Drosophila orthologue, Draper, shows that ITAM signaling triggers 

phagocytosis with the same tyrosine phosphorylation-SFKs-Syk cascade (42-44). Besides 

phosphorylation, MEGF10 has been found in both mono- and poly-ubiquitinated forms 

(45). Additionally, MEGF10 has 13 serine residues close to its C-terminal end. The 

function of these serine residues is unidentified but is hypothesized to regulate 

phosphorylation of the protein (46).  



 

7 

 

Figure 2: Known MEGF10 interactions or signal cascades. 

MEGF10 ectodomain interacts with C1Q and Amyloid-β but the exact interacting sites 

are unidentified (47,48). The signaling motifs on MEGF10 are highlighted as circles and 

known interactors such as GULP, Syk, and Traf4 are represented (39,42,43,49). MEGF10 

and Notch interaction is not show on this schematic (50). 

1.3 Other known MEGF10 functions 

Besides its role in neuron homotypic recognition and mosaic patterning, MEGF10 

has been shown to have other important functions. MEGF10 is expressed both during 

development and in adulthood (51) with particularly high expression observed in the 

CNS (17,52,53) and muscle (54). Previous studies appear to demonstrate distinctive roles 

of MEGF10 in the CNS and skeletal muscle. 

1.3.1 MEGF10 in the central nervous system 

MEGF10 has been identified as a crucial player in CNS development. Besides its 

previously stated function in homotypic recognition, its roles in cell debris clean up and 

synapse pruning have been extensively studied. MEGF10 and its orthologues, Draper 

and CED-1, display a conserved function in metazoan engulfment. CED-1acts as a cell 
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surface receptor for apoptotic corpses, and once activated, recruits CED-6 to activate 

CED-7 and CED-10 (55). Activated CED-7 activates phosphatidylserine redistribution 

and CED-10 reorganizes the cytoskeleton, allowing for the ingestion of dead cells (56,57). 

Similarly, Draper initiates the JNK pathway to clean cell debris, as well as responding to 

neural injuries (43,49,58-60). Mammalian MEGF10 has phagocytic activity in in vitro 

transfected cell lines (38,45). It is expressed in astrocytes and mediates apoptotic cell 

clearance and synapse elimination (47,52). Additionally, MEGF10 is involved in the 

uptake of amyloid-β (48).  

1.3.2 MEGF10 in skeletal muscle 

A collection of studies link mutations in MEGF10 to myopathy phenotypes. Null 

and exon 7 deletion mutations of Megf10 cause early onset myopathy, areflexia, 

respiratory distress and dysphagia (EMARDD) (61,62). Studies on other mutations in 

MEGF10 reported minicore myopathy, which leads to respiratory insufficiency, 

scoliosis, and distal joint hyperlaxity (63-65). Mostly expressed by the satellite cells in the 

muscle, MEGF10’s function in muscle is inconclusive. Studies indicate that through its 

interaction with Notch, MEGF10 regulates cell adhesion (66) and myogenic proliferation 

(50,67). 

1.4 Hypothesis and Aims  

My objective is to determine the molecular mechanism underlying cell-cell 

recognition and eventually utilize this knowledge to study circuit assembly. Multiple 
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EGF-like-domains 10 (Megf10) and its homolog, Megf11, are the only two known 

molecules that mediate homotypic recognition in mosaic formation (17). The molecular 

mechanism of MEGF10 has been extensively explored in both phagocytosis and skeletal 

muscle development. However, how MEGF10 patterns neuronal cellular arrays remains 

largely unknown. Previous studies provide clues that MEGF10 acts homophilically, as a 

receptor and a ligand, to induce repulsive responses in homotypic neurons (17,19). 

Besides this trans-homophilic interaction, it is unknown if other components are needed 

for this recognition event and if this homotypic recognition is specific for starburst 

amacrine cells. Specifically, we want to investigate if MEGF10 also interacts laterally to 

form receptor complexes to activate downstream signaling. 

 

Figure 3: Graphic representation of hypothesis 

Showing above is a schematic of the known trans-interaction that activates homotypic 

repulsion (17,68). It is not clear if MEGF10 interacts with neighboring MEGF10 on the 

same side of the cell, if other molecules are involved in this interaction, and if MEGF10 is 

involved in homotypic recognition in other cell types. 
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Here, I hypothesize that MEGF10 triggers homotypic cell-cell repulsion through 

homophilic binding and this interaction involves both trans- and cis-binding to activate 

downstream signaling to allow starburst amacrine cell specific homotypic repulsion 

(Fig. 3). I propose three specific aims 1) to study the lateral interaction between MEGF10 

molecules (Chapter 3), 2) to determine the other components in MEGF10 pathway 

(Chapter 4), 3) and to test if it is involved in glial homotypic recognition (Chapter 5). 

Aim 1: Determine the molecular lateral organization of MEGF10. Previous 

studies on EMI and EGF containing proteins demonstrated these domains can 

potentially facilitate lateral interaction; however, it remains unknown whether MEGF10 

forms multimeric complexes. Through co-immunoprecipitation and chemical 

crosslinking we discovered MEGF10 homo-oligomers. Truncation studies determined 

the interacting site is located on the ectodomain of MEGF10 and both the EMI and EGF-

like domains participate in multimer formation. Such interaction may be important in 

regulating MEGF10 signaling and membrane trafficking. 

Aim 2: Discover potential players in MEGF10-mediated homotypic repulsion. 

We immunoprecipitated MEGF10 and analyzed the protein composition in the 

pulldown mixture with mass spectrometry. Our analysis has generated a list of 

candidates, including cytoskeletal, chaperone, and membrane trafficking proteins that 

MEGF10 may interact with. 
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Aim 3: Determine whether MEGF10 facilitates glial territory establishment. 

MEGF10 has been studied for its engulfment function in astrocytes. Additionally, it is 

expressed during glial tiling. Using genetic-based labeling and histological markers, we 

characterized adult and developing Müller glia networks and investigated MEGF10’s 

role in glial patterning with a mutant mouse. Our results indicate that MEGF10 plays a 

distinct role in neurons and it is not involved in glial cell homotypic recognition. 

Through completion of these Aims, we revealed 1) multimerized organization of 

MEGF10 on the cell surface and during trafficking, 2) potential players in homotypic 

repulsion, and 3) its role as a neuron specific homotypic cue. Together, this study will 

offer the first molecular insight into MEGF10 neuronal function and provide a basis for 

understanding cell-surface molecule mediated recognition events in retinal 

development. Further, since MEGF10 is expressed in brain as well as retina, our study 

will provide general insights into neural development and may even lead to novel tools 

for dissecting circuit formation in the brain. 
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2. Materials and Methods 

2.1 Cloning 

Table 1: Cloning primers 

Primer name Primer sequence 

MEGF10 dECDTMD F cacaagcagaagaggaaggaatcaagc 

MEGF10 dECDTMD R cgccatgttctgtgaagaacaatcg 

MEGF10 dECD F gccgattcctatcagatcggggcc 

MEGF10 dECD R gtcttccaggttcagggaggatgc 

SD2 F ggcaccggtcgcgaattcgtcaccagtggaacctggaacccag 

SD2 R gcgaccggtgccaagcttgccatcgatggccgctggag 

M10EMI-SD2 F gacgaattcgaccccaacgtatgcagccac 

M10EMI-SD2 R ggcaagcttagggacacacatgtctcggctttc 

MEGF10 -EGF2-6_DEL F ctgtgtcccgaggggctttacg 

MEGF10 -EGF2-6_DEL R gtgatcaccatcacaagcactgct 

MEGF10 -EGF13-17_DEL R atgtccataaaaaccgggggagcag 

MEGF10 -EGF13-17_DEL F caagctggggttatcatcgtgggc 

2.1.1 Cloning of MEGF10 truncations 
The pEGFPN3-MEGF10-GFP/Flag and  pEGFPN3 MEGF10-ΔICD-GFP/Flag 

constructs were reported previously(17,19). These plasmids were originally made from 

pUbC-MEGF10-GFP (Addgene #40207). To generate ECD, and ECD-TMD truncations, 

primers were designed to PCR the corresponding domains on MEGF10 pEGFPN3-

MEGF10-Flag. Specifically, a forward primer (MEGF10 dECDTMD F) and a reverse 
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primer (MEGF10 dECDTMD R) were used to remove the ECD and TMD of MEGF10 and 

make a cytoplasmic protein starting from the third amino acid downstream of MEGF10 

transmembrane domain. Similarly, MEGF10 dECD F and MEGF10 dECD R were used to 

truncate out the ECD downstream of the endogenous signal peptide until 5 amino acids 

upstream of the TMD. MEGF10 EGF truncations were made with the same concept 

using the corresponding primer sets. These linear PCR products were recirculated with a 

KLD reaction (NEB) and transformed into E. coli for selection, production, and 

extraction. Plasmids were checked with Sanger sequencing to ensure the desired 

truncations were successfully made with CMV-Forward (Genewiz).  

2.1.2 Generating EMI-THBST2 chimera 

Plasmid encoding secreted THBST2 was a generous gift from Eroglu lab (Duke 

University, North Carolina). Three restriction sites, AgeI, HindIII, and EcoRI, were 

added through KLD reaction (NEB) following manufacture’s manual with primer SD2 R 

and F. Linear PCR products were digested with AgeI (NEB) and ligated with T4 ligase 

(NEB). The EMI domain of MEGF10 was cloned with the M10EMI-SD2 F and R primers 

with a EcoRI site on the 5’end and a HindIII site on the 3’ end. The EMI domain PCR 

product was digested with EcoRI and HindIII and ligated into the vector digested with 

the same enzymes. The end product was sequenced with CMV-Forward (Genewiz). 
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2.2 Cell Culture 

2.2.1 HEK293T cells 

HEK293T cells were obtained from, validated by, and mycoplasma tested by 

ATCC. The cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 

10% bovine growth serum, 4.5 g/L D-glucose, 2.0 mM L-glutamine, 1% 

Penicillin/Streptomycin in 10 cm cell culture dishes. Cells were passaged every 2–3 days 

to reach confluence. Before splitting, culture media were removed and Dulbecco’s 

phosphate-buffered saline (D-PBS) was used to rinse cell layers as well as removing 

residual serum. Cells were detached from dish with 4 ml of 0.05% Trypsin and 

incubated at 37°C until cell layer is dispersed (about 5 min). Equal volume of complete 

culture media was added to the dish to inhibit protease activity. The suspension was 

centrifuged at 200 x g for 5 min. Supernatant was aspirated and the cells were 

suspended with appropriate amount of media and plated (1:4-1:8). Cells used for 

experiments were passaged no more than 10 times. Cell stocks were stored as 2 million 

cells per vial in complete culture media with 10% DMSO in liquid nitrogen. 

2.2.2 Nucleofection of HEK 293 cells 

HEK 293 T cells were cultured to reach 100% confluency and digested with 

trypsin for single cell suspension. Cells were nucleofected with Amaxa® Cell Line 

Nucleofector® Kit V (Lonza) following instructions from the manufacturer. Briefly, 2 

million cells were suspended with 100 µl Nucleofector® Solution and 3.5 µg of plasmid 
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DNA was added. After gentle mixing, cells were transferred to a cuvette and shocked 

with program S002. Neucleofected cells were immediately mixed with 500 µl of pre-

equilibrated culture medium and transferred to one well in a 6-well plate. 

2.2.3 Primary cerebellar neuron culture 

Primary neurons were cultured using protocols modified from previous studies 

(69,70). Specifically, glass coverslips were coated with 25 µg/ml poly-D-Lysine (Sigma-

Aldrich) overnight at 37°C and washed with sterile water for 4 times. Then the 

coverslips were coated with 50 µg/ml laminin (Sigma-Aldrich) for 4 hours at 37°C, 

washed, and placed into growth media for equilibration. Cerebellums from P3 mice 

were quickly removed into cold DPBS (GE Healthcare HyClone) and dissociated with 

165 units of papain (Worthington Biochemical), 2 mg of N-Acetyl-L-Cysteine (Sigma-

Aldrich), and 0.4 mg of DNase (Worthington Biochemical) with PH of 7.4 for 30 minutes 

at 37°C. Following digestion, cerebellums were dissociated in low-ovomucoid 

(Worthington Biochemical) and then high-ovomucoid. Cells were pelleted and 

suspended in 0.02% BSA, 5 µg/ml insulin (Sigma-Aldrich) in DPBS, and passed through 

a 40 µm cell strainer to obtain single cell suspension. Cells were then seeded into 750 µl 

neurobasal-based culture medium (Invitrogen) which contains 50 U/ml Penicillin, 50 

µg/ml streptomycin (Invitrogen), 5 µg/ml insulin, 2mM L-glutamine (Invitrogen), 50 

µg/ml N-Acetyl-L-Cysteine, 1 mM sodium pyruvate (Invitrogen), B-27 supplement 

(Invitrogen), 50 ng/ml brain derived neurotrophic factor (Peprotech), 100 µg/ml 
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transferrin (Sigma-Aldrich), 100 µg/ml BSA (Sigma-Aldrich), 60 ng/ml progesterone 

(Sigma-Aldrich), 16 µg/ml putrescine (Sigma-Aldrich), 40 ng/ml sodium selenite (Sigma-

Aldrich), and 160 µg/ml triiodo-thyronine (Sigma-Aldrich). Half of the volume of the 

media was removed and replaced with fresh media every 3 days. Neurons were grown 

for 7 days before fixing and performing immunohistochemistry. Cover slips with 

neurons were stained identically to the protocol described in the HEK cell staining 

section. 

2.3 Biochemistry 

2.3.1 Co-immunoprecipitation 

HEK293T cells were grown to 80% confluency. Cells were then transfected using 

a linear polyethylenimine (PEI) transfection reagent: DNA, PEI, and Opti-MEM were 

mixed in a 1:3:30 ratio and incubated for 10 min at room temperature then applied to 

confluent cells. Cells were harvested 48 hr post-transfection. Cells were lysed with NP-

40 lysis buffer (1% NP-40, 150 mM NaCl, 50 mM Tris-Cl, and 1X proteinase inhibitor) by 

pipetting. Lysate was centrifuged at 14,000 x g at 4°C for 15 min. to remove insoluble 

material. The soluble protein fraction was quantified with Bio-Rad DC assay. For 

immunoprecipitation, 500 µl (1 µg/ µl) protein in NP-40 buffer lysis buffer was 

incubated overnight at 4°C with antibody (1 µl of chicken anti-GFP or 2 µl of mouse 

anti-Flag). Protein G Dynabeads (10 µl) were added to mixture for 1 hr at 4°C while 

rotating. Beads were sequestered by magnet and flow-through was removed. Beads 
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were washed with 500 µl lysis buffer (3x) on ice then eluted with 30 µl 2X Laemmli 

containing 5% β-mercaptoethanol. 

2.3.2 Western Blot 

Samples were prepared in 2X Laemmli sample buffer, heated at 95°C for 10 min, 

and loaded onto SDS-acrylamide gel (running gel: 8% acrylamide/bis Tris-HCl with 

0.1% SDS pH 8.8; stacking gel: 5% acrylamide pH 6.8; cross linked with TEMED and 

APS). Precision Plus Protein Dual Color Standards (BioRad) were used as a molecular 

weight marker. The gel was run on a BioRad mini gel running apparatus with SDS-

PAGE running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS). Electrophoresis was 

carried out at 50 V through the stacking gel then adjusted to 120 V until the dye front 

reached the lower end of the gel. BioRad Immobilon-FL PVDF membrane and Whatman 

filter paper were used with the BioRad mini cassette for transfer. Samples were 

transferred in 25 mM Tris, 192 mM glycine, 20% methanol at 100 V for 90 min. 

Membranes were blocked with PBS/Odyssey blocking buffer and stained with chicken 

anti-GFP 1:20000, mouse anti FLAG 1:20,000 overnight at 4°C with shaking. After 

washing with PBST for four times, membranes were stained with 1:20,000 secondary 

antibodies for 1 hour at room temperature. The membranes were washed with PBST 

four times and then rinsed with PBS and water. Finally, the membranes were imaged 

with LI-COR Odyssey using the Image Studio software.  
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2.3.3 MEGF10 immunoprecipitation 

To perform immunoprecipitation of MEGF10 protein, we dissected cerebellum 

from P6 mouse and immediately freeze the tissue in liquid nitrogen. Frozen samples 

were stored at -80°C until use. Each cerebellum was lysed with a PTFE tissue grinder 

(Cole-Parmer) in 2 ml of 1% Octyl β-D-glucopyranoside (OG, Sigma-Aldrich), PBS 

(Fisher Scientific), protease inhibitor cocktail without EDTA (Roche), 1 mM MgCl2 

(Sigma-Aldrich), and 1 mM CaCl2 (Sigma-Aldrich). The lysates were solubilized to 

around 1mg/ml and the exact protein concentration was determined through DC protein 

assay (Bio-Rad). In transfected HEK cell experiments, cells transfected with MEGF10-

GFP constructs were lysed with the same lysis buffer 48-hour post transfection and a 

total of 500 ug of protein were used for the immunoprecipitation. Lysates were 

centrifuged at 100,000g for 1 hour and soluble fraction was removed into a clean 2ml 

tube. For the immunoprecipitation, lysates were incubated with 10 µg of anti-MEGF10 

antibody (Millipore) or equal amount of a non-specific rabbit control IgG (Cell Signaling) 

overnight at 4°C with rotation. 50 µl of Pierce magnetic A/G beads (Thermo Fisher 

Scientific) were added to the antibody-lysate mixture and incubated at 4°C with rotation 

for 2 hours. The beads were washed three times with lysis buffer before eluting proteins 

with 0.1mM Tris (Sigma-Aldrich), 2% SDS (Thermo Scientific), and 10% glycerol (Sigma-

Aldrich) at 50°C for 1 hour. The eluted proteins were analyzed with western blots to 

ensure the presence of MEGF10 prior to mass spectrometry sample preparation. 
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2.3.4 Mass spectrometry 

To prepare samples for mass spectrometry analysis, 100 µl of elution with 10mM 

dithiothreitol (DTT, Gold Biotechnology) and incubated at 50°C for 15 minutes. The 

protein mixtures were than alkylated with 25 mM iodoacetamide (IAA, Sigma-Aldrich) 

and incubated for 30 minutes protected from light. The reaction was quenched by 

adding DTT to a final concentration of 50 mM. Protein extracting magnetic beads were 

prepared by mixing 20 µl of beads A (SeraMag Speed beads, carboxylate modified 

hydrophobic from GE) and 20 µl beads B (SeraMag Speed beads, carboxylate modified 

hydrophilic from GE) and suspended in water. 3 µl of prepared beads were added to the 

mixture, acidified with 0.25% formic acid, added to an equal volume of acetonitrile 

(Sigma-Aldrich) to a 50% acetonitrile final concentration and incubated at room 

temperature for 10 minutes. After incubation, the supernatant was discarded and beads 

were rinsed thoroughly with 200 µl 70% ethanol (VWR) three times and 200 µl 

acetonitrile twice. After drying the rinsed beads for 5 minutes, 10 µl of 50 mM 

ammonium bicarbonate (Sigma-Aldrich) ammonium bicarbonate buffer (PH 8.0) 

containing 500 ng of trypsin/Lys-C mixture was added to suspend the beads and 

incubated at 37°C overnight. Supernatant was collected and combined with the beads 

rinse fraction 20 µl of 2% acetonitrile, 0.5% TFA (Sigma-Aldrich) to dry under vacuum. 

Tryptic digests were analyzed by LC-MS/MS using a nanoAcquity UPLC system 

coupled to a Synapt G2 HDMS mass spectrometer (Waters Corp, Milford, MA). Peptides 
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were initially trapped on a 180 μm × 20 mm Symmetry C18 column (at a 5 μl/min flow 

rate for 3 min in 99.9% water, 0.1% formic acid). Peptide separation was then performed 

on a 75 μm × 150 mm column filled with 1.7 μm C18 BEH resin (Waters) using a 6 to 30% 

acetonitrile gradient with 0.1% formic acid for 60 min at the flow rate of 0.3 μl/min at 

35°C. Eluted peptides were sprayed into the Synapt G2 ion source via a 10 μm PicoTip 

emitter (Waters) at a voltage of 3.0 kV. 

Each sample was subjected to a data-independent analysis (HDMSE) using ion 

mobility workflow for simultaneous peptide quantitation and identification. For robust 

peak detection and alignment of individual peptides across all HDMSE runs we 

performed automatic alignment of ion chromatography peaks between samples 

representing the same mass/retention time using Progenesis QI software. To perform 

peptide assignment to the ion features, PLGS 2.5.1 (Waters Inc.) was used to generate 

searchable files that were submitted to the IdentityE search engine incorporated into 

Progenesis QI for Proteomics. For peptide identification we searched against the 

Universal Protein Research (Uniprot) mouse database. Protein abundances were 

calculated from the sum of unique peptide ion intensities and then normalized to the 

total peptide intensity across experimental samples. Conflicting peptides for different 

proteins were analyzed manually, with low scoring peptide matches and unreliable 

traces removed. Remaining conflicts that could not be definitively resolved were 

excluded from the calculations.  
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The list of proteins was exported into Microsoft Excel. Proteins were ranked by 

their peptide counts and degree of significant difference from the control. Pulldown 

candidate functional analysis was performed with UniprotKB/Swiss-Prot protein 

database (web.expasy.org/docs/). 

2.3.5 Chemical crosslinking 

Chemical crosslinking of MEGF10 expressing HEK293T cells was similar to the 

method described previously (71,72). Prior to crosslinking, MEGF10-Flag expressing 

cells were washed three times with DPBS and incubated with either 0 mm or 1mM 

dithiobis-(sulfosuccinimdylpropionate) (DTSSP, Thermo Fisher) solubilized in DPBS for 

30 minutes at room temperature. After crosslinking, the DTSSP-containing solution was 

removed and the reaction was quenched with 125 mM glycine dissolved in PBS for 5 

minutes. Before lysing cells with NP40 buffer, cells were washed three times in DPBS. 

The crosslinked cell lysates’ protein concentrations were determined with DC protein 

assay and 750 µg of protein was incubated with 15 µl anti-Flag conjugated beads 

(Sigma) overnight at 4°C with rotation. Beads were washed with NP40 buffer three 

times before eluting with 2X loading dye at 95°C for 10 minutes. Samples were treated 

with or without 50 mM DTT and analyzed through western blots. 

2.3.6 Immunohistochemistry of HEK cells 

Round cover glass with 1.5 thickness (Warner Instruments) were coated with 

poly-D-lysine (Sigma-Aldrich) for more than 2 hours at 37°C, washed with water three 
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times and dried at room temperature prior to use. Cells were seeded to reach 80% 

confluency after 24 hours for transfection. DNA plasmids were transfected as described 

in 2.2.1 with PEI onto cells. Cells were fixed with 4% PFA 48 hours post-transfection. 

Fixed cells were permeabilized with 0.1% Triton X-100 dissolved in PBS solution and 

blocked for 30 minutes at room temperature in PBS with 0.03% Triton X-100 and 3% 

Normal Donkey Serum. Cells on the cover slip were then incubated with primary 

antibodies in the same blocking solution at 4°C overnight, washed 3-4 times with PBS, 

and then incubated with 1:1000 Donkey secondary antibodies for 1 hour. Cell containing 

coverslips were mounted with Fluoromount-G with cell-side down on slides, dried and 

stored at 4°C until imaging. 

2.4 Animal related procedures 

2.4.1 Animals 

Juvenile and adult (postnatal days 35-50) mice of both sexes were used in this 

study. Wildtype C57BL/6 were purchased from Jackson Laboratory. GLAST-CreER and 

Rosa26mTmG on mixed C57BL/6 backgrounds were obtained from Jackson Laboratory 

(strains 012586, 007576). This study was performed with the approval of the Duke 

University IACUC. 

2.4.2 Tamoxifen administration 

GLAST-CreER mice express a Cre recombinase-estrogen receptor fusion protein 

(CreER) under control of a glia-specific promoter. The mTmG mouse strain expresses 
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membrane-associated green fluorescent protein (GFP) in a Cre-dependent manner. To 

induce CreER-mediated recombination, GLAST-CreER; mTmG mice were injected with 

the estrogen receptor ligand tamoxifen (TMX; Sigma-Aldrich). TMX was dissolved in 

corn oil through sonicating at room temperature for 30 min to make a 20 mg/mL 

solution. Postnatal day (P) 5 mice were injected intraperitoneally with 100 μg of TMX for 

early Müller glia labeling, and P22 mice were injected with 100 mg/kg TMX either once 

or on three consecutive days to label mature Müller glia sparsely or densely, 

respectively.  

2.4.3 Intravitreal virus injections  

Adeno-associated virus (AAV) injection techniques were adapted from Cai et al. 

(2013). The two Brainbow AAV9 viruses, encoding farnesylated fluorescent proteins that 

are targeted to the plasma membrane (UPenn Vector Core), were mixed to 7.5 x 1012 

genome copies per mL. Adult mice (P40-P50) were anesthetized with ketamine-xylazine 

by intraperitoneal injection. Propraracaine hydrochloride (0.5%) ophthalmic solution 

(Akorn) was applied to the eye to provide local anesthesia. A 30½ G needle was used to 

make an opening and 1μl of virus was injected with a 33 G blunt-ended needle 

intravitreally. Beginning a week after virus administration, 100 mg/kg TMX (prepared as 

above) was injected for 5 consecutive days. Tissue was collected 28 days after the last 

TMX injection. 
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2.5 Antibodies 

2.5.1 List of Antibodies Used 

Table 2: Antibodies used in experiments. 

Antibody Name Antigen Antibody info 

 

Dilutio

n 

Sox9 KLH-conjugated peptide 

VPSIPQTHSPQHWEQPVYT

QLTRP from human Sox9 

Millipore (AB5535) 

Rabbit polyclonal 

RRID: AB_2239761 

1:4,000 

RNA-binding 

Protein with 

Multiple Splicing 

(RBPMS) 

RBPMS 4–24:  

GGKAEKENTPSEANLQEEE

VRCKLH 

Rodriguez et al. (73) 

Guinea pig polyclonal 

1:1,000 

GFP GFP isolated directly from 

the jellyfish Aequorea victoria 

Life Technologies 

(A10262) Chicken 

polyclonal 

RRID: AB_2534023 

1:1,000 

mCherry Recombinant His-tagged 

mCherry 

Cai et al. (74) Rabbit 

polyclonal 

1:3,000 

mKate Recombinant His-tagged 

mKate2 

Cai et al. (74) Guinea 

pig polyclonal 

1:1000 

Choline 

Acetyltransferase 

(ChAT) 

Human placental enzyme Millipore (AB144P) 

Goat polyclonal  

RRID: AB_2079751 

1:400 

Calbindin recombinant rat calbindin D-

28k 

Swant (CB38) Rabbit 

polyclonal  

RRID: AB_10000340 

1:10,000 

Tyrosine 

Hydroxylase 

(TH) 

Native tyrosine hydroxylase 

from rat pheochromocytoma 

Millipore (AB1542) 

Sheep polyclonal 

RRID: AB_90755 

1:3,000 

Protein Kinase C 

(PKC) 

Purified bovine brain protein 

kinase C 

Abcam (Ab31) Mouse 

monoclonal, clone 

MC5 

RRID: AB_303507 

1:500 

CD31 129/Sv mouse-derived 

endothelioma cell line tEnd.1 

BD Biosciences 

(550274) Rat 

monoclonal, clone 

MEC13.3 

1:100 
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RRID: AB_393571 

Calretinin Recombinant rat calretinin Millipore (AB5054) 

Rabbit polyclonal  

RRID: AB_2068506 

1:2,000 

2.5.2 Antibody Characterization 

Antibodies against endogenous proteins were used as markers of cell types and 

retinal lamina, and revealed cellular morphology and lamina specificity consistent with 

the literature. Sox9 antibody (Millipore AB5535, RRID: AB_2239761) labeled Müller glial 

nuclei, as previously reported (75). RBPMS immunolabeling was observed in RGCs, as 

previously reported for this antiserum (73). ChAT antibody (Millipore AB144P, RRID: 

AB_2079751) recognized cholinergic amacrine neurons and their projections to the IPL 

as previously reported (76,77). Calbindin antibody (Swant CB38, RRID: AB_10000340) 

immunolabeled three IPL sublayers, including the two cholinergic sublayers, as 

previously reported (76). (TH antibody (Millipore AB1542, RRID: AB_90755) labeled 

amacrine cells with large somata and projections to a single stratum of the IPL, a pattern 

consistent with this and other TH antibodies (77). PKC antibody (Clone MC5, Abcam 

Ab31, RRID: AB_303507) labeled rod bipolar cells and their terminals in the IPL, as 

previously reported for this monoclonal antibody (78).  CD31 (clone MEC13.3, BD 

Biosciences 550274, RRID: AB_393571) labeled endothelial cells, as previously reported 

(79). Calretinin antibodies (Millipore AB5054, RRID: AB_2068506) labeled three IPL 

sublaminae, including the cholinergic sublayers and one layer between them, as 

previously reported (76).  
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For antibodies against exogenous fluorescent proteins (i.e. anti-GFP, anti-

mCherry, and anti-mKate), specificity was confirmed by lack of signal in retinas not 

expressing those transgenes (data not shown). 

2.6 Tissue Processing and Data Collection 

2.6.1 Immunohistochemistry 

Mice were deeply anesthetized with isoflurane, decapitated, eyes rapidly 

removed, and immersion fixed in 4% paraformaldehyde for 1.5 hours at 4°C. For flat-

mount experiments, retinas were then dissected free of the eye, blocked for 2 hours at 

room temperature in PBS with 0.03% Triton X-100 (Sigma-Aldrich) and 3% Normal 

Donkey Serum (Jackson Immunoresearch). In a subset of experiments, retinal orientation 

was identified by marking the right retina with a hole made by a hypodermic needle in 

the superior retina. Retinas were then incubated with primary antibodies in the same 

blocking solution at 4°C for 5-7 days, washed 3-4 times with PBS, and then incubated 

with 1:1000 Donkey secondary antibodies (Jackson Immunoresearch) for 1 day. Retinas 

were then flat mounted by making 4 relieving cuts from the retinal periphery 

approximately two thirds of the way to the optic nerve head, mounted on cellulose 

membrane filters (Millipore), and coverslipped with Fluoromount-G (Southern Biotech). 

For cross-section experiments, eyes were fixed on ice for 90 min in 4% 

paraformaldehyde in PBS. After fixation, the cornea was cut along the ora serrata to 

remove the anterior portion of the eye. The optic cup was then incubated in 30% sucrose 
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in PBS for 1 hour and flash frozen in Tissue Freezing Medium (Triangle Biomedical 

Sciences). The frozen blocks were sectioned at 20 μm with a cryostat at 25°C. Sections 

were dried at room temperature and washed in PBS to dissolve the freezing medium. 

Washed sections were incubated with blocking solution at room temperature for 30 

minutes. Sections were incubated with primary antibodies diluted in the blocking 

solution overnight at 4°C. Sections were then washed with PBS 3-4 times, before 

incubation with secondary antibodies for 2 hours at room temperature. After washing 

for 3-4 times, the sections were coverslipped with Fluoromount-G. 

2.6.2. Brainbow Labeling  

The two Brainbow viruses produce stochastic Cre-dependent expression of the 

following fluorescent proteins: TagBFP, YFP, TFP, and mCherry (Cai et al., 2013). To 

amplify the endogenous fluorescent signals, we immunostained for the four fluorescent 

proteins using three antibodies: 1) anti-GFP, which recognizes YFP and TFP; 2) anti-

mKate, which recognizes TagBFP; 3) anti-mCherry. The tissue was then imaged in three 

channels on the confocal microscope. 

2.6.3. Confocal Imaging 

Immunostained retinas were images on Olympus FV300 or Nikon A1 confocal 

laser scanning microscopes. For experiments with reported retinal eccentricities, a 

motorized translational stage (Prior ProScan III) integrated with the Nikon A1 
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microscope was used to record coordinates of the ONH and each field of view in order 

to calculate distance from the ONH.  

2.7 Data analysis 

2.7.1 Confocal Image Analysis 

Images were analyzed in FIJI/ImageJ (NIH). The Plot Profile function was used to 

quantify laminar distributions of Müller glia and cell-type markers in maximum 

intensity projections of Z-stacks, with rectangular regions of interest (ROIs) placed 

around single or small clusters of GFP-positive Müller glia. Fluorescence intensity was 

then normalized to maximum and IPL depth normalized by percentage from GCL to 

INL. For RGC densities, RBPMS-positive cells were counted manually in maximum 

intensity Z-projections through the GCL. For Müller glia densities, Sox9-positive cells 

were counted in a semi-automated manner in Z-projections through the INL. Images 

were thresholded, and closely packed nuclei separated with the Watershed function. 

The Analyze Particles function was then used with a minimum size of 10 µm to count 

cells. Parameters for cell-counting were calibrated by comparison to a subset of 

manually counted images. Müller glia arbor sizes were measured in Z-projections 

through the OPL and IPL with the Polygonal Selection tool. ChAT immunostaining was 

used as a landmark to guide acquisition of IPL Z-stacks. Z-projections for quantification 

of IPL arbors were made through and including both ChAT-positive layers. For 

quantification of developmental IPL branching, cells were manually graded in a binary 
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fashion as having or not having branches in each IPL sublamina, using calbindin 

immunoreactive strata as landmarks to divide the IPL into S1-S5 zones.  

Density recovery profiles were calculated as described (80) from 60x images of 

Sox9-labeled retinal whole-mounts. Simulated cell arrays were generated using a custom 

MATLAB script that places cells into a two-dimensional region of user-defined size. Cell 

diameter and density can also be specified by the user. Cells are constrained from 

occupying the same location. The script is available at www.sites.duke.edu/kaylab. 

2.7.2 Semi-Automated Chromatic Segmentation of Brainbow-labeled 
Cells 

Cells infected with Brainbow viruses express GFP, mKate, and mCherry 

immunoreactivity in stochastically determined ratios. This produces variation in color 

between cells that can be used to delineate cell boundaries. Because we immunostained 

for the four virally encoded fluorescent proteins with three primary antibodies and 

imaged cells in three channels, cells should exhibit six fundamental colors: red, green, 

blue, magenta (red + blue), cyan (green + blue) and yellow (red + green). However, due 

to variations in infection count, transgene expression, and noise, the pixel values 

belonging to imaged cells occupy a range of colors around each fundamental color. We 

developed an algorithm to exploit this cell-to-cell variation by dividing the RGB color 

spectrum into user-specified ranges in order to segment pixels into cells by color. This 

algorithm exhibits flexibility for manual intervention and can benefit from parallel 

processing for memory and speed optimized implementation. 
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In order to reliably divide the color spectrum into the fundamental colors and 

their variations, our algorithm transforms the color model of Brainbow images from 

RGB to the Hue-Saturation-Intensity (HSI) model (81). HSI represents color space in 

cylindrical coordinates, with hue the angular coordinate, saturation the radial 

coordinate, and intensity the axial coordinate. Using all three coordinates could 

conceivably best detect cell boundaries, but creates an excessively large search space 

since all of these parameters vary independently over all pixels. Since hue is the 

parameter that fundamentally represents different colors conferred by the different 

fluorophores, we used only the hue spectrum of the HSI color model to segment arbor 

territories.  

The segmentation process begins by computing a normalized histogram of the 

hue channel of the image. The histogram reveals how many pixels have each hue value. 

Depending on which fluorophores are expressed by a given cell and at what levels, all 

pixels in one cell should spread around a specific fundamental hue value. The next step 

consists of providing a lower and upper bound to each fundamental color in the hue 

histogram to divide the spectrum into sections. Initially, the bounds are automatically 

generated based on the valley locations around each peak in the spectrum. If needed, to 

optimize segmentation accuracy, the user then has the option to adjust the position and 

width of the range of hues. After all relevant cells are segmented, cell area and 
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overlapping area are quantified and segmentations are exported in any common image 

format (example: tif, png, jpeg) for further analysis. 

The above algorithm was incorporated in an open-source software named 

“SegThresh” with an intuitive graphical user interface using MATLAB 2015a. To 

encourage further research in this area, the SegThresh software developed for this 

project is made publically available at http://www.duke.edu/~sf59/Wang_2016.htm . 

2.7.3 Analysis of Müller Glia Territories with SegThresh 

To analyze the overlap of Müller glia territories in the synaptic layers, three 

consecutive optical slices from 60x Z-stacks spaced 0.4μm apart were exported from Fiji 

as PNG files. All three files were then loaded into SegThesh and the middle one was 

designated the “base image” for segmentation. The boundaries created on the “base 

image” were then superimposed onto the upper and lower images to verify that 

segmentation accurately delineates cells at all three depths. In rare cases, when the 

program could not create the precise outlines for cells with long processes, boundaries 

were manually edited. Typically, ~40 cells were segmented from a single field of view of 

mid-peripheral retina. Müller cell territory size and overlap were quantified in a 

pairwise manner among cells that were clearly adjacent or touching. To be certain that 

the results were not skewed by selection of cells that did not actually touch, cell pairs 

were excluded from the analysis if their overlap was calculated to be zero. Percentage of 

overlap was measured by dividing the area of overlap by the overall area of the cell pair. 
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We tested the performance of the SegThresh algorithm through two control 

experiments. First, to make sure SegThresh accurately defines the perimeters of 

individual cells, we compared the territory areas of individual cells and overlap between 

pairs of cells generated by SegThresh to values measured from manually segmented 

cells and found no significant difference between the two (two-tailed t-test; arbor size n 

= 10 cells per group, p=0.21; overlap n = 10 cell pairs per group, p=0.63). Second, to 

ensure that SegThresh is capable of detecting a range of overlap values, we artificially 

created images with varying degrees of overlap. Cells were manually segmented in 

Adobe Illustrator and artificially superimposed onto one another. In test images with 

large degrees of overlap (n = 3), SegThresh could still segment the cells.  

2.7.4 Generation and Analysis of Spatially Randomized Cell 
Territories 

To test whether the local shape of cell territories affects coverage and overlap, we 

compared pairs of cells in real images to cell pairs obtained from images in which the 

cells were reflected along their horizontal axis. A subset of overlapping cell pairs was 

arbitrarily selected, and segmented outlines exported to Adobe Illustrator in .TIF format. 

The outlines were then flipped about the horizontal axis, preserving their relative 

horizontal positions. Only cell pairs that had measurable overlap both before and after 

flipping were included in the analysis. Overlapping area in both the real and the flipped 

images was then outlined with the freehand selection tool in ImageJ and the area 

measured. 
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2.7.5 Statistical Analysis 

Descriptive statistics are reported mean ± standard error. All statistical analyses 

were performed in JMP 12 (SAS Institute) or GraphPad Prism 8.1.1.  
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3. Ectodomain mediates lateral MEGF10-MEGF10 
multimeric complex formation 

3.1 Introduction 

To ensure that sensory processing elements are presented evenly across the 

retina, neurons of the same type are distributed in regular arrays. This cellular 

organization is known as retinal mosaics (16,82,83). Each type of neuron develops 

mosaic patterning within their cell type and does not interfere with the mosaic 

formation of surrounding heterotypic neurons. MEGF10 is specifically expressed in 

starburst amacrine cells and functions as a homotypic repellant for neighboring 

MEGF10-expressing starburst cells (17,68). MEGF10 together with MEGF11 mediates 

horizontal cell mosaic formation. Previous studies have demonstrated a reciprocal 

transcellular interaction between MEGF10 molecules that leads to mosaic formation 

(17,68). However, the molecular details on how MEGF10 mediates mosaic formation 

remain largely unknown. Specifically, it is unclear if this MEGF10-MEGF10 interaction is 

direct or facilitated through other molecules. What domains are involved this MEGF10-

MEGF10 interaction? Further, how does this interaction initiate signal transduction to 

activate downstream cellular processes?  

To answer these questions, we decided to dissect the molecular structure of 

MEGF10 and identify domains involved in its homophilic interaction. MEGF10 is a 

single span transmembrane domain with an intracellular domain, a transmembrane 

domain, and an ectodomain consisting of one EMI domain and 17 EGF-like domains. 
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Both kinds of domains have been shown to mediate homophilic interactions. Previous 

studies have revealed an anti-parallel (trans) and parallel interaction (cis) facilitated 

through the EMI domain (21,23-26,84) and collateral (cis) and reciprocal (trans) 

interactions mediated by EGF-like domains (32,33,85-87). Based on prior knowledge of 

the binding capacity of these domains, we hypothesize that MEGF10 not only interacts 

in trans, but also forms multimers through lateral interaction. Our study has discovered 

a direct MEGF10-MEGF10 parallel interaction. This interaction is mediated through the 

MEGF10 ectodomain and may initiate in the secretory pathway. Such interaction may be 

important for regulating and activating MEGF10 signaling. 

3.2 MEGF10 forms homomultimers 

If MEGF10 signals in a multimeric complex, it may directly interact with 

neighboring MEGF10 proteins. To test if MEGF10 binds in a cis-configuration, we need a 

method that can capture only lateral but not reciprocal interactions. Co-

immunoprecipitation was selected because past experiments have demonstrated its 

capability of probing strong interactions (88) but not weak or transient trans-interactions 

(89,90).  Therefore, we performed co-immunoprecipitation MEGF10 with two types of 

tags. Plasmids with differentially tagged MEGF10 were co-transfected into HEK 293T 

cells. Pulldown with anti-GFP antibody precipitated not only MEGF10-GFP but also 

Flag tagged MEGF10 (Fig. 4A) and vice versa (data not shown). The successful co-

immunoprecipitations of MEGF10 with both types of tags suggest that it indeed self-
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associates. However, MEGF10 proteins also present at the neighboring cell membrane 

during co-transfection and therefore providing conditions for trans-interaction. To 

ensure what we probed was a cis-interaction, we used nucleofection, an electroporation-

based transfection method, to deliver each tagged version of MEGF10 plasmids into 

separate population of cells. Transfected cells were co-cultured allowing only trans- but 

not cis-interaction in the culture. As expected, nucleofected MEGF10-Flag did not co-

immunoprecipitate with GFP tagged MEGF10 (Fig. 4B). These results show that 

MEGF10 can exist in homo- multimeric complexes and validates that co-

immunoprecipitation can only identify MEGF10 cis- but not trans-interactions.  

 

Figure 4: MEGF10-MEGF10 interaction probed with co-immunoprecipitation. 
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Co-IP from lysates of HEK 293 T cells transfected with indicated MEGF10-Flag and/or 

MEGF10-GFP. Western blot with antibodies to GFP and Flag as indicated on the left 

side. A) IP of co-transfected MEGF10-GFPand MEGF10-Flag in which cells express both 

the versions of MEGF10 protein. IP with anti-GFP pulled down MEGF10-Flag (2nd lane 

from right) while rabbit IgG control did not. B) IP of separately nucleofected MEGF10-

GFP and MEGF10-Flag with cells expressing only one version of tagged MEGF10 

protein but cultured together. IP with anti-GFP did not pull down MEGF10-Flag (2nd 

lane from right).  

 Another method commonly used for probing homo-multimer formation is to 

stabilize interactions with chemical reagents (72,88,91). We tested multiple chemical 

crosslinkers and decided to use 3,3'-dithiobis sulfosuccinimidyl propionate (DTSSP), an 

amine reactive crosslinker with a small molecular length (8-atom spacer arm). The small 

molecular length ensures only direct interactions are stabilized into covalent bonds to 

allow visualization. In addition, this crosslinker is membrane impermeable. Therefore, 

we will have less unwanted linking to cytoplasmic proteins, which would interfere with 

analysis. Lastly, covalent interactions formed with DTSSP can be broken down with 

reducing reagents, which can act as a control. MEGF10-Flag transfected HEK293T cells 

were crosslinked and immunoprecipitated with anti-Flag conjugated beads. We 

observed the MEGF10-Flag monomer at around 130 kDa and a dimer around 260 kDa 

with and without DTSSP crosslinking (Fig. 5A). This suggests that the MEGF10 dimer is 

stable in SDS and indicates that this dimer might be made up of disulfide-bond(s) 

between the abundant cysteines on the ectodomain of MEGF10.  Dimers were reduced 

into monomers with the addition of Dithiothreitol (DTT) further demonstrating that the 

higher molecular weight bands observed are indeed MEGF10-Flag dimers (Fig. 5A). 
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Quantified dimer to monomer intensity revealed a 1: 14 ratio of the two forms of 

MEGF10 in a heterologous system (Fig. 5B). 

 

Figure 5: MEGF10 forms homodimers. 

A) Western blot of Flag immunoprecipitated HEK cell lysate with antibody against 

MEGF10. Prior to lysis, MEGF10-Flag expressing cells were crosslinked with 1% DTSSP 

crosslinking or DPBS as a control (as indicated at the bottom). Samples were divided 

into two equal portions and one treated with the reducing agent DTT (as indicated at the 

bottom). Dimer and monomer sizes are indicated on the right. Dimers were observed 

regardless of the addition of the crosslinking agent and the reducing agent was able to 

break down dimers into monomers.  B) Quantified relative intensity of MEGF10 dimer 

to monomers ratios. Dimer can be broken down into monomers with a strong reducing 

agent. 

3.3 Ectodomain required for MEGF10-MEGF10 interaction 

After revealing that MEGF10 homo-oligomerizes, we decided to identify the 

domains mediating this interaction. In order to identify the molecular determinants 

involved in multimerization, we broke down the MEGF10 protein in three parts: 

ectodomain, transmembrane domain, and cytoplasmic domain. Since each part is 
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located in a particular cellular compartment, which makes it physically impossible for 

interactions between different parts, we can simply test if each is required for multimer 

formation with truncation and co-immunoprecipitation. To study if the intracellular 

region can induce MEGF10 binding, we generated a MEGF10∆ECD-TMD-Flag plasmid 

in which only the cytoplasmic domain of MEGF10 is expressed (Fig. 6A).  When 

transfected into HEK cells, this plasmid appears cytosolic and did not co-localized with 

the full length MEGF10 located at the basal membrane (Fig. 6A). The lack of co-

localization suggests that MEGF10 multimerization is not mediated by the cytoplasmic 

domain. To test if MEGF10 transmembrane domain is capable of inducing homophilic 

interactions, we made a construct with MEGF10∆ECD-Flag removing the ectodomain 

but keeping the transmembrane and cytoplasmic regions intact (Fig. 6B). When co-

expressed with MEGF10, this truncated version appears to be located in the lateral 

membrane in contrast to normal MEGF10 expression in the basal membrane (Fig. 6B). 

Similar to the cytoplasmic domain, the transmembrane domain does not target the 

protein to where full-length MEGF10 resides nor does it facilitate MEGF10-MEGF10 cis-

interaction. 



 

40 

 

Figure 6: No co-localization between full length MEGF10 and ecto-domain 

truncated MEGF10. 

Top: illustration of transfected versions of MEGF10. Bottom: HEK293T cells transiently 

co-transfected with the corresponding plasmids. A) MEGF10-GFP and MEGF10∆ECD-

Flag. MEGF10-GFP is mostly at the bottom of the cover slip while MEGF10∆ECD-Flag 

appeared in a lateral membrane-like pattern. B) MEGF10-GFP and MEGF10∆ECDTM-

Flag. Similarly, MEGF10-GFP is mostly at the bottom of the cover slip while 

MEGF10∆ECDTM-Flag appeared cytoplasmic. Both of the truncations do not colocalize 

with full-length MEGF10. 

To confirm that MEGF10 intracellular and transmembrane domain cannot induce 

homophilic binding, we performed co-immunoprecipitation of the truncations against 

full length MEGF10. Consistent with the lack of co-localization in the transfected cells, 

neither MEGF10∆ECDTM-Flag nor MEGF10∆ECD-Flag co-immunoprecipitate with 

MEGF10-GFP using an antibody against GFP (Fig. 7). These results show that neither the 

cytoplasmic nor the transmembrane domain is capable of inducing MEGF10 cis-

interactions. Since the two parts tested do not mediate MEGF10-MEGF10 

multimerizaiton, the interacting motifs likely reside in ectodomain.  
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Figure 7: MEGF10 transmembrane and cytoplasmic domain did not co-

immunoprecipitate with MEGF10. 

Co-IP from lysates of HEK293T cells transfected with indicated truncated MEGF10-Flag 

and full length MEGF10-GFP. Western blot with antibodies to GFP and Flag as indicated 

on the left side. A) IP of MEGF10-GFP and MEGF10∆ECD-Flag with anti-GFP. No co-IP 

was observed (2nd lane from right). B) IP of MEGF10-GFP and MEGF10∆ECDTM-Flag 

with anti-GFP did not show co-precipitation (2nd lane from right).  

After ruling out the involvement of the intracellular and transmembrane 

domains in MEGF10-MEGF10 interactions, it is most likely that this homophilic 
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multimerization is mediated through the MEGF10 extracellular region. To test this 

hypothesis, we used a previously generated intracellular truncated MEGF10 construct, 

MEGF10∆ICD, with only 9 amino acids on the intracellular domain side (17,19). When 

transfected into HEK293T cells, MEGF10∆ICD proteins localized to the basal membrane 

just as full length MEGF10 does as previously reported (38). Co-immunoprecipitation 

showed that MEGF10∆ICD-Flag was capable of associating with MEGF10∆ICD-GFP and 

vice versa (Fig. 8). These results confirmed our hypothesis that MEGF10 cis-interaction is 

mediated through its ectodomain. Consistent with the discovery that MEGF10 

multimeric complex is SDS-stable (Fig. 5) and may be facilitated through disulfide bonds, 

the abundance of cysteine residues on the ectodomain made it the best candidate for 

mediating MEGF10 self-association. 
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Figure 8: MEGF10 intracellular truncations interact homophilically.  

Co-IP from lysates of HEK 293 T cells transfected with indicated truncated MEGF10 with 

either GFP or Flag tag. Western blot with antibodies to GFP and Flag as indicated on the 

right side. IP of MEGF10∆ICD-GFPand MEGF10∆ICD -Flag with A) anti-GFP and B) 

anti-Flag. IP with anti-GFP pulled down MEGF10∆ICD-Flag and anti-Flag pulled down 

MEGF10∆ICD-GFP (2nd lane from right in both blots).  

3.4 Domains responsible for MEGF10 multimerization 

We have discovered that the MEGF10-MEGF10 cis-interacting phase is on the 

ectodomain, and want to determine what motifs are responsible for such interaction. 
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MEGF10 ectodomain has 18 defined domains: one EMI domain and 17 EGF domains, 

including 12 EGF and 5 EGF-Laminin domains. First, we want to determine if the 

MEGF10 ectodomain alone can induce multimerization. To investigate whether the 

ectodomain alone is capable of inducing an interaction, we transfected MEGF10-GFP to 

an ECD-Myc expressing stable cell line (Fig. 9) (46). A previous study has demonstrated 

that this soluble MEGF10 ECD is properly folded and glycosylated (46). We were able to 

pulldown ECD-Myc with the anti-GFP antibody and observed a light MEGF10-GFP 

band when we performed the IP with the anti-Myc antibody (Fig. 9). Since co-

immunoprecipitations were performed in cellular lysate, it is likely that the binding 

events we discovered occurred in the secretory pathway. We conducted a cell surface 

binding assay and demonstrated that MEGF10 soluble ECD did not bind with MEGF10 

expressing cells (data not shown), which supports that the interaction is initiated in the 

secretory pathway. 
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Figure 9: MEGF10 ectodomains can induce MEGF10 binding.  

Co-IP from lysates of MEGF10 ECD-Myc expressing stable HEK293T cells transfected 

with MEGF10-GFP. Western blot with antibodies to GFP and Myc as indicated on the 

right side. IP with anti-GFP pulled down ECD-Myc (4th lane from right) and a low 

amount of MEGF10-GFP was pulled down with anti-Myc (2nd lane from right), while 

rabbit IgG control did not pull down either construct (far right lane).  

To determine what domains are involved the multimerization, we subdivided 

the ECD of MEGF10 into two parts, the EMI domain (referred to as EMI) and the EGF 

containing domain (referred to as EGFs). We first tested if the EGFs alone can induce 

MEGF10-MEGF10 interaction. MEGF10-GFP was transfected into EGF expressing stable 

cells and immunoprecipitation was performed (Fig. 10). We observed co-

immunoprecipitation of MEGF10-GFP with EGF-Myc with both anti-GFP and anti-Myc 

antibodies (Fig. 10). This result suggests that the EGF domains on MEGF10 are capable 

of inducing multimer formation. Similar to the ECD-MEGF10 binding, this interaction 

likely initiates in the secretory pathway. 
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Figure 10: MEGF10EGF domains can induce MEGF10 binding.  

Co-IP from lysates of MEGF10 EGF-Myc expressing stable HEK293T cells transfected 

with MEGF10-GFP. Western blot with antibodies to GFP and Myc as indicated on the 

right side. IP with anti-GFP pulled down EGF-Myc (4th lane from right) and anti-Myc 

pulled down MEGF10-GFP (2nd lane from right), while rabbit IgG control did not (far 

right lane).  

To test if the other part of the MEGF10 ectodomain, the EMI domain, is involved 

in the cis-interaction, we tried expressing MEGF10-GFP in a stable cell lines expressing 

soluble MEGF10 EMI domain. However, the expression of the EMI domain is low and 

prone to degradation. We have not visualized the EMI domain without purification. We 

used an alternative approach to study if the EMI domain can induce MEGF10-MEGF10 

interaction. THBS2 is a soluble version of Thrombospondin2 (THSBS2) that contains one 

TSR domain and three EGF-like repeats, which do not show homophilic interaction 

(92,93). This Myc tagged soluble protein was co-transfected with full length MEGF10-
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GFP for co-immunoprecipitations (Fig. 11A). To study the EMI domain’s function in 

MEGF10 multimeric complex formation, we made a chimeric protein with EMI domain 

on the N-terminus of TSP2 (Fig. 11B). When we performed a pulldown of MEGF10-GFP 

with a GFP antibody, we did not observe the presence of TSP2-Myc but EMI-TSP2-Myc 

was observed (Fig. 11). This indicates that the EMI domain, similar to the EGF domains, 

is capable of inducing MEGF10-MEGF10 cis-binding.  
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Figure 11: MEGF10 EMI domain can induce MEGF10 binding.  

Co-IP from lysates of MEGF10-GFP and THSB2-Myc expressing HEK293T cells. Western 

blot with antibodies to GFP and Myc as indicated on the right side. A) IP with anti-GFP 

did not pull down THSB2-Myc (2nd lane from right) nor did the rabbit IgG control (far 

right lane). B) anti-GFP pulled down EMI-THSB2-Myc (2nd lane from right), while 

rabbit IgG control did not (1st lane from right).  

 There are 17 EGF domains on the MEGF10 ectodomain. We wanted to narrow 

down which of these EGF domains are involved in the formation of MEGF10 lateral 
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complex. We decided to further truncate the EGF domains. MEGF10 constructs without 

EGF domains 2-6 and 13-17(counting from the N terminus) were generated. We first 

tested their expression and localization through HEK293T cell transient transfection. 

When expressed in HEK293T cells, the MEGF10-∆EGF2-6 construct produces an 

adhesion pattern and localizes to the basal membrane similar to full length MEGF10 

(Fig. 12B). In contrast, MEGF10-∆EGF13-17 remains mostly intracellular and does not 

traffic to the membrane (data not shown). When co-transfected with MEGF10, the full-

length and truncated proteins seem to colocalize on the basal membrane indicating that 

they may interact with one another (Fig. 12C). The likely interaction is not surprising 

since the EMI domain alone can induce MEGF10 cis-complexes (Fig. 11B). 
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Figure 12: EGF 2-6 truncated MEGF10 has a similar expression pattern to the 

full length protein 

A: illustration of MEGF10-∆EGF2-6 truncation. B,C): HEK293T cells transiently co-

transfected with the corresponding plasmids. B) MEGF10-∆EGF2-6-Flag and Cherry. 

MEGF10-∆EGF2-6-Flag is mostly at the bottom of the coverslip while Cherry is cytosolic. 

C) MEGF10-∆EGF2-6-Flag and MEGF10-Cherry. Both MEGF10-∆EGF2-6-Flag and 

MEGF10-Cherry appears at the bottom of the coverslip and they appear to colocalize. 

 To assess if EGF domains 2-6 are involved in MEGF10 complex formation, we 

preformed co-immunoprecipitation in HEK293T cells that express soluble versions of 

the MEGF10 ectodomain. Consistent with the colocalization discovered in transfected 

HEK cells (Fig. 12C), MEGF10∆EGF2-6 precipitated with the MEGF10 ectodomain (Fig. 

13A). This is in line with the result that the EMI domain alone can induce MEGF10 

lateral binding (Fig. 11B). In order to test if EGF domains 2-6 are involved in binding, we 
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need to remove the EMI domains. Our result shows that MEGF10∆EGF2-6 did not 

precipitate with the EMI removed MEGF10 ectodomain (Fig. 13B). We showed that the 

EGF domains of the MEGF10 protein are capable of binding to the full length protein 

(Fig. 10) but the EGF domains cannot interact when domains 2-6 are missing. This result 

demonstrates that EGF domains 2-6 mediate MEGF10-MEGF10 lateral interaction. Our 

truncation studies combined suggest that there are multiple binding sites for MEGF10 

lateral binding and those motifs are located on the EMI domain and within the EGF 

domains 2-6.  
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Figure 13: MEGF10 EMI and EGF 2-6 domains are responsible for the lateral 

interaction 

Co-IP from lysates of MEGF10∆EGF2-6-GFP and soluble MEGF10 ectodomain 

expressing HEK293T cells. Western blot with antibodies to GFP and Myc as indicated on 

the right side. A) IP with anti-GFP pulled down ECD-Myc (4nd lane from right) and 

anti-Myc pulled down MEGF10∆EGF2-6-GFP (2nd lane from right), while nothing 

precipitated in the IgG control (far right lane). B) anti-GFP did not pull down EGF-Myc 

(4nd lane from right) nor did anti-Myc pull down MEGF10∆EGF2-6-GFP (2nd lane from 

right). Rabbit IgG control did not precipitate either proteins (far right lane). 
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3.5 Interaction with other MEGF proteins 

Previous study has revealed that MEGF10 together with MEGF11 are involved in 

horizontal cell mosaic patterning (17). Their homology and expression pattern may 

allow MEGF10- MEGF11 hetero-multimer formation. To test this hypothesis, we 

attempted to preform co-immunoprecipitation of MEGF10 and MEGF11. However, 

MEGF11 does not traffic well when expressed in HEK293T cells: all MEGF11 proteins 

are trapped in secretory organelles and lysosomes (data not shown). Instead of studying 

MEGF11, we investigated MEGF12, another protein with close homology to MEGF10 

and MEGF11. MEGF12 is a type 1 transmembrane protein with one EMI domain and 15 

EGF repeats. Although MEGF12 is not commonly co-expressed in the same cell type as 

MEGF10, the high homology between MEGF12 and 11 will provide information on 

whether MEGF10 and MEGF11 can interact laterally. Co-immunoprecipitation 

demonstrated that MEGF10 indeed interacts with MEGF12 (Fig. 12A). To determine the 

site of this interaction, immunoprecipitation was performed with the cytoplasmic 

domain truncated MEGF10-Flag. Similar to MEGF10-MEGF10, MEGF12 and 

MEGF10∆ICD co-immunoprecipitation exhibits binding through the ectodomain (Fig. 

12B). Since MEGF11 has high homology with MEGF10 (60% amino acid homology) and 

MEGF12 (42% amino acid homology), it is highly likely that MEGF10 and MEGF11 

forms cis-complexes through their ectodomains. 
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Figure 14: MEGF10 interacts with MEGF12 through ectodomain. 

Co-IP from lysates of HEK 293 T cells transfected with indicated MEGF10-Flag and/or 

MEGF12-GFP. Western blot with antibodies to GFP and Flag as indicated on the right 

side. A) IP of MEGF12-GFP and MEGF10-Flag with anti-GFP pulled down MEGF10-Flag 

(2nd lane from right) while rabbit IgG control did not. B) IP MEGF12-GFP and 

MEGF10∆ICD-Flag with anti-GFP pulled down MEGF10-Flag (2nd lane from right) 

while control IgG did not.  

3.6 Discussion 

MEGF10 is involved in cell-type specific recognition, however, the molecular 

mechanism of the MEGF10 signal remains unclear. As a type I transmembrane protein, 

MEGF10 ECD functions as a ligand-receptor interacting site which activates the signal 

transduction on the ICD which functions as a signaling platform. This activation of 

singling is a choreographed event that may involve multiple molecular players. Since 

multimerization is one of the most common mechanisms for single span transmembrane 

protein signaling (94), one obvious candidate of regulating MEGF10 is through MEGF10 

lateral-association. We hypothesized that MEGF10 interacts with itself in a cis-

configuration. Here, we discovered that in addition to the known receptor-ligand trans-

interaction, MEGF10 proteins on the same side of the membrane also form cis-complexes. 
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Although a majority of the MEGF10 proteins remain as monomers, at least 7.5% of the 

MEGF10 appear in dimer forms. We further demonstrated that this cis-interaction is 

mediated through the cysteine-rich ectodomain on MEGF10. Our results show that both 

the EMI and EGF domains are capable of inducing the formation of these multimeric 

complexes. There are multiple interacting motifs within the EMI and EGF2-6 domains 

responsible for this interaction. Further, the SDS-stable MEGF10-MEGF10 complex 

indicates that the interaction may be mediated through covalent disulfide bonds. Last, 

co-immunoprecipitation between MEGF10 and its pre-secreted soluble truncations 

indicate that the association initiates within the secretory pathway. Use of a membrane 

impermeable crosslinker increased the percentage of dimer observed, which supports 

that MEGF10-MEGF10 cis-interaction may also occur at the cell surface.  

3.6.1 Multimer forming EMI and EGF domain containing proteins 

Our results have revealed that both EMI and EGF domains are important in 

MEGF10 multimer formation. The EMI domain is a cysteine-rich domain with seven 

highly conserved cysteine residues and shares similarity with EGF-like domains (22). 

The EMI domain is involved in the homo- and hetero-multimerization of EMILIN1 and 

EMILIN2 (21,24). Studies have demonstrated that the EMILIN EMI domains do not 

interact homophilically but instead have strong affinity with to the gC1q domain.  EMI 

domain also mediates homophilic binding through EMI-EMI domain binding on TGBFI 

(23) and the EMI domain on EGFL7 is capable of interacting with EGF domains (25,26). 
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In line with our results, EMI domains are involved in protein-protein interactions and 

are capable of inducing homophilic interactions. The EMI-gC1q interaction allows a 

head-to-tail binding of EMILIN proteins (24). Unlike secreted EMILINs that are flexible 

in the conformation of their interaction, MEGF10 molecules are embedded into the 

membrane and are less likely to have anti-parallel interaction when forming cis-

complexes. Therefore, their interaction may be more similar to that of the TGBFI and 

EGFL7 (23,25). 

Previous studies on EGF-like domain containing proteins have revealed the 

potential of this domain to mediate multimer formation. Electron microscopy (95), 

crosslinking (88), and co-immunoprecipitation (33,96) of the Notch1 receptor, a protein 

containing 36 EGF repeats, displays dimeric organization through its EGF-like domains. 

Kinetic study on the EGF-like domain of Heregulin-α (HRG-α) characterized self-

association (86). Meprin and disintegrin metalloproteases exist as multimers on the cell 

membrane and their multimerization is mediated by EGF-like domains (85,87). These 

results, together with what we observed, support that EGF domains are capable of 

facilitating lateral homophilic interactions. Similar to the strong affinity we discovered 

between MEGF10 molecules, most of these characterized interactions are strong and 

may involve disulfide bonds formed between cysteine residues. 
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3.6.2 Potential functions of MEGF10 multimeric complex  

As ours is the first study to describe a MEGF10-MEGF10 lateral interaction, it still 

remains unclear what function this multimeric complex may serve. Based on previous 

studies on the roles of EGF domain-mediated multimers, we propose three possible 

biological functions of this interaction. First, the clustering of MEGF10 on the membrane 

could concentrate MEGF10 in a local area and allows for higher sensitivity to its ligand. 

This oligomerization would allow MEGF10 to be more effective in ligand sensing. 

Additionally, these higher order protein complexes can serve as signaling platforms as 

shown for TGFβ receptors and Growth Hormone Receptor signaling (84,97). 

Second, the MEGF10 monomer-dimer transformation may be part of the signal 

transduction process. One possibility of monomer-dimer facilitated signal transduction 

is that lateral association may be an important initial step that triggers downstream 

signaling through inducing intracellular changes. Multimer-triggered signal 

transduction has been studied in Notch receptors (33) and extensively studied for 

tyrosine kinase receptors (72,91). Another possibility is that a lateral MEGF10 interaction 

buries the ligand interacting site. This model has been proposed for the function of 

metalloproteases and Notch receptors in which ligand binding activates proteolysis 

(85,88). In these cases lateral complexes prolong protein half-life. It is possible that 

MEGF10 lateral interaction protects it from spontaneous activation or degradation 

pathways.  
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Third, dimer formation may be important in MEGF10 protein folding and 

trafficking. Past studies on the β2-adrenergic receptor (β2AR) (98) and potassium 

channels (99) have demonstrated that homo-dimerization plays a role in ER export and 

cell surface targeting. In contrast, results on the Insulin receptor provide evidence that 

dimerization impairs its binding to chaperone proteins and induces ER retention (100). 

Our co-immunoprecipitations between MEGF10 and pre-secreted soluble MEGF10 

truncations indicated that MEGF10 multimers are formed in the secretory pathway. As a 

result, it is possible that MEGF10 folding and membrane trafficking may be regulated by 

its monomer-dimer transition similar to these membrane proteins. 
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4. Unbiased approach to uncover molecular players 
involved in MEGF10-mediated homotypic repulsion 

4.1 Introduction 

Previous studies have discovered Megf10 as a cell type-specific recognition cue 

involved in certain retinal neuron pattern (17,68). MEGF10-MEGF10 interaction activates 

homotypic repulsion and leads to the regular array of starburst amacrine cells. However, 

as the first identified homotypic recognition cue, the molecular mechanism of how 

MEGF10 signals remains largely unexplored. Since Megf10 belongs to a family of genes 

known to play key roles in the phagocytic clearance of cellular debris, most of the 

interactions identified are restricted to its signaling in engulfment pathways (38,45,47,51). 

None of these studies elucidates how MEGF10 is activated in neurons, nor is it clear if 

similar molecular pathways are shared between phagocytosis and homotypic repulsion. 

Therefore, we aim to specifically identify molecules involved in MEGF10-mediated 

homotypic repulsion. 

Previously discovered MEGF10 interacting proteins can be divided into three 

categories: extracellular ligands that initiate MEGF10 signaling, direct signaling 

molecules that participate in MEGF10 signal transduction, and molecules that execute 

cellular processes upon MEGF10 activation. On the extracellular side, two MEGF10 

ligands have been biochemically validated to have direct interaction with MEGF10. A 

previous study showed that MEGF10 binds with C1q through dot blot and surface 

plasmon resonance assays (47). The authors claimed that C1q functions as a bridge to 
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Phosphatidylserine (PS) for cellular debrides uptake. Singh et al. reveals that MEGF10 

can function as a receptor to uptake Amyloid-β (48). These interactions appear 

phagocytosis specific and are less likely to serve as cell surface cues for cell-cell 

recognition. On the intracellular side, the MEGF10 signaling pathway in neurons needs 

investigation. However, studies on its signaling in phagocytosis have revealed 

evolutionarily conserved signaling pathways downstream of MEGF10 and its 

orthologues. Biochemical and genetic evidences in C. elegans, Drosophila, and mouse 

have demonstrated that Syk, GULP, Src, and TRPP are involved in the MEGF10 

signaling cascade (40,43,101,102). Previous research also discovered that upon activation, 

MEGF10 signaling can involve processes such as membrane trafficking and actin 

cytoskeleton reorganization (45,51,57). In addition, studies in myoblasts have discovered 

an interaction between MEGF10 and Notch1 facilitated through their intracellular 

domains (50).  

On one hand, it is possible that MEGF10-mediated homotypic repulsion shares 

molecular players with its phagocytic pathway.  We may obtain useful information 

through testing known MEGF10 interacting proteins in our system. On the other hand, 

novel and neuronal-specific MEGF10 interactions may be responsible for homotypic 

recognition. In order to obtain a full image of molecules involved in cell-cell recognition, 

we decided to use an unbiased approach to uncover the molecular mechanism 

underlying MEGF10-mediated homotypic repulsion. We planned to first optimize the 
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experimental conditions for pulling down native MEGF10 and the proteins associated 

with it. Next, we performed mass spectrometry to uncover the identities of potential 

MEGF10 binding molecules. Previously known proteins DYNAMIN1 and TRAF4 that 

are in the MEGF10 signaling pathway were identified in our analysis. Our unbiased 

immunoprecipitations detected candidates including cytoskeletal proteins, motor 

proteins, and chaperones. These proteins indicate that MEGF10-mediated homotypic 

repulsion may involve cellular processes, such as cytoskeleton reorganization, and 

provide clues for how MEGF10 signaling may be regulated. 

4.2 Optimizing MEGF10 pull down conditions 

To identify molecules involved in MEGF10 mediated homotypic recognition, we 

decided to pulldown MEGF10 complexes and to uncover the identities of its interacting 

proteins through LC-MS/MS analysis. Researchers have conducted MEGF10 pulldown 

previously with antibodies against epitope tags in transfected heterologous cells (103). 

This method will not allow us to uncover neuronal MEGF10 pathways. To study the 

specific molecular mechanism underlying homotypic recognition, we need to conduct 

our study with neural tissue. Since no endogenously tagged MEGF10 mouse was readily 

available and it is technically challenging to express it virally in the correct cell types at 

P6 (time of high native MEGF10 expression), we decided to immunoprecipitate native 

MEGF10 protein with an antibody against MEGF10.  
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To achieve our goal, we first need to find a working antibody and optimize 

pulldown conditions. To select an antibody to use for MEGF10-pulldown we set up a 

system in HEK293T cells to quickly assay immunoprecipitation efficiency. In this 

system, we transfected GFP-tagged MEGF10 into HEK cells in which GFP-pulldown can 

function as a positive control. Further, this set up allows quick MEGF10 identity 

confirmation: double staining with anti-MEGF10 and anti-GFP can reveal if the protein 

pulled down is indeed MEGF10-GFP. We performed these pulldowns in transfected cell 

lysates with anti-GFP, a previously validated anti-MEGF10 (17), and control IgG in 

NP40 lysis buffer. Anti-MEGF10 pulldown stained positive for both anti-MEGF10 and 

anti-GFP and the bands are at the same molecular weight as the MEGF10-GFP 

immunoprecipitated with anti-GFP (Fig. 13A). Our results verified our selection of anti-

MEGF10 antibody is capable of pulling down MEGF10. We additionally tested this 

antibody’s capability of isolating native MEGF10 from retinal lysates. A band at 140 kDa 

was pulled down and runs at a similar molecular weight as reported (46) (Fig. 13B). This 

band runs higher than the predicted molecular weight of MEGF10 due to extensive post-

translational modifications (46). The absence of such band in the IgG control supports 

that anti-MEGF10 specifically pulled down MEGF10 protein from retinal lysate (Fig. 

13B).  
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Figure 15: MEGF10 IP with transfected HEK293T cell and retina. 

A) Immunoprecipitation from lysates of HEK293T cells transiently transfected with 

MEGF10-GFP. From left to right: IP with anti-MEGF10, with anti-GFP, and with control 

IgG. Western blots with anti-MEGF10 and anti-GFP. Anti-MEGF10 can pull down 

MEGF10 proteins from HEK293T cell lysate and the band was confirmed with anti-GFP 

staining. B) Immunoprecipitation from P6 retinal lysates with anti-MEGF10. Western 

blot with anti-MEGF10 from left to right: IP with anti-MEGF10 and control IgG. 

Since retinal MEGF10 is only expressed in starburst amacrine cells and horizontal 

cells at P6 with limited amount of MEGF10 protein, we found it challenging to collect 

sufficient protein for downstream analysis from retinal tissue. To solve this limitation, 

we needed to perform our pulldown with a neural tissue containing abundant MEGF10. 

It has been previously reported that MEGF10 is expressed at high levels in the cerebellar 

stellate cells (45). With Megf10 in situ hybridization and immunohistochemistry on 

cerebellar tissue (data not shown) and cultured cerebellar neurons (Fig. 14A), we find 

that MEGF10 protein is highly expressed in P6 cerebellar neurons. Further, when 

cerebellar lysate was used in an immunoprecipitation experiment, MEGF10 proteins 

appear in the input lanes and can be pulled down with anti-MEGF10 antibody, but it 
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remains in the flow through when control IgG is used (Fig, 14B). After establishing that 

cerebellum can be used for MEGF10 pulldown, we were able to set up downstream 

analytics with proteomics and obtain enough material for biological and technical 

replicates.  

MEGF10 is a transmembrane protein that is not soluble in aqueous solution. 

However, strong detergent may split up its native associations. Therefore, it is essential 

to optimize the lysis/pulldown buffer to achieve maximum solubilization of MEGF10 

while maintaining its native interacting complexes intact. We first tested what buffer 

system will efficiently solubilize MEGF10 as determined by acquiring sufficient counts 

of MEGF10 peptides in proteomic analysis. 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), Tris-buffered saline (TBS) and Phosphate-

buffered saline (PBS) based buffers were tested. Calcium and magnesium ions were 

added to aid the stabilization and binding ability of EGF domains during experimental 

processes (104,105). PBS provided maximum MEGF10 peptide counts (>15 peptides) 

compare to the other two (HEPES: ~5 and TBS: 2-3 peptides). Non-ionic detergents, 

widely used in membrane anchored protein complex isolation, were selected to preserve 

protein-protein interactions while ensuring MEGF10 solubilization (106,107). Two 

detergents widely used in isolating membrane protein complexes, n-octyl-β-D-glucoside 

(OG) and n-Dodecyl-B-D-Maltoside (DDM), were tested. Using 1% OG resulted in the 

most abundant MEGF10 peptide counts (>15 compared to <10 from the DDM runs) and 
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less detergent carried over in downstream analysis. In addition, the antibody to amount 

of protein in the lysate to beads ratio was also optimized. To maximize the chances of 

capturing MEGF10 interacting complexes, we also tested chemically crosslinking tissue 

prior to lysis with reagents such as dithiobis(succinimidyl propionate) (DSP), 

glutaraldehyde, and bis(sulfosuccinimidyl)suberate (BS3) (data not shown). However, 

chemical crosslinkers reduced MEGF10 solubility as well as its ability to bind to the 

antibody. As a result, we performed all experiments with 1% OG in a PBS based buffer 

with addition of ions. Figure 14B is a representative example of the pulldown result. 

 

Figure 16: Cerebellum MEGF10 expression and IP. 
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A) Dissociated culture of P3 mouse cerebellar neurons cultured for 6 days stained with a 

neuron marker (β-III Tubulin) and MEGF10 to visualize MEGF10 expression in the 

cerebellum. B) Immunoprecipitation from P6 cerebellar lysates with either anti-MEGF10 

or control IgG as indicated in the bottom of the western blot. Western blot was stained 

with anti-MEGF10. MEGF10 protein showed up in the lysate inputs, the flow through of 

IgG control, and the elution of the anti-MEGF10 IP.  

In the initial experimental set up, we performed pulldown with MEGF10 

antibody using none-specific IgG as the control. Our preliminary runs have yielded 

proteins with high peptide counts as compared to the IgG controls. However, these 

peptide counts are abnormally high (at least triple that of MEGF10). Moreover, they are 

mostly nuclear and mitochondrial proteins, such as Ribosome binding protein 1 and 

Acetyl-coA carboxylase 1, which are not even located in the same cellular compartment 

as MEGF10. It is possible that the MEGF10 antibody is binding directly to these proteins. 

That means these proteins are false positives that do not associate with MEGF10 but 

were precipitated because of their interaction with the pulldown reagent. A tissue 

missing MEGF10 will be a better control to eliminate these false positives. Consequently, 

we used a better control: cerebellar lysates from Megf10-/- mice (Fig. 15). If proteins are 

indeed binding with the MEGF10 antibody rather than in a MEGF10 complex, we 

should not see a change in these proteins from Megf10-/- pulldowns. MEGF10 was only 

precipitated with the wildtype tissue and missing in the Megf10 mutant tissue (Fig. 15). 

As we predicted, those proteins will appear in MEGF10 mutant controls as well. 

Therefore, we used mutant controls to ensure candidates for MEGF10 interaction do not 

contain unwanted proteins that directly bind with the antibody. 



 

67 

 

Figure 17: Cerebellum MEGF10 IP with Megf10 knockout control. 

Immunoprecipitation with anti-MEGF10 from either P6wildtype or Megf10 null 

cerebellar lysates as indicated at the bottom of the western blot. Western blot was 

stained with anti-MEGF10. MEGF10 protein showed up in only wildtype lysate input 

and the elution of anti-MEGF10 IP. 

4.3 Analysis of proteomic results 

After figuring out our experimental set up, we conducted experiments to identify 

potential MEGF10 interactions. First, we decided to conduct our analysis on experiments 

with our optimized buffer condition (1% OG in PBS with ions) where MEGF10 peptides 

are consistently high. This cut-off of MEGF10 peptide counts ensured the quality of 

proteomic runs as well as increased the peptide counts of candidate proteins. We then 

performed analysis to extract the high confidence candidates from our proteomics 

results. We eliminated two kinds of candidates: 1) candidates that had just one peptide 

detected across all experiments and 2) candidates that had appeared in the mutant 

controls. For the first criterion, proteins that have only one peptide detected usually 

have high p-values when comparing wildtype mutant counts and therefore are unlikely 



 

68 

to be real. With the second criterion, we based the majority of our analysis on 

experiments with a MEGF10 mutant control to avoid false positives caused by direct 

interaction with anti-MEGF10 instead of the MEGF10 protein. Third, we looked up the 

location and function of these candidates in the cell to evaluate if it was possible for 

them to interact with MEGF10. Since MEGF10 is not found in the nucleus, we were able 

to exclude nuclear DNA binding proteins from our candidate list. With the above 

analysis, we were able to compile data from all runs (3 runs with MEGF10 knockout 

controls and 2 with IgG controls) into a candidate list (Table 3, 4) and conduct further 

analysis.  

Table 3: MEGF10 interacting candidates. 

 

Protein name Function / localization R1 R2 R3 CD1 

Dynamin-1 (Dnm1) Vesicular trafficking / 

Cytoskeleton, cytoplasm 

 3  5 

Guanine nucleotide-

binding protein G(o) 

subunit alpha (Gnao1) 

G protein / Membrane  3 4  

Isoform 3 of 

Unconventional myosin-

Ic (Myo1c) 

Motor / Plasma membrane 8    

Cytospin-A (Specc1l) Actin cytoskeleton regulator / 

Cytoskeleton 

7    

Coronin-2B (Coro2b) Cytoskeleton regulator / 

Cytoskeleton 

6    

Beta-spectrin 4 (Sptbn4) Structure protein / 

Cytoskeleton 

5    

Alpha-internexin (Ina) intermediate filament / 

Cytoskeleton 

5    

Dedicator of cytokinesis 

protein 7 (Dock7) 

Developing axons / 

Cytoskeleton 

5    

Myosin-7 (Myh7) Motor protein / Cytoskeleton 3    
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Isoform 2 of Myosin 

phosphatase Rho-

interacting protein 

(Mprip) 

Motor protein / Cytoskeleton 3    

Nexilin (Nexn) Cell adhesion / Cytoskeleton 3    

78 kDa glucose-regulated 

protein (Hspa5) 

Chaperone / Endoplasmic 

reticulum, Extracellular 

region or secreted 

3    

Angiopoietin-1 (Angpt1) Receptor tyrosine kinase 

binding / Extracellular region 

or secreted 

3    

Isoform Short of 

Serine/arginine-rich 

splicing factor 3 (Srsf3) 

Splicing factor / Nucleus 3    

Isoform Alpha of LIM 

domain and actin-binding 

protein 1 (Lima1) 

Actin binding / Cytoskeleton, 

plasma membrane 

2    

T-complex protein 1 

subunit epsilon (Cct5) 

Chaperone / Cytoskeleton, 

Cytoplasm 

2    

Isoform 3 of Junction-

mediating and -regulatory 

protein (Jmy) 

Cytoskeleton regulator /   

Cytoskeleton 

2    

Nascent polypeptide-

associated complex 

subunit alpha muscle 

specific form (Naca) 

Protein transportation / 

Cytoplasm and Nucleus 

 2   

Myosin regulatory light 

polypeptide 9 (Myl9) 

Cytokinesis, receptor capping 

and cell locomotion / 

Cytoskeleton and Cytosol 

2    

Table 3 shows our top candidates with at least 2 peptide counts and no 

appearance in the mutant control experiments from mutant control runs. These proteins 

are found in cellular compartments that would allow for MEGF10 interaction. More than 

half of the proteins identified are cytoskeleton elements or regulators. The rest include 

motor proteins, cell surface proteins, chaperones and two nuclear proteins (Table 3). 
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Most of the proteins are localized to expected cellular locations accordingly, which 

added confidence to the results. When compared across experiments, candidates have 

low repetition. Dynamin-1 (Dnm1), Guanine nucleotide-binding protein G(o) subunit 

alpha (Gnao1) (Table 3), and  Molybdenum cofactor biosynthesis protein 1 (Mocs1) 

(Appendix A: Table 4) are the few hits that repeated between runs. The rest of the 

proteins are only detected once in our proteomics analysis. Regardless of their low 

replicability, their absence in the knockout and IgG controls made them credible 

candidates. 

To select the candidates that we will further validate, we compared their 

expression in target retinal cell types with a microarray gene expression data set that 

was acquired at the time of  mosaic refinement and high neuronal MEGF10 expression 

(17). We also included their common orthologues in this analysis considering that some 

gene orthologues have tissue specificity. None of the candidate gene expression patterns 

in the retina mimics that of the MEGF10 one: specifically high in starburst amacrine and 

horizontal cells. Dnm1, Alpha-internexin (Ina), Coronin-2B (Coro2b), Contactin-

associated protein-like 2 (Cntnap2), and Uhrf1bp1 (Uhrf1bp1), are comparably higher in 

starburst amacrine cells but also expressed in other retinal cell types. The rest of the 

genes express in relatively low or consistent abundance across cell types suggesting that 

they may be cerebellar-specific genes.  
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Notably, our pulldown discovered two molecules, Dynamin1 (Table 3) and Traf4 

(Table 4), that are in the same pathway as MEGF10 (49,108,109). When categorized 

according to their function, we find that most of the candidates are involved in 

cytoskeletal organization and protein transport (Fig. 16). Studies on phagocytic 

mechanism show that cytoskeleton changes and membrane dynamics are activated 

through MEGF10 signaling (42,45). Our results support that these mechanisms are 

shared between engulfment and recognition-triggered repulsion. 

 

Figure 18: Potential MEGF10 interacting protein function classification. 

Bar graph representing potential MEGF10 interacting proteins organized according to 

their cellular functions. Classifications were determined through reviewing protein 

databases (UniProt). Proteins in each category were from Table 3 which included hits 

that were identified in wildtype but not mutant control experiments. The three most 

prevalent groups were cytoskeletal, motor proteins, and chaperones. 

4.4 Validation of candidate molecules 

One candidate we decided to validate from our above analysis is Dynamin. 

Dynamins belong to a superfamily of GTPases (110). There are three isoforms of 
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Dynamins in mammals and all three are expressed in the retina. Their role in membrane 

dynamics and vesicle trafficking has been well-characterized (111). DYNAMIN1 was 

detected in the proteomics analysis with 5 peptides, which was significantly different 

from the zero DYNAMIN1 peptides detected in the MEGF10 knockout control. In 

addition, all three dynamin proteins, DYNAMIN1, 2, 3, are expressed in the retina 

during mosaic formation (Fig. 17). DYNAMIN1 is the expressed throughout the retina, 

DYNAMIN 2 expression is confined to the inner segment of the photoreceptors, and 

DYNAMIN 3 is mostly IPL-specific (Fig. 17) (112). Additionally, it has been discovered 

that DYNAMIN has a genetic interaction with MEGF10 C. elegans orthologue, Ced-1, for 

the engulfment and degradation of apoptotic cells (108,109). With the high peptide 

counts of DYNAMIN1 from our mass spectrometry analysis and previous knowledge on 

MEGF10 and DYNAMIN1 in the same pathway, we decided to assess whether MEGF10 

and DYNAMIN1 directly bind with one another. 
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Figure 19: Expression of Dynamins in retinal neural cell types.  

Relative expression level of Dynamin1, Dynamin2, and Dynamin3, and the known 

starburst amacrine cell markers Chat, Calbindin, and Islet1 in thirteen retinal cell types 

including amacrine, bipolar and retinal ganglion cell subtypes analyzed with 

microarray. Level in starburst amacrine cells set to 1.0 and other cell types normalized 

accordingly.  

To test if MEGF10 and DYNAMIN1 interact, we performed co-IP of MEGF10 and 

DYNAMIN1. HEK 293 T cells transfected with MEGF10-FLAG and/or DYNAMIN1-GFP 

were solubilized in 1% NP40 lysis buffer and immunoprecipitated with anti-FLAG or 

anti-GFP. MEGF10-FLAG and DYNAMIN1-GFP were detected in the corresponding 

inputs and IP lanes and not in the IgG controls. However, DYNAMIN1 does not appear 

when pulling down MEGF10 and vice versa. These results indicate that MEGF10 and 

DYNAMIN1 are unlikely to interact directly. It is also possible that MEGF10 and 

DYNAMIN have a weak transient interaction, which cannot be probed through co-IP. 
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Figure 20: DYNAMIN1 and MEGF10 do not co-immunoprecipitate 

Co-IP from lysates of HEK 293 T cells transfected with indicated MEGF10-Flag and/or 

DYNAMIN1-GFP. Western blot with antibodies against GFP or Flag as indicated on the 

left side. A) IP with anti-GFP and rabbit IgG control did not pull down MEGF10-FLAG 

(2nd lane from right). B) IP with anti-FLAG gave similar results (2nd lane from right).  

Although lacking direct interaction, it is possible that DYNAMIN1 and MEGF10 

exist in the same complex to mediate homotypic repulsion. To test this, we performed 

experiments in a heterologous system. When transfected with MEGF10, HEK293T cells 

exhibit non-overlapping patterns with MEGF10 protein at the basal membrane and 

tightly adhered to the coverslip (Fig. 19AB) (17,38). In contrast, when expressed in HEK 

cells, DYNAMIN1 is found vesicles and forms homo-oligomers (113). MEGF10 and 

DYNAMIN1 have distinct expression patterns when expressed alone and if they do 
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interact, colocalization will be visualized when co-transfected. To test our hypothesis, 

we co-transfected DYNAMIN1-GFP and MEGF10-FLAG into HEK cells. 

MEGF10∆CYTO-FLAG, a version with only 9 amino acids in the cytoplasmic domain 

incapable of interacting intracellularly, was used as a control. In addition, to eliminate 

the possibility that DYNAMIN1 self-association is competing against its interaction with 

MEGF10, we used DYNAMIN1K44A as a control. This form of DYANMIN is a form that 

cannot homo-oligomerize (114) and may promote DYNAMIN1-MEGF10 binding. 

Consistent with the co-IP results, we do not observe any signs of co-localization between 

MEGF10 and DYNAMIN1: MEGF10 is at the cover slip level and forms a non-

overlapping tilling pattern while DYNAMIN1 displays a punctate pattern 

intracelluarlly, well above where MEGF10 is. A similar spatial separation was observed 

in our MEGF10∆CYTO controls. In conclusion, we find no direct interaction between 

DYNAMIN1 and MEGF10 and the previously reported interaction may be indirect (108). 
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Figure 21: Co-expression of DYNAMIN1-GFP and MEGF10-FLAG. 

HEK 293 T cells transiently co-transfected with A) DYNAMIN1-GFP and MEGF10-Flag, 

B) DYNAMIN1K44A-GFP and MEGF10-Flag C) DYNAMIN1-GFP and MEGF10∆CYTO-

Flag, or D) DYNAMIN1K44A-GFP and MEGF10∆cyto -Flag. All forms of DYNAMIN1 

and MEGF10 show similar expression patterns and do not appear to co-localize. 
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4.5 Discussion 

While MEGF10’s role in engulfment has been extensively studied, the molecular 

mechanism of how it mediates homotypic repulsion remains unknown. We conducted 

immunoprecipitation to determine the molecules that participates in MEGF10 signaling. 

As a transmembrane protein, MEGF10 is difficult to study due to its localization in 

membranes and poor solubility in aqueous solution. At the same time, the addition of 

detergent risks dissociating native MEGF10 complexes. To achieve the best pulldown 

results and uncover novel neuronal MEGF10 interactions, we optimized MEGF10 

immunoprecipitation. Using the optimized conditions, we generated a list of MEGF10 

interacting candidates including previously known MEGF10 binding protein Traf4 and 

other unreported interactions. These proteins are mostly involved in cytoskeletal and 

membrane protein folding and transport. We did not observe a direct interaction 

between Dynamin1 and MEGF10, but other candidates need to be examined. 

4.5.1 Pulldown experiment optimization  

In order to obtain a credible candidate list, we optimized our experimental 

protocols to achieve high efficiency and accuracy. The lack of an in vivo labeling method 

led us to use an anti-MEGF10 antibody and directly pull down native MEGF10. This 

MEGF10 antibody is polyclonal, made against the entire cytoplasmic domain of mouse 

MEGF10 (17).  Through testing, we have demonstrated that it is capable of pulling down 

MEGF10 protein and the best immunoprecipitation condition is in a PBS-based buffer. 
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This might be due to the fact that the antigen used for this antibody generation was 

purified and stored in PBS buffer. It is likely that the phosphorylation equilibrium was 

shifted and, as a result, the antibody preferentially binds to phosphorylated MEGF10. 

However, one potential caveat is that MEGF10 immunoprecipitated with PBS will be 

phosphorylated and may lose its binding capacity with molecules that only come 

together in its dephosphorylated state. 

To maximize MEGF10 pulldown efficiency while maintaining it in its native 

state, multiple detergent conditions were tested. Non-ionic detergents were used 

because of their capacity of solubilizing as well as keeping native forms of membrane 

proteins (106). OG was chosen as the best detergent because of its relatively small 

micelle radius, which minimizes trapping a large number of nearby proteins that do not 

actually bind to MEGF10 (106,115). To generate sufficient micelles for solubilizing all the 

membrane proteins, we chose 1% OG, a value just above the critical micelle 

concentration (CMC) but still mild enough to preserve MEGF10 in its natural state. 

Previous immunoprecipitation experiments have demonstrated efficient obtain native 

protein complexes with the same detergent to protein ratio (116). Therefore, we used an 

optimal condition to isolate MEGF10 complexes. In addition, 1% OG was used in all the 

washes and demonstrated efficient removal of MEGF10 from the IgG controls as shown 

in both western (Fig. 14) and LC-MS/MS. 
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To uncover the as many candidates from our eluted pulldown samples as 

possible, we used a modified bead purification protocol to digest and prepare samples 

for LC-MS/MS (117). In short, this method uses both hydrophilic and hydrophobic beads 

to bind to proteins in solution. After dehydration proteins were encapsulated in the 

beads where trypsin was introduced for digestion. Trypsinized peptides were then 

submitted for mass spectrometry analysis. Compared to the in-gel digestion, this 

method is more sensitive and allows us to pick up the proteins that are less abundant in 

the MEGF10 complex. In addition, this method also eliminates the potential problem of 

the manual error when cutting out bands precisely in both the controls and the MEGF10 

runs. Further, in our pilot runs with in gel digestion, we did not recover a sufficient 

amount of MEGF10 for mass spectrometry analysis. As a result, our choice of a bead-

based sample preparation protocol is the most suitable method. However, the IgGs used 

in our experiments were not crosslinked to the beads. Therefore, one caveat of this 

method is that IgGs were also eluted and included in the downstream analysis. The 

inclusion of IgGs may interfere with the detection of candidate proteins, because they 

reduce the likelihood that MEGF10-interacting peptides will be detected. To solve this 

problem, we reduced the amount of IgG in the sample by eluting at lower temperature 

for a longer period of time because the IgG-protein G interaction is stronger than the 

MEGF10-IgG interaction. 
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4.5.2 Data quality 

During data processing, we established stringent cut-offs to obtain a credible 

candidate list. One of the problems with our preliminary runs is the appearance of 

mitochondrial and nuclear proteins. These proteins do not interact with MEGF10 and 

they only precipitated because they directly associate with the anti-MEGF10 antibody. 

We resolved this problem by using Megf10 knockout tissue as a control. With this 

control, we eliminated false positives from our list. Cerebellar tissue has sufficient 

amounts of MEGF10, which allows us to set up age-matched litter-mate controls and 

technical controls during mass spectrometry analysis. Top candidates have good peptide 

read counts and demonstrated significant differences from the control runs. However, it 

is concerning that only a few candidates were discovered across different runs. This low 

reproducibility might be caused by the low MEGF10 counts and high interference from 

IgG. 

There are serval screens designed to uncover what molecules interact with 

MEGF10.  Yeast two hybrids discovered that AP50, BAI1-associated protein 2, E2aPbx1-

associated protein, and SERTA Domain Containing 1 interact with the MEGF10 

cytoplasmic domain (45,118). A proteomics analysis on over expressed MEGF10 in a 

heterologous system showed interaction with AP50 and β-actin (45). We only identified 

one previously known MEGF10 binding protein, Traf4 (49), but our potential proteins 

overlaps in molecular function with previously identified interactions. Our potential 



 

81 

interactor list aligns with past results that most of the potential interactions we find are 

extracellular proteins, in the secretory pathway, or in phagocytic pathways (Table 3, 

Table 4). In contrast, some proteins identified in the literature to bind with MEGF10 

show no significant difference from the control or in some cases are even higher in the 

control runs. These include proteins such as C1q and β-amyloid, which have both been 

previously discovered to interact directly with MEGF10 (47,48). It is possible that these 

interactions are absent during development and a pulldown targeting phagocytic cells 

may identify these binding events. 

4.5.3 Implication of MEGF10 functions 

The majority of the proteins we identified are adhesion, membrane trafficking 

and cytoskeletal proteins, which suggests that MEGF10-mediated homotypic recognition 

may involve processes including transcellular interaction as well as membrane and 

cytoskeleton reorganization. Alpha-actinin-2 (Actn2), Myosin, and Dynamin have been 

implicated in neuron migration and neurite out-growth (119,120). These observations 

are in line with the fact that Megf10 mutant starburst amacrine cells migrate slower and 

have neurite outgrowth defects (19). Perhaps missing MEGF10 disables the activation of 

crucial processes for neurite growth and positioning, such as membrane trafficking and 

cytoskeleton reorganization. Chaperone proteins, such as Kdelc1, have been implicated 

in the trafficking of transmembrane proteins and are important in regulating the 

membrane presence of other multiple EGF domain proteins (121). Chaperones identified 
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may be important in trafficking MEGF10 and therefore modulate neuron-neuron 

recognition during development. 

Although we did not discover a direct interaction in our heterologous system 

between Dynamin1 and MEGF10, it is possible that HEK293T cells do not have the 

conditions or molecular players that are necessary to bring them together. These two 

proteins exist within the same complex in previous studies and our pulldown results. 

Previous studies in C. elegans and HEK cells have demonstrated a strong genetic 

interaction between the two proteins and their role in membrane trafficking. A retinal 

Dynamin1 pull down experiment has discovered molecules, such as Liam1, Myosin, 

Actin, and Spectrin (112), that were discovered in our MEGF10 pulldown. This overlap 

further confirms that these two proteins function in the same pathway. Since homotypic 

repulsion involves neurite morphology changes that require membrane trafficking, it is 

likely that Dynamin1 is not only involved in MEGF10-mediated phagocytosis but also 

potentially involved in MEGF10-mediated homotypic repulsion. 
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5. Determine the role of Megf10 in glial network 
formation 

5.1 Introduction 

Many types of neurons and glia exhibit a phenomenon called “tiling,” whereby 

neighboring homotypic cells exhibit minimal overlap of their arbors so that each cell 

covers a unique territory (122,123). In sensory neurons, tiling allows individual cells to 

process information in parallel, thus permitting spatial discrimination (122). Why glia 

tile in the central nervous system (CNS), however, is entirely unknown. Whatever the 

purpose, it must have a deep evolutionary origin, since glial tiling is observed in C. 

elegans glia (124), Drosophila astrocytes (125), and numerous glial cell types throughout 

the vertebrate CNS including astrocytes (126,127) and oligodendrocyte progenitors 

(OPCs) (128). One possible purpose for glial tiling relates to their critical role in synapse 

formation, maintenance, and function (129). Perhaps tiling ensures that the brain will 

not have gaps devoid of glial coverage that would impair synaptic connectivity. 

However, it remains unknown what functional significance distinct glial territories may 

play in synapse physiology. If we knew the molecular mechanisms that produce tiling, 

we would have access to tools for perturbing glial territories and thereby studying the 

functional importance of glial tiling in neural circuit formation. Unfortunately, the 

details of these mechanisms remain completely unknown. In fact, no molecules 

mediating neuronal or glial tiling have yet been identified in vertebrates. 



 

84 

One molecular candidate that could be involved in glia tiling is Megf10. Based on 

previous studies on Drosophila astrocytes (125), zebrafish Müller glia (130) and mouse 

OPCs (131), we hypothesize that glia tiling is achieved through contact mediated 

homotypic repulsion, a repellent interaction between processes of the same cell type. 

Megf10 is a known retinal neuron homotypic repulsive cue that is also expressed in 

Müller glia (17). In addition, Megf10 expression in Müller glia starts around the same 

time as the onset of tiling, which makes it an excellent candidate (17). Therefore, we 

want to investigate whether Megf10 can function as a homotypic recognition cue in glial 

cells by studying its necessity in glial tiling formation and maintenance. 

Before investigating the role of Megf10 in glial network organization and 

development, we first need to find a system that is anatomically defined and genetically 

accessible. The mouse retina is a good system to answer these questions because we can 

take advantage of prior anatomical knowledge and genetic tools that can be used to 

dissect the glial network. The retina is a stratified sheet of neural tissue comprise of three 

layers of cell bodies separated by two layers of synapses. The neural circuits of the retina 

are organized in both the radial (vertical through the thickness of the retina) and 

tangential (horizontal, parallel to the retinal surface) planes. Radially, photoreceptors 

located in the outer nuclear layer (ONL) send information across layers to multiple 

downstream target neurons that act in parallel to process distinct aspects of the visual 

scene. These parallel circuits are then duplicated tangentially, across the extent of the 
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retina, to build the visual field (132,133). The organization of neurons in these two 

planes is accompanied by similar patterning of Müller glia, the most numerous glial cell 

type in the retina. These cells play a vital role in maintaining the health and integrity of 

retinal tissue. Like protoplasmic astrocytes in the brain, Müller glia have diverse 

physiological functions including regulation of synapse development, neurovascular 

coupling, electrolyte balance, and cellular metabolism (134). Müller glia also make 

important contributions to the structural integrity of the retina. Because of their crucial 

roles, Müller glia must be present in sufficient number at each retinotopic location, and 

in each layer, to support the function of the retinal circuitry at that position. However, 

before we can start to study the molecular mechanism of glial tiling, much remains 

unknown about how individual Müller glia and the population as a whole are 

apportioned in the retinal volume. Understanding the anatomical arrangement of Müller 

glia in the adult retina, and how it arises during development, will provide important 

insight into the specific interactions between Müller glia and neurons that support visual 

function. Wild type characterization will also provide important insights and create a 

quantifiable reference for comparison when studying the role of Megf10 in tiling. 

5.1.1 Morphology and organization of Müller glia 

The morphology of Müller glia has been studied using Golgi impregnation and 

immunohistochemistry in a variety of vertebrate species, including rabbit, tree shrew, 

turtle, horse, rat, and mouse (135-139). From these studies, we know that Müller cells 
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have a conserved bipolar morphology in the radial plane. Their somas reside at the 

center of the middle cell body layer, the inner nuclear layer (INL), from which radially 

oriented processes emerge to span the thickness of the neuroretina. As they traverse the 

retina, Müller glia adopt a distinct morphology at each retinal layer: 1) conically 

branching endfeet densely ensheathe neurons and blood vessels in the ganglion cell 

layer (GCL) and form the inner limiting membrane (ILM); 2) fine processes ramify in 

both synaptic layers, the inner and outer plexiform layers (IPL and OPL); 3) the vertical 

stalk divides to weave through the ONL, surrounding photoreceptor cell bodies and 

forming the outer limiting membrane (OLM); and 4) microvilli extend past the OLM to 

associate tightly with photoreceptor inner segments. The remarkable subcellular 

specialization of Müller glia across retinal layers presumably reflects the distinct 

functions they perform at each layer. For example, they subserve crucial structural roles 

at the limiting membranes and in the plexiform layers they support synaptic function in 

a manner similar to brain protoplasmic astrocytes (134,140-144). Given that the IPL can 

be further divided into sublaminae containing various types of synapses with different 

functions (12), it is possible that Müller glia may also display sublaminar specializations 

that have previously not been appreciated.  

In the tangential plane, Müller glia spatial patterning manifests in the retinotopic 

distribution of their cell bodies, the arborization of single cells, and the relationship 

between territories of neighboring cells. Cell body distribution has been studied in 
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several species. In contrast to their conserved radial morphology, the density of Müller 

glia can vary by over six-fold depending on species and retinal location (145). In rabbit, 

for example, Müller glia are most dense along the visual streak in central retina where 

neurons are most numerous, and their density declines by three-fold along the vertical 

meridian into the periphery (137). This finding supports the intuitively appealing idea 

that the number of glia is determined by the number of neurons they support. However, 

whether such a rule is universal or is limited to rabbit remains unexplored.  

Compared to the arrangement of Müller glia cell bodies, we know much less 

about the fine-scale pattern of Müller arbors in the tangential plane. One reason for this 

is that Golgi studies are better suited to revealing single-cell anatomy than the cell-cell 

interactions that build Müller glia networks. Further, immunohistochemistry against 

common glial markers, such as glutamine synthetase and glial fibrillary acidic protein 

(GFAP), is a poor tool for revealing fine lateral processes. Because GFAP staining only 

labels ~15% of the volume of protoplasmic astrocytes (146), there is reason to suspect 

that Müller glia morphology, particularly in the plexiform layers, has not been fully 

appreciated by staining for typical markers. Even with these limitations, the anatomical 

data to date suggest that Müller glia arbors form a continuous network filling each 

retinal layer (144), as might be expected given the crucial functions of Müller glia and 

the potential deleterious consequences of leaving parts of the retina bereft of glia. How 

this network forms, and how individual cells contribute to it, is unclear. Brain astrocytes 



 

88 

exhibit a phenomenon called “tiling” – they fill the neuropil with exclusive, minimally-

overlapping arbors that create synaptic domains governed by single astrocytes (126,146-

148). Some types of retinal neurons also tile (149), but whether Müller glia coordinate 

their territories in mammalian retina by a similar mechanism is not known. 

Notably lacking from past Müller glia comparative anatomy studies is the 

mouse, an increasingly important model system for visual neurobiology (150). Two 

previous studies have used vimentin immunohistochemistry to label mouse Müller glia 

(139,145), but the radial morphology of Müller glia has not been examined by Golgi or 

other cell-filling techniques, and the tangential patterning of cell bodies and arbors have 

not been investigated.  

5.1.2 The expression and function of Megf10 in glia cells 

Megf10 is enriched in astrocytes, Müller glia, oligodendrocyte progenitors, and 

Bergmann glia(52). As an orthologue of the CED family phagocytic-pathway genes, its 

functions in axon pruning and phagocytosis of apoptotic cells have been extensively 

studied. In vitro and in vivo studies demonstrated its phagocytic capabilities while 

biochemical studies have uncovered proteins, GULP1 and ABCA1, are required in the 

same pathway (51). Previous studies have focused on the role of Megf10 as a phagocytic 

receptor in glia cells but have not examined its role in astrocytes development.  Megf10 

expresses early in glial development and persists into adult glia (17,52). This neuronal 

homotypic repulsive cue is expressed at the onset of tiling, making it a good candidate 
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for glia-glia recognition. In addition, while phagocytosis is a process that seems very 

different from homotypic repulsion, some of the molecular programs may be shared. For 

instance, MERTK mediated phagocytosis works through the integrin pathway to 

rearrange the actin cytoskeleton (52). Similarly, to repattern in respect to its homotypic 

neighbor, a glia cell needs to reorganize its cytoskeleton upon interacting.  

Although Megf10 is a good molecular candidate for glial tiling, its function in 

glial cell morphology, organization, and development remains unexplored.  Using the 

genetic and imaging tools we developed, we first characterized Müller glia morphology, 

organization, and development. This part of the thesis has been published (151). Next, 

we tested whether Mefg10 plays a role in its network formation and maintenance. Our 

results demonstrated that Megf10 does not play a role in Müller glia territory tilling. 

These results further indicated distinctive roles of Megf10 in neurons and glia. 

5.2 Analysis of Müller Glia morphology and organization 

Before we can start to study the molecular mechanism of glia tiling, we aim to 

first characterize the arrangement of Müller glia in the adult retina, and how their 

patterning arises during development. These results will provide insightful 

understanding of Müller glia and serve as a quantitative reference to study Megf10. We 

will then use the genetic tools developed in our lab to exam whether Megf10 is needed 

for Müller glia morphology and network formation. 
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5.2.1 Radial Morphology of Individual Müller Glia across Retinal 
Layers 

We first sought to describe the cellular morphology of Müller glia in mouse 

retina. We reasoned that a membrane-targeted fluorescent protein might provide 

improved labeling of fine glial processes relative to immunohistochemical or cytosolic 

fluorescent markers used previously (152). We therefore expressed membrane-targeted 

GFP (mGFP) selectively in Müller glia by crossing GLAST-CreER mice to mTmG Cre-

conditional reporter mice (153), adjusting the dose of tamoxifen to drive CreER-

mediated recombination in varying numbers of Müller glia. This labeling strategy 

succeeded in revealing fine details of Müller glia morphology. In retinas with extensive 

recombination, we observed a confluent network of Müller arbors that fills the volume 

of the retina in each layer (Fig. 20D). In retinas with sparse recombination, the 

morphology of individual Müller glia could be clearly visualized, from the thick vertical 

stalk to small branches and microvilli (Fig.20C). 



 

91 

 

Figure 22: Müller cells have radially-oriented bipolar stalks with layer-specific 

branching morphology. 

A) Cross-section of adult mouse retina stained with Sox9 to show Müller glia (MG) 

nuclei in INL, and counterstained with nuclear marker (Hoechst) to reveal major retinal 

layers. Text labels indicate cell body layers (GCL, INL, ONL), synaptic layers (IPL, OPL), 

and approximate location of limiting membranes (ILM, OLM). B,C) Morphology of 

individual mGFP-expressing MG from GLAST-CreER; mTmG mice, viewed in cross-

section (B) or en face (C). C depicts the same cell imaged at different planes of a flat 

mount. Image in B is scaled to approximately match layers in A. Note morphological 

specializations at each layer: OLM, microvilli; ONL, processes intercalated between 

photoreceptor cell bodies; OPL and IPL, extensive fine branches; INL, MG cell soma; 

ILM, broad branches and endfeet. D,E) Retinas with dense MG labeling, showing 

confluence of MG arbors in synaptic layers and limiting membranes. D: Cross-section 

view; tdTomato fluorescence from unrecombined mTmG cells (left) counterstains 

synaptic layers (arrowhead, OPL; vertical bar, IPL). E: Flat mount en face view, showing 

confluent arbors of neighboring MG. F,G) MG branches are closely associated with 

CD31+ blood vessels (F, arrows). MG often have long horizontal branches (G, arrows) in 

the plexiform layers which can terminate on blood vessels. Scale bars (in µm): 15 (A,B), 5 

(C), 25 (D,F), 10 (E,G). 
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To document how Müller glia morphology varies across retinal layers, we 

examined single cells in cross-sections, and by tracking them through Z-stacks spanning 

the entire thickness of retinal whole-mounts (Fig. 20B-C). We observed distinct 

morphologies at synaptic layers, cell body layers, and limiting membranes. First, in the 

synaptic layers (OPL and IPL), the central Müller stalks give rise to extensive, fine, 

bushy processes that encompass a volume of neuropil, reminiscent of brain 

protoplasmic astrocytes. While Müller glia territories in these layers surround the 

vertical stalk, they are not uniformly cylindrical (Fig. 20C). Indeed, individual processes 

were observed to protrude laterally, sometimes long distances, from the space-filling 

core of the Müller glia arbor (Fig. 20B,G). The longest side branches, which have been 

termed “horizontal fibers” in other species (154), were frequently observed to terminate 

on blood vessels with endfoot-like structures (Fig. 20G). Second, in the cell body layers, 

Müller glia ensheath neuronal cell bodies. This is most obvious in the ONL, where 

Müller glia fill the space between photoreceptors, highlighting the neuronal cell bodies 

as lacunae surrounded by mGFP-labeled processes (Fig. 20B,C). Individual Müller glia 

sometimes completely surround one or more photoreceptors, but more often their arbors 

form an incomplete polygon around photoreceptor cell bodies (Fig. 20C), implying that 

adjacent Müller glia can cooperate to provide a photoreceptor with its glial sheath. 

Finally, at the limiting membranes, Müller glia arbors extend laterally from the central 

stalk, as in the synaptic layers, but with a distinct morphology. ILM branches can be 
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broader than plexiform branches, and do not fill space in the way that plexiform 

branches do. Further, ILM branches are often accompanied by endfeet (Fig. 20C) that 

contact blood vessels (not shown). OLM branches remain confined to the outlines of 

photoreceptors. They are accompanied by microvilli that extend past the OLM; in other 

species these contact photoreceptor inner segments, and the morphology we observed in 

mouse is consistent with this as well (Fig. 20B,C). Together, our single-cell observations 

of mGFP-labeled cells reveal the trans-laminar fine structure of mouse Müller glia, 

highlighting morphological specializations that likely mediate their interactions with 

blood vessels, neurons, and each other.  

5.2.2 Precise Sublaminar Organization of Müller Glia Arbors within 
the IPL 

A prominent feature of retinal organization in the radial plane is the stratification 

of the IPL into sublaminae that contain the projections of distinct classes of neurons 

(12,155). Given that individual Müller glia generate specialized morphologies across 

retinal layers, we wondered whether they would also show specialization at the 

sublaminar level. Indeed, it has long been known that Müller arbors are not uniform 

across the IPL, and in some species arbors appear to differ in a sublaminar fashion (156), 

but whether arbor variability occurs consistently in particular IPL sublaminae has not 

been examined. To address this question we assessed Müller arbor morphology in 

retinal cross-sections. While Müller glia formed a confluent network at all sublaminar 



 

94 

positions, the density of their arbors appeared greater at the center and the edges of the 

IPL (Fig. 21A).  

 

Figure 23: Müller glia branching patterns differ across IPL sublaminae. 

Adult GLAST-CreER; mTmG retinal cross-sections co-stained for IPL sublaminar 

markers and anti-GFP to reveal MG. A) ChAT staining divides the IPL into 2 ChAT-

positive sublayers (S2, S4, labeled at left) and 3 ChAT-negative layers (S1, S3, S5). mGFP-

labeled MG processes have heterogeneous density across the IPL, with highest density 

in S1, S3, and S5 (arrows). B-D) Dense MG arbors in S1, S3, and S5 co-localize with 

distinct classes of neurons: dendrites of TH-positive dopaminergic amacrine cells in S1 
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(B); axon terminals of PKC-positive rod bipolar cells in S5 (C); and dendrites of calretinin 

expressing neurons in S3 (D). Arrows show sites of colocalization. Scale bars: 20 µm. 

To ask whether these dense regions correspond to identified IPL strata, we co-

stained for well-characterized sublaminar markers. First, we compared the density of 

mGFP-labeled Müller processes to the Choline Acetyltransferase (ChAT)-positive 

starburst amacrine cell dendrites in sublaminae (S) 2 and S4. We found that the Müller 

glia-dense regions are located above, between, and below the ChAT layers, indicating 

that they lie in IPL regions commonly denoted as S1, S3, and S5 (76) (Fig. 21A). 

Therefore, we next co-labeled with markers of particular neuron subtypes that project to 

these regions. The dopaminergic amacrine cells, labeled with anti-TH antibodies, occupy 

a single stratum in S1. Double staining for Tyrosine hydroxylase (TH) and mGFP 

revealed that the Müller glia-dense S1 region is located in this sublayer (Fig. 21B). 

Similarly, the glia-dense region in S3 matches the sublayer defined by the arbors of 

calretinin-positive neurons (Fig. 21D). Finally, by labeling with antibodies against PKC 

that mark rod bipolar cell terminals, we found that the S5 Müller glia-dense region 

overlaps with rod bipolar projections (Fig 21C). Quantification of fluorescence intensity 

across the IPL confirmed this observation, as three small peaks were found at consistent 

IPL levels across animals (Fig. 22). These results indicate that mouse Müller processes do 

show IPL sublaminar specializations – while they branch throughout the IPL, they 

exhibit a small but consistent preference for branching more extensively in certain IPL 

sublamina (Fig. 22). 
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Figure 24: Fluorescence intensities of MG IPL branches demonstrate 

sublaminar stratification 

Quantification of fluorescence intensity by IPL depth for MG (GFP) (n = 31 

measurements) and sublaminar neuronal markers. Müller branches are abundant across 

the entire IPL, but consistently show peaks in density in S1, S3, and S5 (arrows), which 

align with sublaminar marker peaks. 

5.2.3 Spatial Organization of Müller Glia Cell Bodies in Mouse Retina 

After detailing the anatomy of Müller cells along the radial axis of the retina, we 

next examined how the Müller population is distributed in the tangential plane. Since 

many functions of Müller glia are posited to involve support of neurons, we began by 

asking if retinal regions with more neurons might also have more Müller glia. In 

previous studies, the density of mouse retinal ganglion cells (RGCs) was found to be 

highest in central retina and to decline with eccentricity, a pattern that holds true for 

most other retinal neurons including photoreceptors (157-159). To ask if Müller glia also 

follow this pattern, we examined the spatial distribution of RGCs and Müller glia in 

young adult C57Bl/6 mouse retinas. Tissue was double immunostained for Sox9, a 

transcription factor that specifically marks Müller cell nuclei in the INL, and the RGC 

marker RBPMS (159). Cells expressing each marker were counted in confocal images 
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acquired from flat-mount retinas at four eccentricities (500, 1000, 1500, and 2000 µm 

from the optic nerve head (ONH)) in each quadrant of the retina (Fig. 23A-C). As 

expected, RGC density declined with eccentricity in all retinal quadrants, with the most 

dramatic decline in the superior quadrant (Fig. 23D-E, Fig.24A) (159). Significant main 

effects of eccentricity (F(3,32) = 119.02, p < 0.0001) and quadrant (F(3,32) = 4.60, p = 

0.0087), and also a significant interaction (F(9, 32) = 6.04, p < 0.0001), were found for 

RGCs. By contrast, the density of Sox9-positive Müller glia was not affected by retinal 

location (eccentricity, F(3,32) = 1.89, p = 0.15; quadrant, F(3,32) = 1.20, p = 0.32; 

eccentricity x quadrant, F(9,32) = 1.09, p = 0.40) (Fig. 23D-E, Fig.24A). The grand average 

Müller cell density was 15,890 cells/mm2, a value that did not differ significantly from 

any of the measured local densities (analysis of means, all pairwise comparisons p > 

0.05) (Fig. 23D). We conclude that Müller glia are not sensitive to the local density of 

neurons, but rather are spread homogenously across the retina. 



 

98 

 

Figure 25: Müller population is evenly distributed across the tangential plane 

Schematic indicating division of flat mounted retina into 4 quadrants and 4 eccentricities 

marked by dashed circles of expanding radii. B,C) Confocal images of RBPMS-stained 

RGCs in the GCL (B) and Sox9-stained MG in the INL (C) were taken at each eccentricity 

in each quadrant for 3 adult mouse retinas. Images from central (region 1) and 

peripheral (region 4) retina are shown. D,E) Density of RGCs and MG plotted against 

retinal eccentricity along vertical (D) and horizontal (E) meridians. Scale bar: 50 µm. 

To gain further insight into the rules governing Müller soma spatial 

organization, we examined their distribution on a finer spatial scale. Many retinal cell 

types are organized in so-called “mosaics”; that is, cell bodies are non-randomly placed 

in an orderly array to maximize their distance from all neighbors of the same class. 

Mosaics likely serve to distribute cell types across the retina for full visual field coverage 
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(133,160). If a Müller glia mosaic exists, it should be possible to measure a so-called 

“exclusion zone,” an area around each cell where another of the same type is rarely 

found, presumably due to local cell-cell repulsion. By contrast, if the Müller glia array 

does not comprise a mosaic – that is, if cells are positioned randomly – no exclusion zone 

will be evident. To test whether Müller glia exhibit exclusion zones, we used the density 

recovery profile (DRP), a plot of cell densities within annuli of expanding radius 

centered on each cell in an array (Fig. 24B). The exclusion zone (also known as the 

effective radius of the DRP) is measured as the radius at which cell density remains 

below the average density for the entire population (17,161). This was calculated to be 

3.86 ± 0.18 µm for Müller glia (n = 9 measurements from 3 mice). Because two cells 

cannot occupy the exact same physical location, the exclusion zone for a random array of 

cells approximates the cell diameter (161). For a nonrandom mosaic, by contrast, the 

exclusion zone will be larger. To ask how well the size of a Müller cell matches the DRP 

exclusion zone, we took into account that Müller somata have complex polygonal 

shapes (Fig. 24C), unlike neurons which tend to be spherical. Accordingly, we measured 

for each cell the maximum and minimum diameters – that is, the longest and shortest 

line segment traversing the cell (n = 60 cells from 3 mice). We found that the Müller glia 

exclusion zone was similar in size to the minimum cell diameter (4.46 ± 0.34 µm; max 

diameter = 6.59 ± 0.48 µm; Fig. 8B). This finding suggests that Müller cells do not form a 
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mosaic, and that physical contact with a neighboring cell is the only limitation on Müller 

glia positioning.  

 

 

Figure 26: Müller cells are densely packed and likely to be randomly 

distributed across the retina 

A) Normalized density of MG and RGCs with eccentricity. MG density does not 

vary with distance from the optic nerve head, whereas RGC density in the far periphery 

is approximately half that of central retina. See paragraph above for statistical analyses. 

B) Density recovery profile (DRP) for MG cell bodies (black solid line). The radius of the 

MG exclusion zone (dashed line) closely matches the average minimum MG cell 

diameter (arrow). Gray line, DRP of simulated random arrays (n = 9) matched in cell size 

to minimum MG diameter and in density to MG array. The real and simulated DRPs are 

well matched. C) High-power view of MG array showing regions of tightly-packed 

interlocking cells separated by small gaps. D) A simulated random array, like those used 

to calculate DRP in (B), shows a cell distribution highly similar to the real MG array. 

Scale bar: 40 µm. 

To further test the idea that Müller cell arrangement is random, we asked 

whether a simulated random cell array could successfully model the real Müller glial 

array. We used a simple model in which circular cells matching the minimum diameter 

of Müller glia were placed at random positions, at a density matching the observed 

Müller glial density (Fig. 23D,E). Qualitatively, these random simulations resembled the 

observed cell distribution, with regions of closely-packed cells separated by larger gaps 
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(Fig. 24C,D). Their DRP was also well matched to the observed DRP (Fig. 24B), 

suggesting that the random model captures key aspects of the actual cell distribution. By 

contrast, when cell diameter was set to the Müller glial maximum diameter, the 

simulated DRP curve was less tightly aligned to the Müller cell DRP curve (not shown). 

We conclude that the position of Müller cells is likely to be random, with the minimum 

cell diameter providing the major constraint on cell positioning. At low cell density, 

such a patterning rule could lead to a patchy array of cells that inefficiently covers 

retinal territory, but we observed that Müller glia density was high enough that most 

cells are in contact with their neighbors (Fig. 23C,24C). While some gaps in the soma 

array are evident, we noticed that in many retinal regions the polygonal cell bodies often 

fit together in complementary patterns, leaving little space between cells (Fig. 24C). This 

observation suggests that while Müller glia are positioned randomly, some degree of 

order may be imposed on the soma array by the physical constraints of passive cell 

crowding. 

5.2.4 Tiling of Müller Glia Arbors in Retinal Synaptic Layers 

Given that Müller arbors form a confluent network in all retinal layers (Fig 

20D,E), we next set out to understand how individual glial cells collaborate to cover 

retinal space in the tangential plane. One possibility is that, like brain astrocytes, each 

Müller cell covers a unique territory that minimally overlaps its neighbors’ – the pattern 

known as tiling. Alternatively, Müller glia might form an overlapping network, which 



 

102 

could take several forms. For instance, their arbors might overlap at a constant rate, or 

vary in density to match regional differences in neuron density (Fig. 23) (162). It is even 

possible that multiple Müller glia subtypes tile amongst themselves, but overlap densely 

with each other. To begin distinguishing among these possibilities, we measured the 

territory occupied by individual Müller arbors in retinal whole-mounts from sparsely-

recombined GLAST-CreER; mTmG mice. We focused for this analysis on the plexiform 

layers, where the absence of cell bodies simplifies the task of measuring a single glial 

cell’s territory. We imaged mGFP+ Müller arbors in the plexiform layers and measured 

each cell’s distance from the ONH (Fig. 25). Even from qualitative observations (Fig. 

25A,C), it was readily apparent that Müller glia do not show dramatic cell-to-cell 

differences in arbor size or morphology, arguing against the notion of multiple Müller 

glia cell types. Nor did we find substantial differences in arbor size across the retina. 

While we did detect an effect of eccentricity on Müller glia territories in IPL and OPL, 

the effect size was small (one-way ANOVA: IPL, F(3,226) = 3.61, p = 0.014; OPL, F(3, 234) 

= 4.01, p = 0.008. 95% confidence intervals: IPL, center 113.75 – 131.12 µm2, peripheral 

131.45 – 148.81 µm2; OPL, center 106.79 – 120.62 µm2, peripheral 122.61 – 136.56 µm2) 

(Fig. 25B,D). Furthermore, none of the local area measurements differed significantly 

from the overall mean arbor area, indicating that arbor size differences, if any, are quite 

minor (ANOM, alpha = 0.05). Given that Müller cell density is also consistent across the 
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retina (Fig. 23), these results do not support models in which overlap is influenced by 

neuron density or other factors that vary between retinal regions.  

 

Figure 27: The size of Müller glia territories is similar across the retina.  

A) Arbors of sparsely labeled MG in the IPL of GLAST-CreER; mTmG flat mounted 

retina. B) MG arbor size was measured from Z-projections of confocal slices spanning 

IPL sublaminae S2-S4. Sizes are plotted against retinal eccentricity. Grey points are 

single cells; black lines represent the mean for 500 µm bins. C,D) MG arbors in the OPL 

were measured in the same way, using Z-projections spanning the entire OPL. Scale bar: 

10 µm. 

Since Müller cell density and arbor shape/size are all fairly uniform, our results 

suggest that arbor overlap is also likely to be relatively uniform – at least at a global 

level. However, the single-cell analysis cannot rule out local variability in overlap rate. 

We therefore sought a method to directly measure overlap between adjacent cells. With 

single color labeling, overlap cannot be measured because of the difficulty in 
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distinguishing where one cell ends and the next begins. Therefore, we decided to label 

Müller glia with multiple fluorescent proteins. To accomplish this, we used a 

“Brainbow” strategy for stochastic Cre-mediated combinatorial expression of fluorescent 

proteins (163,164). A mixture of adeno-associated viruses (AAV), bearing Brainbow 

cassettes coding for membrane-targeted GFP, mKate2, and mCherry derivatives (164), 

were injected into the eyes of adult GLAST-CreER mice. After Tamoxifen injection, a 

large subset of Müller glia expressed one or more fluorescent proteins, and individual 

cells could be readily discerned from their neighbors by their distinct hues (Fig. 26A-C).  

 

Figure 28: Combinatorial expression of multiple fluorescent proteins via the 

Brainbow system uniquely labels neighboring Müller cells 
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A,B) Adult GLAST-CreER eyes infected with Brainbow AAVs viewed in cross-section 

(A) or flat mounts (B) where the same cells were imaged at different retinal layers (INL, 

cell somata; ONL, photoreceptor intercalation; OPL and IPL, synaptic layer arbors). 

Adjacent Müller glia (MG) are labeled in different hues and appear to occupy non-

overlapping columnar domains. C) Splitting of Brainbow images into their 3 constituent 

color channels reveals that most MG express each fluorescent protein. They appear as 

different colors due to cell-specific levels of each fluorophore. Scale bars (in µm): 40 (A), 

20 (B,C). 

To analyze these spectrally complex images in an efficient and unbiased way, we 

developed an algorithm for segmenting individual cells on the basis of color (Fig. 27A-

C). In this way, we could delineate the territories of individual Müller glia in Brainbow-

labeled flat-mount retinas in a semi-automated manner (Fig. 27C). To test the 

algorithm’s accuracy, we compared Müller glia segmented by hand to ones segmented 

using our software and found a high degree of concordance between the two methods 

(data not shown). Additionally, we found that arbor areas measured from segmented 

Brainbow Müller glia were similar to those obtained from mGFP-expressing Müller glia 

(data not shown), further confirming the accuracy of our algorithm.  
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Figure 29: Hue based semi-automated Müller arbor segmentation. 

A) Schematic of semi-automated chromatic segmentation approach. Left, possible 

protein expression outcomes for each brainbow virus. Center, antibodies that recognize 

each virally-encoded fluorescent protein. Triple-staining with these antibodies yields 

tissues labeled in three component colors. Due to copy number variation from variable 

infection count, parametric variation in fluorescence intensity in each channel generates 

a continuum of possible hues for each cell (right). B) Frequency distribution for hues of 

individual pixels of a Brainbow image. Y-axis is aligned to color spectrum in (A). 

Because the pixels comprising one cell tend to share a narrow range of hues, this 

histogram can be used for segmentation. C) Contiguous spatial segmentation of pixels 

by hue, as implemented in our algorithm, successfully delineates individual cells, even 

when adjacent to or overlapping with cells of similar color. Scale bars 20µm. 

Using this Brainbow strategy, we examined the spatial relationship between the 

territories of neighboring Müller cells. Qualitatively, Müller arbors appeared to tessellate 

in the synaptic layers to cover the retina completely and efficiently, consistent with the 

tiling hypothesis (Fig. 28A,C). Unique and non-overlapping domains also appear to exist 

in other layers, as is evident in cross-sectional and en face views of the ONL (Fig. 26B). 
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We quantified Müller arbor coverage in the IPL and OPL using our software and found 

only minimal (~4%) overlap between neighboring cells (Fig. 28A,C,E), further 

supporting the notion that Müller glia tile. The software was capable of detecting higher 

degrees of overlap, because when we used image editing software to artificially vary the 

amount of overlap between two cells of different colors, the algorithm still accurately 

segmented both cells. We did not detect differences in overlap between central and 

peripheral retina, suggesting that the small difference in measured arbor size between 

these regions (Fig. 20B,D) is not sufficient to influence tiling (OPL overlap: central 1.8 ± 

1.1 %, peripheral 2.4 ± 2.2 %, t-test p = 0.53; IPL overlap: central 1.2 ± 0.9 %, peripheral 1.8 

± 1.6 %, p = 0.45).  

 

Figure 30: Müller cells establish minimally overlapping territories 

A) Z-projections of SegThresh-segmented Brainbow-labeled MG in IPL and OPL. 

Yellow, cell borders; gray, cell territories. B) The regions of A where two or more cells 

overlap are indicated in orange. C) Same fields of view as A, except that each cell has 
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been flipped about its horizontal axis. D) Regions of overlap in flipped image. When 

cells are flipped, retinal coverage is decreased (more of the field of view is white in C 

than A), and overlap is increased (more orange in D than B), suggesting that the specific 

shapes of arbors relative to their neighbors is not random. E) Quantification of arbor 

overlap for interacting pairs of cells in the IPL and OPL. Scale bar: 10 µm. 

To ask whether the observed overlap percentage might arise by chance, given the 

size of Müller glia arbors and the labeling density in our Brainbow samples, we 

compared real images to the same images in which each cell was flipped along one axis. 

This procedure randomizes relative cell position while preserving most other features of 

the real data, including arbor size, shape, and cell location (165). Significantly less 

overlap was found in the real images than the flipped controls (Fig. 29A,B); OPL 

overlap: 4.2 ± 3.0% real vs. 13.5 ± 7.0% flipped, Wilcoxon signed-rank matched pair test, 

two-tailed p = 0.008; IPL: 3.8 ± 1.5% real vs. 7.9 ± 5.0% flipped, p = 0.023). This finding 

strongly suggests that the shapes and positions of Müller glia arbors are not arbitrary. 

Rather, they likely reflect local cell-cell interactions that act to minimize overlap of 

neighboring cells while still filling available space, as is seen in other systems where cells 

tile (166). Together, our observations on Müller cell density, arbor size, and overlap 

support a model whereby a single type of Müller cell is distributed at constant density 

across the retina, with individual cells contributing to the complete coverage of retinal 

space by occupying unique territories. 
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Figure 31: Müller glia arbors tilling reflect local cell-cell interactions. 

A,B) Pairwise comparison of arbor overlap for real and flipped neighboring cells 

(example pairs shown in F). Flipped territories demonstrate significantly more overlap 

than real territories (C). Colored squares, individual cell pairs; black circle, group mean. 

*IPL p=0.023; *OPL p=0.008 (see Results for statistical details). 

5.2.5 Development of Müller Glia Arbors 

Our analysis of adult mouse retina indicates that Müller glia fill each retinal 

layer, and each synaptic sublayer, with morphologically specialized arbors. We next 

asked how these arbors arise during development. Müller glia are formed, starting 

around P6, by the differentiation of retinal neural progenitor cells (167). Like Müller 

cells, these progenitors span the retina with endfeet at the limiting membranes, but they 

lack the extensive lateral arborizations of differentiated Müller glia. How the intricate 

radial morphology of Müller glia emerges from simple bipolar progenitors is not known. 

To investigate this process, we imaged mGFP-expressing Müller glia in retinas 

harvested at different postnatal ages. Through P6, the age at which differentiating 

progenitors first begin to express many of the genes that are characteristic of mature 
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Müller glia (167), most cells still resembled radial progenitors, with stalks devoid of 

lateral processes and no contact with neighboring cells (Fig. 30). However, a few cells 

showed one or two lateral branches in the IPL (Fig. 30, 31). At P7, nearly all cells had 

lateral branches in the IPL, and the first cell-cell contacts were observed at this age. 

However, OPL branches did not emerge in the majority of cells until P8 (Fig. 30). With 

time, lateral processes continued to become more abundant, and ramification of fine 

processes gave Müller glia their space-filling morphology by P9 (Fig. 30, 31).  
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Figure 32: Morphological development of mouse Müller cells occurs rapidly 

between P7 and P9 

mGFP-expressing MG from densely-labeled GLAST-CreER; mTmG mice, viewed in flat 

mount. P6-P9 time course documents branch formation. A) lower-power view at the 

level of IPL S5. B) high-power views of cell clusters, imaged at 3 different planes: INL 

(cell bodies), IPL, and OPL. Note that all clusters contain cell somata that are adjacent 

and/or touching (INL panels). At P6, MG are largely bipolar with few lateral branches. 

Pioneering branches appear at P7, and approach adult (P48) levels of complexity by P9. 

Arbors assume space-filling morphology by P9, and maintain it to adulthood. Scale bars 

(in µm): 20 (A), 10 (B). 
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Figure 33: Cross-section view of morphological development of Müller cells 

between P7 and P9 

Cross-section view of P6-P9 time course documents Müller glia branch formation. ILM 

endfeet elaborate greatly starting at P7 (white arrows). Microvilli first appear beyond 

OLM by P9 (arrowheads). Black arrow shows the position of OPL; black vertical bar, 

IPL. Scale bars: 25 µm.  

Over the course of this analysis we noticed that the pioneering lateral IPL 

branches appeared to emerge at stereotyped sublaminar locations. We therefore stained 

for IPL sublaminar markers in order to delineate the synaptic regions where Müller glia 

first arborize. Using calbindin immunofluorescence to define S2 and S4, we found that, 

at P6, the earliest branches emerge preferentially in S1 and S5 (Fig 32A,E). At P7, the 

proportion of cells with S1 and S5 branches increases; only a few cells have branches in 

S2-S4 (Fig. 32B,E). S5 branches are the most precocious; the vast majority of cells have 

branches in S5 by P7, but a similar proportion is not reached for S1 branches until a day 

later (Fig. 32E). During this developmental period the IPL is changing rapidly, with new 

neuronal projections arriving to create new sublayers, and new synapses forming at a 
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high rate (168). The finding of sublaminar specificity in the early arborization of Müller 

glia suggests that these glial arbors may influence, or be influenced by, the development 

of neuronal sublaminar projections. Furthermore, our results suggest an intriguing 

correlation between adult Müller glia morphology and their developmental history: the 

IPL sublayers where adult Müller glia branch most densely (Fig. 22) appear to be the 

same layers where they arborize earliest (Fig. 32E). 

 

Figure 34: Müller cells first branch at stereotyped depths within the IPL. 

Retinal cross sections of different developmental ages double-stained for mGFP-labeled 

MG and Calbindin to mark S2 and S4 (black arrows). A) At P6, most cells are 

unbranched, but occasional MG branches (white arrows) are seen in S1 and S5. B) At P7, 
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branches in S1 and S5 become more abundant and the first branches in central IPL 

emerge. C,D) Between P8 (C) and P9 (D), branching in all layers continues to increase. 

Most cells branch in S1 and S5 by P9, but central layer branches continue to emerge after 

this time. E) Percentage of cells per retina that have branches in each IPL sublamina, 

measured at P6-9, n= 3 animal/age. Scale bars: 20 µm. 

5.3 Determine necessity of Megf10 in Müller Glia morphology 
and organization 

5.3.1 Müller Glia morphology remains normal in Megf10 mutants 

To examine whether there are morphological defects in Megf10 knockout animal, 

we took images of single Müller cells with and without Megf10 expression. Mutant 

Müller glia have identical morphological features as wildtype cells. Megf10 null Müller 

cells have the microvilli that surround the photoreceptor inner segments, intricate arbors 

in synaptic layers, and endfeet wrapping blood vessels in the ILM (Fig. 33). Since 

wildtype Müller cells show sublimination coverage, we used a ChAT antibody which 

labels S2 and S4 as a reference to study if mutant cells maintain similar specialization. 

More detailed examination revealed that the sublamination of Megf10 mutant  Müller  

glia exhibit a preference for branching more extensively in S1, S3 and S5, which is 

consistent with observations made in wildtype cells (Fig. 33). 
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Figure 35: Megf10 mutant Müller glia morphology same as wildtype control 

Adult GLAST-CreER; mTmG retinal cross-sections co-stained for IPL sublaminar marker 

ChAT and anti-GFP to reveal MG. Black lines highlight IPL width, black arrows show 

OPL, white arrow heads show microvilli, and asterisks for endfeet. A) wildtype, B) 

Megf10 -/-, C) Megf10 +/-. Müller glia morphology appears similar across genotypes. 

ChAT staining divides the IPL into 2 ChAT-positive sublayers (S2, S4, labeled at left) 

and 3 ChAT-negative layers (S1, S3, S5). mGFP-labeled MG processes have 

heterogeneous density across the IPL, with highest density in S1, S3, and S5. Dense MG 

arbors in S1, S3, and S5 consistent across all the genotypes.  Scale bars: 20 µm. 

After comparing the morphology of Megf10 mutant Müller cells along the radial 

axis of the retina, we next examined whether there are any differences in the tangential 

plan. Even from qualitative observations, it is obvious that Megf10 mutant Müller cells 

do not exhibit discrepancies from the wildtype cells in the ONL, OPL, INL, and IPL (Fig. 

34). If Megf10 is responsible for arbor tiling, the arbors of Megf10 mutants may have 
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normal morphology but vary in arbor size. We measured the arbor size of wildtype and 

Megf10 null Muller glia at synaptic layers to determine if Megf10 expression affects this 

morphological characteristic. Our analysis did not detect any significant changes 

(unpaired t test: IPL, p = 0.0503; OPL, p = 0.80.) (Fig. 34). Further, Megf10 mutant cells do 

not have greater variation in both IPL and OPL arbor sizes (IPL arbor size: wildtype 

231.8± 8.1µm, Megf10-/- 252.5±6.4 µm; OPL arbor size: wildtype 233.2±7.7 µm, Megf10-/- 

236.1±8.3 µm). However, these arbor sizes are bigger than the ones measured in Figure 

25. Since the Megf10-/- mutants are a different mouse strain from the one we used for 

wildtype characterization, this divergence may be a result of strain variation. In 

addition, data for Figure 34 was taken at a different magnification (100X) than Figure 

25(60X). This change in magnification may prevent the capture of fine processes and 

therefore contribute to the overall smaller arbor size in Figure 25. Most importantly, 

regardless of this variation in arbor sizes, the measurements are consistent within 

experiments. Our results indicate that Megf10 is not necessary for the development of 

normal Müller glia morphology and arbor size. 
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Figure 36: Müller glia territory size is similar in wildtype and mutant. 

A) Cell bodies in INL and arbors in the IPL of sparsely labeled MG of GLAST-CreER; 

mTmG flat mounted retina. B) MG arbor size was measured from Z-projections of 

confocal slices spanning IPL sublaminae S2-S4. Black points represent single cells; black 

lines represent the mean and standard error of the mean C) ONL photoreceptor sheath 

and OPL arbors of sparsely labeled MG in the ONL and OPL of GLAST-CreER; mTmG 

flat mounted retina. D) MG arbors in the OPL were measured in the same way, using Z-

projections spanning the entire OPL. Scale bar: 10 µm. 

5.3.2 Müller Glia tiling pattern unaffected in Megf10 mutants 

Given that mutant Müller glia arbor shape and size are similar to that of controls, 

it is likely that Megf10 mutant cells have relative uniform overlap and tile normally with 

neighboring cells. To distinguish individual cells, we used the Brainbow strategy again 

to stochastically label cells with different colors. Brainbow viruses were injected into the 

eyes of adult GLAST‐CreER; Megf10-/- mice or GLAST‐CreER; Megf10+/- mice. Single 
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Müller glia territories were evaluated with our developed algorithm. We quantified 

arbor overlaps in IPL and OPL and found only minimal overlap between neighboring 

cells in Megf10 mutants (~4% IPL and ~1.5% OPL). Our results support that Müller glia 

tile as normal in Megf10 mutants. In addition, this percentage of overlap is similar to that 

of control cells (IPL overlap: control 3.5 ± 0.6%, Megf10-/- 4.2 ±0.6%  p = 0.56; OPL overlap: 

control 1.4 ± 0.8% , Megf10-/- 1.3 ± 0.8% p = 0.84 ), which further demonstrates that Megf10 

is not necessary for in Müller glia tiling. 

 

 

Figure 37: Megf10 mutant Müller cells territories show minimal overlaps  

Quantification of arbor overlap for interacting pairs of cells in Megf10+/- or Megf10-/- 

mutant the A) IPL and B) OPL.  

 

It is hypothesized that tilling is a population phenomenon that occurs through 

cells constantly sensing each other and repositioning with respect to their homotypic 

neighboring cells. If Megf10 is involved in Müller glia tiling, knocking it out in all cells 

may not cause obvious phenotypes. An experiment that knockout Megf10 in only a 

subpopulation of cells may result in noticeable phenotypes. Specifically, sparse Megf10 
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knockouts may block homotypic repulsion in only the knockout cells and allow their 

neighboring cells to grow without noticing their presence. This would cause an 

observable increase in cell-cell overlaps. We created Megf10 sparse knockout glia cells 

through crossing GLAST-CreER and Megf10 f/r. The F allele already has Megf10 removed 

while Megf10 on the R allele can be removed sparsely with tamoxifen injection. With this 

strategy, we were able to selectively knockout Megf10 in a subpopulation of Müller cells 

with three early tamoxifen injections (P7-P9). After mice reached adulthood, we injected 

brainbow virus and tamoxifen again to label Müller cells and quantify their overlaps. 

Qualitatively, Megf10 f/- cells are similar in their IPL and OPL arbor sizes to the controls. 

These cells also display minimal overlap. We quantified the overlap with our algorithm 

and discovered that these cells exhibit minimal overlaps similar to controls (IPL overlap: 

control 1.5 ± 0.7%, Megf10 f/r 2.3 ±0.9%, p = 0.48; OPL overlap: control 2.3 ± 0.9%, Megf10 f/r 

0.8 ± 0.4%, p = 0.12).  Since tiling remains intact in the Megf10 global and sparse knockout 

experiments, we conclude that Meg10 is not necessary for Müller glia tiling. 
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Figure 38: Sparse Megf10 null Müller cells show minimally overlapping 

territories 

A) Z-projections of SegThresh-segmented Brainbow-labeled control MG in IPL and OPL. 

Yellow, cell borders; blue, cell territories, tan, overlaps. B) Brainbow-labeled sparse  

Megf10 knockout MG in IPL and OPL. C), D) Quantification of arbor overlap for 

interacting pairs of cells in the IPL and OPL. Scale bar: 10 µm. 

5.3.3 Müller glia develop normally in Megf10 mutants 

Previous work has shown that Megf10 null starburst amacrine cells have arbor 

defects during development (19). In contrast, mature starburst amacrine cells do not 

have morphological differences as compared to wildtype cells. To exam if Müller cells 

behave similarly, we investigated Megf10 knockout Müller glia during development. 

Since aberrant phenotypes are most obvious in early migratory starburst amacrine cells, 

we looked at P6, a time when Müller cells initiate arbor growth. Similar to wildtype 
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cells, mutant Müller glia started to stratify in the IPL (S1 and S5) and OPL (Figure 37). 

We also observed rudimentary processes that may later develop into endfeet and the 

beginnings of the microvilli in the OLM. By the end of the second postnatal week, the 

morphology of mutant cells is undistinguishable from the wildtype ones (data not 

shown). Our results suggest that unlike its role in starburst amacrine cells, Megf10 is not 

necessary for Müller glia development and arborization. 

 

Figure 39: Cross-section view of Megf10 mutant Müller glia at P6 

Cross-section view of P6 Müller glia branch formation. A) Megf10+/- and B) Megf10-/- with 

membrane GFP labeled Müller glia. ILM primary endfeet (asterisks). Microvilli beyond 

OLM (arrowheads). White arrow shows arborization in IPL and OPL. Scale bars: 20 µm.  

5.3.4 Protoplasmic astrocyte tiling pattern unaffected in Megf10 
mutants 

Our results show that Megf10 is not a homotypic cue in Müller cells, so we 

wanted to test if this conclusion holds constant in other types of astroglia. We analyzed 

brain astrocytes with the same membrane-GFP labeling used for Müller cell labeling.  
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Qualitatively, we did not observe differences in cell morphology or arbor size in Megf10 

knockouts. Consistent with our Müller glia data, analysis of astrocytic volume did not 

detect any significant differences (unpaired t test: P17, control = 68323 ± 4841 µm3, 

mutant = 74075 ± 6635 µm3, p = 0.49; P48, control = 29266 ± 1923 µm3, mutant = 28536 ± 

2435 µm3, p = 0.81) (Fig. 38). These results in astrocytes suggest a conserved Megf10 

function in glia cells. 

 

Figure 40: Astrocyte territory size in wildtype and mutant. 

A) Z-projection of P17 protoplasmic astrocytes labeled with GLAST-CreER; mTmG 

from brain slices. B) Astrocyte volume P17 was rendered from con-focal slides. Cell 

volume is same between Megf10+/- and Megf10-/-. C) P48 volume results are consistent 

with P17 and show no difference between Megf10+/- and Megf10-/-. 
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5.4 Discussion 

In the nervous system, structure reflects function as neurons and glia adopt 

elaborate morphologies to support their physiology. Müller glia are cells with intricate 

structures and diverse roles in health and disease. In this study, we characterize the 

spatial organization of Müller glia in the mouse retina and examine the role of Megf10 in 

glial network formation for the first time. We show that individual Müller cells display 

precise radial specializations that correspond not only to retinal layers but also specific 

synaptic sublaminae. The population of Müller glia forms a confluent network that fills 

the retina, with each cell occupying an exclusive domain in the retina’s tangential plane. 

We also identify a brief time period at the end of the first postnatal week during which 

Müller glia rapidly develop, with lateral processes emerging at stereotyped depths 

within the IPL. From our data in the mouse retina, we derive two organizational 

principles of Müller glia. First, in the radial plane, individual Müller cells bear 

specialized branches matched to their laminar and sublaminar position. Second, in the 

tangential plane, Müller glia are distributed at uniform density and coordinate with 

their neighbors to tile the neuropil with minimally overlapping arbor territories. These 

principles highlight anatomical features of Müller glia and their network that which are 

likely to play important roles in their function. Finally, after comparing Megf10 mutants 

to controls, we conclude that Megf10 is unnecessary for mature and developing Müller 

glia morphology and organization.  
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5.4.1 Müller Glia Laminar and Sublaminar Specialization 

Using membrane-targeted fluorescent proteins, we examined the morphology of 

Müller arbors at each retinal layer. Overall, the morphology of mouse Müller glia was 

similar to other species. However, using tools available in mouse retina we were able to 

observe important new details concerning the fine laminar structure of Müller glia 

arbors. In the IPL, neurons devoted to particular visual processing tasks project to 

specific sublaminae, where they interact with synapses. There are at least 10 different 

sublaminae (12,155) several of which can be identified immunohistochemically based on 

the cell types that project there. Previous studies in other species have noted that Müller 

branch density can vary across the IPL, sometimes even in a manner that appears layer-

specific (137,156), but whether these anatomical variations indeed occur in consistent 

IPL locations had not been addressed. Using sublamina-specific markers we identified 

three IPL regions – perhaps single sublayers or perhaps multiple adjacent sublayers – 

that contain a higher density of Müller glia branches than the surrounding neuropil. 

Because Müller branching patterns were consistent relative to these independent 

markers, we conclude that Müller cells have sublaminar-specific specializations in the 

IPL. The layers containing the starburst amacrine cells, for instance, were relatively low 

in Müller arbor density, while those containing the dopaminergic amacrine cells and rod 

bipolar cells were relatively high. The reasons for these laminar disparities in branch 

density are not yet clear. It may be that distinct types of neurons interact differently with 
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Müller cells, or that there are features of IPL sublayers such as synapse number or type 

that can alter Müller arbor density. Similar layer specification related to glial patterning 

has been discovered in the brain. A study in ferret visual cortex discovered astrocyte 

patterning varies in different layers of visual cortex (169). It will be interesting to learn 

how these morphological specializations are advantageous in supporting functionally 

distinct synaptic layers. 

5.4.2 Factors Influencing Müller Glia Cell Density 

In many mammalian species, neuron density varies across the retina due to 

specialization of different retinal zones for distinct functions (e.g. acuity vs. low light 

sensitivity) (73,137,138,170,171). Given the important role of Müller glia in metabolism, 

we decided to investigate whether neuron density correlates with Müller cell density. 

The topography of RGCs in mouse reflects that of other retinal neuron classes (162), so 

we used RGC measurements as a proxy for overall neuron density. The RGC density 

curves we obtained are consistent with prior reports in mouse (73,172,173) and rat 

(174,175). We found that, whereas RGC density decreases with eccentricity, Müller glia 

are spread evenly across the mouse retina with a mean density of 15,890 cells mm-2 (Fig. 

3). This figure is in close agreement with the estimate of 16,000 cells mm-2 reported by 

and Chao et al. (176), and within an order of magnitude to the 12,000 cells mm-2 first 

reported (139). This produces local variation in the ratio of Müller glia to RGCs within 

the mouse retina, from 2.6:1 centrally to 5.3:1 peripherally. These findings strongly 
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suggest that Müller density is not in fact sensitive to neuron density, but is instead 

determined by an independent mechanism. 

Our results in mouse are in line with Müller density data from rabbit, rat, and 

guinea pig – in these species, glial density does vary with retinal eccentricity but the 

range of densities is ~7-fold less for Müller glia than for RGCs (136-138). In mouse, we 

find an even larger difference between Müller glia and RGCs, with no decrease in 

Müller density even in the far periphery and no relationship between the distributions 

of the two cell populations. Interestingly, Chao et al. (145) found a wide range of 

neuron:Müller ratios across phylogeny, further undermining the notion that neuron 

density might be a simple determinant of glial density. While the precise mechanisms 

that regulate Müller cell density are yet to be determined, it is likely that factors intrinsic 

to progenitor cells, such as transcription factors and epigenetic regulators, play a crucial 

role in controlling how many neurons and glia are generated (177). 

5.4.3 Spatial Arrangement of Müller Glia in the Tangential Plane 

Müller glia arbors form a confluent network in all retinal layers, completely 

covering the tangential plane. Here we have investigated how individual Müller cell 

bodies and arbors are arranged to give rise to this network. We initially considered 

several possibilities, each of which would have suggested a different logic of network 

organization, implying different functions. First, the position of individual Müller glia 

somata, and/or the extent of their arbors, might have been arbitrary. This pattern would 
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give rise to an inhomogeneous network in which the number of Müller glia covering any 

given point in retinal space is highly variable. However, our data were not consistent 

with this model. While Müller glia somata were not arranged in a mosaic, instead 

showing a random arrangement, our data favor the idea that their position is not 

entirely arbitrary. Even with a random arrangement, high cell density causes cell-cell 

packing. While Müller cells do not completely fill their layer of the INL – some gaps in 

their soma array are evident – many cells are squeezed tightly next to each other. In this 

arrangement, their relative position is not arbitrary because it is determined by the size 

of neighboring cells – specifically, in this case, the average minimum diameter of 

neighboring cells.  Thus, it is possible that at least some degree of spatial order is 

imposed on the Müller soma array by passive cell-to-cell crowding. We observed this 

same cell density not only in adulthood (Fig. 23), but also at P9 when Müller cells are 

newly differentiated (data not shown) suggesting that this arrangement is a hallmark of 

the array from its inception. A few other retinal cell types, notably rods in the mouse 

and human retina (178), appear to achieve orderly distribution according to this 

“crowding” rule. If packing is indeed important for imposing order, this would suggest 

that the laminar restriction of Müller glia somata to a single monolayer within the INL is 

an important contributor to their tangential patterning, because the number of Müller 

glia cell bodies is only sufficient to achieve tight packing if they are restricted in this 

way.  
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Second, we considered the possibility that the glial network varies in a 

retinotopic fashion to match the number of neurons present at a given retinal location. 

As we note in the previous section above, the local density of Müller glia somata did not 

vary in this way; however, if the size and/or overlap of their arbors were found to be 

higher in central retina, where neurons are most numerous, this would indicate that a 

denser glial network is required to support greater neuronal demand. Our data do not 

support this model, as neither arbor size nor overlap was found to vary much across the 

retina. Instead, our results provide strong evidence in favor of a third model, whereby 

Müller glial arbors are present at essentially constant density throughout the tangential 

plane. Using multi-color Brainbow labeling, we were able to assess the contribution of 

individual cells to the confluent Müller glia networks that exist in each retinal layer. We 

conclude from this analysis that mouse Müller glia tile the retina, coordinating their 

arbors to cover the plexiform layers (and likely the ONL and OLM as well) with 

minimal overlap between territories of adjacent cells (Fig. 28). Locally, adjacent Müller 

glia arbors closely conform to their neighbors’ borders even though their perimeters are 

irregularly shaped. These observations raise the possibility that local cell-cell 

interactions between Müller glia sculpt their territories, perhaps through homotypic 

repulsion. 

One of our observations was potentially inconsistent with this conclusion: we 

found that peripheral Müller glia arbors are marginally larger than central ones. Given 
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that Müller glia cell density does not vary across the retina (Fig. 23), this finding could 

indicate increased arbor overlap in peripheral retina, inconsistent with a tiling model. 

However, in our Brainbow experiments we did not find increased overlap in the 

periphery. We suspect that that the small arbor size difference arose from a sample 

handling artifact: when flat-mounting a cup-shaped retina, there are more stretching 

forces on the peripheral retinal tissue than the center. These stretching forces might 

cause peripheral arbors to appear larger. Based on the direct measurements of overlap 

we performed in our Brainbow tissue, we conclude that the center-to-periphery 

difference in arbor size is either artifactual or of insignificant magnitude to meaningfully 

affect overlap. 

Our conclusion that Müller glia tile is similar to that of Williams et al. (179), who 

examined Müller glia arbors in zebrafish. They photobleached single cells in animals 

that expressed GFP in all Müller glia, and found that the bleached area was comparable 

to the size of GFP-expressing Müller glia in sparsely labeled retinas. Their finding 

suggests that, at the population level, there is no consistent overlap of Müller glia 

processes within the plexiform layers, but this study did not directly measure overlap of 

adjacent Müller glia territories. Taken together with our mouse study, however, it 

appears likely that tiling may be typical of Müller glia across many vertebrate species 

from fish to mammals.  
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The tiled organization of the Müller glia network has several possible 

implications for its function. First, individual Müller glia must be capable of handling all 

of the many support and structural functions required at any given retinotopic location. 

This is the case even though the number and precise cell-type composition of retinal 

neurons might vary substantially across the retina. Second, the tiling pattern suggests 

that uniform arbor density is a salient feature of the Müller glia network. Other than the 

need to avoid gaps that entirely lack glial coverage, it is not clear what aspects of neural 

function might require uniform arbor coverage. Finally, the observation that mouse 

brain astrocytes tile (146) has led to the hypothesis that the set of synapses defined by an 

astrocyte’s domain, or “synaptic island”, might be a functional processing unit, with 

astrocytes uniquely able to integrate and modulate activity therein (148). We find that 

mouse Müller glia territories, like mouse brain astrocyte domains, coordinate to tile 

space with minimal overlap. However, the degree of redundancy in glial coverage may 

be regulated in a species-dependent manner. For example, the territories of astrocytes in 

mouse visual cortex are non-overlapping while those in ferret visual cortex overlap 

substantially (180). Even if the specifics of the synaptic island hypothesis are not born 

out, it is clear that Müller glia territories delineate distinct neuronal domains where 

metabolism, synaptic development, and circuit function might be locally regulated by 

Müller glia. 

5.4.4 Role of Megf10 in Müller Glia 



 

131 

Previous studies have demonstrated that glia cells most likely tile through 

homotypic repulsion (125,179). In other words, they grow out their processes until they 

encounter a homotypic neighbor. Megf10 is expressed in all types of astroglia cells in the 

central nervous system and is the first homotypic repulsive gene discovered in 

mammalian neurons. Additionally, the beginning of its expression coincides with the 

onset of glial tilling. Further, creating an imbalance of Megf10 increased homotypic 

repulsion in certain regions and thus induced a cell free zone in neurons (17). Previous 

studies have all focused on its phagocytic function in synapse pruning and apoptotic 

cells removal. Despite the fact that multiple studies discovered that Megf10 missing 

astrocytes experience a 50% decrease in their engulfment ability (47,52), no study has 

characterized whether Megf10 deletion induced any glial morphological change. Our 

study is the first one to characterize the morphology of glia cells lacking Megf10 and we 

discovered that there is no alteration in their morphology. In the tangential plane, 

mutant Müller glia contain all cellular compartments and the same sublaminar 

specification as control cells. In addition, we show that Megf10-/- Müller cells are not 

developmentally delayed and do not bear arborization defects. Despite Megf10 being a 

good candidate to facilitate glial tiling, Megf10-/- Müller cells do not differ from controls 

in their arbor sizes or level of overlap. These mutant cells continue to have a uniform 

arbor size and the level of overlap between cells did not increase. Unlike its lack of 

impact on glial morphology, removing Megf10 resulted in early arborization variations 
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in neurons (19). Although our results cannot rule out its role in glial morphology and 

organization entirely, it is likely that Megf10 has distinct functions in glia and neurons. 

Our results in astrocytes further support these differential roles of Megf10 in neurons 

and glia. The length of Megf10 expression may also explain its functional differences in 

neuron and glia: it is only expressed in neurons during mosaic patterning but has 

persistent expression in glia cells for phagocytosis purposes (17,19,52).  
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6. Conclusions and future directions 

6.1 MEGF10 homo-multimeric complex 

6.1.1. Conclusions 

Although MEGF10 function has been extensively studied in various functional 

contexts, the detail of its molecular mechanism remains unclear. It is unknown how is 

MEGF10 signaling initiated? How does the extracellular ligand binding event transduce 

downstream signaling? Multimerization is one of the most common methods for single 

span transmembrane proteins to initiate signaling (94). Further, EGF and EMI domain-

containing proteins have the capability to homo-oligomerize (33,84). Therefore, we 

propose that MEGF10 proteins form multimeric complexes that are important in 

regulating their function. Our analysis has discovered that MEGF10 indeed forms 

multimeric complexes with approximately 1:14 dimer to monomer ratio. This interaction 

is facilitated through its ectodomain. Removing the TMD or ICD does not affect its 

ability to interact in a cis-configuration. The cysteine-rich EMI and EGF domains are 

crucial for MEGF10-MEGF10 lateral interaction. We demonstrated that there are 

multiple interacting sites located within the EMI and EGF2-6 domains. Further, our data 

suggest that the cis-interaction likely forms in the secretory pathway and persist even 

after proteins are trafficked to the membrane. This interaction is not limited to MEGF10 

molecules as our data suggest a hetero-multimer between MEGF10 and MEGF12. 
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Our study is the first one to reveal the MEGF10-MEGF10 cis-interaction. Since 

this binding was discovered in a heterologous system, it is likely that the formation of a 

MEGF10 multimer is an intrinsic property of MEGF10 molecules and may be a common 

organization that exists across cell types. Although the exact function of this 

multimerization needs further investigation, our results allow us to propose models on 

its functional implication: the lateral interaction of MEGF10 may aid the formation on 

signaling hub, regulate MEGF10 trafficking, or initiate MEGF10 pathway activation. 

Lastly, our study provided new tools and insights for the study of MEGF10 signaling 

across multiple biological contexts including engulfment, cell adhesion, and homotypic 

recognition. 

6.1.2. Future directions 

 Our study has discovered MEGF10 multimers through biochemical assays. 

However, it is not clear how strong this interaction is. To further quantify the physical 

properties of this homophilic complex, other methods need to be applied. With a soluble 

MEGF10 ECD (46), we can potentially quantify the dissociation constant between 

MEGF10 molecules. Future studies with methods such as isothermal titration 

calorimetry (181,182) and surface resonance plasmon (183,184) can quantify the affinity 

of the MEGF10-MEGF10 interaction. While these two methods are reliable and widely 

used, it may require a high concentration that is hard to achieve with our current 

method of protein production and purification. Alternative methods, such as native 
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mass spectrometry, which requires less input but can still validate the different binding 

state of MEGF10, can be used (185). Performing these experiments will provide insight 

into the kinetics of MEGF10 homophilic interactions and help determine how MEGF10 

signals.  In addition, this interaction should be validated in an in vivo context. Capturing 

MEGF10 multimers through a combination of crosslinking and immunoprecipitation in 

tissue will further validate the biological significance of this interaction.  

To investigate what the function of MEGF10 homo-multimerization is, we need 

to disrupt this complex. First, the biological function of MEGF10 complexes on the 

membrane can be assayed. Since EMI and EGF-like domains are all involved in 

MEGF10-MEGF10 binding and truncating the MEGF10 ectodomain results in misfolding, 

new tools that interrupt binding need to be developed. A single-chain fragment variable 

(scFv) antibody against the ectodomain of MEGF10 can be developed and used to 

physically disrupt MEGF10-MEGF10 lateral complex formation (186,187). If this 

MEGF10-MEGF10 interaction is calcium-dependent, reagents such as EDTA can also be 

used (104). MEGF10-transfected HEK293T cells display a non-overlapping pattern, 

which resembles homotypic repulsion (17,38) and could serve as a readout of a 

functional assessment. Through examining the HEK cell tiling pattern, one can study the 

functional consequences of disrupting MEGF10 lateral interaction. In addition, 

antibodies can also be used to study dimer function in vivo through intravitreal injection 

into developing mice eyes. If MEGF10 multimers are important for mosaic formation, 
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the antibody will disrupt binding and change mosaic patterning. Further, to investigate 

the location of multimer formation, an endoplasmic reticulum retaining signal tagged 

MEGF10 can be used to test if self-association initiates in the secretory pathway (188). If 

multimers form in the ER, then complexes containing the ER-retained MEGF10 will not 

be trafficked, which would lead to a reduction of wildtype MEGF10 at the plasma 

membrane. 

 MEGF10 shares close homology with MEGF11 and MEGF12 and can interact 

with MEGF12 through its ectodomain. Therefore, multimerization is likely an important 

characteristic of MEGF11 and MEGF12 as well. Similar studies can be conducted on 

MEGF12 to explore if oligomerization is a property preserved across these three proteins. 

Further, the motifs responsible for MEGF12-ligand binding have been revealed (189), so 

a study on its lateral interaction and how it modulates ligand binding will provide 

insights into not only how MEGF10 signals, but also the mechanisms of other proteins 

with similar make up.  

6.2 Unbiased assay to identify MEGF10 interacting proteins 

6.2.1. Conclusions 

MEGF10 signaling has been extensively studied in the context of cell debris 

clearance; however, the molecules involved in MEGF10 homotypic recognition remain 

unexplored. We optimized MEGF10 immunoprecipitation conditions in neural tissue to 

ensure solubilization of MEGF10 while preserving its protein-protein interactions. Mass 
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spectrometry identified candidates that might be MEGF10-interacting proteins and 

MEGF10 knockout tissues were used as a control to rule out false positive interactions 

with the anti-MEGF10 antibody. Our data revealed that MEGF10 may trigger cellular 

processes such as cytoskeleton rearrangement, membrane trafficking, and  MEGF10 

transport. We tested one of our top candidates, Dynamin-1, and did not observe a direct 

interaction between the two. 

Our study generated a list of candidates that are involves in various aspects of 

MEGF10 function. Two molecules, Dynamin1 and TRAF4, have been shown to function 

in the MEGF10 pathway and were pulled down by this assay (49,103,108). However, the 

majority of what we discovered were unreported interactors, suggesting that MEGF10 

associates with different molecules in neurons compared to what was discovered in glia 

(45,51,59,60,190,191). However, the molecular functions of our candidates overlap 

extensively with what has been indicated in MEGF10 mediated engulfment (45,51): 

Vesicle-mediated membrane trafficking and cytoskeletal arrangement have been shown 

to be cellular consequences of MEGF10 activation (40,45,51,57,59). Additionally, as the 

first unbiased MEGF10 pull down, we explored settings for isolating native MEGF10. 

Conditions discovered in this study will help future experiments in other tissue types, 

such as skeleton muscle, where MEGF10 function is still unexplored.  
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6.2.2. Future directions 

We have only validated one top candidate discovered from our MEGF10 

pulldown. Through validating more candidates, we may discover novel interactions. 

These validation studies can be carried out in a heterologous system, such as HEK293T 

cells in which co-localizations and co-immunoprecipitations can be performed, similar to 

what was done with DYNAMIN1. Additionally, co-immunoprecipitation in retinal or 

cerebellar tissue can also be performed to test if there are interactions between MEGF10 

and the candidate molecules. Some of the top candidates that may be prioritized in 

future experiments are Alpha-internexin (Ina), Coronin-2B (Coro2b), Contactin-

associated protein-like 2 (Cntnap2), and Uhrf1bp1 (Uhrf1bp1), which all have high 

expression in starburst amacrine cells and KDELC1, which is a chaperone involved in the 

folding of multiple EGF repeat proteins such as Notch (192,193). Testing these potential 

candidates may result in finding a neural-specific MEGF10 signaling cascade. 

To identify molecules involved in MEGF10 signaling, other types of approaches 

can be used. The MEGF10 intracellular signaling cascade can be elucidated through 

applying methods such as BioID, a proximity-dependent labeling method, to tag 

interacting proteins (194). Recent technique advances have allowed in vivo BirA gene 

fusions using CRISPR/Cas9 tagging to achieve labeling in a protein’s physiological 

environment (195). However, this method cannot be used to solve the MEGF10 receptor-

ligand complex because the multiple versions of N-terminus tagged MEGF10 proteins 
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we generated all failed to express at the cell surface (data not shown). Alternatively, an 

ELISA-based binding screen can be used to identify MEGF10 extracellular interactions 

with other adhesion proteins (69,189). However, it may be challenging to generate a 

library of soluble proteins to screen against MEGF10. A library of cell surface and 

secreted molecules expressed during starburst amacrine cell mosaic formation is 

potentially a good pool of candidates to start with. With such a list, we can use a novel 

CRISPR activation based screen to identify MEGF10-ligand interaction (196). 

6.3 Megf10 in Müller glia 

6.3.1. Conclusions 

MEGF10 is not only expressed in neurons but also in multiple types of glial cells. 

Previous studies have focused on its role in cell debris clearance. As a homotypic 

recognition cue, MEGF10 starts to express during glial territory establishment. This time 

of expression made it possible for MEGF10 to have dual functions in engulfment and 

homotypic recognition in astroglia. We tested this hypothesis on mouse Müller glia. 

Using a membrane-targeted sparse labeling method, we discovered a sublaminar 

specificity of Müller glia arbors in the tangential plane. This specificity was unaffected in 

MEGF10 mutants. In the lateral plane, in contrast to the central peripheral decrease in 

RCG density, Müller cell density remains rather uniform across the retina. This is also 

reflected by their uniform arbor sizes. The uniformity in arbor size is not disrupted by 

the lack of MEGF10 expression. Further investigation with brainbow-labeling revealed 
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minimal overlap among Müller glia territories and this tiling feature remains 

undisrupted in MEGF10 mutants. Additionally, no difference was discovered in 

morphological studies between wildtype and MEGF10 knockout developing Müller cells. 

Further, our study also uncovered that knocking out MEGF10 did not affect the tiling of 

grey matter astrocytes in the cortex. 

Our study is the first one to thoroughly characterize the morphological features 

of mouse Müller cells. Our results on Müller glia density with respect to neurons will 

provide information for physiology and computational studies. The observation of their 

subliminal specification implied neural-glial interactions during development. 

Importantly, our study demonstrated the evolutionarily conserved tiling pattern of 

astroglia in mouse retina and uncovered the developmental time course of Müller glia. 

The characteristics uncovered in our studies may be conserved in astroglia of other 

species. Our results on MEGF10 mutants demonstrated that, unlike neuronal MEGF10, it 

is not the homotypic recognition cue for glial tiling. Instead, it has significant roles in 

dead cell corpse clearance and synapse pruning (47,51,52,190,197,198).  

6.3.2. Future directions 

There are two remaining directions for this section. One is to determine the 

cellular mechanism of glial tiling. A study on zebra fish Müller glia tiling with laser 

ablation shows cells tile through homotypic repulsion because cells infiltrate the empty 

space after ablation (179). However, laser ablation is an invasive method that may cause 
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glial response, which results in overgrowth. Methods such as diphtheria toxin and Cre-

mediated recombination can be used to deplete Müller glia during development (199). 

This method can be used during early development and assayed after glial network 

maturation to avoid reactive glia. If arbors become larger compared to the untreated 

control, homotypic repulsion may be the mechanism of Müller glia tiling. Moreover, 

fibroblast growth factor (FGF) receptor has been implicated in the morphogenesis of 

astrocytes and overexpressing it increases astrocytic volume (125). An FGFR agonist 

could be used as a tool to increase Müller glia size and test if the neighboring arbors will 

be repelled, which would support the homotypic repulsion model. 

Our study indicates that MEGF10 has different roles in neurons and glia. Its role 

in cortical astrocytes has been extensively studied in the contexts of engulfing dead cell 

debris, amyloid-β uptake, and synapse pruning (47,48,52); however, its function in 

retinal glia is unknown. With our genetic tools and animal models for MEGF10, we can 

study its role in synapse pruning and cell death during retinal development and 

degenerative diseases. 
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Appendix A 

Table 4: MEGF10 interacting candidates discovered against IgG control runs. 

Protein name Function and localization Run1 Run2 Run3 CD1 

Molybdenum cofactor 

biosynthesis protein 1 

(Mocs1) 

Enzyme / 

Cytosol and nucleus 

   4-6 

TNF receptor-associated 

factor 4 (Traf4) 

TNF signaling and cell death 

/ Membrane and 

Cytoskeleton 

   12 

Alpha-actinin-2 (Actn2) Cytoskeleton/ Cytoplasm    11 

Pro-interleukin-16 (Il16) Cytokine / Secreted and 

cytoplasm 

   5 

DNA polymerase epsilon 

catalytic subunit A (Pole) 

DNA repair chromosomal 

replication / Nucleus 

   5 

Dedicator of cytokinesis 

protein 3 (Fragment) 

(Dock3)  

Regulating actin cytoskeleton 

and cell adhesion receptors /  

Cytoplasm 

   4 

Inositol 1_4_5-

trisphosphate receptor 

type 2 (Itpr2) 

Calcium binding / 

Endoplasmic reticulum, 

plasma membrane 

   4 

Serine/threonine-protein 

kinase (Nek1) 

Serines and threonines kinase 

/ Centrosome 

   3 

Myotubularin-related 

protein 1 (Mtmr1) 

Lipid phosphatase / Plasma 

membrane 

   3 

Free fatty acid receptor 4 

(Ffar4) 

Fatty acid receptor / Plasma 

membrane 

   3 

Guanine nucleotide-

binding protein subunit 

beta-4 (Gnb4) 

G-protein binding protein / 

Plasma Membrane 

   3 

Contactin-associated 

protein-like 2 (Cntnap2) 

Cell adhesion / Plasma 

Membrane 

   3 

Mediator of RNA 

polymerase II 

transcription subunit 12-

like protein (Med12l) 

Transcription / Nucleus    3 

Structural maintenance of 

chromosomes protein 3 

(Smc3) 

DNA replication and repair / 

Nucleus 

   3 
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Run domain Beclin-1-

interacting and cysteine-

rich domain-containing 

protein (Rubcn) 

Membrane trafficking / 

Lysosome, endosome 

   2 

Myosin-6 (Myh6) Motor protein / Cytoskeleton    2 

Kinesin-like protein KIF3B 

(Kif3b) 

Cytokinesis / Cytoskeleton    2 

Visinin-like protein 1 

(Vsnl1) 

Calcium binding / Cytosol    2 

Microsomal triglyceride 

transfer protein large 

subunit (Mttp) 

Lipid biosynthesis / 

Endoplasmic reticulum, 

Golgi apparatus, Plasma 

Membrane 

   2 

Fatty acid-binding 

protein_ brain (Fabp7) 

Hydrophobic substrate 

binding / Cytoplasm 

   2 

GREB1-like protein 

(Greb1l) 

Unknown / Membrane    2 

KDEL motif-containing 

protein 1 (Kdelc1) 

Enzyme and protein 

transport / Endoplasmic 

reticulum lumen 

   2 

Peroxiredoxin-2 (Prdx2) Enzyme / Cytoplasm    2 

Run domain Beclin-1-

interacting and cysteine-

rich domain-containing 

protein (Rubcn) 

Membrane trafficking / 

Lysosome, endosome 

   2 

Myosin-6 (Myh6) Motor protein / Cytoskeleton    2 

Kinesin-like protein KIF3B 

(Kif3b) 

Motor protein / Cytoskeleton    2 

Protein Uhrf1bp1 

(Uhrf1bp1)  

Transcription and cell cycle 

regulator/Nucleus 

   2 
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