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Abstract 

Laminins Regulate Retinal Angiogenesis 

Saptarshi Biswas 

Dissertation advisor: Dr. William J Brunken 

Vascular pathologies are the leading causes of acquired blindness in the 

developed world. While many studies sought to unravel cell-intrinsic and growth 

factor-mediated regulations of angiogenesis, it is only recently that the role of the 

basement membrane (BM) components in angiogenesis began to be explored. 

Several diseases with ocular manifestations are known to alter vascular BM 

compositions. Therefore, a detailed knowledge of the BM-mediated signals that 

regulate angiogenesis is of great importance. Laminins, a critical component of 

the BM, have been shown to regulate several aspects of angiogenesis in the 

retina. Our laboratory previously demonstrated that the laminin composition of 

the inner limiting membrane (ILM) regulates astrocyte migration, and 

consequently vascular expansion along the retinal surface. Here, I examined the 

role of γ3- and β2-containing laminins in two specific aspects of angiogenesis: 1) 

vascular branching and endothelial cell proliferation in the nascent vascular 

plexus, and 2) arterial morphogenesis in the remodeling zone. Results presented 

in Chapter 2 and Appendix 1 demonstrate that laminin composition of the BM is a 

critical regulator of microglial recruitment to the growing nascent plexus, where 

microglia facilitate vascular branching. Furthermore, microglia interact with the 

astrocyte-derived layer of the vascular BM, and that this interaction regulates 
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microglial activation. The activation state of microglia, in turn, regulates 

endothelial cell proliferation. Results presented in Chapter 3 and Appendix 2 

demonstrate that vascular BM laminins are critical regulators of arterial 

morphogenesis. Specifically, my results reveal a novel mechanism where γ3-

containing laminins signal through dystroglycan to induce Dll4/Notch signaling in 

arterial endothelial cells, regulating proper arterial morphogenesis. Finally, in 

Appendix 3, I examined the coordinated expression of different laminin chains in 

the vascular BM. My preliminary results suggest that expressions of laminin α2-, 

α5- and γ3-chains in the retinal vascular BM are coordinately regulated with the 

expression of laminin β2-chain. In conclusion, this study sheds light on hitherto 

unexplored mechanisms by which BM laminins regulate retinal vascular 

development. 
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1.1 Introduction: 

The central nervous system (CNS), including the retina, vascularizes 

primarily by angiogenesis, which is the process of new vessel formation from 

existing ones (reviewed in Saint-Geniez and D’Amore, 2004; Vasudevan and 

Bhide, 2008). Mechanisms that regulate angiogenesis remain active throughout 

the life. Disruptions in these mechanisms regulating retinal angiogenesis are the 

leading causes of adult blindness in the developed world (reviewed in Saint-

Geniez and D’Amore, 2004). For example, diabetic retinopathy is the main cause 

of blindness within the working-age population in industrialized nations (reviewed 

in Prokofyeva and Zrenner, 2012). Also, vessel tortuosity and abnormal arterial 

collateral formation have been reported in case of retinal vessel occlusion 

(Henkind and Wise, 1974). Moreover, abnormal arterial and venous patterning, 

characterized primarily by direct arteriovenous shunt formation, has been 

reported in several diseases with ocular manifestation (Henkind and Wise, 1974; 

Reck et al., 2005; Fileta et al., 2014). In premature infants, retinopathy of 

prematurity (ROP) is a major cause for blindness (reviewed in Liegl et al., 2016). 

Therefore, a detailed understanding of the mechanisms that govern retinal 

angiogenesis is important for the development of potential treatments.  

CNS blood vessels, including those in the retina, acquire a unique 

structure called the neurovascular unit (reviewed in Hamilton et al., 2010; 

Obermeier et al., 2013). The neurovascular unit is comprised of different cell 

types including endothelial cells, mural cells (pericytes and vascular smooth 
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muscle cells), astrocytes, neurons and microglia, as well as the vascular 

basement membrane (BM). Retinal vasculature sprouts from an existing artery in 

the optic nerve head in response to the metabolic demand of newly active retinal 

neurons (Sapieha et al., 2008; Usui et al., 2015, Joyal et al., 2016). Glial cells, 

such as astrocytes, guide the expanding retinal vascular tree (Fruttiger et al., 

1996; Gerhardt et al., 2003).  Microglia, the resident macrophages of the CNS, 

regulate branching of the newly formed vascular network by facilitating 

anastomosis of emerging vascular sprouts and mediating turning of vascular 

sprouts in the deeper layers of the retina  (Fantin et al., 2010; Stefater III et al., 

2011). Finally, mural cells, such as vascular smooth muscle cells and pericytes, 

help stabilizing maturing blood vessels (reviewed in Wanjare et al., 2013).  

Several studies demonstrated that BM molecules, especially laminins, 

influence several aspects of retinal angiogenesis, either by direct endothelial cell-

BM interactions (Stenzel et al., 2011) or by mediating cross-talk between 

different cell types (Edwards et al, 2011; Gnanaguru et al., 2013; Biswas et al., 

2017). Moreover, all these cell types as well as the vascular BM play critical roles 

in maintaining the barrier property of CNS vessels (reviewed in Baeten and 

Akassouglou, 2011). BM disorganization and remodeling occur in several 

pathological conditions with an ocular manifestation such as diabetes (Abrass et 

al, 1997; Schaeffer et al., 2010) and ischemia (reviewed in Baeten and 

Akassoglou, 2011). Indeed, the inhibition of matrix metalloproteinase-mediated 

degradation of the extracellular matrix (ECM) has been reported to reduce infarct 

size in the CNS following ischemia (Romanic et al., 1998). Thus, a detailed 
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understanding of the role of BM molecules in CNS angiogenesis is critically 

important, in both developmental and pathological context. In this introduction, I 

will summarize the role of BM during retinal angiogenesis in the contexts of both 

cell-cell interactions, as well as direct signaling between the BM and endothelial 

cells. I will focus mainly on laminins, a major component of the BM (reviewed in 

Yurchenco, 2011). 

 

1.2 Anatomy of the neurovascular unit: 

In the CNS, the vascular compartment (endothelial cells and mural cells) 

is tightly coupled with the neural compartment (glial cells, microglia and neurons) 

in a neurovascular unit (Fig.1.1A; reviewed in Hamilton et al., 2010; Obermeier et 

al., 2013).  CNS vasculature, including those in the retina, grows in response to 

the metabolic demand of newly active neurons. For example, the superficial 

vascular tree in the retina forms in response to the metabolic demand of ganglion 

cells (Sapieha et al., 2008), the deep vascular plexus forms in response to the 

metabolic demand of photoreceptors (Joyal et al., 2016), and the intermediate 

vascular plexus forms in response to the metabolic demands of interneurons, 

such as amacrine cells (Usui et al., 2015).  

Anatomically, endothelial cells are surrounded by the vascular basement 

membrane (BM) in a CNS vessel. Pericytes are embedded in the vascular BM 

and make direct contacts with endothelial cells. Large arteries and arterioles also 
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have vascular smooth muscle cells surrounding them (Fig.1.1B). On the neural 

side, astrocytes surround the vascular BM with their endfeet (reviewed in 

Hamilton et al., 2010; Obermeier et al., 2013). The vascular BM is a composite 

structure consisting of components derived from both endothelial cells and 

astrocytes (Sixt et al., 2001). Microglia, resident macrophages of the CNS, 

interact with the astrocyte-derived layer of the vascular BM (Milner and 

Campbell, 2002; Biswas et al., 2017). Astrocytes and microglia also maintain 

contact with CNS neurons (reviewed in Baeten and Akassoglou, 2011; 

Obermeier et al., 2013). Integrity of this neurovascular unit is critical for the 

proper maintenance of the barrier property, which is disrupted in pathological 

conditions such as ischemia (reviewed in Baeten and Akassoglou, 2011; Qian 

and Ripps, 2011). Indeed, a previous study showed that the expression of matrix 

metalloproteinase-2 and -9 (MMP-2 and MMP-9) are increased in the brain 

following ischemia (Romanic et al., 1998) and that inhibiting MMP-9-mediated 

degradation of vascular BM reduces cerebral infarct size and neuronal death 

(Romanic et al., 1998; Gu et al., 2005). 

 

1.3 Mouse retina as a model to study angiogenesis: 

The murine retina has been proven to be a useful model to study 

mechanisms of angiogenesis in the CNS. Vascularization of the mouse retina is 

entirely post-natal. After birth, embryonic hyaloid vessels gradually regress as 

retinal vessels form (Diez-Roux and Lang, 1997; Lee et al., 2009; Stefater III et 



 7 

al., 2011). There are three distinct, interconnected vascular beds in the mouse 

retina: 1) the superficial vascular tree, 2) the deep vascular plexus (DVP) and 3) 

the intermediate vascular plexus (IVP). The superficial vasculature radially 

expands from the optic nerve head towards the retinal periphery over the 

ganglion cell layer (GCL) and nerve fiber layer (NFL), following the astrocyte 

template that migrates through the inner limiting membrane (ILM) (Fig.1.2). 

Eventually, vascular sprouts from the superficial vessels dive deep into the retina 

guided by Müller cell processes (reviewed in Gnanaguru and Brunken, 2012) and 

form the DVP in the outer plexiform layer (OPL) between P8-12. Finally, the IVP 

forms in the inner plexiform layer (IPL) (Fig.1.2), completing vascularization of 

the mouse retina by P21 (Stahl et al., 2010). 

The growing retinal superficial vascular tree may be sub-divided into three 

developmental zones: 1) the vascular front, where tip cell/stalk cell specification 

takes place, 2) the nascent plexus, where newly formed vessels branch and 

proliferate, and 3) the remodeling zone, where morphologically distinct arterial 

and veins arise from the undifferentiated nascent plexus (Fig.1.3; Ehling et al., 

2013). As the temporal sequence of angiogenesis is spatially laid out over the 

retinal surface, the retinal superficial vascular tree proves to be an ideal model to 

study all three aspects of developmental angiogenesis in the CNS. 

 

1.4 Laminin composition of the CNS vascular basement membrane: 
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The basement membrane (BM) is a three dimensional structure composed 

of various extracellular matrix (ECM) molecules such as laminins, collagen IV, 

perlecan, agrin and nidogen (reviewed in Yurchenco, 2011). BM membrane 

molecules have been reported to be critical regulators of cell adhesion, migration, 

proliferation and differentiation (reviewed in Yurchenco, 2011). Of these 

molecules, laminins have been shown to be especially important in regulating 

several aspects of retinal vascular development (Edwards et al, 2011; Stenzel et 

al., 2011; Gnanaguru et al., 2013; Biswas et al., 2017). 

Laminins are heterotrimeric glycoproteins made of α-, β- and γ-chains 

(Fig.1.4A). Five α-, three β- and three γ-chains have so far been identified, 

combining into 16 known isoforms (Aumailley et al., 2005; Macdonald et al., 

2010). The coiled-coil domains of laminin chains are essential to form the 

functional heterotrimer. The LN-domains of laminin chains are important for the 

self-polymerization of laminin molecules. Finally, the LG-domains of the laminin 

α-chain are critical for the receptor binding (reviewed in Yurchenco, 2011).  

In the CNS vascular BM, endothelial cell-derived laminins and astrocyte-

derived laminins are distinct isoforms and have specific contributions to the CNS 

vascular function. The main laminin α-chains made by endothelial cells are α4 

and α5, whereas the main laminin α-chains made by astrocytes are α2 (Sixt et 

al., 2001) and α5 (Stenzel et al., 2011). Additionally, vascular endothelial cells 

make laminin β-and γ-chains to form laminin-411 and 511, whereas astrocytes 

make laminin β-and γ-chains to form laminin-211 (Sixt et al, 2001) and possibly 
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laminin-511. Astrocytes and possibly endothelial cells also make laminin β2-

(Startman et al., 2009; Li et al, 2012; Gnanaguru et al., 2013) and γ3-chains (Li et 

al, 2012; Gnanaguru et al., 2013; Biswas et al., 2017). However, the specific 

laminin trimers containing β2-and γ3-chains that are present in the vascular BM 

are yet to be identified. Unfortunately, most current literature focuses on the role 

of β1- and γ1-containing isoforms (laminin-211, -411 and -511) in CNS vascular 

development. Although studies from our laboratory provided strong evidence of 

the critical role of β2-and γ3-containing laminins in CNS angiogenesis, other 

groups have largely ignored these isoforms so far. Thus it is of critical importance 

to study these isoforms-mediated signaling in various aspects of CNS 

angiogenesis in great detail. 

One of the questions that have not been completely answered yet is how 

the expressions of different laminins in the vascular BM are regulated. Previous 

studies suggested that the expression of different laminin chains in the vascular 

BM might be coordinately regulated. For instance, genetic deletion of the laminin 

α4-chain led to decreased expression of laminin β1-chain in the vascular BM of 

the skeletal muscle (Thyboll et al., 2002). Genetic deletion of the astrocytic 

laminin γ1-chain led to decreased expressions of laminin α1- and α2-chains in 

the vascular BM of the brain (Chen et al., 2013). Finally, genetic deletion of the 

laminin α2-chain led to decreased expressions of laminin α5- and γ1-chains in 

the vascular BM of the brain (Menezes et al., 2014). However, while most of 

these studies examined the expression laminin β1- and γ1-chains in their knock-

out mouse models, very little is known about the coordinated regulation of 



 10 

laminin β2- and γ3-chain expressions in the vascular BM. Further studies are 

required to thoroughly examine the coordinated expression of different laminin 

chains in the CNS vascular BM, including those in the retina. In Appendix 3, I 

specifically asked whether the expressions of laminin α2-, α4-, α5- and γ3-chains 

in the retinal vascular BM are coordinately regulated with the expression of 

laminin β2-chain.  

 

1.5 Developmental regulation of laminin expression patterns in the retinal 

vascular BM: 

Very little is known about the expression patterns of different laminin 

chains in the retinal vascular BM, and how their expressions are regulated 

developmentally. Previous studies suggested that laminin expressions in retinal 

vessels are spatially regulated (Fig.1.4B). For example, laminin α�-chain is 

present throughout the retinal vasculature, with higher expression at the growing 

vascular front. In contrast, laminin α�-chain is most prominently present in the 

nascent plexus immediately behind the vascular front (Stenzel et al., 2011). It 

has also been reported that there is a patchy distribution of the laminin α�-chain 

in the venules in the brain (Wu et al., 2009; reviewed in Yousif et al., 2013). 

However, whether there is a difference in the expression of laminin α�-chain in 

the BMs of retinal arteries and veins was not known. In Appendix 3, I specifically 

asked whether there is a difference in laminin α5 deposition between retinal 

arterial and venous BMs. Developmental expression pattern of laminin β1-chain 
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in the retinal vasculature has not been extensively studied. In contrast, laminin 

β2-chain has been shown to be present throughout the retinal vascular tree, with 

higher expression in the arterial BM than the venous counterpart (Gnanaguru et 

al., 2013). The laminin γ-chain is expressed in the basement membrane 

throughout the vasculature in the adult retina (Li et al., 2012), whereas the 

laminin γ3-chain expression is restricted to the venous and capillary BMs of the 

mature retinal vasculature (Li et al., 2012, Gnanaguru et al., 2013).  

Along with spatial expression differences, there seems to be also a 

temporal regulation of laminin expression in the CNS vascular BM. For example, 

while the laminin α�-chain is expressed in the CNS vascular BM in all stages of 

development, the laminin α�-chain expression is post-natal (reviewed in Yousif 

et al., 2013). However, whether there is a specific temporal regulation of laminin 

α4 and α5 expression patterns in the retina has not been studied. In a growing 

retinal vascular tree, laminin γ3-chain expression is excluded from tip cells at the 

vascular front, but present around stalk cells. At the nascent plexus, γ3-

containing laminins are present at vascular branch-points (Gnanaguru et al., 

2013). In the mature retinal vascular tree, laminin γ3-chain expression is virtually 

absent in the arterial BM, but present in venous and capillary BMs of a mature 

retinal vascular tree (Li et al., 2012; Gnanaguru et al., 2013). These complex 

spatial and temporal expression patterns of various laminins in the vascular BM 

suggest that specific laminin isoforms play critical role in different aspects of 

vascular development and stabilization in specific regions of the vascular tree. 

However, it was not known how laminin γ3-chain expression is regulated in 
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arterial and venous BMs of a developing retinal vascular tree. In chapter 3, I 

specifically asked how laminin γ3-chain expression is developmentally regulated 

in retinal arterial and venous BMs during superficial vascular tree formation.  

 

1.6 Laminin receptors in the CNS vasculature: 

Laminin binding and signaling is mediated by various transmembrane 

receptors, including sulfated glycolipids, Lutheran glycoproteins, dystroglycan 

and integrins (reviewed in Yurchenco, 2011). Among these receptors, the role of 

dystroglycan and integrins has been studied most extensively in the context of 

vascular development in the CNS. 

Both dystroglycan and integrins are heterodimers containing α- and β-

subunits. The heavily glycosylated α-subunit of dystroglycan (the ligand binding 

subunit) is extracellular and the β-subunit is transmembrane, whereas both α- 

and β-subunits of integrins are transmembrane (Fig.1.4C). A single gene 

encodes both α- and β-subunits of dystroglycan (reviewed in Durbeej et al., 

1998), whereas different genes encode the α- and β-subunits of integrins 

(Humphries et al., 2006). Moreover, dystroglycan and integrins are thought to 

bind different regions of laminin LG domains. Integrins are thought to bind the 

laminin LG domain cluster 1-3, whereas α-dystroglycan binds laminin LG 

domains 4-5 (reviewed in Yurchenco, 2011). The extensive glycosylation of α-

dystroglycan is critical for laminin-binding (reviewed in Durbeej et al., 1998). 
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Indeed, genetic deletion of the POMGnT1 gene (encodes for Protein O-linked-

mannose beta-1,2-N-acetylglucosaminyltransferase 1) results in defective α-

dystroglycan glycosylation and perturbed laminin-binding ability (Liu et al., 2006). 

In the neurovascular unit, both endothelial cells and astrocytes express 

dystroglycan (reviewed in Baeten and Akassoglou, 2011). In vertebrates, there 

are 18 α- and 8 β-integrin subunits that can form 24 different heterodimers that 

vary in their ligand-binding properties and tissue distributions. Of these, integrin 

α3β1, α6β1, α7β1 and α6β4 are known to bind laminins (reviewed in Yue et al., 

2012). Of these integrins, endothelial cells and astrocytes express integrins 

α3β1, α6β1 and α6β4 (reviewed in Baeten and Akassoglou, 2011), whereas 

microglia express integrin α6β1 (Milner and Campbell, 2002). On the other hand, 

neurons have been reported to express all the laminin-binding integrins (Wu and 

Reddy, 2012). Interestingly, not all laminins bind integrins. For example, laminins 

containing γ3-chain have been shown to be unable to bind integrins due to a 

conformational change in the C-terminal LG domain of laminin as a result of the 

absence of a conserved glutamic acid reside (Ido et al., 2008).  

In the following sections, I will discuss what is known about the role of 

laminins in several developmental aspects of angiogenesis (i.e., vascular tree 

expansion, tip cell/stalk cell guidance, patterning of the nascent plexus and 

vascular remodeling). I will also outline the specific questions I asked to fill the 

gaps in our current understanding of the role of laminins in developmental 

angiogenesis in the retina. 
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1.7 Laminins regulate vascular expansion: 

The retinal superficial vasculature radially expands from the optic nerve 

head (ONH) following the astrocyte template. Astrocytes are one of the major 

sources of vascular endothelial growth factor A (VEGFA), which guides vascular 

development in the retina (Dorrell et al., 2002; Gerhardt et al., 2003). Astrocytes 

enter the retina through the ONH around embryonic day 17-18 (E17-18) (Chan-

Ling et al., 2009; Uemura et al., 2006) and centrifugally migrate across the retinal 

surface (Fruttiger et al., 1996; Fruttiger et al., 2002). Studies from our laboratory 

have demonstrated that astrocytes migrate through the laminin-rich ILM in the 

retina (Gnanaguru et al., 2013).  

Most studies that examined the role of laminins on retinal vascular 

development focused on the vascular expansion. A recessive point mutation of 

the laminin α1-chain (Lama1nmf223) disrupted astrocyte patterning in the retina, 

with some astrocytes growing into the vitreous. Consequently, vascular growth 

was also disrupted in Lama1nmf223 retinae, with the persistence of embryonic 

hyaloid vessels and abnormal retinal vessel growth into the vitreous (Edwards et 

al., 2011). Genetic deletion of the laminin β2-chain (Lamb2-/-) also severely 

delayed astrocyte migration and patterning in the retina, resulting in retarded 

vascular growth and persistent hyaloid vessels (Gnanaguru et al., 2013). On the 

other hand, genetic deletion of the laminin γ3-chain only moderately delayed 

astrocyte migration into the retina up to P3, resulting in delayed vascular growth 
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up to P5 (Gnanaguru et al., 2013). Further supporting the concept that laminins 

regulate astrocyte migration and retinal vessel growth, recent studies have 

shown that disrupting cellular receptors for laminins produces similar defects. In 

the POMGnT1-/- retina, where dystroglycan’s ligand binding ability is genetically 

disrupted, astrocytes and blood vessels showed abnormal patterning (Takahashi 

et al., 2011). Moreover, a study from our laboratory has demonstrated that 

astrocyte migration into the retina is dependent on integrin β1-mediated signaling 

(Gnanaguru et al., 2013). These observations suggest that the interaction 

between laminins in the ILM and laminin receptors in the astrocyte is a critical 

regulatory factor for proper astrocyte migration and patterning in the retina, which 

in turn influence retinal vascular expansion. 

 

1.8 Laminins regulate tip cell/stalk cell specification: 

At the growing vascular front, blood vessels respond to the glia-derived 

VEGFA by directed filopodia extension by leading endothelial tip cells. The 

following endothelial stalk cells proliferate and stabilize the newly formed 

vascular network (Gerhardt et al, 2003). The Dll4/Notch signaling has been 

shown to play a critical role in tip cell/stalk cell specification (Hellstrom et al, 

2007; Lobov et al, 2007). The canonical model postulates that VEGFA-mediated 

signaling induces Dll4 expression in tip cells, which subsequently activates the 

Notch pathway in stalk cells (Hellstrom et al, 2007; Lobov et al, 2007).  



 16 

However, recent in vitro studies showed that laminin-111 and laminin-411 

could also directly induce endothelial Dll4 expression via integrin-mediated 

signaling (Estrach et al., 2011; Stenzel et al., 2011). Genetic deletion of the 

laminin α4-chain (Lama4-/-) down-regulated Dll4 expression in endothelial tip 

cells, leading to an excessive number of tip cells (Stenzel et al., 2011), 

phenocopying the effect of Dll4 deletion on retinal vasculature (Lobov et al., 

2007; Hellstrom et al., 2007; Benedito et al., 2012). Endothelial cell-specific 

deletion of integrin β1 also led to a similar phenotype (Stenzel et al., 2011). 

These studies suggest that the direct signaling between basement membrane 

laminins and endothelial tip cells is critical for tip cell/stalk cell specification at the 

vascular front in an isoform specific manner. In contrast, genetic deletion of the 

laminin γ3-chain (Lamc3-/-) led to a decrease in tip cell number (Gnanaguru et 

al., 2013). However, the exact mechanism by which γ3-containing laminins 

regulate tip cell number is not understood. Further studies are required to 

elucidate laminin γ3-mediated signaling in the context of tip cell/stalk cell 

specification.  

1.9 Laminins regulate vascular branching and endothelial cell proliferation: 

Immediately behind the growing vascular front, newly formed vessels form 

an undifferentiated nascent plexus. The nascent plexus forms by vascular 

sprouts anastomosing with each other (Fantin et al., 2010). Most of the 

endothelial cell proliferation takes place in the nascent plexus (Ehling et al., 

2013). it has been reported that genetic deletion of the laminin α4- or γ3-chain 

led to increased vascular branching density in the nascent plexus (Stenzel et al., 
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2011; Gnanaguru et al., 2013; Biswas et al., 2017). However, at the outset of my 

studies, virtually nothing was known about how laminins regulate nascent plexus 

patterning in the retina. In Chapter 2 (Biswas et al., 2017) and Appendix 1, I 

specifically asked whether laminins, especially γ3- and β2-containing isoforms, 

modulate nascent plexus patterning. 

Microglia in the CNS have been shown to facilitate vascular anastomosis, 

and thereby positively modulate vascular branching density (Fantin et al., 2010). 

Microglia are recruited and localized at the sites of vascular anastomosis in the 

retina (Fig.1.5A, C). Microglial density at vascular branch-points is increased in 

the Lamc3-/- nascent plexus, which suggests an increased occurrence of 

vascular anastomotic events in these retinae, leading to the formation of a hyper-

branched nascent plexus (Gnanaguru et al., 2013; Biswas et al., 2017).  

Recent studies have also shown that BM laminins regulate endothelial cell 

proliferation. Genetic deletion of the laminin α4- or γ3-chain led to increased 

endothelial cell proliferation in the nascent plexus (Stenzel et al., 2011; Biswas et 

al., 2017). On the other hand, genetic deletion of the laminin β2-chain led to 

decreased endothelial cell proliferation in the nascent plexus (Biswas et al., 

2017). However, how BM laminins regulate endothelial cell proliferation is not 

completely understood.  

Microglia have been implicated in regulating endothelial cell proliferation. 

Depending on whether they are in their resting or activated state, microglia secret 

anti- or pro-angiogenic factors, respectively (Welser et al., 2010). My results 

(chapter 2 and appendix 1) demonstrate that activated microglia are in close 
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association with mature astrocytes in the retina (Fig.1.5B). Moreover, microglial 

interaction with astrocyte-derived laminins in the vascular BM regulates their 

activation via integrin β1-mediated signaling (Fig.1.5C; Biswas et al, 2017). 

Activated microglial density is significantly increased and microglial TGF-β1 

expression is down-regulated around the Lamc3-/- nascent plexus, consistent 

with increased endothelial cell proliferation in these retinae (Biswas et al., 2017).  

In contrast, microglial TGF-β1 expression is up-regulated in the Lamb2-/- nascent 

plexus, consistent with decreased endothelial cell proliferation in these retinae 

(Biswas et al., 2017). These results suggest that BM laminins regulate vascular 

branching and endothelial cell proliferation in an isoform-specific fashion.  

 

1.10 Laminins regulate vascular remodeling and arteriovenous 

morphogenesis:  

As the retinal superficial vasculature develops, the newly formed vessels 

undergo extensive remodeling to form arteries, veins and the capillary network. 

Arteriogenesis is comprised of a series of developmental steps that include  

adoption of arterial fate by endothelial cells, mural cell recruitment to the arterial 

wall, arterial elongation and the establishment of arterial branching pattern 

(reviewed in Simons and Eichmann, 2015). Abnormal arterial morphogenesis 

leads to altered blood flow and defective tissue perfusion (Scehnet et al., 2007). 

In the retina, all endothelial cells in the superficial vasculature initially express 

venous markers. Distinct arterial morphology and molecular signature is not 

apparent until P3-4 (Uemura et al., 2006). However, how this shift from venous to 
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arterial signature occurs during retinal vascular development is poorly 

understood. Dll4/Notch signaling has been reported to be a critical regulator of 

arterial specification and morphogenesis. Conventional model postulates that 

VEGF-mediated signaling induces Dll4/Notch signaling pathway in arterial 

endothelial cells (reviewed in Aitsebaomo et al., 2008; Kume, 2010). However, 

retinal arteries still form despite pharmacological or genetic disruption of 

VEGF/VEGFR2 pathway (Pan et al, 2007; Benedito et al., 2012). These 

observations suggest that VEGF-mediated signaling is not the only regulator of 

arterial morphogenesis in the retina. 

The specific spatial and temporal regulation of the expressions of various 

laminin chains in the arterial compartment suggests that laminin-mediated 

signaling may play a role in arterial development in the retina. However, virtually 

nothing was known about the role of specific laminin-mediated signaling in 

arterial specification and morphogenesis. In Chapter 3 and appendix 2, I 

specifically asked whether laminins, especially γ3-containing isoforms, regulate 

arteriogenesis in the retina by modulating arterial Dll4/Notch signaling pathway.  

 

1.11 Laminins regulate vascular integrity and barrier function: 

Blood vessels in the CNS acquire a unique barrier property called the 

blood-brain barrier (BBB) and blood-retinal barrier (BRB), which separate the 

systemic circulation from the neural parenchyma. Laminins in the vascular BM 

and laminin receptors in the neurovascular cells have been shown to be critical to 

maintain BBB integrity (reviewed in Baeten and Akassoglou, 2011). One group 
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has recently demonstrated that the genetic deletion of the laminin α2-chain led to 

disrupted vascular mural cell coverage, astrocyte polarization as well as 

perturbed endothelial junctional protein expression, leading to vascular leakage 

(Menezes et al., 2014). Another group has demonstrated that in a model of 

experimental autoimmune encephalomyelitis (EAE), T-cell infiltration occurs 

around the vascular BM lacking laminin α5-chain (Sixt et al., 2001). The same 

group further demonstrated that α5-containing laminins directly inhibit integrin 

α6β-mediated extravasation of T-cells (Wu et al., 2009). Another study 

demonstrated that the genetic deletion of the laminin γ1-chain in astrocytes led to 

vascular smooth muscle cell fragmentation, disassembly of the vascular wall and 

hemorrhagic stroke (Chen et al., 2013). The same group further demonstrated 

that the loss of astrocytic laminin γ1 led to pericyte differentiation from a resting 

stage to a contractile stage, disruption of astrocyte endfeet polarity and perturbed 

endothelial tight junction protein expression (Yao et al., 2014). Although most of 

these studies focused on the role of laminins in BBB, rather than BRB, a similar 

relationship is likely to exist in the retina as well.  

Interestingly, all these studies attributed these phenotypes to the absence 

of either laminin-211 or -511. However, our laboratory has recently demonstrated 

that the genetic deletion of laminin β2-chain also led to vascular leakage in the 

retina (Gnanaguru et al., 2013).  These observations suggest that laminin β2-

containing trimers (perhaps laminin-221 and -521) are also important for 

maintaining the barrier property in the retinal vasculature. It will be of great 

importance to identify specific laminin trimers in different regions of the vascular 
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tree (such as artery, vein and capillary) and their specific roles in maintaining the 

barrier property of CNS vessels. 

 

1.12 Summary: 

Taken together, the existing literature review presented above strongly 

suggests that BM laminins play an important regulatory role in almost every 

aspect of angiogenesis in the CNS, including the retina. The laminin-mediated 

regulation of angiogenesis in the CNS appears to be both direct (signaling 

between specific laminins and endothelial cells) and indirect (cross-talk between 

other cell types and endothelial cells). BM disorganization and remodeling have 

been observed in several pathological conditions with an ocular manifestation 

such as diabetes (Abrass et al, 1997; Schaeffer et al., 2010) and ischemia 

(reviewed in Baeten and Akassoglou, 2011). Therefore, a detailed knowledge of 

vascular BM components and their interactions with cell types in the 

neurovascular unit is of great importance. Thus my studies presented here aim to 

fill some of the gaps in the current knowledge about the role of BM laminins in 

retinal vascular development. I asked following three specific questions: 

1) Do laminins, especially γ3- and β2-containing isoforms, modulate 

nascent plexus patterning during retinal angiogenesis? I presented my 

results aimed to answer this question in Chapter 2 and Appendix 1.  

2) Do laminins, especially γ3-containing isoforms, regulate arteriogenesis 

in the retina by modulating arterial Dll4/Notch signaling pathway? I 
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presented my results aimed to answer this question in Chapter 3 and 

Appendix 2.  

3) Is there a coordinated regulation of laminin α2-, α4-, α5- and γ3-chain 

expressions with laminin β2-chain expression? I presented my 

preliminary results aimed to answer this question in Appendix 3.  

 

 

 

 

 



 23 

1.12 References: 

Abrass CK, Spicer D, Berfield AK, St John PL, Abrahamson DR. 1997. 

Diabetes induces changes in glomerular development and laminin-beta 2 (s-

laminin) expression. Am J Pathol 151:1131-1140. 

 

Aitsebaomo J, Portbury AL, Schisler JC, Patterson C. 2008. Brothers and 

Sisters: Molecular insights into arterial-venous heterogeneity. Circ Res 103:929-

939. 

 

Aumailley M, Bruckner-Tuderman L, Carter WG, Deutzmann R, Edgar D, Ekblom 

P, Engel J, Engvall E, Hohenester E, Jones JC, Kleinman HK, Marinkovich 

MP, Martin GR, Mayer U, Meneguzzi G, Miner JH, Miyazaki K, Patarroyo 

M, Paulsson M, Quaranta V, Sanes JR, Sasaki T, Sekiguchi K, Sorokin LM, Talts 

JF, Tryggvason K, Uitto J, Virtanen I, von der Mark K, Wewer UM, Yamada Y, 

Yurchenco PD. 2005. A simplified laminin nomenclature. Matrix Biol 24:326-332. 

 

Baeten KM, Akassoglou K. 2011. Extracellular matrix and matrix receptors in 

blood-brain barrier formation and stroke. Dev Neurobiol 71:1018-1039. 

 

Benedito R, Rocha, SF, Woeste M, Zamykal M, Radtke F, Casanovas O, Duarte 

A, Pytowski B, Adams RH. 2012. Notch-dependent VEGFR3 upregulation allows 

angiogenesis without VEGF-VEGFR2 signalling. Nature 484:110-114. 

 

Biswas S, Bachay G, Chu J, Hunter DD, Brunken WJ. 2017. Laminin-dependent 

interaction between astrocytes and microglia: a role in retinal angiogenesis. Am J 

Pathol 187:2112-2127.  

 

Chan-Ling T, Chu Y, Baxter L, Weible Ii, Hughes S. 2009. In vivo 

characterization of astrocyte precursor cells (APCs) and astrocytes in developing 

rat retinae: differentiation, proliferation, and apoptosis. Glia 57:39-53. 

 



 24 

Chen Z, Yao Y, Norris EH, Kruyer A, Jno-Charles O, Akhmerov A, Strickland S. 

2013. Ablation of astrocytic laminin impairs vascular smooth muscle cell function 

and leads to hemorrhagic stroke. J Cell Biol 202:381-395. 

 

Cristofaro B, Shi Y, Faria M, Suchting S, Leroyer AS, Trindade A, Duarte A, 

Zovein AC, Iruela-Arispe ML, Nih LR, Kubis N, Henrion D, Loufrani L, Todiras M, 

Schleifenbaum J, Gollasch M, Zhuang ZW, Simons M, Eichmann A, le Noble F. 

2013. Dll4-Notch signaling determines the formation of native arterial collateral 

networks and arterial function in mouse ischemia models. Development 

140:1720-1729. 

 

Diez-Roux G, Lang RA. Macrophages induce apoptosis in normal cells in vivo. 

1997. Development 124:3633-3638. 

 

Dorrell MI, Aguilar E, Friedlander M. 2002. Retinal vascular development is 

mediated by endothelial filopodia, a preexisting astrocytic template and specific 

R-cadherin adhesion. Invest Ophthalmol Vis Sci 43:3500-3510. 

 

Duarte A, Hirashima M, Benedito R, Trindade A, Diniz, P, Bekman E, Costa L, 

Henrique D, Rossant J. 2004. Dosage-sensitive requirement for mouse Dll4 in 

artery development. Genes Dev 18:2474-2478.Edwards MM, McLeod DS, Grebe 

R, Heng C, Lefebvre O, Lutty GA. 2011. Lama1 mutations lead to vitreoretinal 

blood vessel formation, persistence of fetal vasculature, and epiretinal membrane 

formation in mice. BMC Dev Biol 11:1-19. 

 

Durbeej M, Henry MD, Campbell KP. 1998. Dystroglycan in development and 

disease. Curr Opin Cell Biol 10: 594-601. 

 

Ehling M, Adams S, Benedito R, Adams RH. 2013. Notch controls retinal blood 

vessel maturation and quiescence. Development 140:3051-3061. 

 



 25 

Estrach S, Cailleteau L, Franco CA, Gerhardt H, Stefani C, Lemichez E, 

Gagnoux-Palacios L, Meneguzzi G, Mettouchi A. 2011. Laminin-binding integrins 

induce Dll4 expression and Notch signaling in endothelial cells. Circ Res 

109:172-182. 

 

Fantin A, Vieira JM, Gestri G, Denti L, Schwarz Q, Prykhozhij S, Peri F, Wilson 

SW, Ruhrberg C. 2010. Tissue macrophages act as cellular chaperones for 

vascular anastomosis downstream of VEGF-mediated endothelial tip cell 

induction. Blood 116:829-840. 

 

Fileta JB, Bennett TJ, Quillen DA. 2014. Wyburn-Mason syndrome. JAMA 

Ophthalmol 132: 805. 

 

Fruttiger M, Calver AR, Krüger WH, Mudhar HS, Michalovich D, Takakura 

N, Nishikawa S, Richardson WD. 1996. PDGF mediates a neuron-astrocyte 

interaction in the developing retina. Neuron 17:1117-1131. 

 

Fruttiger M. 2002. Development of the mouse retinal vasculature: angiogenesis 

versus vasculogenesis. Invest Ophthalmol Vis Sci 43:522–527. 

 

Gerhardt H, Golding M, Fruttiger M, Ruhrberg C, Lundkvist A, Abramsson 

A, Jeltsch M, Mitchell C, Alitalo K, Shima D, Betsholtz C. 2003. VEGF guides 

angiogenic sprouting utilizing endothelial tip cell filopodia. J Cell Biol 161:1163-

1177. 

 

Gnanaguru G, Brunken WJ. 2012. The cell-matrix interface: a possible target for 

treating retinal vascular related pathologies. J Ophthalmic Vis Res 7:316-327. 

 

Gnanaguru G, Bachay G, Biswas S, Pinzón-Duarte G, Hunter DD, Brunken WJ. 

2013. Laminins containing the β2 and γ3 chains regulate astrocyte migration and 

angiogenesis in the retina. Development 140:2050-2060. 



 26 

 

Gu Z, Cui J, Brown S, Fridman R, Mobashery S, Strongin AY, Lipton SA. 2005. A 

highly specific inhibitor of matrix metalloproteinase-9 rescues laminin from 

proteolysis and neurons from apoptosis in transient focal cerebral ischemia. J 

Neurosci 25:6401-6408. 

 

Hamilton NB, Atwell D, Hall CN. 2010. Pericyte-mediated regulation of capillary 

diameter: a component of neurovascular coupling in health and disease. Front 

Neuroenergetics 2:1-14. 

 

Hellström M, Phng LK, Hofmann JJ, Wallgard E, Coultas L, Lindblom P, Alva J, 

Nilsson AK, Karlsson L, Gaiano N, Yoon K, Rossant J, Iruela-Arispe ML, Kalén 

M, Gerhardt H, Betsholtz C. 2007. Dll4 signalling through Notch1 regulates 

formation of tip cells during angiogenesis. Nature 445:776-780. 

 

Henkind P and Wise GN. 1974. Retinal neovascularization, colaterals, and 

vascular shunts. Brit J Ophthal 58:413-422. 

 

Humphries JD, Byron A, Humphries MJ. 2006. Integrin ligands at a glance. J Cell 

Sci 119:3901-3903. 

 

Hunter DD, Shah V, Merlie JP, Sanes JR. 1989. A laminin-like adhesive protein 

concentrated in the synaptic cleft of the neuromuscular junction. Nature 338:229-

234. 

 

Ido H, Ito S, Taniguchi Y, Hayashi M, Sato-Nishiuchi R, Sanzen N, Hayashi 

Y, Futaki S, Sekiguchi K. 2008. Laminin isoforms containing the γ3 chain are unable to 

bind to integrins due to the absence of the glutamic acid residue conserved in the C-

terminal regions of the γ1 and γ2 chains. J Biol Chem 283:28149-28157. 

 



 27 

Joyal JS, Sun Y, Gantner ML, Shao Z, Evans LP, Saba N, Fredrick T, Burnim 

S, Kim JS, Patel G, Juan AM, Hurst CG, Hatton CJ, Cui Z, Pierce KA, Bherer 

P, Aguilar E, Powner MB, Vevis K, Boisvert M, Fu Z, Levy E, Fruttiger 

M, Packard A, Rezende FA, Maranda B, Sapieha P, Chen J, Friedlander M, Clish 

CB, Smith LE. 2016. Retinal lipid and glucose metabolism dictates angiogenesis 

through the lipid sensor Ffar1. Nat Med 22:439-445. 

 

Kume T. 2010. Specification of arterial, venous, and lymphatic endothelial cells 

during embryonic development. Histol Histopathol. 25:637-646. 

 

Lee HJ, Ahn BJ, Shin MW, Jeong JW, Kim JH, Kim KW. Ninjurin1 mediates 

macrophage-induced programmed cell death during early ocular development. 

2009. Cell Death Differ 16:1395-1407. 

 

Li YN, Radner S, French MM, Pinzon-Duarte G, Daly GH, Burgeson RE, Koch M, 

Brunken WJ. 2012. The γ3 chain of laminin is widely but differentially expressed 

in murine basement membranes: expression and functional studies. Matrix 

Biol  31:120-134. 

Liegl R, Hellström A, Smith LE. 2016. Retinopathy of prematurity: the need for 

prevention. Eye Brain 8:91-102. 

Liu ZJ, Shirakawa T, Li Y, Soma A, Oka M, Dotto GP, Fairman RM, Velazquez 

OC, Herlyn M. 2003. Regulation of Notch1 and Dll4 by vascular endothelial 

growth factor in arterial endothelial cells: implications for modulating 

arteriogenesis and angiogenesis. Mol Cell Biol 23:14-25. 

 

Liu J, Ball SL, Yang Y, Mei P, Zhang L, Shi H, Kaminski HJ, Lemmon VP and Hu 

H. 2006. A genetic model for muscle-eye-brain disease in mice lacking protein O-



 28 

mannose 1,2-N-acetylglucosaminyltransferase (POMGnT1). Mech Dev 123:228-

240. 

 

Lobov IB, Renard RA, Papadopoulos N, Gale NW, Thurston G, Yancopoulos GD, 

Wiegand SJ. 2007. Delta-like ligand 4 (Dll4) is induced by VEGF as a negative 

regulator of angiogenic sprouting. Proc Natl Acad Sci USA 104:3219-3224. 

Macdonald PR, Lustig A, Steinmetz MO, Krammer RA. 2010. Laminin chain 

assembly is regulated by specific coiled-coil interactions. J Struct Biol 170:398-

405. 

 

Menezes MJ, McClenahan FK, Leiton CV, Aranmolate A, Shan X, Colognato H. 

2014. The extracellular matrix protein laminin a2 regulates the maturation and 

function of the blood–brain barrier. J Neurosci 34:15260-15280. 

 

Milner R, Campbell IL. 2002. Cytokines regulate microglial adhesion to laminin 

and astrocyte extracellular matrix via protein kinase C- dependent activation of 

the alpha6beta1 integrin. J Neurosci 22:1562-1572. 

 

Obermeier B, Daneman R, Ransohoff RM. Development, maintenance and 

disruption of the blood-brain barrier. 2013. Nat Med 19:1584-1596. 

 

Pan Q, Chanthery Y, Liang WC, Stawicki S, Mak J, Rathore N, Tong RK, 

Kowalski J, Yee SF, Pacheco G, Ross S, Cheng Z, Le Couter J, Plowman G, 

Peale F, Koch AW, Wu Y, Bagri A, Tessier-Lavigne M, Watts RJ. 2007. Blocking 

neuropilin-1 function has an additive effect with anti-VEGF to inhibit tumor 

growth. Cancer Cell 11:53-67. 

 

Prokofyeva E, Zrenner E. 2012. Epidemiology of major eye diseases leading to 

blindness in Europe: a literature review. Ophthalmic Res 47:171-188. 



 29 

 

Qian H, Ripps H. 2011. Neurovascular Interaction and the Pathophysiology of 

Diabetic Retinopathy. Experimental Diabetes Research 2011:1-11. 

 

Reck SD, Zacks, DN, Eibschitz-Tsimhoni M. 2005. Retinal and intracranial 

arteriovenous malformations: Wyburn-Mason syndrome. J Neuroophthalmol 

25:205-208. 

 

Romanic AM, White RF, Arleth AJ, Ohlstein EH, Barone FC. 1998. 

Matrix metalloproteinase expression increases after cerebral focal ischemia in rat

s: inhibition of matrix metalloproteinase-9 reduces infarct size. Stroke 29:1020-

1030. 

 

Sacilotto N, Monteiro R, Fritzsche M, Becker PW, Sanchez-Del-Campo L, Liu K, 

Pinheiro P, Ratnayaka I, Davies B, Goding CR, Patient R, Bou-Gharios G, De 

Val S. 2013. Analysis of Dll4 regulation reveals a combinatorial role for Sox and 

Notch in arterial development. Proc Natl Acad Sci USA 110:11893-11898. 

 

Saint-Geniez M and D’Amore P. 2004. Development and pathology of the 

hyaloid, choroidal and retinal vasculature. Int J Dev Biol 48:1045-1058. 

 

Sapieha P, Sirinyan M, Hamel D, Zaniolo K, Joyal JS, Cho JH, Honoré 

JC, Kermorvant-Duchemin E, Varma DR, Tremblay S, Leduc M, Rihakova 

L, Hardy P, Klein WH, Mu X, Mamer O, Lachapelle P, Di Polo A, Beauséjour 

C, Andelfinger G, Mitchell G, Sennlaub F, Chemtob S. 2008. The succinate 

receptor GPR91 in neurons has a major role in retinal angiogenesis. Nat Med 

14:1067-1076. 

 

Scehnet JS, Jiang W, Ram Kumar S, Krasnoperov V, Trindade A, Benedito R, 

Djokovic D, Borges C, Ley EJ, Duarte A, Gill PS. 2007. Inhibition of Dll4-



 30 

mediated signaling induces proliferation of immature vessels and results in poor 

tissue perfusion. Blood 109:4753-4760. 

 

Schaeffer V, Hansen KM, Morris DR, Abrass CK. 2010. Reductions 

in laminin beta2 mRNA translation are responsible for impaired IGFBP-5-

mediated mesangial cell migration in the presence of high glucose. Am J Physiol 

Renal Physiol 298:F314-F322. 

 

Simons M, Eichmann A. 2015. Molecular controls of arterial morphogenesis. Circ 

Res 116:1712-1724. 

 

Sixt M, Engelhardt B, Pausch F, Hallmann R, Wendler O, Sorokin LM. 2001. 

Endothelial cell laminin isoforms, laminins 8 and 10, play decisive roles in T cell 

recruitment across the blood-brain barrier in experimental autoimmune 

encephalomyelitis. J Cell Biol 153:933-946. 

 

Stahl A, Connor KM, Sapieha P, Chen J, Dennison RJ, Krah NM, Seaward MR, 

Willett KL, Aderman CM, Guerin KI, Hua J, Löfqvist C, Hellström A, Smith LE. 

2010. The mouse retina as an angiogenesis model. Invest Ophthalmol Vis Sci 

51:2813-2826. 

 

Startman AN, Malotte KM, Mahan RD, Davis MJ, Davis GE. 2009. Pericyte 

recruitment during vasculogenic tube assembly stimulates endothelial basement 

membrane matrix formation. Blood 114:5091-5101. 

 

Stefater JA III, Lewkowich I, Rao S, Mariggi G, Carpenter AC, Burr AR, Fan 

J, Ajima R, Molkentin JD, Williams BO, Wills-Karp M, Pollard JW, Yamaguchi 

T, Ferrara N, Gerhardt H, Lang RA. 2011. Regulation of angiogenesis by a non-

canonical Wnt-Flt1 pathway in myeloid cells. Nature 474:511-515. 

 



 31 

Stenzel D, Franco CA, Estrach S, Mettouchi A, Sauvaget D, Rosewell I, Schertel 

A, Armer H, Domogatskaya A, Rodin S, Tryggvason K, Collinson L, Sorokin L, 

Gerhardt H. 2011. Endothelial basement membrane limits tip cell formation by 

inducing Dll4/Notch signalling in vivo. EMBO Rep 12:1135-1143. 

 

Takahashi H, Kanesaki H, Igarashi T, Kameya S, Yamaki K, Mizota A. 2011. 

Reactive gliosis of astrocytes and Muller glial cells in retina of POMGnT1-

deficient mice. Mol Cell Neurosci 47:119–130. 

 

Thyboll J, Kortesmaa J, Cao R, Soininen R, Wang L, Iivanainen A, Sorokin L, 

Risling M, Cao Y, Tryggvason K. 2002. Detection of the laminin α4 chain leads to 

impaired microvessel maturation. Mol Cell Biol 22:1194-1202. 

 

Uemura A, Kusuhara S, Katsuta H, Nishikawa S. 2006. Angiogenesis in the 

mouse retina: a model system for experimental manipulation. Exp Cell Res 

312:676-683. 

 

Usui Y, Westenskow PD, Kurihara T, Aguilar E, Sakimoto S, Paris LP, Wittgrove 

C, Feitelberg D, Friedlander MS, Moreno SK, Dorrell MI, Friedlander M. 2015. 

Neurovascular crosstalk between interneurons and capillaries is required for 

vision. J Clin Invest 125:2335-2346. 

 

Vasudevan A, Bhide PG. 2008. Angiogenesis in the embryonic CNS: a new twist 

on an old tale. Cell Adh Migr 2:167-169.  

 

Wanjare M, Kusuma S, Gerecht S. 2013. Perivascular cells in blood vessel 

regeneration. Biotechnol J 8:434-447. 

 

Welser JV, Li L, Milner R. 2010. Microglial activation state exerts a biphasic 

influence on brain endothelial cell proliferation by regulating the balance of TNF 



 32 

and TGF-β1. J Neuroinflammation 7:1-7. 

 

Wu C, Ivars F, Anderson P, Hallmann R, Vestweber D, Nilsson P, Robenek H, 

Tryggvason K, Song J, Korpos E, Loser K, Beissert S, Georges-Labouesse E, 

Sorokin LM. 2009. Endothelial basement membrane laminin α5 selectively 

inhibits T lymphocyte extravasation into the brain. Nat Med 15:519-527. 

 

Wu X, Reddy DS. 2012. Integrins as receptor targets for neurological disorders. 

Pharmacol Ther 134:68-81. 

 

Yao Y, Chen Z, Norris EH, Strickland S. 2014. Astrocytic laminin regulates 

pericyte differentiation and maintains blood brain barrier integrity. Nature 

Commun 5:1-12. 

 

Yousif LF, Russo JD, Sorokin L. 2013. Laminin isoforms in endothelial and 

perivascular basement membranes. Cell Adh Migr 7:101-110. 

 

Yue J, Zhang K, Chen J. 2011. Role of integrins in regulating proteases to 

mediate extracellular matrix remodeling. Cancer Microenviron 5:275-283. 

 

Yurchenco PD. 2011. Basement membranes: cell scaffoldings and signaling 
platforms. Cold Spring Harb Perspect Biol 3:1-27. 



 33 

 

1.13 Figures and figure legends 
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Figure 1.1: Anatomy of the neurovascular unit. A. Schematic of the neurovascular unit. 

Endothelial cells surround the vascular lumen. The vascular basement membrane (BM) 

surrounds endothelial cells. The vascular BM is a composite structure with components derived 

from both endothelial cells and astrocytes.  Astrocytes contact the vascular BM with their endfeet. 

Pericytes are embedded in the vascular BM and make direct contact with endothelial cells. 

Activated microglia are in contact with the astrocyte-derived components of the vascular BM. 

Astrocytes and microglia also make contact with neurons. B. P15 WT retinal whole mount was 

stained with anti-CD31 (endothelial cell marker: red), anti-α-smooth muscle actin (αSMA; 

vascular smooth muscle cell marker: blue) and anti-desmin (pericyte marker: green) antibodies. 

Top panel shows low magnification images and bottom panel shows higher magnification images 

of the boxed region. Note that only main retinal arteries and primary arterioles have extensive 

smooth muscle coverage. On the other hand, pericytes cover the whole vascular tree. A=artery, 

V=vein. Scale bar: B (top panel)=160 µm, (bottom panel)=32 µm. 
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Figure 1.2: Schematic of retinal vascular development in mice. Retinal vessels sprout from 

an existing vessel in the optic nerve head (ONH). At P0, the murine retina is largely avascular. At 

this time, astrocytes migrate radially (orange arrows) from the ONH towards the periphery 

through the inner limiting membrane (ILM). The superficial vascular tree begins to expand (red 

arrows) over the ganglion cell layer (GCL) following this astrocyte-template. The superficial 

vascular tree reaches retinal periphery by P8. Around this time, vascular sprouts from superficial 

vessels dive deep into the retina following Müller cell processes and begin to form the deep 

vascular bed in the outer plexiform layer (OPL) between inner nuclear layer (INL) and outer 

nuclear layer (ONL). The deep vascular bed is completely formed by P12. Around this time the 

intermediate vascular bed begins to form in the inner plexiform layer (IPL) between GCL and INL. 

The mouse retina becomes completely vascularized by P21. RPE=retinal pigment epithelium. 
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Figure 1.3: Distinct developmental regions in a growing retinal superficial vascular tree. A. 

P5 WT retinal whole mount was stained with FITC-conjugated (green) isolectin B4 (IB4: 

endothelial cell marker). Three different developmental regions (vascular front, nascent plexus 

and remodeling zone) are indicated. Vascular sprouts align themselves towards the angiogenic 

cue at the vascular front. This is where tip cell/stalk cell specification takes place. Behind the 

vascular front, newly formed vessels form an immature nascent plexus. This is where most 

endothelial cell proliferation occurs. Further behind, this nascent plexus undergoes extensive 

remodeling to form morphologically distinct arteries, veins and the capillary network. B. Higher 

magnification images of three developmental regions of a developing P5 WT retinal superficial 

vascular tree stained with FITC-conjugated IB4. Empty arrowheads point at a tip cell (TC) and the 

following stalk cell (SC). A=artery, V=vein, ONH=optic nerve head. Scale bar: A=160 µm, B=32 

µm. 
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Figure 1.4: Structure of a laminin heterotrimer and the schematic of laminin-receptor 

interaction.  A. Laminin heterotrimers are composed of one α-, one β- and one γ-chain. There 

are 5 different α-chains, 3 β-chains and 3 γ-chains that combine into 16 different heterotrimers 

(isoforms). The coiled-coil domains are critical for the heterotrimer formation. The LN domains are 

critical for the self-polymerization of laminin heterotrimers. The LG domains are critical for the 

receptor binding. The LG domain cluster 1-3 is separated from 4-5 by a short hinge. B. Spatial 

expression patterns of different laminin chains in the mature retinal superficial vascular tree. 

Laminin α2- (Appendix 3), α4- (Appendix 3), β1- (?) and γ1- (Li et al., 2012) chains are uniformly 

present throughout the mature retinal superficial vascular tree. In contrast, laminin α5 (Appendix 

3) and β2 (Gnanaguru et al., 2013) immunoreactivities are higher in the arterial BM than either 

venous or capillary BM. Laminin γ3-chain is absent in the mature arterial BM, but present in 

venous and capillary BMs (Li et al., 2012). C. Laminins bind to various cell membrane receptors, 

including integrins and dystroglycan. Both integrins and dystroglycan are heterodimers, 

containing α- and β-subunits. Both α- and β-subunits of integrins are transmembrane. In contrast, 

heavily glycosylated α-subunit of dystroglycan is extracellular and only the β-subunit is 

transmembrane. Laminin LG domain cluster 1-3 is thought to responsible for integrin binding, 

whereas LG domains 4-5 are thought to bind α-dystroglycan. 

 

 

 

 



 41 

 

 

 

 

 

 

 

 

 

 

 



 42 

 

 

 

 

 

Figure 1.5: Microglia regulate vascular branching and endothelial cell proliferation in the 

retina. A. CD31 (endothelial cell marker: green) and Iba1 (microglia marker: red) labeling of P5 

WT retinal flat mount demonstrate microglia localizing at the points of vascular anastomosis 

(yellow arrows). B. IB4 (red), CD68 (activated microglia marker: green) and glial fibrillary acidic 

protein (GFAP; marks mature astrocytes: blue) labeling of P5 WT retinal flat mount demonstrate 

presence of activated microglia in association with mature astrocytes. White dashed line outline 

the growing vascular front. Inset image is a 3D reconstruction showing that activated microglial 

cells are in contact with mature astrocytes (yellow arrows). C. Based on my results (chapter 2 and 

appendix 1), I postulate that microglia-mediated regulation of vascular branching and endothelial 

cell proliferation occurs in three steps. Step 1: mature astrocytes recruit microglia to the growing 

vasculature, presumably by secreting chemoattractant factors (dashed black arrows). Step 2: 

microglia form bridges between emerging vascular sprouts, facilitating their fusion (anastomosis) 

to create vascular branch-points. Step 3: eventually microglia come in contact with the astrocyte-

derived compartment of the vascular BM. The interaction between BM components (such as 

laminins) and microglia regulates microglial activation state. Activated microglial cells secrete 

factors that induce endothelial cell proliferation (pro-angiogenic), while resting microglial cells 

secrete factors that inhibit endothelial cell proliferation (anti-angiogenic). Scale bar: A and B=32 

µm. 
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Figure 1.6: Laminins regulate arterial morphogenesis. A. CD31 (red) and laminin γ3 (white) 

labeling of P5 WT retinal flat mount demonstrate that γ3-containing laminins are deposited in both 

arterial and venous as well as microvascular BMs in the remodeling zone. B. CD31 (red) and β-

dystroglycan (β-DG: white) labeling of P5 WT retinal flat mount demonstrate that dystroglycan is 

expressed by arterial endothelial cells in the remodeling zone, and absent in venous endothelial 

cells. C. CD31 (red) and Dll4 (white) labeling of P5 WT retinal flat mount demonstrate that Dll4 is 

expressed by arterial endothelial cells in the remodeling zone, and absent in venous endothelial 

cells. D. Based on my results (chapter 3 and appendix 2), I postulate that γ3-containing laminins 

in the vascular BM signal through dystroglycan to induce Dll4 expression in emerging arterial 

endothelial cells, activating the Dll4/Notch signaling cascade. Downstream of Dll4/Notch signaling 

cascade, arterial endothelial cells express artery specific markers. The absence of dystroglycan 

expression in venous endothelial cells prevents this signaling pathway to become active in the 

emerging veins. A=artery, V=vein. Scale bar: A, B and C=32 µm. 

 

 

 



 45 

Chapter 2: 

Laminin-dependent Interaction Between 

Astrocytes and Microglia: A Role in Retinal 

Angiogenesis  

Saptarshi Biswas, Galina Bachay, Julianne Chu, Dale Donald Hunter and William 

Joseph Brunken 

Published by: Biswas S, Bachay G, Chu J, Hunter DD, Brunken WJ. 2017. 

Laminin-dependent interaction between astrocytes and microglia: a role in retinal 

angiogenesis. Am J Pathol 187:2112-2127.  

 

 

 



 46 

2.1 Abstract: 

Retinal vascular diseases are among the leading causes of acquired 

blindness. In recent years, retinal microglia have been shown to influence 

vascular branching-density and endothelial cell proliferation. However, how 

microglial recruitment and activation are regulated during development remains 

unclear. In this study, we examined the hypothesis that microglial recruitment, 

activation and down-stream signaling are modulated by components of the mural 

basement membrane. We used reverse genetic approach to disrupt laminin 

expression in the vascular basement membrane and demonstrate that microglia 

respond to mural basement membrane in an isoform specific manner. Microglial 

density is significantly increased in the laminin γ3-null (Lamc3-/-) retinal 

superficial vascular plexus (SVP) and consequently the vascular branching-

density is increased. Microglia also respond to astrocyte-derived matrices and 

become hyper-activated in the Lamc3-/- retina or when tested in vitro with cell-

derived matrix. Pharmacological activation of microglia in the WT retina 

produced Lamc3-/--like vascular phenotype, whereas pharmacological blocking 

of microglial activation in the Lamc3-/- retina rescued WT vascular 

phenotype.  On the molecular level, microglial TGF-β1 expression is down-

regulated in the Lamc3-/- retina, and SMAD signaling decreased in endothelial 

cells with a consequent increase in endothelial proliferation.  The reverse effects 

were seen in the Lamb2-/- retina. Together, our results demonstrate a novel 

mechanism by which laminins modulate vascular branching and endothelial cell 

proliferation during retinal angiogenesis. 
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2.2 Introduction: 

Disruptions in the mechanisms that govern retinal angiogenesis are the 

leading cause of adult blindness in the developed world1. As the mouse retina 

vascularizes entirely post-natally, it has become an established model to 

elucidate mechanisms of retinal angiogenesis. In the mouse retina, a superficial 

vascular plexus (SVP) emerges from the central artery and grows out over the 

retinal surface following an astrocyte template between post-natal days 1-8 (P1-

8). Vascular sprouts from the SVP dive into the retina forming a deep capillary 

plexus at the outer plexiform layer (OPL) between P7-12. Subsequently, an 

intermediate plexus forms in the inner plexiform layer (IPL), completing vascular 

development by P212.  

Retinal angiogenesis depends on a variety of factors, including soluble 

growth factors, cell-cell and cell-extracellular matrix (ECM) interactions. 

Microvascular basement membrane (BM) in the central nervous system (CNS) 

consists of two separate layers: an endothelial cell-derived BM and an astrocyte-

derived BM; these fused BMs ensheath the vascular tube3. Laminins, a major 

component of the BM, have been shown to modulate retinal angiogenesis4,5. 

Laminins are heterotrimeric glycoproteins made of α-, β- and γ-chains. Five α-, 

three β- and three γ-chains have so far been identified, combining into 16 

different heterotrimers6, 7, and have overlapping, yet distinct, tissue distributions 

and functions8, 9. In the vasculature, endothelial cell-derived laminins (α4- and 

α5-containing isoforms) and astrocyte-derived laminins (α2-containing isoforms) 

are distinct isoforms and have distinct contributions to CNS vascular function3.  
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Microglia are the resident macrophages of the CNS. Microglia populate 

retina at an early embryonic age, well before astrocytes or vasculature10, 11. 

Previous studies reported that microglia regulate vascular branching by 

facilitating vascular anastomosis10, 12 as well as regulating the turning of vascular 

sprouts in the deep plexus13. Additionally, microglia secrete pro-angiogenic 

factors in their activated state, whereas resting microglia secrete anti-angiogenic 

factors14. However, little is known about how microglial recruitment and activation 

are regulated during developmental angiogenesis in the retina.  

Microglia interact with the astrocyte-derived ECM during migration15, but 

the physiological consequence of this interaction is yet undetermined. Using 

reverse genetic approaches, we have begun to explore the mechanisms of 

microglial recruitment and activation in the retina. Previously, we reported that 

astrocyte migration and template formation is dependent on inner limiting 

membrane (ILM) laminins5. Moreover, deletion of Lamc3-gene (laminin γ3-chain) 

resulted in a hyper-branched vascular plexus and preliminary data suggested 

that microglia were recruited in greater numbers to the vascular front in Lamc3-/-

 retinae5. From these preliminary results, we hypothesized that γ3-containing 

laminins in the microvascular BM influence microglial recruitment and activation 

in the retina, and thereby play important role in vascular patterning.  

In this study, we critically test this hypothesis and show that in the Lamc3-

/- retina, microglial density is increased specifically around the nascent SVP, 

where they are associated with mature astrocytes, producing an increase in the 

vascular branching-density.  We further demonstrate that the interaction with 
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astrocyte-derived ECM via β1-containing integrin influences microglial activation. 

In the absence of γ3-containing laminins, microglia are hyper-activated; microglial 

TGF-β1 expression is down-regulated and SMAD3-mediated signaling in the 

endothelial cells is decreased. Consequently, endothelial cell proliferation is 

increased in the nascent plexus of the Lamc3-/- retina. Pharmacological 

activation of microglia in the wild type (WT) retina produced a Lamc3-/--like 

vascular phenotype, while pharmacological blocking of microglial activation in the 

Lamc3-/- retina produced a WT-like vascular phenotype. Finally, our results 

suggest that different laminin isoforms vary in their effects on microglial TGF-β1 

expression and endothelial cell proliferation. Together, our results suggest 

that the γ3-containing laminins in the vascular BM restrict vascular branching and 

endothelial cell proliferation during retinal angiogenesis. Our results suggest a 

novel regulation of retinal angiogenesis by a laminin-dependent mechanism of 

microglial recruitment and activation.
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2.3 Materials and methods: 

Mice 

All procedures involving animals were performed in accordance with the 

Animal Care and Use Committee of State University of New York (SUNY) 

Downstate Medical Center and SUNY Upstate Medical University. Targeted 

deletions of the laminin β2-gene (Lamb2) and laminin γ3-gene (Lamc3) have 

been described previously16, 17, 18, 19. The laminin γ3-null and laminin β2-null mice 

lines were backcrossed over nine generations to C57bl/6J. There was no rd1 and 

rd8 mutation in our mice lines. The notations used for the genotypes are as 

follows: laminin γ3-null or Lamc3-/- and laminin β2-null or Lamb2-/-. For our 

experiments, times of birth and tissue harvest (early morning in both cases) were 

kept consistent between non-littermate WT and Lamc3-/- pups.  

Immunohistochemistry 

To prepare retinal whole mounts, eyes were enucleated and fixed in 4% 

paraformaldehyde (PFA) for 10 minutes; retinae were dissected and flat mounted and 

treated with absolute methanol at -20°C for 10 minutes. In case of the whole mount 

preparation for TGF-β1 staining, the eyes were fixed in 2% PFA for 5 minutes. After 

PBS wash, retinae were incubated overnight at 4°C in the blocking buffer (5% goat 

or donkey serum; 0.3% Triton X-100). The retinae were then incubated with 

primary antibodies in antibody diluting solution (5% goat/donkey serum; 0.01% 

Triton X-100) for 48 hours at 4°C; washed and incubated with secondary 

antibodies for 24 hours. Samples were imaged using a Hamamatsu Orca-R2 

camera (Hamamatsu Ltd., Hamamatsu City, Japan) with a Nikon E800 (Nikon 
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Ltd., Tokyo, Japan) microscope.  The Volocity software package (v6.3, Perkin-

Elmer, Waltham, MA, USA) was used to acquire, process, and analyze images.   

Reagents 

Primary antibodies used were rabbit anti-laminin (Sigma, St. Louis, MO; 1: 

500), rabbit anti-laminin γ3 (R96: our laboratory5, 19; 1:10000), rabbit anti-GFAP 

(Chemicon, Billerica, MA; 1:500), rat anti-CD31 (Chemicon, Billerica, MA; 1:250), 

FITC-conjugated isolectin B4 (Sigma, St. Louis, MO; 1:250), rat anti-F4/80 (Life 

Technologies, Grand Island, NY; 1:250), rabbit anti-Iba1 (Wako Laboratory 

Chemicals, Cape Charles, VA; 1:300), rat anti-CD68 (AbD Serotec, Raleigh, NC; 

1:100), rat anti-phospho-histoneH3pSer28 (Sigma, St. Louis, MO; 1:1000), mouse 

anti-TGF-β1 (R&D Systems, Minneapolis, MN; 1: 50), rabbit anti-phospho-

SMAD3 (Abcam, Cambridge, MA; 1:250), rat anti-CD45 (Santa Cruz 

Biotechnology, Dallas, TX; 1:250), rat anti-PDGFRα (BD Biosciences, San Jose, 

CA; 1:500) and rabbit anti-Pax2 (Abcam, Cambridge, MA; 1:500). For secondary 

antibodies, goat anti-rabbit 488 and 594, goat anti-rat 488 and 568, donkey anti-

rabbit 488, 594 and 647, and donkey anti-rat 594 (Life Technologies, Grand 

Island, NY, USA) were used. Additional reagents used were integrin β1-blocking 

antibody (BD Biosciences, San Jose, CA), papain dissociation system 

(Worthington Biochemical Corporation, Lakewood, NJ), lipopolysaccharide (LPS) 

(Sigma, St. Louis, MO), minocycline hydrochloride (Sigma, St. Louis, MO), SB-

431542 (Sigma, St. Louis, MO) and poly-L-lysine (Sigma, St. Louis, MO).  
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Retinal astrocyte isolation 

Astrocytes were isolated from P2 WT, Lamc3-/- and Lamb2-/- retinae as 

described previously5, with modifications. In brief, six retinae for each genotype 

were digested with papain dissociation system (Worthington Biochemical 

Corporation, Lakewood, NJ) for 30 minutes at 37°C in 5% CO2. Digested retinae 

were titurated with pipette; dissociated cells were spun and resuspended in 

DMEM containing 10% bovine calf serum and 1% penicillin/streptomycin. The 

resuspended cells were plated in 25cm2 tissue culture flasks (Becton, Dickinson 

and Company, Franklin lakes, NJ) and allowed to grow for three days. The flasks 

were shaken for 4 hours to detach other cell types and fresh medium was added 

to the flasks. From here onward, the medium in the flasks was changed in every 

72 hours and the cells were allowed to grow for 12 days. The obtained cells were 

more than 95% astrocytes, judged by the PDGFRα staining. 

Primary microglia culture 

We obtained primary microglia isolated from P2 WT rat brain from 

ScienCell Research Laboratories (Carlsbad, CA). To culture primary microglia, 

25cm2 tissue culture flask was coated with poly-L-lysine (10mg/ml). The 

microglial cells were resuspended in microglia medium (MM: ScienCell Research 

Laboratories), containing 5% fetal bovine serum, 1% microglia growth 

supplement (ScienCell Research Laboratories) and 1% penicillin/streptomycin 

solution in basal medium. The resuspended cells were plated onto poly-L-lysine 

coated flask and grown for 48 hours. The medium in the flask was changed in 

every 72 hours. 
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To grow microglia in the astrocyte-derived ECM, WT astrocytes were 

cultured on the cover slips for 4 days, followed by 100% DMSO treatment for 1 

hour to decellularize the cover slips. The cover slips were washed three times in 

MM; then WT microglia were seeded on the WT astrocyte-derived ECM. To block 

microglial integrin β1 signaling, either heat-killed or undenatured integrin β1-

blocking antibody (25µg/ml) was added to each cover slip. Microglia were 

allowed to grow for 2 more days. 

Astrocyte-microglia co-culture 

For astrocyte-microglia co-culture assay, the WT and Lamc3-/- astrocytes 

were detached with trypsin and re-plated separately onto glass cover slips in 24-

well culture plates (Corning Life Sciences, Tewksbury, MA). 300µl MM was 

added to each cover slip. The astrocytes were grown on the cover slips for 2 

days; then WT microglia were seeded on the astrocytes at a concentration of 

10,000 cells/cm2. Fresh MM was added to these cover slips. Microglia and 

astrocytes were allowed to grow for 2 more days.  

In vivo injections 

For LPS treatment, P2 WT mice were given a single intraperitoneal (IP) 

injection of LPS dissolved in physiological saline (1mg/kg body weight). The 

injected mice were euthanized at P5, and their retinae dissected. For minocycline 

treatment, Lamc3-/- or WT mice were given three IP injections (one injection/day 

on P0, P2 and P4) of minocycline hydrochloride dissolved in physiological saline 

(50mg/kg body weight). The injected mice were euthanized at P5, and their 

retinae dissected. For SB-431542 treatment, P3 WT mice were given a single IP 
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injection of SB-431542 dissolved in physiological saline (10mg/kg body weight). 

The injected mice were euthanized at P5, and their retinae dissected. 

Measurements and statistics 

All measurements, unless otherwise specified, were performed using 

Volocity software (v6.3, Perkin-Elmer, Waltham, MA, USA). For our experiments, 

we did not segregate the data based on sex of the animals. In each analysis, 

measurements were made in all four quadrants of the retina and averaged. For 

microglial TGF-β1 expression in vivo, individual microglial cells were selected from 

an image and Pearson’s correlation analysis was performed. For percentage of 

activated (CD68+) microglia quantification in vitro, three representative fields 

from each replicate were measured. At least three samples/replicates were used 

for each statistical analysis. To test for statistical significance of any differences, 

Student’s t-test was performed and a P value of less than 0.05 was considered 

statistically significant.
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2.4 Results: 

Lamc3-/- retinal SVP hyper-branching is accompanied by a specific 

increase in microglial density. 

We previously reported that the rate of astrocyte migration dictates the 

extent of vascular tree expansion5. In P3 WT retinae, GFAP+ mature astrocyte 

template has migrated more than halfway across the retinal surface, followed 

closely by the expanding vascular tree (Fig.2.1A). In Lamc3-/- retinae, the wave 

of astrocyte migration is slowed with a concomitant delay in vascular expansion 

(Fig.2.1A); we previously published that astrocyte migration is delayed by 

approximately 25% and a 40% delay in vascular expansion5.  However, we found 

that the slowly expanding SVP in Lamc3-/- retinae has higher branching-density 

than WT controls (Fig.2.1B) at both P3 and P5 (Fig.2.1B).   

Next we asked if the astrocyte density was altered in Lamc3-/- retinae, as 

an increased astrocyte density might account for increased vascular branching.  

We examined astrocyte density around the growing SVP (Supplementary 

fig.2.S1A) using two markers: GFAP (labels mature astrocytes) and Pax2 (labels 

astrocyte nuclei) (Supplementary fig.2.S1B). However, we failed to observe any 

significant difference in astrocyte density around the Lamc3-/- SVP 

(Supplementary fig.2.S1B, C). Together these results suggest that astrocytes are 

unlikely to be the direct cause of the hyper-branched phenotype in the Lamc3-/-

SVP. 

As retinal microglia have been reported to regulate vascular branching-

density by facilitating anastomosis10, we asked whether microglial density was 
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affected in the Lamc3-/- retina. For our analyses, we measured microglial density 

in two separate retinal regions at P3: (1) around the vascular tree in the central 

retina (Fig.2.2A), and (2) in the absence of vasculature in the peripheral retina 

(Fig.2.2D).  We used two markers, F4/80 and Iba1, to label microglia (Fig.2.2B, 

E). Using either of these markers, we observed a significantly higher microglial 

density in Lamc3-/- central retinae compared to the WT controls (Fig.2.2B, C).  

To confirm that this increased density is indeed from the resident pool of 

intrinsic microglia and not the result of an increase in the invasion of circulating 

macrophages, we used CD45 as an unequivocal marker of the latter cell type. 

Vascular macrophages show high expression of CD45 while microglia show low 

CD45 reactivity20. We did not observe any obvious difference in 

CD45high macrophage density between P3 WT and Lamc3-/- central retinae 

(Supplementary fig.2.S1D).  Importantly, unlike the central retina, we did not 

observe any significant difference in microglial density between P3 WT 

and Lamc3-/- peripheral retinae (Fig.2.2E, F).  Taken together, these results 

indicate that in the absence of γ3-containing laminins microglial density is 

increased exclusively in the central retina around the growing vascular tree. 

Lamc3-/- SVP exhibits increased microglial association with the vascular 

branch-points. 

Previous studies reported a direct correlation between the microglial 

number and vascular branching-density in the CNS, suggesting that microglia 

facilitate vascular branching10, 12. Microglial density is positively correlated with 

vascular growth - when there is low vascular coverage, microglial density is low; 
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as the vasculature develops the microglial density rises specifically in association 

with the vasculature (Supplementary fig.2.S2).  At P0, the WT retina is mostly 

avascular and the microglial density is low in both central and peripheral regions 

(Supplementary fig.2.S2A). At P3, the microglial density is increased around the 

newly vascularized central retina compared to the avascular peripheral retina 

(Supplementary fig.2.S2B). By P8, as the whole of the retina is vascularized, the 

microglial density is equally high in both central and peripheral regions 

(Supplementary fig.2.S2C). These results suggest that retinal microglia are 

heavily recruited to the growing vascular tree, where they play a role in vascular 

patterning. 

Because of both the increased microglial density and hyper-branching, we 

specifically assayed if there was an increase in microglial association with the 

vessel branch points in the Lamc3-/- retina. For this analysis, we measured the 

number of microglia at the vascular branch-points in nascent SVP (Fig.2.3A).  

There was a significant increase in the number of branch-point-associated 

microglia in P3 Lamc3-/- retinae compared to WT (Fig.2.3B, C). These results 

support the hypothesis that the higher microglial density in the Lamc3-/- retina 

drives more vascular anastomotic events, creating a denser hyper-branched 

SVP. 

To directly test that hypothesis, we treated WT mice with LPS 

(Supplementary fig.2.S3A). LPS treatment did not have any obvious effect on 

astrocyte density (Supplementary fig.2.S3B). However, microglial density was 

increased in LPS-treated WT retinae compared to the saline treated controls 



 59 

(Fig.2.3D), we also observed an increase in proliferation of microglial cells in LPS 

treated retinae (Fig.2.3E). There was a concomitant increase in vascular 

branching- in LPS-treated WT retinae compared to saline treated controls 

(Fig.2.3F, G), which supports the hypothesis that microglial recruitment is driving 

vascular branching. In the reciprocal experiment, we treated Lamc3-/- mice with 

minocycline (Supplementary fig.2.S3A), to block microglial activation. Like LPS 

treatment, minocycline treatment also did not affect astrocyte density 

(Supplementary fig.2.S3C). However, minocycline treatment of Lamc3-/- retinae 

reduced microglial density compared to saline-treated controls (Fig.2.3D); at the 

same time it reduced microglial proliferation (Fig.2.3E). The net result was that 

vascular branching-density decreased in minocycline-treated Lamc3-/- retinae to 

WT level (Fig.2.3F, G); that is minocycline was able to block the Lamc3-/- 

phenotype. It is important to note, that minocycline treatment of WT retinae did 

not alter either microglial density or vascular branching-density when compared 

to the saline-treated control (Supplementary fig.2.S3D).   

Taken together, these data further support the hypothesis that microglial 

density modulates vascular branching-density. Specifically, the higher microglial 

density in the Lamc3-/- retina drives the hyper-branching of the nascent SVP. 

Importantly, the data also raise the possibility that the vascular basement 

membrane may regulate the activation state of the microglia and thereby regulate 

vascular pattern. 
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Interaction with astrocyte-derived ECM influences microglial activation. 

We performed a series of experiments designed to test the hypothesis that 

vascular basement membrane modulates the activation of microglial cells in the 

retina. First we examined how microglial activation is regulated during 

developmental angiogenesis in the WT retina. As retinal SVP develops as a 

wave across the retina, at early post-natal ages, the development process is 

spatially arrayed across the retinal surface.  Thus, we were able to analyze three 

discrete developmental compartments in the P3 WT retina: (1) the central retina, 

contains a mature astrocyte template and well established vascular tree, (2) the 

mid-peripheral retina has a mature astrocyte template but lies ahead of the 

vascular front, and (3) the peripheral retina that lacks both mature astrocyte 

template or developing vasculature (Fig.2.4A).  

We used both morphological assay and an immunological assay to assess 

microglial activation. Classically, resting and activated microglia are distinguished 

by their morphology. Resting microglial cells have small cell bodies that are 

highly branched (ramified), whereas activated microglia have large amoeboid cell 

bodies. Using both F4/80 and lectin labeling, we observed that microglial cells 

exhibited mostly amoeboid (activated) morphology in central and mid-peripheral 

retinae (Fig.2.4B). However, microglia in the peripheral retina exhibited ramified 

(resting) morphology (Fig.2.4B). We also used CD68 to label activated microglia. 

CD68+ microglia were present only in central and mid-peripheral retinae 

(Fig.2.4B); this observation is consistent with activated, amoeboid morphology, 

observed in these regions. On the other hand, microglia in the peripheral retina 



 61 

did not exhibit CD68 immunoreactivity, consistent with the resting, ramified 

morphology they adopt in this region (Fig.2.4B). 

As we observed that amoeboid, CD68+ (activated) microglia are present 

only around the mature astrocyte template and absent in the peripheral retina, 

we asked if astrocyte-microglia interaction is important for microglial activation. 

Indeed, we observed that CD68+ microglia are in close association with the 

mature astrocyte template in the P3 WT central retina (Fig.2.4C). Moreover, 3D 

reconstruction of astrocyte-microglial pairs from the central retina further 

revealed that CD68+ microglia are in contact with the mature astrocyte template 

(Fig.2.4D). No CD68+ microglia were seen in the absence of mature astrocyte 

template (Fig.2.4C).   

To directly test the hypothesis that contact with astrocytes modulates 

microglial activation, we developed an in vitro assay.  Isolated astrocytes from 

WT mouse retinae were used as a source of cell-derived ECM.  Astrocyte 

cultures that were >95% pure (Supplementary fig.2.S4A) were grown for four 

days and assayed for laminin production. These astrocytes deposited a rich 

laminin matrix (Fig.2.4E), containing γ3-chain (Supplementary fig.2.S4B). We de-

cellularized these WT astrocyte cultures with DMSO, leaving the astrocyte-

derived ECM behind on the glass cover slips (Supplementary fig.2.S4B), and 

cultured WT rat brain-derived microglia on the WT astrocyte-derived ECM. 

Microglia cultured directly on glass cover slips were used as controls. Microglial 

cells cultured on WT astrocyte-derived ECM displayed amoeboid (activated) 

morphology (Supplementary fig.2.S4C) and 50% of the microglial cells cultured 
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on WT astrocyte-derived ECM were CD68+ (Fig.2.4F, G). Control microglial cells 

had small cell bodies and thin processes (Supplementary fig.2.S4C) and were 

CD68- (Fig.2.4F, G). A previous report demonstrated that microglia bind to the 

laminins via integrin α6β115. Thus we blocked integrin signaling in the in vitro 

assay.   Blocking integrin β1-mediated signaling significantly reduced the 

percentage of CD68+ microglia grown on WT astrocyte-derived ECM (Fig.2.4F, 

G); microglia under these conditions also had resting morphology (small cell 

bodies and thin processes: Supplementary fig.2.S4C). Taken together, these 

results suggest that the interaction with astrocyte-derived ECM is able to activate 

microglia via integrin β1-mediated signaling.  

Microglia are hyper-activated around the Lamc3-/- SVP. 

A previous study demonstrated that the presence of laminin γ3-chain 

inhibits laminins from binding to integrin receptors21. Logically, the genetic 

deletion of laminin γ3-chain should up-regulate integrin β1-mediated signaling. 

Given our data above, we hypothesized that an up-regulation of integrin β1-

mediated signaling would result in hyper-activation of microglia in the Lamc3-/-

 retina. To test that hypothesis, we compared microglial activation between WT 

and Lamc3-/- central retinae at P3 (Fig.2.5A). There were significantly more 

CD68+ (activated) microglia in Lamc3-/- central retinae than the WT (Fig.2.5B, C). 

Moreover, significantly more microglial cells had activated (amoeboid) 

morphology with fewer primary processes in Lamc3-/- central retinae than in WT 

(Fig.2.5D-F). Together, these results support the hypothesis that microglia are 

hyper-activated around the Lamc3-/- SVP. 
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Next, we asked whether the hyper-activation of microglia is due to altered 

astrocyte-microglia interactions in the Lamc3-/- retina. To address that, we 

isolated astrocytes from both WT and Lamc3-/- retinae. We co-cultured WT rat 

brain-derived microglia with either WT or Lamc3-/- retinal astrocytes. Monoculture 

of microglia was used as controls.  

None of the microglial cells cultured alone displayed CD68 

immunoreactivity (Fig.2.5G, H). On the other hand, approximately 50% of the 

microglial cells co-cultured with the WT astrocytes were CD68+ (Fig.2.5G, H), 

similar to the percentage we obtained with microglia grown on the WT astrocyte-

derived ECM (Fig.2.4F, G). Finally, percentage of CD68+ (activated) microglia 

was significantly higher when co-cultured with the Lamc3-/- astrocytes (Fig.2.5G, 

H), consistent with our in vivo results.  Thus, retinal microglia are hyper-activated 

in the Lamc3-/- retina. Moreover, this hyper-activation of microglia in the Lamc3-

/- retina appears to be due to their interaction with the mutant astrocyte-derived 

ECM. 

Microglial activation state affects endothelial cell proliferation. 

Activated microglia secrete pro-angiogenic factors14. Since microglia 

around the growing SVP are hyper-activated in the Lamc3-/- retina (Fig.2.5B-F), 

we next assayed endothelial cell proliferation and demonstrated that there were 

significantly more mitotic endothelial cells in P5 Lamc3-/- retinae compared to the 

WT controls (Fig.2.6A, B), consistent with microglial hyper-activation the Lamc3-

/- retina.  
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To establish a causal link between microglial activation and endothelial 

proliferation, we examined the effects of pharmacological manipulations of 

microglial activation on endothelial cell proliferation. First we showed that 

pharmacological activation of microglia by LPS treatment in WT retinae led to 

increased endothelial cell proliferation (Fig.2.6C, D), compared to the saline-

treated controls. Thus, activation of microglia was sufficient to phenocopy 

Lamc3-deletion with respect to endothelial proliferation. Reciprocally, 

pharmacological blockade of microglial activation by minocycline treatment of 

Lamc3-/- retinae decreased endothelial cell proliferation compared to saline 

treated controls (Fig.2.6C, D). Together, these results are consistent with the 

hypothesis that increased activation of microglia in the Lamc3-/- retina is likely 

responsible for the hyper-proliferative SVP. 

Microglial TGF-β1 expression and endothelial TGF-β pathway are affected 

in the Lamc3-/- retina.  

A previous study reported that microglia-derived TGF-β1 inhibits 

endothelial cell proliferation14. Since we observed hyper-proliferation of 

endothelial cells in the Lamc3-/- SVP, we analyzed TGF-β1 expression in the 

SVP-associated microglia in the Lamc3-/- retina. TGF-β1 expression was 

significantly down-regulated in the microglial cells around the Lamc3-/- SVP 

(Fig.2.7A, B). Not only was TGF-β1 expression in microglial cells down-

regulated, but its down-stream signaling cascade in endothelial cells was 

affected as well. Specifically, the density of phospho-SMAD3+ (pSMAD3+) 

endothelial nuclei was significantly reduced in Lamc3-/- retinae than that in the 
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WT (Fig.2.7C, D). Together, these results strongly link the changes in microglial 

TGF-β1 expression with endothelial cell proliferation in the Lamc3-/- retina. 

 

Pharmacological blocking of TGF-β signaling increases endothelial cell 

proliferation, without affecting vascular branching-density. 

Our results suggest that increased microglial density in the Lamc3-/- retina 

is responsible for higher vascular branching-density. Moreover, microglial hyper-

activation in the Lamc3-/- retina results in a down-regulation of microglial TGF-β1 

expression and increased endothelial cell proliferation. While alterations in 

vascular branching and endothelial cell proliferation are spatially and temporally 

linked in the Lamc3-/- retina, they may be separable developmental events.  If 

they are separable, pharmacological blockade of the TGF-β signaling pathway 

should logically alter endothelial cell proliferation, and leave vascular branching-

density unaffected as long as microglial density is not disrupted.   

To test that hypothesis, we intraperitoneally injected P3 WT mice with a 

specific inhibitor of the TGF-β receptor I, SB-43154222 (Fig.2.8A). There was no 

obvious difference in microglial density between saline-treated and SB-431542-

treated WT retinae at P5 (Supplementary figure 2.S5). Moreover, vascular 

branching-density was also unaffected in SB-431542-treated retinae at P5 

(Fig.2.8B, C). On the other hand, endothelial cell proliferation was significantly 

increased in SB-431542-treated retinae at P5 (Fig.2.8D, E). Thus, blocking TGF-

β signaling reproduced only one aspect the Lamc3-/- phenotype- the hyper-

proliferation of endothelial cells.  
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Different laminin isoforms have different effects on microglial TGF-β1 

expression and endothelial cell proliferation. 

Finally, we asked whether different laminin isoforms vary in their effects on 

microglial TGF-β1 expression and endothelial cell proliferation. To address that 

question, we analyzed activated microglial phenotype around laminin β2-null 

(Lamb2-/-) retinal SVP.  There was no significant difference in activated 

microglial density between WT and Lamb2-/- retinae (Supplementary figure 

2.S6A). Consistent with the in vivo observation, co-culture with Lamb2-/- 

astrocytes did not significantly alter microglial activation in vitro (Supplementary 

figure 2.S6B). However, microglial TGF-β1 expression was significantly higher in 

Lamb2-/- retinae compared to the WT (Fig.2.9A, B). Consistently, phosho-

SMAD3+ endothelial cell density was also significantly higher in the Lamb2-/- 

retinal SVP (Fig.2.9C, D). Consequently, there were significantly fewer mitotic 

endothelial cells in the Lamb2-/- retinal SVP compared to the WT (Fig.2.9E, F). 

These results argue that different laminin isoforms vary in their effects on 

microglial TGF-β1 expression, and consequently endothelial cell proliferation. 

Specifically, these results suggest that γ3- and β2-containing laminins have 

opposite effects on microglial TGF-β1 expression and endothelial cell 

proliferation. γ3-containing laminins inhibit endothelial cell proliferation by 

inducing microglial TGF-β1 expression, whereas β2-containing laminins induce 

endothelial cell proliferation by down-regulating microglial TGF-β1 expression. 
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2.5 Discussion:  

Laminins regulate astrocyte migration and microglial recruitment.  

Laminins containing the γ3-chain are expressed in the capillary bed 

throughout the CNS including the retina19. This study, focused exclusively on the 

retina has the dual goal of understanding the role of γ3-containing laminins in the 

mammalian vascular basement membrane as well as elucidating some of the 

regulatory steps in retinal vascular development.  Proper vascular development 

in the murine retina depends on the cross talk between multiple cell types. Radial 

migration of astrocytes over the surface of the retina forms a template that is 

critical for the expansion of vascular tree4, 5. Simultaneously, retinal microglia 

play an important role in patterning the expanding vascular plexus, by mediating 

vascular anastomosis10, 12 and endothelial cell proliferation14. Studies from our 

laboratory and other groups have demonstrated that the laminins in the inner 

limiting membrane (ILM) regulate astrocyte migration, and consequent vascular 

tree expansion4, 5. Specifically, we demonstrated that deletion of the Lamb2 gene 

causes a profound failure in astrocyte migration, while Lamc3 gene deletion 

slows astrocyte migration for several days5.  The deletion of the Lama1 gene has 

effects similar to those of Lamb24.  In all of these laminin mutants, subsequent 

vascular tree expansion is disrupted, albeit with different degrees of severity.  In 

the Lama1-/- and Lamb2-/- animals, superficial vascular plexus (SVP) is 

profoundly disrupted and hyaloid vessels persist4,5. However, in the Lamc3-/-

 retinal SVP expands more slowly and appeared more highly branched than the 

WT5.  
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Our initial focus was on the role of laminins in regulating glial behavior. We 

considered the possibility that an increased astrocyte density might account for 

increased vascular branching in the Lamc3-/- retina. However, there was no 

significant difference in astrocyte density around the Lamc3-/- retinal SVP 

compared to the WT despite the slowed rate of astrocyte migration in these 

animals5. Thus, unlike either the α1 or β2-containing laminins, γ3-containing 

laminins have no role in patterning of the astrocyte template for SVP branching. 

In contrast, we confirmed, quantitatively, an increased recruitment of 

microglial cells to the hyper-branched nascent SVP in the Lamc3-/- retina.  

Previous studies reported that there is a positive correlation between the number 

of microglia and vascular branching-density in the CNS, suggesting that microglia 

facilitate vascular branching in the CNS10, 12. However, what regulates microglial 

density around the developing vascular plexus is largely unknown. The absence 

of laminin γ3-chain caused an increased microglial density specifically around the 

developing SVP. We confirmed that these cells were microglial cells, i.e. not 

invading perivascular macrophages as there was no obvious difference in 

CD45high perivascular macrophage density between WT and Lamc3-/- retinae. 

Additionally, there were significantly more microglia closely associated with the 

vascular branch-points in the Lamc3-/- retinal SVP than in WT. Thus, the higher 

microglial density in the Lamc3-/- retina appears to cause the increase in 

anastomotic events, resulting in a hyper-branched SVP. LPS treatment non-

specifically increased microglial density in WT retinae, which was accompanied 

by an increased vascular branching-density, thereby generating a Lamc3-/--like 
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retinal vascular phenotype. Logically, pharmacological inhibition of microglial 

recruitment should reduce branching in the Lamc3-/- retina.  This is precisely the 

result achieved by treating early postnatal mice with minocycline, i.e. the 

restoration of a WT vascular branching-density in the Lamc3-/- retina. These 

results strongly support our hypothesis that the higher microglial density in 

the Lamc3-/- retina is responsible for creating a hyper-branched SVP. It should 

be noted that there are limitations to the specificity of these pharmacological 

manipulations. It is difficult to attribute the changes in vascular phenotype by 

these treatments solely to microglial physiology as LPS and minocycline 

treatment could affect multiple cell types. LPS treatment24, 25, 26 and minocycline 

treatment27, 28, 29 are widely used to induce and block microglial activation in the 

CNS, respectively. However, neither LPS nor minocycline treatment had obvious 

effects on retinal astrocyte density, nor did we observe gross changes in the 

neuronal organization of these treated retinae. Thus, it appears that the changes 

in vascular phenotype observed with LPS and minocycline treatments are most 

likely microglia-mediated. 

Together, these results support the interpretation that the higher microglial 

density in the Lamc3-/- retina is responsible for generating a hyper-branched 

SVP. Moreover, we also conclude that the composition of the vascular basement 

membrane is important in recruitment of microglia to the mural interface. 

ECM composition regulates microglial activation.  

The results of this study also demonstrate that the vascular basement 

membrane components have a strong modulatory effect on the activation state of 
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the mural associated microglia.  To date very little is known about the role of 

ECM components in microglial activation. Microglia interact with the astrocyte-

derived matrix during migration15. However, the physiological consequence of 

that interaction is not well understood. One study reported that microglia adopt 

activated morphology on fibronectin and vitronectin, but not on laminin 

substrate23. However, whether different laminin isoforms can have different 

effects on microglial activation is not clear.  Using well-established parameters 

for microglial activation, CD68 expression30, 31, 32, 33 and amoeboid morphology, 

we show that activated microglia are found exclusively associated with the 

mature astrocyte template in the developing retina. In a direct in vitro assay, 

microglia were CD68- and had a resting morphology when grown directly on 

glass cover slips. On the other hand, microglia were CD68+ and exhibited 

amoeboid morphology (activated) when grown on astrocyte-derived ECM in vitro. 

Consistent with previous studies that showed that microglia and macrophages 

bind to the laminin via integrin α6β115, 34, when we blocked integrin β1-mediated 

signaling in these cultures, microglial activation was significantly decreased. 

Taken together, these results strongly support the idea that the interaction with 

astrocyte-derived ECM is able to activate microglia via integrin β1-mediated 

signaling. Moreover, they suggest that the composition and integrity of the 

vascular basement membrane is a major cue in regulating microglial physiology. 
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Laminin regulates down-stream signaling events leading to endothelial cell 

proliferation.  

Previous studies have demonstrated a link between microglia activation 

and TGF-β1 production, and that resting microglia-derived TGF-β1 inhibits 

endothelial cell proliferation in vitro14. TGF-β1 deletion causes vascular defects, 

including increased vessel density and endothelial cell proliferation35. The overt 

phenotype of the Lamc3-/- retina is similar; hyper-activated microglia and reduced 

TGF-β1 expression, and reduced SMAD3 signaling in the endothelial cells with a 

consequent increase in endothelial cell proliferation. Based on our results, we propose 

that microglial recruitment and activation are the critical steps that link vascular 

branching and endothelial proliferation. During retinal angiogenesis, vascular tree 

expands following the astrocyte template. As the microglia are recruited to the 

growing vascular plexus, they facilitate vascular branching. At the same time, 

microglia come in contact with the astrocyte-derived ECM in the vascular BM. 

The interaction with astrocyte-derived ECM influences microglial activation state 

(Fig.2.10A).  

In the Lamc3-/- retina, microglia are recruited at a significantly higher 

density than the WT, which likely drives increased vascular branching. 

Additionally, the interaction with Lamc3-/- astrocyte-derived ECM hyper-activates 

microglia, which likely drives increased proliferation of the endothelial cells due to 

down-regulated TGF-β signaling (Fig.2.10B).  Pharmacological inhibition of the TGF-

β pathway by SB-431542 treatment in the WT mice increased endothelial cell 

proliferation, but not vascular branching-density. These data provide support to the 
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model, as SB-431542 does not cross blood-brain barrier36 and therefore its effects are 

logically restricted to the endothelial cells themselves. Although we cannot 

exclude the possibility that SB-431542 treatment could affect other mural cell 

types (smooth muscle or pericytes) either directly or indirectly via inhibited 

endothelial cells.  Together the weight of the data support that microglia respond 

to the state of the glia-derived vascular basement membrane.  The presence of 

γ3-laminins in the mural basement membrane prevents microglial activation and 

thereby keeps the microvessels stable.  Down-regulation of the γ3-laminin during 

pathobiologic events may then be the first step in the neo-vascular sprouting and 

remodeling that accompanies a myriad of vascular insults.  

Laminin-mediated regulation of microglial activation and down-stream 

signaling is isoform-specific. 

Astrocytes make laminins containing β13-, β25-, γ13- and γ3-chains. In the 

absence of laminin γ3-chain, CD68+ (activated) microglial density is significantly 

increased around the retinal SVP. Consistent with in vivo results, when microglia 

were co-cultured with Lamc3-/- retinal astrocytes, the percentage of CD68+ 

(activated) microglia was significantly higher than that of microglia-WT retinal 

astrocyte co-culture. In contrast, there was no change in microglial activation 

either in the Lamb2-/- retina in vivo or when microglia are co-cultured with 

Lamb2-/- astrocytes. Consistent with this differential activation by γ3- and β2-

laminins, microglial TGF-β1 expression and down-stream SMAD3-signaling are also 

differentially regulated by laminin isoforms; microglial TGF-β1 expression was down-

regulated in the Lamc3-/- retina and up-regulated in the Lamb2-/- retina. 
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Consequently, phospho-SMAD3+ endothelial cell density was increased, leading 

to reduced endothelial cell proliferation in the Lamb2-/- retina. Thus γ3- and β2-

containing laminins have opposite effects on microglial TGF-β1 expression and 

endothelial cell proliferation; γ3-containing laminins restrict endothelial cell 

proliferation by inducing microglial TGF-β1 expression, whereas β2-containing laminins 

induce endothelial cell proliferation by down-regulating microglial TGF-β1 expression. 

Down-stream of microglial TGF-β1 expression, γ3-laminins activate endothelial 

SMAD3 signaling and inhibit endothelial cell proliferation and thereby stabilize 

the microvessels, whereas β2-laminins inhibit SMAD3 signaling and promote 

endothelial cell proliferation.   

It should be noted that our co-culture system is a mixed rat (microglial)-

mouse (astrocytes) system. Under these circumstances, one might expect a high 

level of microglial activation.  In our control cultures, 50% of the microglia are 

activated when co-cultured with the WT astrocytes or on WT astrocyte-derived 

ECM. In contrast, growing microglia on Lamc3-/- retinal astrocytes increased 

activation significantly whereas growing microglial on Lamb2-/- did not. Thus, the 

co-culture system is able to look, qualitatively at microglial activation by glia-

derived laminins.  

Taken together, our study clearly shows that the γ3-containing laminins 

play an important role in retinal angiogenesis by restricting vascular branching 

and endothelial proliferation during retinal angiogenesis. Lamc3-/- retinae show 

characteristics of ischemic retinopathy, such as aberrant vascular branching and 

endothelial proliferation. Studies have shown that microglial activation plays an 
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important role in disease prognosis of diabetic retinopathy37 and mouse model of 

oxygen-induced retinopathy38. The data presented here suggest that laminins in 

general, and γ3-containing laminins in particular, are key regulators of microglial 

activation during development and likely to play important roles in the 

pathobiology of retinal vasculature. 
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2.8 Figures and figure legends: 
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Figure 2.1: Lamc3-/- retinae have a hyper-branched SVP. A. P3 WT and Lamc3-/- retinal 

whole mounts were stained with anti-GFAP (top panel: white, bottom panel: red) antibody and 

isolectin B4 (IB4: green). White dashed lines indicate the extent of mature astrocyte template 

migration. Green dashed lines indicate the extent of vascular tree migration. Note the delayed 

mature astrocyte migration and vascular tree expansion in the Lamc3-/- retina (quantification 

previously reported5). Times of birth and tissue harvest (early morning in both cases) were kept 

consistent between non-littermate WT and Lamc3-/- pups. Retinae from at least three mice from 

each genotype were analyzed.  B. P3 and P5 WT and Lamc3-/- retinal whole mounts were stained 

with IB4 (green).  Scale bars: A=160µm, B=32µm. 

 

 

 

 

 

 

 

 

 



 86 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 87 

Figure 2.2: Microglial density is increased around the Lamc3-/- retinal SVP.  

A. Schematic of the central retinal region (in the presence of mature astrocyte template and SVP) 

where the images in panel B were acquired (boxed area). B. P3 WT and Lamc3-/- retinal whole 

mounts were stained with anti-F4/80 (red) and anti-Iba1 (cyan) antibodies. Central retinal images 

are displayed. C. Quantification of microglial density in P3 WT and Lamc3-/- central retinae 

(n=3). D. Schematic of the peripheral retinal region (in the absence of mature astrocyte template 

and SVP) where the images in panel E were acquired (boxed area). E. P3 WT and Lamc3-/-

 retinal whole mounts were stained with anti-F4/80 (red) and anti-Iba1 (cyan) antibodies. 

Peripheral retinal images are displayed. F. Quantification of microglial density in P3 WT 

and Lamc3-/- peripheral retinae (n=3). Error bars represent s.e.m. *P<0.05. Scale bars: B, 

E=32µm.  
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Figure 2.3: Lamc3-/- SVP exhibits increased microglial association with the vascular 

branch-points.  

 A. Schematic of the retinal region (in the presence of mature astrocyte template and SVP) where 

the images in panel B were acquired (boxed area). B. P3 WT and Lamc3-/- retinal whole mounts 

were stained with IB4 (green) and anti-F4/80 (red) antibody. Central retinal images are displayed. 

White arrows point at microglial cells in association with the vascular branch-

points. C. Quantification of microglia in association with the vascular branch-points in P3 WT 

and Lamc3-/- retinae (n=3). D. P5 WT and Lamc3-/- retinal whole mounts, treated as indicated, 

were stained with IB4 (white). Representative images of IB4+ microglia are 

displayed. GCL=Ganglion cell layer. E. Quantification of mitotic microglia density in P5 WT 

and Lamc3-/- retinae with indicated treatments (n=3). F. P5 WT and Lamc3-/- retinal whole 

mounts, treated as indicated, were stained with IB4 (green). Representative images of the whole 

vascular tree in one retinal quadrant are displayed. Inset images show vascular fronts and 

nascent plexus. G. Quantification of vascular branching-density in P5 WT and Lamc3-/- retinae 

with indicated treatments (n=3). Error bars represent s.e.m. *P<0.05, versus WT. †P<0.05, 

versus Lamc3-/-. Scale bars: B, D=32µm and F=160µm. 
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Figure 2.4: Interaction with the astrocyte-derived ECM influences microglial activation.  

 A. Schematic of the retinal regions (central, mid-peripheral and peripheral) where the images in 

panel B were acquired (boxed areas). B. P3 WT retinal whole mounts were stained with either 

anti-F4/80 (cyan) antibody or IB4 (red) and anti-CD68 (green) antibody. White arrows point at 

CD68+ microglial cells in central and mid-peripheral retinae. C. P3 WT retinal whole mounts were 

stained with anti-CD68 (green) and anti-GFAP (red) antibodies. Representative images of central 

and peripheral retinae are displayed. D. Representative 3-dimensional (3D) reconstruction of the 

image from the whole mounted P3 WT central retina stained with anti-CD68 (green) and anti-

GFAP (red) antibodies. White arrows point at the contacts between CD68+ microglial cells and 

GFAP+ (mature) astrocyte template. Green arrow: X-axis, red arrow: Y-axis and blue arrow: Z-

axis. E. WT retinal astrocytes grown on glass cover slips for 4 days were stained with anti-pan-

laminin (green) antibody and nuclear marker DAPI (blue). F. WT rat brain microglial cells, grown 

under indicated conditions, were stained with IB4 (green) and anti-CD68 (white) antibody. Yellow 

arrows point at CD68+ (activated) microglial cells. G. Quantification of the percentage of CD68+ 

(activated) microglia grown under indicated conditions (n=3). Error bars represent s.e.m. 

**P<0.01. Scale bars: B=11µm, C=16µm, E=60µm and F=32µm. 
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Figure 2.5: Microglia are hyper-activated around the Lamc3-/- retinal SVP.  

A. Schematic of the central retinal region (in the presence of mature astrocyte template and SVP) 

where the images in panel B were acquired (boxed area). B. P3 WT and Lamc3-/- retinal whole 

mounts were stained with IB4 (red) and anti-CD68 (white) antibody. C. Quantification of the 

CD68+ (activated) microglia density in P3 WT and Lamc3-/- central retinae (n=3). D. P3 WT 

and Lamc3-/- retinal whole mounts were stained with anti-F4/80 (green) antibody. E. Pictorial 

depictions of typical morphologies of the resting and activated microglial cells. F. Quantification of 

the microglial cells with indicated number of primary projections/cell in P3 WT and Lamc3-/- 

central retinae (n=3). G. WT rat brain microglial cells, either grown alone or co-cultured with 

astrocytes of indicated genotypes, were stained with IB4 (green), anti-CD68 (white) antibody and 

DAPI (blue). Yellow arrows point at CD68+ (activated) microglial cells. H. Quantification of the 

percentage of CD68+ (activated) microglia grown under indicated conditions (n=3). Error bars 

represent s.e.m. *P<0.05, **P<0.01. Scale bars: B=32µm, D=16µm and G=60µm. 
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Figure 2.6: Microglial activation state affects endothelial cell proliferation.  

A. P5 WT and Lamc3-/- retinal whole mounts were stained with anti-phospho-histoneH3 (PH3: 

red) antibody and IB4 (green). B. Quantification of mitotic endothelial cell density in P5 WT 

and Lamc3-/- retinae (n=3). C. P5 WT and Lamc3-/- retinal whole mounts, treated as indicated, 

were stained with IB4 (green) and anti-PH3 (red) antibody. D. Quantification of mitotic endothelial 

cells in the P5 WT and Lamc3-/- retinae with indicated treatments (n=3). Error bars represent 

s.e.m. *P<0.05, versus WT. †P<0.05, versus Lamc3-/-. Scale bar=60µm. SVP=Superficial 

vascular plexus. 
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Figure 2.7: Microglial TGF-β1 expression and endothelial TGF-β pathway are altered at the 

SVP of the Lamc3-/- retina.  

A. P3 WT and Lamc3-/- retinal whole mounts were stained with IB4 (green), anti-Iba1 (cyan) and 

anti-TGF-β1 (white) antibodies. Representative images around the SVP are displayed. Red 

dashed lines outline representative microglial cells, corroborated with Iba1 

labeling. B. Quantification of microglial TGF-β1 expression in the P3 WT and Lamc3-/- retinae 

(n=3). C. P3 WT and Lamc3-/- retinal whole mounts were stained with anti-CD31 (red) and anti-

phospho-SMAD3 (pSMAD3: green) antibodies. Representative images around the SVP are 

displayed. White arrows point at representative pSMAD3+ endothelial cells. D. Quantification of 

pSMAD3+ endothelial cell density in P3 WT and Lamc3-/- retinae (n=3). Error bars represent 

s.e.m. *P<0.05, **P<0.01. Scale bars: A=12µm, C=16µm. 
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Figure 2.8: Pharmacological blocking of TGF-β signaling increases endothelial cell 

proliferation, but not vascular branching-density.  

A. Experimental paradigm of intraperitoneal SB-431542 injection. B. P5 WT retinal whole mounts, 

treated as indicated, were stained with IB4 (white). Top panel: lower magnification, bottom panel: 

higher magnification. White dashed lines indicate the extent of vascular tree migration. C. 

Quantification of vascular branching-density in P5 WT retinae with indicated treatments 

(n=3). D. P5 WT retinal whole mounts, treated as indicated, were stained with IB4 (green) and 

anti-PH3 (red) antibody. E. Quantification of mitotic endothelial cell density in P5 WT retinae with 

indicated treatments (n=3).  Error bars represent s.e.m. *P<0.05. Scale bars: B: top panel=160µm, bottom 

panel=32µm, D=60µm. 
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Figure 2.9: Lamb2-/- retinae exhibit up-regulated microglial TGF-β1 expression and 

decreased endothelial cell proliferation.  

 A. P3 WT and Lamb2-/- retinal whole mounts were stained with IB4 (green) and anti-TGF-β1 

(white) antibodies. Representative images around the SVP are displayed. Red dashed lines 

outline representative microglial cells. B. Quantification of microglial TGF-β1 expression in P3 WT 

and Lamb2-/- retinae (n=3). C. P3 WT and Lamb2-/- retinal whole mounts were stained with anti-

phospho-SMAD3 (pSMAD3: green) and anti-CD31 (white) antibodies. D. Quantification of 

pSMAD3+ endothelial cell density in P3 WT and Lamb2-/- retinae (n=3). E. P5 WT and Lamb2-/-

 retinal whole mounts were stained with anti-phospho-histoneH3 (PH3: red) antibody and IB4 

(green). F. Quantification of mitotic endothelial cell density in P5 WT and Lamb2-/- retinal SVPs 

(n=3). Error bars represent s.e.m. *P<0.05, **P<0.01. Scale bars: A=12µm, C=16µm, E=60µm. 
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Figure 2.10: Model: laminin-dependent interaction between astrocytes and microglia 

regulates retinal angiogenesis.  

 A. Vascular tree expands following the astrocyte template during retinal SVP development. As 

the microglia are recruited to the growing vascular tree, they facilitate vascular branching. At the 

same time, microglia come in contact with the astrocyte-derived ECM in the vascular BM. The 

contact with astrocyte-derived ECM influences microglial activation. Microglial activation state 

influences endothelial cell proliferation. B. Microglia are recruited at a higher density to the 

developing Lamc3-/- retinal SVP. Higher microglial density likely causes hyper-branched SVP 

formation in the Lamc3-/- retina. Additionally, the interaction with Lamc3-/- astrocyte-derived ECM 

hyper-activates microglia. Hyper-activated microglia in the Lamc3-/- retina drive increased 

proliferation of the endothelial cells due to down-regulated TGF-β signaling. 
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2.9 Supplementary figures and figure legends: 
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Supplemental figure 2.S1: A. Schematic of the central retinal regions (around the mature 

astrocyte template and SVP) where the images in B were acquired (boxed areas). B. P3 WT and 

Lamc3-/- retinal whole mounts were stained with either anti-glial fibrillary acidic protein (GFAP; 

blue) or anti-Pax2 (green) antibody. C. Quantification of astrocyte densities around the P3 WT 

and Lamc3-/- retinal SVPs (n=2). D. P3 WT and Lamc3-/- retinal whole mounts were stained with 

isolectin B4 (IB4; red) and anti-CD45 (green) antibody. Arrowheads point at CD45high 

macrophages. Error bars represent s.e.m. Scale bars: B=16µm and D=32µm. ONH= optic nerve 

head. 
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Supplemental figure 2.S2: A. Schematic of the P0 WT central and peripheral retinal regions 

where the images were acquired (boxed area). P0 WT retinal whole mount was stained with 

isolectin B4 (IB4; green) and anti-F4/80 (red) antibody. B. Schematic of the P3 WT central and 

peripheral retinal regions where the images were acquired (boxed area). P3 WT retinal whole 

mount was stained with IB4 (green) and anti-F4/80 (red) antibody. C. Schematic of the P8 WT 

2061 central and peripheral retinal regions where the images were acquired (boxed area). P8 WT 

retinal whole mount was stained with IB4 (green) and anti-F4/80 (red) antibody. Scale bar=32 µm. 

ONH=optic nerve head.  
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Supplemental figure 2.S3: A. Experimental paradigms of i.p. lipopolysaccharide (LPS) and 

minocycline injections. B. P5 WT retinal whole mounts, treated as indicated, were stained with 

isolectin B4 (IB4; green) and anti-glial fibrillary acidic protein (GFAP; red) antibody. 

Representative images of the vascular front and nascent plexus are displayed. C. P5 Lamc3-/- 

retinal whole mounts, treated as indicated, were stained with IB4 (green) and anti-GFAP (red) 

antibody. Representative images of the vascular front and nascent plexus are displayed. D. P5 

WT retinal whole mounts, treated as indicated, were stained with IB4 (green) and anti-Iba1 (cyan) 

antibody. Scale bars: B, C=16µm and D=32µm. 
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Supplemental figure 2.S4: A. A 4-day-old WT retinal astrocyte culture on a glass coverslip was 

stained with isolectin B4 (IB4; green), anti-platelet-derived growth factor receptor-α (PDGFR-α: 

red), anti-TUJ1 (white) antibodies, and DAPI (blue). B. A 4-day-old WT retinal astrocyte culture 

on a glass cover slip was stained for pan-laminin (green) and laminin γ3-chain (R96: red) 

antibodies. Decellularized WT astrocyte culture stain with pan-laminin (green) antibody. C. Two-

day-old microglial cultures under indicated conditions are stained with IB4 (green). Scale bars: 

A=32µm, B=60µm and C=2.2µm. 
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Supplementary figure 2.S5: P5 WT retinal whole mounts, treated as indicated, were stained 

with anti-Iba1 (red) and anti-CD68 (green) antibodies. Representative images around the SVP 

are displayed. Scale bars=60µm. 
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Supplemental figure 2.S6: A. Quantification of the CD68+ (activated) microglia density in P3 

WT and Lamb2-/- central retinas (n=3). B. Quantification of the percentage of CD68+ (activated) 

microglia grown under indicated conditions (n=3). Error bars represent s.e.m.  
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3.1 Abstract:  

Proper arteriovenous morphogenesis is crucial to maintain normal tissue 

perfusion. However, our understanding of how arterial morphogenesis is 

regulated in the central nervous system is incomplete. In this study, we asked 

whether vascular basement membrane (BM) laminins, specifically γ3-containing 

isoforms, regulate retinal arterial morphogenesis. We demonstrate that γ3-

containing laminins are deposited in both arterial and venous BMs during 

arteriogenesis and that γ3-containing laminins bind dystroglycan, a laminin 

receptor expressed specifically by arterial endothelial cells. In vitro blockade of 

laminin-dystroglycan binding leads to reduced Dll4 expression in aortic 

endothelial cells. In vivo, genetic deletion of either the laminin γ3-chain or 

endothelial cell-specific deletion of dystroglycan leads to similar defects in retinal 

arteries, including hyper-branching, reduced smooth muscle coverage and 

reduced Dll4 expression. Similarly, a genetic manipulation that disrupts the ligand 

binding to dystroglycan leads to arterial defects similar to those found in laminin 

γ3-null retinae. Taken together, this study identifies a novel laminin-dystroglycan 

signaling cascade regulating arterial Dll4/Notch signaling, specifying and 

stabilizing retinal arteries.  
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3.2 Introduction:  

Although several studies focused on the developmental mechanisms of 

arterial formation in the trunk, a detailed understanding of how arteriogenesis is 

developmentally regulated in the central nervous system (CNS) is incomplete. 

The retina, an easily accessible region of the CNS, is an ideal model in which to 

address this question as the vessels can be easily visualized both in vivo and ex 

vivo. In mice, retinal vessels develop entirely post-natally, making it an ideal 

system for developmental studies. Importantly the relative planar geometry of 

retinal vessels makes an analysis of the temporal and spatial patterning of 

developmental signals tractable and readily interpretable.  

The murine retinal vasculature exists in three planar parallel sheets of 

vessels, interconnected by short penetrating vessels. The superficial vascular 

plexus (SVP) forms on the retinal surface between post-natal days (P) 1-8 in the 

mouse. Eventually, two other plexuses form within the retinal depth; first at the 

outer plexiform layer (OPL) and then at the level of the inner plexiform layer 

(IPL), completing retinal vascular development by P21 (Stahl et al., 2010). In all 

cases, neurons, glial cells and microglia contribute to the angiogenic process.  

Our prior work has shown that astrocytes and microglia regulate various aspects 

of retinal angiogenesis in response to the extracellular cue (Gnanaguru et al., 

2013, Biswas et al., 2017). 

One unresolved issue is how retinal arterial and venous identities are 

determined. The growing retinal SVP may be sub-divided into three 

developmental zones: (1) the vascular front, where tip cell/stalk cell specification 
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takes place, (2) the nascent plexus, where newly formed vessels form an 

immature network, and (3) the remodeling zone, where morphologically distinct 

arterial and veins arise from the undifferentiated nascent plexus (Ehling et al., 

2013). During the initial phase of retinal angiogenesis most endothelial cells 

exhibit the molecular signature of venous endothelial cells. Distinct molecular 

signatures for arterial endothelial cells are not apparent until P3-4 (reviewed in 

Uemura et al., 2006, Crist et al., 2017), at this time arteries arise in a 

spatiotemporal pattern maturing in a gradient from immediately behind the 

nascent plexus to the head of the optic nerve. Importantly, the mechanisms 

underlying this shift from venous to arterial signature during retinal arteriogenesis 

is understood very poorly.  

Arteriogenesis involves a series of developmental steps such as adoption 

of arterial identity by endothelial cells, mural cell recruitment, arterial elongation 

and establishment of an arterial branching pattern (reviewed in Simons and 

Eichmann, 2015). Previous studies, outside of the CNS, suggest that Dll4/Notch 

signaling regulates arterial identity (Duarte et al., 2004; Sacilotto et al., 2013). 

Arterial endothelial cells express Dll4, which activates the Notch pathway and 

downstream of Dll4/Notch signaling, arterial endothelial cells express EphrinB2 

(reviewed in Aitsebaomo et al., 2008; Kume, 2010). Dll4/Notch signaling has also 

been reported to be important in establishing arterial branching pattern (Scehnet 

et al., 2007; Cristofaro et al., 2013). However, how Dll4 expression is regulated in 

retinal arteries is not understood completely. According to the conventional 

model, vascular endothelial growth factor (VEGF) signals through the VEGF 
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receptor 2 (VEGFR2) to induce Dll4 expression in arterial endothelial cells (Liu et 

al., 2003). However, recent studies reported that retinal arteries formed despite 

pharmacological or genetic disruption of VEGF/VEGFR2 pathway (Pan et al, 

2007; Benedito et al., 2012). These observations suggest that VEGF-mediated 

signaling is not the sole regulator of arterial Dll4 expression in the retina.  

Laminins, a basement membrane (BM) component, have been implicated 

in several key processes during vascular development. Laminins are 

heterotrimeric glycoproteins made of α-, β- and γ-chains. Five α-, three β- and 

three γ-chains have so far been identified, combining into 16 different isoforms 

(Aumailley et al., 2005; Macdonald et al., 2010). Laminin binding and signaling 

are mediated by various transmembrane receptors, including integrins and 

dystroglycan. CNS endothelial cells express several integrins as well as 

dystroglycan (reviewed in Baeten and Akassoglou, 2011). Recent reports 

demonstrated that the laminin-integrin signaling could directly induce Dll4 

expression in endothelial tip cells (Stenzel et al., 2011), in concert with VEGF-

mediated pathway. However, whether laminin-mediated signaling has any 

regulatory role in Dll4/Notch signaling-mediated arteriogenesis in the retina, or in 

any other tissue is unknown as yet. Moreover, it is also unknown whether 

signaling though other laminin receptors, such as dystroglycan, can induce 

endothelial Dll4 expression. 

We have previously reported that laminins containing γ3-chain are 

expressed in the retinal vascular BM (Li et al., 2012, Gnanaguru et al., 2013). 

Laminin γ3-null retinae exhibit a hyper-branched and hyper-proliferative SVP 
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(Gnanaguru et al., 2013; Biswas et al., 2017), which phenocopies the effect of 

Dll4 deletion on retinal vasculature (Lobov et al., 2007; Hellstrom et al., 2007; 

Benedito et al., 2012). Based on these observations, we asked (1) whether the 

loss of laminin γ3-chain affects arterial Dll4/Notch signaling, and if so, (2) how 

this disrupted Dll4/Notch signaling affects retinal arteriogenesis.  

Here, we demonstrate that γ3-containing laminins are deposited in both 

arterial and venous BMs during retinal vascular development and that γ3-

containing laminins bind dystroglycan. Importantly, only arterial endothelial cells 

express dystroglycan during retinal arteriogenesis. Genetic deletion of either the 

laminin γ3-chain (Lamc3-/-) or endothelial cell-specific deletion of dystroglycan 

(Dag1ΔEC) leads similar retinal arterial dysgenesis including hyper-branching and 

reduced smooth muscle coverage. Moreover, a genetic manipulation of 

dystroglycan glycosylation that results in reduced laminin binding by dystroglycan 

produces similar arterial dysgenesis as those caused by laminin γ3 deletion. 

Arterial Dll4 expression is down-regulated in Lamc3-/- and Dag1ΔEC retinae, 

suggesting a regulatory role of laminin γ3-dystroglycan signaling in arterial Dll4 

expression. Finally, in vitro blockade of laminin-dystroglycan binding also leads to 

reduced Dll4 expression in aortic endothelial cells. Taken together, these results 

provide the first description of a novel pathway where vascular γ3-containing 

laminins signal through dystroglycan regulating retinal arteriogenesis by inducing 

Dll4/Notch signaling in arterial endothelial cells. 
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3.3 Results:  

Arterial Dll4 and EphrinB2 expressions are affected in the Lamc3-/- retina. 

The Dll4/Notch signaling plays a critical role in arteriogenesis (Duarte et 

al., 2004; Sacilotto et al., 2013; Scehnet et al., 2007; Cristofaro et al., 2013). By 

postnatal day 5 (P5), the vascular front has reached more than halfway along the 

retinal surface, and all three distinct angiogenic zones are seen (Fig.3.1A). Dll4 

expression is relatively high at the vascular front, where it distinguishes tip cells 

(high expression, arrows) from stalk cells (low expression) (Fig.3.1A). In the 

nascent plexus, composed entirely of proliferative stalk-type cells, Dll4 

expression is relatively low (Fig.3.1A). Dll4 expression pattern becomes artery-

specific in the remodeling zone as arteries mature from behind the nascent 

plexus towards the optic nerve head (asterisk) (Fig.3.1A). Importantly, Dll4 is not 

expressed in the emerging venous endothelial cells (Fig.3.1A). Later in 

development at P12, the vascular front has reached the edge of the retina, and 

the nascent plexus has nearly completely remodeled into an adult superficial 

plexus. At this age, arteries and veins can be identified from the head of the optic 

nerve to the retinal periphery (Fig.3.1A). The artery-specific expression pattern of 

Dll4 is retained in this adult superficial plexus (Fig.3.1A). Thus, Dll4 is excluded 

from the venous compartment entirely. The artery-specific expression of Dll4 is 

consistent with the critical role Dll4/Notch pathway plays in arteriogenesis. 

We previously reported that Lamc3-/- retinae exhibit a hyper-branched 

and hyper-proliferative SVP (Gnanaguru et al., 2013; Biswas et al., 2017), which 

phenocopies the effect of Dll4 deletion on retinal vasculature (Lobov et al., 2007; 
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Hellstrom et al., 2007; Benedito et al., 2012). Therefore, we asked whether Dll4 

expression is affected in the Lamc3-/- retinal vasculature. We observed a 

significant down-regulation of arterial Dll4 expression in the Lamc3-/- retina 

(Fig.3.1B, C). Moreover, Dll4 expression was virtually absent in the primary 

arterial branches in the Lamc3-/- retina (Fig.3.1B). Arterial marker EphrinB2 

expression, whose expression is down-stream of Dll4/Notch signaling, was also 

disrupted in the Lamc3-/- retina, with areas of arteries devoid of EphrinB2 

expression (Fig.3.1D). We also examined another Notch ligand, Jagged1, which 

is heavily expressed in the arterial endothelial cells (Fig.3.S1A). However, unlike 

Dll4, Jagged1 expression was unaffected in P5 Lamc3-/- retinal arteries 

compared to the WT (Fig.3.S1B, C). These results suggest that the effect of 

laminin γ3-deletion is specific for Dll4, and does not affect Jagged1 expression. 

In contrast to these changes in arterial endothelial cells, no changes were 

seen on the venous side. As in the WT retina, Lamc3-/- retinal veins did not 

express Dll4 (Fig.3.1E) and there was no difference in the spatial expression of 

the venous marker, EphB4, between wild type (WT) and Lamc3-/- retinae 

(Fig.3.1F). These results suggest that the loss of laminin γ3-chain specifically 

leads to a disruption in Dll4/Notch signaling-mediated specification of arterial 

molecular identity.  

Arterial morphogenesis is disrupted in the Lamc3-/- retina.  

In order to examine the consequence of down-regulated arterial Dll4 

expression in the Lamc3-/- retina, we assayed several morphological parameters 

of retinal arteries. Lamc3-/- retinal arteries were significantly hyper-branched 
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compared to the WT at P5 (Fig.3.2A, B). This hyper-branched phenotype of the 

Lamc3-/- retinal arteries persisted even after retinal arteries were fully specified 

and arterial branching pattern was established (P12) (Fig.3.2A, B, arrows). 

Additionally, peri-arterial vascular pruning, visualized as empty BM sheaths 

(collagen IV+/CD31-), was significantly less extensive in the Lamc3-/- retina than 

the WT (Fig.3.2C, D, arrows). Finally, the arterial length covered with vascular 

smooth muscle cells was significantly shorter in the Lamc3-/- retina than the WT 

(Fig.3.2E, F). In contrast, pericytes, which cover the entire vascular tree 

(Fig.3.S2A), were not affected in the Lamc3-/- retina (Fig.3.S2B). These results 

suggest that artery-specific patterning, i.e., branching and smooth muscle 

coverage, are disrupted by the loss of laminin γ3-chain while generalized mural 

assembly (pericyte attachment) is not affected. 

Next we asked whether developmental defects in Lamc3-/- retinal arteries 

persist under pathobiological conditions. For that purpose, we subjected WT and 

Lamc3-/- mice to oxygen-induced retinopathy (OIR) (Fig.3.S3A). Perinatal 

animals were exposed to high-atmospheric oxygen, which decreased the drive 

for vascular growth and produced significant pruning of vessels or vaso-

obliteration phase. Upon return to normoxia, the animals experience a period of 

relative hypoxia with concomitant increase in angiogenic drive producing a period 

of neo-vascularization. During the vaso-obliteration phase, the avascular area in 

the P12 Lamc3-/- retina was reduced significantly compared to the WT (Fig.3.3A, 

B) and retinal arteries remained significantly hyper-branched (Fig.3.3C, D). This 

result mirrors the reduced vascular pruning and arterial hyper-branching in the 
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Lamc3-/- retina during development (above). Finally, the arterial length covered 

with vascular smooth muscle cells also remained significantly shorter in the 

hyperoxia-exposed P12 Lamc3-/- retina than the WT (Fig.3.3E, F). During the 

neo-vascularization phase, there were more abnormal neo-vascular tufts around 

arteries in the P15 Lamc3-/- retina than the WT control (Fig.3.S3B). Together, 

these observations suggest that developmental defects in Lamc3-/- retinal 

arteries persist under pathobiological conditions. Given that vascular sprouting 

occurs mostly from the venous side of the vascular bed (Fruttiger, 2002), these 

results suggest that the disruption of arterial molecular identity is accompanied 

by more vein-like behavior from Lamc3-/- arteries, i.e., increased tendency for 

sprouting. 

Next, we asked how laminins containing γ3-chain regulate arterial Dll4 

expression. The conventional model postulates that VEGFA-mediated signaling 

induces Dll4 expression in endothelial cells (Liu et al., 2003). Astrocytes are the 

main cellular source of VEGFA that guides retinal SVP formation (Gerhardt et al., 

2003; West et al., 2005; Scott et al., 2010). Since arterial Dll4 expression level is 

down-regulated in the Lamc3-/- retina, we asked whether VEGFA expression is 

affected by the deletion of laminin γ3-chain. No change in VEGFA protein levels, 

as measured by either immunoreactivity or quantitative immunoblotting was seen 

between WT and Lamc3-/- retinae (Fig.3.S4A, B). Furthermore, there was no 

difference in activated (phosphorylated) VEGF receptor 2 (pVEGFR2Tyr1175) level 

between WT and Lamc3-/- retinae (Fig.3.S4C). These data suggest that the 
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down-regulation of Dll4 expression in Lamc3-/- retinal arterial endothelial cells is 

independent of VEGF signaling. 

γ3-containing laminins appear to signal via dystroglycan (DG). 

A recent report demonstrated that the laminin-mediated signaling could 

directly induce Dll4 expression in endothelial tip cells (Stenzel et al., 2011). 

Therefore, we asked whether γ3-containing laminins could directly induce arterial 

Dll4 expression. At P5, γ3-containing laminins are restricted to vascular branch 

points in the developmentally younger nascent plexus (Gnanaguru et al, 2013). 

In the developmentally older remodeling zone, γ3-containing laminins are found 

on microvessels as well as emerging arterial and venous BMs (Fig. 3.4) a pattern 

that is retained through P7. By P12, the nascent plexus has nearly completely 

remodeled into an adult vasculature where retinal arteries and veins are fully 

specified and their morphology is established (Fig.3.4), along with the interposed 

capillaries. Laminin γ3-immunoreactivity is drastically reduced in the arterial BM 

at this time, whereas it persisted in the venous and microvascular BMs (Fig 3.4). 

Since γ3-containing laminins are present in both arterial and venous BMs 

during retinal arteriogenesis, the γ3-containing laminin receptor that induces 

arterial Dll4 expression would logically be expressed selectively in those 

endothelial cells in maturing arteries and its expression should precede and 

parallel the expression of DII4. We first examined expression patterns of specific 

integrin subunits in the P5 WT retinal SVP. Integrins α2 and α3 

immunoreactivities were almost exclusively present in venous endothelial cells of 
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the P5 WT retina (Fig.3.5A). On the other hand, integrins α6 and β1 

immunoreactivities were present in both arterial and venous endothelial cells 

(Fig.3.5A). Thus, none of the integrin expression patterns fit the requirement for 

inducing the artery-specific pattern of Dll4 expression.  

We next examined the expression pattern of dystroglycan (DG). At P5, 

there is little dystroglycan expression at the vascular front and the nascent plexus 

(Fig.3.5B). In the remodeling zone, where arterial identity is becoming 

established, dystroglycan expression is high in the main arteries as well as the 

primary branches. Importantly, dystroglycan is not expressed in the endothelium 

associated with the emerging veins (Fig.3.5B) and this pattern is retained through 

P7 (Fig.3.5B). At P12, when retinal arteries and veins are fully specified and their 

morphology is established, dystroglycan is still expressed exclusively in the 

arteries and microvessels (Fig.3.5B). Thus, dystroglycan is excluded from the 

venous compartment entirely during superficial plexus development, paralleling 

the artery-specific expression of Dll4. 

Logically, if dystroglycan is an important receptor for laminin γ3-mediated 

signaling, its distribution and expression should be altered in the in Lamc3-/- 

retina, as laminins are known to induce their own receptor expression (Condic 

and Letourneau, 1997; Gnanaguru et al., 2013). Both α- and β-subunits of 

dystroglycan were significantly down-regulated in P5 Lamc3-/- retinal arterial 

endothelial cells compared to the WT (Fig.3.5C, D). On the other hand, as in the 

WT retina, Lamc3-/- retinal venous endothelial cells did not detectably express 
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dystroglycan (Fig.3.5C). These results are consistent with dystroglycan 

functioning as a γ3-containing laminin receptor in arterial endothelial cells. 

If laminin γ3-dystroglycan signaling is upstream of arterial Dll4 expression, 

then the expression of l������ γ� and dystroglycan must precede Dll4 

expression in the artery. The earliest time point when retinal arteries become 

morphologically distinguishable is P3 (reviewed in Uemura et al., 2006, Crist et 

al., 2017). We examined the expression of laminin γ3, dystroglycan and Dll4 

immediately behind the nascent plexus where arteries and veins begin to emerge 

in the P3 WT retina (Fig.3.5E). Indeed, the vessel segments that were destined 

to become arteries expressed laminin γ3 (Fig.3.5F) and dystroglycan (Fig.3.5G) 

even before Dll4 immunoreactivity could be detected. These expression patterns 

of laminin γ3, dystroglycan and Dll4 are consistent with our hypothesis that 

laminin γ3-dystroglycan signaling induces arterial Dll4 expression.  

Dystroglycan (DG)-mediated signaling induces endothelial Dll4 expression. 

No studies have yet identified a receptor for γ3-containing laminins. In 

order to establish whether γ3-containing laminins indeed bind to dystroglycan, we 

isolated glycosylated proteins from the WT brain with wheat germ agglutinin 

(WGA) beads and transferred the isolated fraction (WGA pull-down) to PVDF 

membranes. We confirmed that the WGA pull-down fraction from WT brain 

contained glycosylated α-dystroglycan (ligand binding subunit) and β-

dystroglycan (transmembrane subunit) (fig.3.6A). For the overlay assay, we 

transferred the WGA pull-down fraction of WT brain to PVDF membranes and 
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incubated with either WT or Lamc3-/- brain lysate, this time probing for laminin-

γ3. Indeed, γ3-containing laminins in the WT brain-lysate bound to the same 

region of the membrane as the glycosylated α-dystroglycan (Fig.3.6A) subunit, 

the known ligand binding subunit. As expected, γ3-band was not detected in the 

membrane incubated with Lamc3-/- brain-lysate (Fig.3.6A). These results, for the 

first time, identify dystroglycan as a receptor for γ3-containing laminins in any 

system. Moreover, when taken together with the data presented above, these 

results are consistent with our hypothesis that γ3-containing laminins signal via 

dystroglycan in vascular endothelial cells to induce arteriogenesis (Fig.3.6B). 

Next, we directly tested this hypothesis in an in vitro assay using primary 

human aortic endothelial cells (HAECs) and blocking dystroglycan binding with a 

function-blocking antibody. Our paradigm was that blocking dystroglycan binding 

to its ligands should result in a down-regulation of Dll4 expression in endothelial 

cells. HAECs in culture produce a laminin-rich matrix (Fig.3.6C), which includes 

laminin γ3-chain (Fig.3.6D). We also confirmed that HAECs express dystroglycan 

in culture (Fig.3.6E). We grew HAECs on the glass cover slips for three days, 

allowing them to produce a laminin-rich matrix. Next we added either fetal bovine 

serum (FBS) or dystroglycan function-blocking antibody (IIH6: Jiang et al., 2001; 

Méhes et al., 2005) or heat-killed IIH6 to the medium. We allowed HAECs to 

grow for one more day before we assayed Dll4 expression level (Fig.3.6F, G). 

We used isolectin B4 (IB4) to mark endothelial cells. IB4 fluorescence intensity in 

individual endothelial cells did not alter between three test groups (Fig.3.6G, H). 

Therefore we used IB4 fluorescence intensity to normalize for Dll4 fluorescence 
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intensity between all test groups. There was no significant difference in the Dll4 

expression between FBS and denatured (heat-killed) IIH6 treated HAECs 

(Fig.3.6G, I). However, when we blocked laminin-dystroglycan binding (IIH6 

treatment), endothelial Dll4 expression was significantly lowered (Fig.3.6G, I). On 

the other hand, dystroglycan-blocking had no significant effect on endothelial 

Jagged1 expression (Fig.3.6J). These results suggest that dystroglycan-

mediated signaling is specifically able to induce Dll4 expression in endothelial 

cells. 

In vivo disruption of dystroglycan signaling reproduces Lamc3-/- 

phenotype. 

Having established that laminin-dystroglycan signaling directly induces 

endothelial Dll4 expression in vitro; we next asked whether the disruption of 

dystroglycan-mediated signaling in vivo would have the same effect.  To address 

that, we examined a mouse model where dystroglycan’s ligand binding ability is 

disrupted. Glycosylation of α-dystroglycan is necessary for proper ligand binding, 

and deletion of the POMGnT1 gene results in defective α-dystroglycan 

glycosylation and perturbed ligand binding ability (Liu et al., 2006). SVP 

expansion along the retinal surface was severely retarded in POMGnT1-/- mice, 

along with the persistence of hyaloid vessels (Fig.3.7A), suggesting 

dystroglycan’s critical role in vascular development. However, this phenotype 

made the analysis of arterial phenotype impossible in these retinae at an early 

age. On the other hand, SVP expansion in the POMGnT1+/- retina was relatively 

normal (Fig.3.7A), making these retinae suitable for the analysis of arterial 
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phenotype. As in Lamc3-/- retinae, POMGnT1+/- retinae exhibited significantly 

increased arterial branching (Fig.3.7B, C) and decreased arterial Dll4 expression 

(Fig.3.7D), phenocopying Lamc3-/- arteries. Moreover, as in the Lamc3-/- retina, 

POMGnT1+/- retinae also exhibited reduced arterial smooth muscle coverage 

(Fig.3.7E) compared to the littermate WT controls. These results suggest that γ3-

containing laminins signal through dystroglycan to arterial endothelial cells during 

arteriogenesis. 

To further confirm the role of dystroglycan in retinal arteriogenesis, we 

deleted dystroglycan gene (Dag1) specifically from endothelial cells (Tie2-

Cre.Dag1fl/fl; henceforth denoted as Dag1ΔEC) by crossing Tie2-Cre mice with 

Dag1-floxed mice (Fig.3.S5A). We confirmed genotypes by PCR (Fig.3.S5B) and 

deletion of dystroglycan from endothelial cells by immunohistochemistry 

(Fig.3.S5C). The residual dystroglycan immunoreactivity in Dag1ΔEC retinal 

vessels was likely in astrocyte endfeet around the vessels (Fig.3.S5C). We also 

examined three major non-endothelial cell types that influence retinal 

angiogenesis: ganglion cells, microglia and astrocytes. However, none of these 

cell types exhibited abnormal distribution in the Dag1ΔEC retina (Fig.3.S5D), 

suggesting that endothelial cell-specific deletion of dystroglycan did not affect 

these three cell types.  

As in the Lamc3-/- retina, Dag1ΔEC retinae exhibited significantly increased 

arterial branching compared to the littermate controls at P5 (Fig.3.8A, B). 

Moreover, the extent of arterial smooth muscle coverage was significantly 

reduced in Dag1ΔEC retinae compared to the littermate controls (Fig.3.8C, D). 
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Finally, arterial Dll4 expression was significantly down-regulated in Dag1ΔEC 

retinae (Fig.3.8E, F), phenocopying Lamc3-/- arterial Dll4 expression. Combined 

with the results from POMGnT1+/- retinae, these data strongly support the 

hypothesis that γ3-containing laminins in the vascular BM signal through 

dystroglycan to regulate retinal arteriogenesis by inducing Dll4/Notch signaling in 

endothelial cells specifying them as arterial. 
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3.4 Discussion:  

The central nervous system (CNS) is one of the most metabolically 

demanding organ systems in the body (reviewed in Bélanger et al., 2011). The 

CNS, including the retina, vascularizes primarily by angiogenesis, which is the 

process of new vessel formation from existing ones (reviewed in Saint-Geniez 

and D’Amore, 2004). Retinal vasculature sprouts from an existing artery in the 

optic nerve head in response to the metabolic needs of newly active retinal 

neurons (Sapieha et al., 2008; Usui et al., 2015, Joyal et al., 2016).  Interestingly, 

endothelial cells in these sprouts initially express the molecular signature of 

venous endothelial cells. Distinct morphological and molecular identities of retinal 

arteries are not apparent until P3-4 (reviewed in Uemura et al., 2006, Crist et al., 

2017), when arteries arise in a spatiotemporal pattern maturing in a gradient from 

immediately behind the nascent plexus to the head of the optic nerve. The 

mechanisms underlying this shift from venous to arterial identity during retinal 

angiogenesis is still an area of open interest. Specifically, these mechanisms 

remain active throughout life and disruptions of these processes in pathologic 

conditions account for several vascular diseases in the retina that lead to 

abnormal arterial and venous patterning  (Henkind and Wise, 1974; Reck et al., 

2005; Fileta et al., 2014).  

The Dll4/Notch pathway has been shown to be crucial for arteriogenesis. 

Arterial endothelial cells express the Notch ligand Dll4 (Shutter et al., 2000). The 

activation of Dll4/Notch signaling in endothelial cells is critical for arterial 

specification (Lawson et al., 2001; Lawson et al., 2002; Duarte et al., 2004; 



 135 

Sacilotto et al., 2013) and establishment of arterial branching pattern (Scehnet et 

al., 2007; Cristofaro et al., 2013). Moreover, Dll4/Notch signaling has also been 

shown to facilitate vascular pruning in the retina (Lobov et al., 2011). However, a 

complete understanding of molecular mechanisms that regulate arterial Dll4 

expression is lacking. Vascular endothelial growth factor (VEGF) can induce 

arterial Dll4 expression (Liu et al., 2003). The induction of Dll4 expression 

activates Notch signaling in arterial endothelial cells, leading to the arterial 

marker EphrinB2 expression (reviewed in Aitsebaomo et al., 2008; Kume, 2010). 

However, one study reported that retinal arteries still formed in mice treated with 

anti-VEGF or anti-Nrp1 (VEGFR2 co-receptor) antibodies, although vascular 

density was severely affected in these retinae (Pan et al., 2007). Another study 

reported that retinal arteries still formed in mice where VEGFR2 was inducibly 

deleted in endothelial cells (Benedito et al., 2012). Even in mice that selectively 

expressed either VEGF isoform-188 or -120, retinal arteries still formed, although 

their development was delayed and their numbers were reduced (Stalmans et al., 

2002). These observations raise the question whether arterial Dll4 expression, 

and subsequent arteriogenesis, is regulated by yet another mechanism in 

concert with VEGF-mediated signaling.  

Over the last few years, laminins have been shown to directly regulate 

endothelial Dll4 expression via an integrin-mediated signaling. One study 

demonstrated that laminin-111 could induce endothelial Dll4 expression in vitro 

(Estrach et al., 2011). Another study reported that laminin-411 could induce Dll4 

expression in endothelial tip cells during retinal angiogenesis (Stenzel et al., 
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2011). These observations raise the possibility that laminin-mediated may also 

regulate arterial Dll4 expression, and consequent arterial morphogenesis. 

However, there is no evidence till date that BM laminins regulate Dll4 expression 

in endothelial cells during arteriogenesis. Moreover, it is also unknown whether 

other laminin receptors, such as dystroglycan, can induce endothelial Dll4 

expression. 

Our laboratory identified laminin γ3-chain as a component of unique 

laminin isoforms in the CNS (Libby et al, 2000). In the CNS, we demonstrated 

that laminins containing γ3-chain are deposited in the vascular BM (Libby et al, 

2000; Li et al., 2012, Gnanaguru et al., 2013). The loss of laminin γ3-chain leads 

to a hyper-branched and hyper-proliferative retinal SVP (Gnanaguru et al. 2013, 

Biswas et al., 2017), which phenocopy several aspects of Dll4+/- and endothelial 

cell-specific Dll4 knockout retinal vasculature (Lobov et al., 2007; Hellstrom et al., 

2007; Benedito et al., 2012).  

In this study, we demonstrate that the deposition of γ3-containing laminins 

in the retinal vascular BM is spatially and temporally regulated. During retinal 

angiogenesis, γ3-containing laminins are restricted to the vascular branch points 

in the developmentally younger nascent plexus (Gnanaguru et al, 2013), where 

they regulate vascular branching and anastomosis (Biswas et al, 2017). In the 

developmentally older remodeling zone, γ3-containing laminins are found on 

microvessels as well as emerging arterial and venous BMs. In contrary, γ3-

containing laminins are found only in venous and microvascular BMs in adult 
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retinal vessels. This complex spatial and temporal regulation suggests an 

important functional role of γ3-containing laminins.  

Importantly, during the period of remodeling of the nascent plexus into 

arteries and veins, only arterial endothelial cells express dystroglycan. This 

compartment is then unique in the combined expression of both γ3-containing 

laminins and dystroglycan and suggests that γ3-containing laminins may signal 

via dystroglycan.  This is important because these laminins have no integrin 

binding ability as the result of a conformational change in the C-terminus of the 

laminin heterotrimer (Ido et al, 2008).  

Here for the first time, we provide biochemical evidence that γ3-containing 

laminins bind to dystroglycan. Moreover, we demonstrate that blocking 

dystroglycan-mediated signaling in vitro down-regulates Dll4 expression in aortic 

endothelial cells. A similar down-regulation of arterial Dll4 expression is also 

observed in POMGnT1-deficient retinae in vivo, where dystroglycan’s ligand 

binding ability is genetically disrupted (Liu et al., 2006).  Moreover, in vivo arterial 

Dll4 expression is down-regulated in both Lamc3-/- and endothelial cell-specific 

dystroglycan knock out (Dag1ΔEC) retinae. Taken together, these results strongly 

suggest a regulatory role of laminin γ3-dystroglycan signaling in arterial Dll4 

expression.  

Based on our results, we postulate that γ3-containing laminins signal 

through dystroglycan to induce arterial identity in those cells that express both 

dystroglycan and γ3-containing laminins (Fig.3.8G, H). We posit that this laminin-

dystroglycan signaling induces Dll4 expression in arterial endothelial cells, 
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activating Notch signaling. Activation of the Dll4/Notch signaling leads to proper 

arterial specification, expression of arterial marker (EphrinB2) and arterial 

morphogenesis (Fig.3.8G, H). In contrast, venous endothelial cells do not 

express dystroglycan during this time period (Fig.3.8G, H). The absence of 

laminin-dystroglycan signaling inhibits Dll4 expression in venous endothelial 

cells. In the absence of Dll4/Notch signaling, venous endothelial cells express 

venous marker EphB4 (Fig.3.8G, H). Supporting this model, Lamc3-/-, Dag1ΔEC 

and POMGnT1-/- retinae exhibit similar arterial dysgenesis such as hyper-

branching, which phenocopy Dll4+/- vasculature in the CNS (Cristofaro et al., 

2013). We also observed a similar reduction in arterial smooth muscle coverage 

in Lamc3-/-, Dag1ΔEC and POMGnT1-/- retinae, phenocopying Eogt-/- retinae 

(where Dll4 binding to Notch1 receptor is disrupted: Sawaguchi et al., 2017). 

Interestingly, this arterial dysgenesis, detectable in the Lamc3-/- retina as early 

as P5, persisted even after retinal arteries are fully specified and arterial 

morphology is established (P12). However, laminin γ3 expression is drastically 

decreased in the arterial BM by P12. One possibility is that once the arterial 

phenotype is established during an early developmental window, it persists into 

adulthood.  Our interpretation is supported by a previous finding that the 

disruption of Notch signaling in endothelial cells after P10 does not affect arterial 

phenotype in the mouse retina (Ehling et al., 2013).  

Interestingly, the effect of dystroglycan-mediated signaling on the Notch 

pathway appears to vary depending on the cell/tissue type, developmental stage 

and the specific Notch ligand. Our results indicate that while l������ 
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γ3��������������������� induces Dll4 expression in retinal arterial 

endothelial cells, it has no effect on Jagged1 expression. On the other hand, 

laminin-dystroglycan signaling suppresses Notch activation in adult neural stem 

cells in the sub-ventricular zone (McClenahan et al., 2016) that express Dll1 

(Kawaguchi et al., 2013). Exploring these differential downstream effects of 

laminin-dystroglycan signaling is of interest both in developmental and 

pathological contexts.  

In conclusion, our study introduces a novel laminin-dystroglycan signaling-

dependent regulation of arteriogenesis in the retina, perhaps functioning in 

parallel to the VEGF signaling. Specifically, for the first time, we identified 

dystroglycan as a receptor for γ3-chain containing laminins. We propose that the 

spatiotemporal regulation of laminin γ3-dystroglycan signaling is important for 

proper arteriogenesis in the retina, and perhaps throughout the CNS. 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3.5 Materials and methods:  

Animals 

All procedures involving mice were performed in accordance with the 

Animal Care and Use Committee of State University of New York, Upstate 

Medical University. Targeted deletion of the laminin γ3-gene (Lamc3) was 

described previously (Pinzon-Duarte et al, 2010; Li et al., 2012). The laminin γ3-

null mouse line was backcrossed over nine generations to C57bl/6J. To generate 

endothelial cell-specific dystroglycan (Dag1) knock out mice, Tie2-Cre mice 

(B6.Cg-Tg(Tek-cre)1Ywa/J: Kisanuki et al., 2001) were crossed with Dag1-floxed 

mice (129-Dag1tm2Kcam/J: Cohn et al., 2002), both strains were obtained from The 

Jackson Laboratory (Bar Harbor, ME). The breeding colony was maintained as 

heterozygote Tie2-Cre.Dag1fl/+. Tie2-Cre.Dag1fl/+ breeders gave birth to pups in 

Mendelian ratio. Littermate WT (Tie2-Cre.Dag1+/+) and endothelial cell-specific 

Dag1 knock out (Tie2-Cre.Dag1fl/fl) mice were used for our experiments. 

Generation of POMGnT1-deficient mice was described previously (Liu et al., 

2006). Littermate WT and POMGnT1+/- mice were used for our experiments. The 

notations used for genotypes are as follows: laminin γ3-null or Lamc3-/-, 

endothelial cell-specific Dag1 knock out or Dag1ΔEC, POMGnT1-heterozygous or 

POMGnT1+/- and POMGnT1-homozygous or POMGnT1-/-. 

Oxygen-induced retinopathy (OIR) model 

The OIR experiments were performed as previously described (Smith et 

al., 1994), with slight variations. WT and Lamc3-/- pups were kept in an oxycycler 

(BioSpherix, Model: A84XOV, Lacona, NY) from P7-P12 with nursing mothers in 
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75% O2-atmosphere at 18-22°C. This hyperoxic environment led to the vaso-

obliteration phase. At P12, pups were taken out of the oxycycler and kept in room 

atmosphere (21% O2) until P15. This relative hypoxia led to the neo-

vascularization phase. Pups were sacrificed at two time points, P12 and P15, 

their retinae were harvested and vascular phenotypes were analyzed. Each 

experiment was performed at least three times. 

Immunohistochemistry 

To prepare retinal flat mounts, eyes were enucleated and fixed in 

paraformaldehyde (4% PFA in 1X PBS) for 10 minutes; following which retinae 

were dissected, flat mounted and treated with absolute methanol at -20°C for 10 

minutes. In case of the flat mount preparation for laminin γ3, EphrinB2 and α-

dystroglycan immunostainings, eyes were fixed in 2% PFA for 5 minutes. To 

stain for laminins in vitro, the cells were fixed in absolute methanol at -20°C for 

10 minutes. After 1X PBS wash, samples were incubated overnight at 4°C in 

blocking buffer (5% goat or donkey serum, 0.3% Triton X-100 in 1X PBS). 

Following blocking, samples were incubated with primary antibodies in antibody 

diluting solution (5% goat or donkey serum; 0.01% Triton X-100 in 1X PBS) for 

48 hours at 4°C; washed and incubated with secondary antibodies for 24 hours. 

For radial section staining, fresh-frozen eyes in optimal cutting temperature 

(OCT) compound were sectioned at a thickness of 16 µm. Following absolute 

methanol-fixation for 10 minutes at -20°C, sections were blocked for 2 hours at 

room temperature followed by primary antibody incubation overnight at 4°C. 

Sections were then washed with 1X PBS and incubated with secondary 
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antibodies for 4 hours at room temperature. Samples were imaged using a 

Hamamatsu Orca-R2 camera (Hamamatsu Ltd., Hamamatsu City, Japan) with a 

Nikon Eclipse Ni-U microscope (Nikon Ltd., Tokyo, Japan).  The Volocity 

software package (v6.3, Perkin-Elmer, Waltham, MA, USA) was used to acquire, 

process, and analyze images.  

Reagents 

Primary antibodies used were rat anti-CD31 (550274-BD Biosciences, 

San Jose, CA; 1:250), rabbit anti-γ3-laminin (R96-Li et al, 2012; Gnanaguru et 

al., 2013; 1:10000), rabbit anti-collagen IV (AB756P-Millipore, Billerica, MA; 

1:200), FITC-conjugated mouse anti-α-smooth muscle actin (F3777-Sigma, St. 

Louis, MO; 1: 500), goat anti-Dll4 (AF1389-R&D systems, Minneapolis, MN; 

1:200), goat anti-EphrinB2 (E7525-Sigma; 1: 100), goat anti-EphB4 (AF446-R&D 

systems; 1:100), rabbit anti-Jagged1 (sc-8303-Santa Cruz Biotechnology, Dallas, 

TX; 1:250), rat anti-PDGFRα 558774-BD Biosciences; 1:500), rabbit anti-VEGFA 

(07-1376-Millipore; 1:1000), rabbit anti-phospho-VEGFR2Tyr1175 (19A10: 2478-

Cell Signaling Technology, Danvers, MA; 1:1000), mouse anti-γ-tubulin (T6557-

Sigma; 1:10,000), mouse anti-α-dystroglycan (VIA4-1: 05-298-Millipore; 1:100), 

mouse anti-α-dystroglycan (IIH6: gift from Kevin P. Campbell, University of Iowa; 

1:1000), rabbit anti-β-dystroglycan (JAF: gift from Dominique Mornet, Université 

de Montpellier, 1:250), rabbit anti-pan laminin (L9393-Sigma; 1: 500), FITC-

conjugated isolectin B4 (IB4: L2895-Sigma,; 1:250), goat anti-integrin α2 (sc-

6586-Santa Cruz Biotechnology; 1:100), goat anti-integrin α3 (sc-6587-Santa 

Cruz Biotechnology; 1:100), rat anti-integrin α6 (MAB1982-Millipore; 1:100), rat 
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anti-integrin β1 (MAB1997-Millipore; 1:250), goat anti-Brn3 (sc-6026-Santa Cruz 

Biotechnology; 1:250), rat anti-F4/80 (MCA497GA-Life Technologies, Grand 

Island, NY; 1:250) and rabbit anti-GFAP (AB5804-Chemicon, Billerica, MA; 

1:500). Secondary antibodies used for immunohistochemistry were goat anti-

rabbit 488 and 594, goat anti-rat 488 and 568, donkey anti-rabbit 488, 594 and 

647, and donkey anti-rat 594 (Life Technologies; 1:250). Secondary antibodies 

used for immunoblotting were donkey anti-mouse 800CW and donkey anti-rabbit 

680RD (LI-COR Biosciences, Lincoln, NE, USA; 1:10,000). 

Laminin overlay assay 

P5 WT and Lamc3-/- brains were dissolved in 5ml RIPA lysis buffer (150 

mM NaCl2, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris; 

pH 8.0) containing EDTA-free 1X protease inhibitor cocktail (Thermo Scientific, 

Rockford, IL). Brain lysates were incubated with wheat germ agglutinin (WGA) 

beads (A-2101-5-EY Laboratories, Inc., San Mateo, CA) overnight at 4°C and 

centrifuged at 1000rpm for 5 minutes. The supernatant was discarded and beads 

were washed in the lysis buffer followed by elution of bound glycoproteins 

(including dystroglycan) in the loading buffer (2X Laemmli sample buffer:  65.8 

mM Tris-HCl; pH 6.8, 26.3% glycerol, 2.1% SDS, 0.01% bromophenol blue with 

5% β-mercaptoethanol) at 90°C for 5 minutes. The samples were centrifuged at 

10,000 rpm for 1 minute, the supernatant ran through SDS-PAGE (12%), and 

transferred to polyvinylidene difluoride (PVDF) membranes. The membranes 

were blocked in Odyssey blocking buffer (LI-COR Biosciences, Lincoln, NE, 

USA) and incubated with either WT (contains γ3-laminin) or Lamc3-/- brain lysate 
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overnight at 4°C. Henceforth all buffers used contained 1 mM CaCl2 and 1mM 

MgCl2. Upon incubation overnight, membranes were washed and probed for 

s���������������. 

Immunoblotting 

For each experiment, eight retinae per genotype were lysed together in 

100µl RIPA buffer containing EDTA-free 1X protease inhibitor cocktail (Thermo 

Scientific, Rockford, IL). Samples were centrifuged; the supernatant was diluted 

in the loading buffer (1:1) and boiled for 5 minutes. The samples were run 

through SDS-PAGE (8%), transferred to PVDF membranes, and probed for 

target proteins. γ-tubulin was used as the loading control. Membranes were 

imaged with Odyssey CLx (LI-COR Biosciences, Lincoln, NE, USA) and 

analyzed with Image Studio (v3.1, LI-COR Biosciences). At least three samples 

per genotype were analyzed.  

Human aortic endothelial cell culture 

We obtained primary human aortic endothelial cells (HAECs) from 

ScienCell Research Laboratories (6100-Carlsbad, CA). HAECs were 

characterized by immunofluorescence with anti-CD31 and vWF/factor VIII by the 

vendor. HAECs in third passage were used for all in vitro experiments. The 

HAECs were resuspended in endothelial cell medium (ScienCell Research 

Laboratories, Carlsbad, CA), containing 5% fetal bovine serum (FBS), 1% 

endothelial cell growth supplement (ScienCell Research Laboratories) and 1% 

penicillin/streptomycin solution (Penicillin: 10,000 IU/ml; Streptomycin: 10,000 

µg/ml) in the basal medium. The resuspended cells were plated onto a poly-L-
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lysine (10mg/ml) coated tissue culture flask (25cm2) and grown to 90% 

confluence. The medium in the flask was changed in every 72 hours. For 

dystroglycan function blocking experiments on cell-derived matrix, HAECs were 

grown on glass cover slips (12 mm) for 3 days in endothelial cell medium. Next, 

either heat-killed dystroglycan function blocking antibody (IIH6) or undenatured 

IIH6 was added to the media. FBS was added to another set of cultures as an 

additional control. HEACs were gown for one more day, followed by 4% PFA-

fixation and staining. Each experiment was replicated at least three times. 

Measurements and statistics 

All measurements, unless otherwise specified, were performed using 

Volocity software (v6.3, Perkin-Elmer, Waltham, MA, USA). For our experiments, 

we did not segregate the data based on sex of the animals. In each analysis, 

measurements were made in at least three quadrants of the retina and averaged. 

To measure relative extent of arterial smooth muscle coverage, individual 

arteries were selected from an image and arterial lengths covered with smooth 

muscle (normalized to vascular migration lengths) were calculated. To measure 

arterial expression level of Dll4, Jagged1 and dystroglycan in vivo, individual 

arteries were selected from an image and relative fluorescence intensity ratios 

(normalized to CD31 fluorescence intensity) were calculated using histogram 

analysis in ImageJ software (NIH). To measure arterial expression level of Dll4 

and Jagged1 in vitro, relative fluorescence intensities (normalized to IB4 

fluorescence intensity) were calculated from each field using ImageJ software. 

Samples from at least three different animals (for in vivo experiments) and three 
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separate experiments (for in vitro experiments) were used for statistical analysis. 

To test for statistical significance of any differences, two-tailed, unpaired 

Student’s t-test was performed and a P<0.05 was considered statistically 

significant and significance levels are presented as *P<0.05 and **P<0.02. 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3.8 Figures and figure legends: 
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Figure 3.1: Arterial Dll4/Notch signaling is disrupted in the Lamc3-/- retina. Retinal flat 

mounts were used to study the spatiotemporal expression of arterial and venous markers in the 

retina; the age and genotypes are indicated in each panel. A. Staining with anti-CD31 (endothelial 

cell marker: red) and anti-Dll4 (white) antibodies demonstrate high Dll4 expression in the tip cells 

(White arrows) at the vascular front. There is little or no Dll4 expression in the nascent plexus and 

the Dll4 expression pattern becomes artery-specific in the remodeling zone as arteries mature 

(from behind the nascent plexus towards the optic nerve head, asterisk). This artery-specific 

expression pattern of Dll4 persists in the mature superficial plexus (P12). B. Higher power images 

of CD31 (red) and Dll4 (white) labeling of arteries; note the down-regulation of arterial Dll4 

expression in the Lamc3-/- retina. C. Dll4 expression is quantified relative to CD31 fluorescence 

intensity demonstrating a significant decline in P5 Lamc3-/- arteries (n=3 animals). D. Images of 

CD31 (red) and EphrinB2 (green) labeling of arteries demonstrate Lamc3-/- arterial regions 

completely lacking EphrinB2 expression (white arrowheads). E. Neither WT nor Lamc3-/- venous 

endothelial cells are labeled with anti-Dll4 antibody. F. Spatial expression of the venous marker, 

EphB4, is unchanged in Lamc3-/- veins compared to the WT. A=artery, V=vein. Error bars 

represent means±s.e.m. **P<0.02. NS=not significant. Scale bar: A=160 µm, B and E=16 µm, D 

and F=32 µm. 
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Figure 3.2: Arterial morphogenesis is disrupted in the Lamc3-/- retina.  Retinal flat mounts 

were used to study arterial morphology in the retina; the age and genotypes are indicated in each 

panel. A. Staining with anti-CD31 (white) antibody demonstrates more primary arterial branches 

(yellow arrows) in the Lamc3-/- retina. B. Primary arterial branches are quantified demonstrating 

a significant increase in arterial branching in Lamc3-/- arteries (n=3 animals). C. Images of CD31 

(red) and collagen IV (green) labeling of arteries demonstrate less extensive vascular pruning 

around Lamc3-/- arteries. White arrows point at empty collagen sheaths (collagen IV+/CD31-) 

demarking pruned vessels. D. Number and lengths of pruned vessels are quantified 

demonstrating a significant decrease in vascular pruning around Lamc3-/- arteries (n=3 animals).  

E. Images of CD31 (red) and α-smooth muscle actin (αSMA, vascular smooth muscle cell 

marker: green) labeling demonstrate less extensive vascular smooth muscle coverage of Lamc3-

/- arteries. White dashed lines mark the extent of arterial smooth muscle coverage. F. 

Quantification of the extent of arterial smooth muscle coverage, relative to vascular migration 

distance, demonstrates significant reduction in Lamc3-/- arteries (n=3 animals). A=artery, V=vein. 

Error bars represent means±s.e.m. *P<0.05, **P<0.02. Scale bar: A and C=32 µm, E=160 µm. 
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Figure 3.3: Developmental defects in Lamc3-/- retinal arteries persist under pathological 

stress. Retinal flat mounts were used to study vascular phenotype; the age, genotypes and 

atmospheric conditions are indicated in each panel. A. Staining with anti-CD31 (green) antibody 

demonstrates smaller avascular area in the Lamc3-/- retina (compared to the WT) upon hyperoxic 

exposure. B. The extent of vaso-obliteration upon hyperoxic exposure is quantified, normalized to 

the WT avascular area. Data demonstrates a significantly smaller avascular area in the Lamc3-/- 

retina (n=3 animals). C. Staining with anti-CD31 (green) antibody demonstrates more primary 

arterial branches (white arrows) in the Lamc3-/- retina upon hyperoxic exposure. D. Primary 

arterial branches are quantified demonstrating a significant increase in arterial branching in 

Lamc3-/- arteries (compared to the WT) upon hyperoxic exposure (n=3 animals). E. Images of 

αSMA (red) labeling demonstrate less extensive vascular smooth muscle coverage of Lamc3-/- 

arteries upon hyperoxic exposure. White dashed lines mark the extent of arterial smooth muscle 

coverage. F. Quantification of the extent of arterial smooth muscle coverage, relative to vascular 

migration distance, demonstrates significant reduction in Lamc3-/- arteries (compared to the WT) 

upon hyperoxic exposure (n=3 animals). A=artery, V=vein. Error bars represent means±s.d. (B) 

and means±s.e.m. (D, F). *P<0.05, **P<0.02. Scale bar: A and E=160 µm, C=32 µm. 
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Figure 3.4: Laminin γ3-chain deposition in the retinal vascular BM. Retinal flat mounts were 

used to study the spatiotemporal deposition of laminin γ3 in the retina vascular BM; the age and 

genotypes are indicated in each panel. A. Staining with anti-CD31 (green) and anti-laminin γ3 

(white) antibodies demonstrate that laminin γ3 is deposited in emerging arterial and venous as 

well as microvascular BMs during retinal arteriogenesis (P5 and P7). In mature vessels (P12), 

laminin γ3 is present only in venous and microvascular BMs. B. Higher power images of CD31 

(red) and laminin γ3 (white) labeling of arteries and veins. A=artery, V=vein. Scale bar: A=60 µm, 

B=16 µm. 
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Figure 3.5: Dystroglycan (DG) is specifically expressed in arterial endothelial cells during 

arteriogenesis. Retinal flat mounts were used to study the spatiotemporal expression of integrins 

and dystroglycan in the retinal vasculature; the age and genotypes are indicated in each panel. A. 

Labeling with endothelial cell marker isolectin B4 (IB4: green) and anti-integrin α2 or α3 or α6 or 

β1 (red) antibody demonstrates that none of these integrins have an artery-specific expression 

pattern like Dll4. B. Staining with anti-CD31 (red) and anti-β-dystroglycan (β-DG: white) 

antibodies demonstrate little to no dystroglycan expression in the tip cells and the nascent plexus. 

Dystroglycan expression pattern becomes artery-specific in the remodeling zone as artery 

matures (from behind the nascent plexus towards the optic nerve head), paralleling arterial Dll4 

expression. C. Higher power images of CD31 (red) and β-DG (white) labeling of arteries and 

veins. Note the down-regulation of dystroglycan expression in Lamc3-/- arteries and absence of 

dystroglycan expression in the venous endothelium. D. Dystroglycan expression (both α- and β-

subunits) is quantified relative to CD31 fluorescence intensity, demonstrating a significant decline 

in P5 Lamc3-/- arteries (n=3 animals). E. Schematic of the arterial and venous morphogenesis in 

the P3 WT retina. Boxed area denotes where the images were taken in panels F and G, i.e., 

immediately behind the nascent plexus where arteries are being specified. F. High power images 

of IB4 (red), laminin γ3 (white) and Dll4 (cyan) labeling demonstrate laminin γ3 expression 

preceding Dll4 expression in the vessel segment destined to become an artery. White arrows 

point at laminin γ3 expression and white arrowheads point at the lack of Dll4 expression. G. High 

power images of IB4 (red), β-DG (green) and Dll4 (cyan) labeling demonstrate dystroglycan 

expression preceding Dll4 expression in the vessel segment destined to become an artery. White 

arrows point at dystroglycan expression and white arrowheads point at the lack of Dll4 

expression. A=artery, V=vein, ONH=optic nerve head. Error bars represent means±s.e.m. 

**P<0.02. Scale bar: A=32 µm, B: top panel=160 µm and bottom panel=60 µm, C, F and G=16 

µm. 
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Figure 3.6: γ3-containing laminins bind dystroglycan (DG) and blocking ligand-

dystroglycan binding down-regulates endothelial Dll4 expression. A. Glycosylated proteins 

were pulled down with wheat germ agglutinin (WGA) beads from the WT brain. The pull-down 

fraction was ran through SDS-PAGE, transferred to the PVDF membrane, and probed for 

glycosylated α- (green) and β-dystroglycan (red). The pull-down fraction contains α- and β-

dystroglycan, whereas the remaining fraction post-pull-down does not. The pull-down fraction 

from the WT brain was then transferred to PVDF membranes, followed by incubation with either 

WT or Lamc3-/- brain lysate, and probed for laminin γ3. Note that γ3-containing laminins in the 

WT brain lysate bound to the same position as α-dystroglycan (∼120KDa) on the membrane. The 

laminin γ3-band was absent on the membrane incubated with Lamc3-/- brain lysate. B. 

Schematic of ligand-receptor interaction between γ3-containing laminins and dystroglycan in 

arterial endothelial cells. C. HAECs, grown on the glass cover slip for 4 days, were stained with 

anti-pan-laminin (green) antibody and DAPI (nuclear marker: blue). Top panel: 2° antibody-only 

control, middle panel: low magnification image, bottom panel: higher magnification image. Note 

that HAECs make laminin-rich matrix in culture. D. HAECs, grown on the glass cover slip for 4 

days, were stained with anti-γ3-laminin (green) antibody and DAPI (blue). Top panel: secondary 

antibody-only control, middle panel: low magnification image, bottom panel: higher magnification 

image. Note that HAECs make γ3-laminin-rich matrix in culture. E. HAECs, grown on the glass 

cover slip for 4 days, were stained with anti-α dystroglycan (α DG: white) antibody and DAPI 

(blue). Note that HAECs express dystroglycan in culture. F. Scheme of the experimental design 

presented in panels H-K. G. HAECs, grown on glass cover slips for 4 days under indicated 

conditions, were stained with IB4 (green) and anti-Dll4 (red) antibody. Note the reduction in Dll4 

expression in HAECs upon dystroglycan blocking (IIH6 treatment). H. Quantification of isolectin 

B4 (IB4) fluorescent intensity in individual HAECs grown under indicated conditions (n=3 

separate experiments). Note that IB4 fluorescence intensity in individual endothelial cells did not 

change between three test groups. I. Quantification of Dll4 expression relative to IB4 fluorescent 

intensity demonstrates significant reduction in Dll4 expression in HAECs upon dystroglycan-

blocking (n=3 separate experiments). J. Quantification of Jagged1 expression relative to IB4 
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fluorescent intensity demonstrates no effect of dystroglycan-blocking on Jagged1 expression in 

HAECs (n=3 separate experiments). Error bars represent means±s.e.m. *P<0.05. NS=not 

significant. Scale bar: D and E: top two rows=60 µm, bottom row=16 µm, F=11 µm, H=16 µm. 
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Figure 3.7: Genetic disruption of dystroglycan’s ligand-binding ability reproduces Lamc3-/- 

retinal arterial phenotype. A. Littermate P5 WT, POMGnT1-/- and POMGnT1-/- retinal flat 

mounts were stained with anti-CD31 (green) antibody. While the superficial plexus expands 

relatively normally in the POMGnT1+/- retina, vascular expansion is severely retarded in the 

POMGnT1-/- retina along with the persistence of embryonic hyaloid vessels (Hv). B. CD31 

(green) labeling of retinal arteries reveal arterial hyper-branching in the POMGnT1+/- retina. 

White arrows point at primary arterial branches. C. Quantification of arterial branching in WT and 

POMGnT1+/- retinae at P5 reveals significantly more primary branches in the POMGnT1+/- retina 

compared to the littermate WT control (n=3 animals). D. Higher power images of CD31 (green) 

and Dll4 (white) labeling shows reduced Dll4 expression in the POMGnT1+/- artery compared to 

the littermate WT control. E. αSMA (red) labeling of arteries revealed reduced smooth muscle 

coverage of POMGnT1+/- arteries. A=artery, V=vein. Error bars represent means±s.e.m. 

**P<0.02. Scale bar: A=160 µm, B and E=32 µm, D=16 µm. 
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Figure 3.8: Endothelial cell-specific deletion of dystroglycan reproduces Lamc3-/- retinal 

arterial phenotype. Retinal flat mounts were used to study arterial morphology in the retina; the 

age and genotypes are indicated in each panel. A. Staining with anti-CD31 (green) antibody 

demonstrates more arterial branches in the Dag1ΔEC retina. Yellow arrows point at primary arterial 

branches. B. Primary arterial branches are quantified demonstrating a significant increase in 

arterial branching in Dag1ΔEC arteries compared to the littermate WT controls (n=3 animals). C. 

Images of CD31 (red) and αSMA (green) labeling demonstrate less extensive vascular smooth 

muscle coverage of Dag1ΔEC arteries. D. Quantification of the extent of arterial smooth muscle 

coverage, relative to vascular migration distance, demonstrates significant reduction in Dag1ΔEC 

arteries compared to the littermate WT control (n=3 animals). G. Summary of arterial and venous 

expressions of γ3-laminin, dystroglycan (DG) and Dll4 at indicated ages. Retinal arteriogenesis is 

actively taking place at P5 and P7. During this period of active arteriogenesis, laminin γ3 is 

present in both arterial and venous BMs. However, only arterial endothelial cells express 

dystroglycan during this time, paralleling artery-specific expression pattern of Dll4. By P12 retinal 

arteries are fully specified and arterial morphology is established. Although laminin γ3 expression 

in the arterial BM is drastically reduced at this time, dystroglycan and Dll4 continue to be 

expressed exclusively by arterial endothelial cells. H. We postulate that the γ3-chain containing 

laminins signal through dystroglycan to arterial endothelial cells (ECs) during the period of 

arteriogenesis. This laminin-dystroglycan signaling induces Dll4 expression in arterial endothelial 

cells. Activation of the Dll4/Notch signaling leads to proper arterial morphogenesis and arterial 

marker EphrinB2 expression. Venous endothelial cells do not express dystroglycan. The absence 

of laminin-dystroglycan signaling inhibits Dll4 expression in venous endothelial cells. 

Consequently, venous endothelial cells express venous marker EphB4. A=artery, V=vein. Error 

bars represent means±s.e.m. *P<0.05, **P<0.02. Scale bar: A=60 µm, C =160 µm, E=16 µm. 
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3.9 Supplementary figures and legends: 
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Supplementary figure 3.S1: Jagged1 expression is not affected in Lamc3-/- arterial 

endothelial cells. A. P5 WT retinal flat mount was stained with anti-CD31 (red) and anti-Jagged1 

(green) antibodies. Note the artery-specific expression of Jagged1. B. Higher power images of 

CD31 (red) and Jagged1 (green) labeling demonstrate that jaggeg1 expression is unaffected in 

Lamc3-/- arteries. C. Quantification of Jagged1 expression, relative to CD31 fluorescent intensity 

(n=3 animals). A=artery, V=vein. NS=not significant. Scale bar: A=160 µm, B=16 µm. 
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Supplementary figure 3.S2: Pericyte coverage is unaffected in the Lamc3-/- retina. A. P12 

WT retinal flat mount was stained with anti-αSMA (red) and anti-desmin (pericyte marker: green) 

antibodies. B. Staining with anti-CD31 (red) and anti-desmin (green) antibodies reveal that 

pericyte coverage is unaffected in the Lamc3-/- retina.  Scale bar: A=60 µm, B=160 µm. 
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Supplementary figure 3.S3: Lamc3-/- retinae exhibit increased neo-vascular tuft formation 

in oxygen-induced retinopathy. A. Schematic of the oxygen-induced retinopathy (OIR) 

experiments. Hyperoxia between P7-P12 leads to vaso-obliteration phase and relative hypoxia 

between P12-P15 leads to neo-vascularization phase. B. P15 WT and Lamc3-/- retinal flat 

mounts during neo-vascularization phase were stained with anti-CD31 (green) antibody. Regions 

with neo-vascular tufts are outlined with white lines. Note increased neo-vascularization around 

Lamc3-/- arteries. A=artery. Scale bar: B=32 µm. 
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Supplementary figure 3.S4: VEGFA-mediated signaling is not altered in the Lamc3-/- retina. 

A. P5 WT and Lamc3-/- retinal radial sections were stained with anti-PDGFRα astrocyte marker: 

����  and anti-VEGFA (red) antibodies. Note that VEGF immunoreactivity is similar between 

WT and Lamc3-/- retinae. B. Immunoblotting for VEGFA in P5 WT and Lamc3-/- retinae. 

Quantification of relative VEGFA expression level in P5 WT and Lamc3-/- retinae, normalized to 

γ-tubulin expression level (n=3 separate experiments). Note that VEGF expression level was 

unaltered in Lamc3-/- retinae. C. Immunoblotting for pVEGFR2Tyr1175 in P5 WT and Lamc3-/- 

retinae. Note that activated (phosphorylated) VEGFR2 level is unchanged in Lamc3-/- retinae. 

Error bars represent means±s.d. NS=not significant. Scale bar: A=16 µm. 
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Supplementary figure 3.S5: Ganglion cell, microglia and astrocyte distributions are not 

affected in the Dag1ΔEC retina. A. Breeding strategy to generate endothelial cell-specific 
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dystroglycan knockout (Dag1ΔEC) mice. B. Genotyping scheme of Dag1ΔEC mice. Dag1fl/fl-

band=615bp, Dag1+/+-band=516bp and Cre-band=100bp. C. Littermate WT and Dag1ΔEC retinal 

flat mounts were stained with either anti-CD31 (red) and anti-α-dystroglycan (α DG: green) or anti-

CD31 (red) and anti-β-dystroglycan (β DG: green) antibodies. Note the drastic reduction of 

dystroglycan expression in Dag1ΔEC arteries. The residual dystroglycan immunoreactivity in the 

Dag1ΔEC retinal artery is possibly in astrocyte endfeet. D. Littermate P10 WT and Dag1ΔEC retinal 

flat mounts were stained with either anti-Brn3 (ganglion cell marker: green) or anti-F4/80 

(microglia marker: red) or anti-GFAP (astrocyte marker: cyan) antibody. Distributions of ganglion 

cells, microglia and astrocytes are not affected in the Dag1ΔEC arteries. Scale bar: C=16 µm, 

D=32 µm. 
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Chapter 4: 

General Discussion and Future Directions 
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4.1 Discussion: 

As the retinal superficial vascular tree expands, the temporal sequence of 

angiogenic events is spatially laid out over the retinal surface. As the retinal 

superficial vascular tree radially expands from the optic nerve head towards the 

periphery, one can study all three main aspects of developmental angiogenesis 

in the growing retinal superficial vascular tree, such as 1) tip cell/stalk cell 

specification at the vascular front, 2) vascular branching and endothelial cell 

proliferation in the nascent plexus, and 3) arteriovenous morphogenesis in the 

remodeling zone. What was known from the existing literature is that laminin-

mediated signaling is a crucial regulator for astrocyte migration in the retina 

(Edwards et al., 2011, Gnanaguru et al., 2013). Genetic deletions of laminin α1-, 

β2- and γ3-chains perturb astrocyte migration, and consequently vascular 

expansion in the retina, with different degrees of severity (Edwards et al., 2011, 

Gnanaguru et al., 2013). The central hypothesis of my study is that BM laminins, 

specifically γ3- and β2-containing isoforms in the vascular BM, are crucial for the 

patterning of the nascent plexus and arterial morphogenesis in the retina.  

Chapter 2 and Appendix 1 of my study focused on the patterning of newly 

formed nascent plexus immediately behind the vascular front. Laminin γ3-null 

(Lamc3-/-) retinal nascent plexus exhibits a hyper-branched phenotype 

(Gnanaguru et al., 2013), similar to the vascular characteristics of ischemic 

retinopathies. In this chapter, I specifically asked how BM laminins regulate 

vascular branching and endothelial cell proliferation in the nascent plexus.  
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Microglia, resident macrophages of the CNS, are known to facilitate 

vascular branching by facilitating vascular anastomosis (Fantin et al., 2010). 

Moreover, depending on their activation state, microglia regulate endothelial cell 

proliferation. While resting microglia produce anti-angiogenic factors that inhibit 

endothelial cell proliferation, activated microglia secrete pro-angiogenic factors 

that induce endothelial cell proliferation (Welser et al., 2010). It was also known 

that microglia interact with the astrocyte-derived components of the vascular BM 

(Milner and Campbell, 2002). However, whether BM components regulate 

microglial recruitment and activation around the growing vasculature, and the 

physiological consequence of that regulation was poorly understood.  

In this study, I show that γ3-containing laminins are negative regulators of 

vascular branching. Vascular branch point-associated microglial density is 

specifically increased at the nascent plexus of the Lamc3-/- retina. Consequently, 

vascular branching density is also increased in the Lamc3-/- retina, suggesting 

an increased occurrence of microglia-mediated vascular anastomotic events. We 

further show that microglia interact with astrocyte-derived laminins via integrin 

β1-mediated signaling. Laminins containing γ3-chain also negatively regulate 

microglial activation. Microglia become hyper-activated in the Lamc3-/- retina or 

when tested in vitro with Lamc3-/- astrocyte-derived matrix. Pharmacological 

activation of microglia in the wild-type retina produced a Lamc3-/--like vascular 

phenotype, whereas pharmacological blocking of microglial activation in 

the Lamc3-/- retina rescued the wild-type vascular phenotype. My results further 

demonstrate that microglial activation state directly affect endothelial cell 
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proliferation. As a result of microglial hyper-activation, microglia-derived 

transforming growth factor-β1 (TGF-β1) expression is reduced in the Lamc3-/-

 retina, and SMAD3-signaling is decreased in endothelial cells with a consequent 

increase in endothelial cell proliferation. On the other hand, microglia-derived 

TGF-β1 expression is increased in the laminin β2-null (Lamb2-/-) retina, and 

SMAD3-signaling is increased in endothelial cells with a consequent decrease in 

endothelial cell proliferation.  

Taken together, this study fills a gap in the existing knowledge and 

demonstrates that the interaction between astrocyte-derived matrix and microglia 

modulates vascular branching and endothelial cell proliferation during retinal 

angiogenesis. Moreover, my results also show that different laminin isoforms 

have different properties and regulate microglial physiology differently, which in 

turn, regulate endothelial cell proliferation. Specifically, I show that while γ3-

containing laminins restrict endothelial cell proliferation, β2-containing laminins 

induce endothelial cell proliferation. Given that different vascular BM 

compartments vary in their laminin composition, my results also suggest that the 

effect of laminin-mediated signaling on vascular branching and endothelial cell 

proliferation depends on the specific region of the vascular tree. Previous studies 

have shown that microglial activation plays an important role in disease 

prognosis of diabetic retinopathy (Zeng et al., 2008) and mouse model of oxygen-

induced retinopathy (Rivera et al., 2013). Lamc3-/- retinae exhibit characteristics 

similar to those of ischemic retinopathy, such as aberrant vascular branching and 

endothelial cell proliferation, and my results directly link laminin γ3-mediated 
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signaling to these vascular phenotypes. Thus, my study significantly contributes 

to finding a potential novel approach for treating these blinding diseases.  

Chapter 3 and Appendix 2 of my study focused on arterial morphogenesis 

in the remodeling zone of the growing retinal superficial vascular tree. Vessel 

tortuosity and abnormal arterial collateral formation have been reported in case 

of retinal vessel occlusion (Henkind and Wise, 1974). Moreover, abnormal 

arterial and venous patterning, characterized primarily by direct arteriovenous 

shunt formation, has been reported in several diseases with ocular manifestation 

(Henkind and Wise, 1974; Reck et al., 2005; Fileta et al., 2014). Thus, a detailed 

knowledge of the mechanisms governing arterial morphogenesis in the retina is 

of critical importance. 

As the retinal vasculature grows, almost all endothelial cells initially 

express venous markers. Gradually some endothelial cells express arterial 

markers while others retain their venous signature (reviewed in Uemura et al., 

2006). However, at the outset of my studies, virtually nothing was known about 

the molecular mechanism underlying this shift from venous to arterial identity in 

the process of retinal arteriogenesis. In other tissues, the Dll4/Notch signaling 

has been reported to regulate several aspects of arteriogenesis such as 

establishment of proper arterial identity (Duarte et al., 2004; Sacilotto et al., 

2013) and branching (Scehnet et al., 2007; Cristofaro et al., 2013). Arterial 

endothelial cells express Dll4, which activates the Notch pathway in the artery 

(reviewed in Aitsebaomo et al., 2008; Kume, 2010). According to the 

conventional model, vascular endothelial growth factor (VEGF) signals through 
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the VEGF receptor 2 (VEGFR2) to induce Dll4 expression in arterial endothelial 

cells (Liu et al., 2003). However, several studies reported that retinal arteries still 

formed despite pharmacological or genetic disruption of VEGF/VEGFR2 pathway 

(Pan et al, 2007; Benedito et al., 2012). These observations suggest that VEGF-

mediated signaling is not the only regulator of arterial Dll4 expression in the 

retina.  

Previous reports suggested that laminin-integrin signaling could directly 

induce endothelial Dll4 expression, both in vitro (Estrach et al., 2011), and in 

endothelial tip cells in vivo (Stenzel et al., 2011). However, whether laminin-

mediated signaling has any regulatory role in arterial Dll4 expression, and 

consequent arteriogenesis, was unknown. Moreover, it was also unknown 

whether other laminin receptors, such as dystroglycan, can regulate endothelial 

Dll4 expression. We have previously reported that the Lamc3-/- retina exhibits a 

hyper-branched and hyper-proliferative nascent plexus (Gnanaguru et al., 2013; 

Biswas et al., 2017), which phenocopies the effect of Dll4 deletion (Lobov et al., 

2007; Hellstrom et al., 2007; Benedito et al., 2012). In this chapter, I specifically 

asked whether γ3-containing laminins in the vascular BM regulate retinal 

arteriogenesis by modulating arterial Dll4/Notch signaling. 

I demonstrate that γ3-containing laminins are present in both arterial and 

venous BMs during retinal arteriogenesis. I also provide the first evidence that γ3-

containing laminins bind dystroglycan. Interestingly, only arterial endothelial cells 

express dystroglycan during retinal arteriogenesis. In vitro blockade of ligand 

binding to dystroglycan down-regulates endothelial Dll4 expression. In vivo, 
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genetic deletion of either the laminin γ3-chain or endothelial cell-specific deletion 

of dystroglycan leads to similar retinal arterial defects such as hyper-branching, 

reduced smooth muscle coverage and reduced Dll4 expression. Genetic 

disruption of dystroglycan’s ligand binding ability also leads to similar arterial 

defects as in the Lamc3-/- retina.  

Taken together, these results reveal a novel mechanism by which γ3-

containing laminins signal through dystroglycan to regulate vascular remodeling 

in the retina. Until now, most of the scientific literature that studied mechanisms 

inducing Dll4/Notch signaling implicated the process be VEGF-dependent, and 

Dll4/Notch signaling acting downstream of VEGF. Very few studies explored 

direct laminin-mediated signaling and its effect on Dll4/Notch signaling in 

endothelial cells. Even those few studies that explored the regulatory role of 

laminins inducing endothelial Dll4/Notch signaling during CNS angiogenesis 

focused on integrin-mediated pathway (Estrach et al., 2011; Stenzel et al., 2011). 

Very little was known about the role of dystroglycan-mediated signaling in 

developmental angiogenesis in the CNS, including the retina. An in vitro study 

suggested endothelial cells expressing dystroglycan are involved in angiogenesis 

(Hosokawa et al., 2002). Another study reported that retinal astrocytes and blood 

vessels pattern abnormally in POMGnT1-deficient retinae, where dystroglycan’s 

ligand binding ability is genetically disrupted due to faulty glycosylation of the α-

dystroglycan subunit (Takahashi et al., 2011). A similar disruption in retinal 

astrocyte and blood vessel patterning was also observed in Large-mutant 

retinae, another enzyme responsible for proper glycosylation of α-dystroglycan 
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(Zhou et al., 2017). However, none of these studies explored the role of 

dystroglycan-mediated signaling specifically in endothelial cells during vascular 

development and arteriogenesis in the retina. Thus, my study elucidates two 

hitherto unexplored aspects of retinal angiogenesis: 1) a novel laminin-

dependent regulation of arteriogenesis in the retina, in addition to the VEGF-

mediated signaling, and 2) the first mechanistic description of the role of 

laminin γ3-dystroglycan signaling in regulating endothelial Dll4 expression in 

retinal arteries. 

Finally, in Appendix 3, I present preliminary results from an ongoing 

project where I examined whether the deletion of a specific laminin chain can 

affect the expression of other laminin chains in the retinal vascular BM. There are 

few reports in the existing literature that suggested that the expression of 

different laminin chains in the vascular BM might be coordinately regulated. A 

clear understanding of this regulation is important, as the deletion of a single 

laminin chain can disrupt the entire vascular BM composition and lead to 

vascular abnormalities. For example, genetic deletion of the laminin α4-chain led 

to hemorrhages throughout the vertebral column (Thyboll et al., 2002). This same 

study also reported that Lama4-/- mice exhibited decreased expression of 

laminin β1-chain in the vascular BM of the skeletal muscle (Thyboll et al., 2002). 

Similarly, Another study demonstrated that genetic deletion of the astrocytic 

laminin γ1-chain led to hemorrhagic stroke in mice as well as decreased 

expression of laminin α1- and α2-chains in the vascular BM of the brain, but had 

no effect on laminin α4-chain expression (Chen et al., 2013). Finally, genetic 
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deletion of the laminin α2-chain also led to vascular leakage as well as 

decreased expression of laminin α5- and γ1-chains in the brain vascular BM, but 

had no effect on laminin α4-chain expression (Menezes et al., 2014). Our 

laboratory has previously demonstrated that genetic deletion of the laminin β2-

chain also led to vascular leakage in the retina (Gnanaguru et al., 2013). 

However, despite extensive evidence that β2-containing laminins are major 

components of the vascular BM throughout the CNS, no study has systematically 

examined the regulation of different laminin chain expression in coordination with 

laminin β2-chain in the retinal vascular BM.  

A complete understanding of the coordinated regulation of other laminin 

chains with laminin β2-chain in the retinal vascular BM is important as the 

expression of β2-containing laminins in the vascular BM is altered in several 

disease conditions. For example, diabetic retinopathy is the main cause of 

blindness among the working age population in industrialized nations (reviewed 

in Prokofyeva and Zrenner, 2012). Previous studies noted a reduction in laminin 

β2-chain expression in the glomerular BM in diabetes (Abrass et al., 1997; 

Schaeffer et al., 2010). The change in BM compositions in diabetes may 

contribute to the disease progression and present a potential target to develop a 

cure. To better understand the effect of decreased laminin β2-chain expression 

on overall BM composition and integrity, I asked whether deletion of the laminin 

β2-chain, which is heavily expressed in the retinal vascular BM (Gnanaguru et 

al., 2013), has any effect on the expression of other laminin chains. 
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As mentioned before, the vascular BM in the CNS is a composite BM 

made of two compartments: an endothelial cell-derived compartment and an 

astrocyte-derived compartment (Sixt et al., 2001). Main laminin α-chains 

expressed by endothelial cells are α4 and α5 (Sixt et al., 2001), whereas main 

laminin α-chains expressed by astrocytes are α2 and α5 (Sixt et al., 2001; 

Stenzel et al., 2011).  My preliminary results (Appendix 3) show that genetic 

deletion of the laminin β2-chain led to decreased expression of laminin α2-, α5-, 

and γ3-chains in the retinal vascular BM. On the other hand, the expression of 

laminin α4-chain was not affected in the vascular BM of the Lamb2-/- retina. 

These results suggest that the expression of laminin α2-, α5-, β2- and γ3-chains 

are coordinately regulated. 

In conclusion, I demonstrate that laminin-mediated signaling plays a 

variety of roles in retinal angiogenesis that depend on: 1) the region of the 

growing retinal vascular tree 2) the specific laminin isoforms in the relevant BM 

compartment, and 3) the specific laminin receptors expressed by the target cells 

(Fig.1.3 and 1.4). In the nascent plexus, microglial density is dependent on the 

laminin composition of the BM, which in turn modulates vascular branching. 

Moreover, microglial activation is dependent on the interaction with astrocyte-

derived laminins via integrin β1, which in turn regulates endothelial cell 

proliferation. This laminin-mediated regulation of the nascent plexus patterning 

seems to depend on the specific laminin isoforms, i.e. γ3-containing laminins 

have an overall anti-angiogenic effect and β2-containing laminins have an overall 

pro-angiogenic effect.  
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In the remodeling zone, γ3-containing laminins in the vascular BM directly 

signal to arterial endothelial cells, and this laminin γ3-mediated signaling is an 

important regulator of proper arteriogenesis in the retina. Importantly, my study is 

the first description of dystroglycan as a γ3-containing laminin receptor. Laminin 

γ3-dystroglycan signaling induces Dll4 expression in arterial endothelial cells, 

which activates Notch pathway, and proper arteriogenesis ensues. Although γ3-

containing laminins are present in the venous BM, venous endothelial cells do 

not express dystroglycan. As a result Dll4 expression is not induced in venous 

endothelial cells. The lack of laminin γ3-dystroglycan signaling distinguishes 

venous endothelial cells from arterial endothelial cells. 

As mentioned before, changes in the vascular BM composition have been 

noted in several disease conditions. Since laminin-mediated signaling 

mechanisms that play critical roles in developmental angiogenesis become 

dysregulated in disease conditions, targeting these signaling mechanisms in 

pathobiological conditions may prove to a potential therapeutic approach. Thus, 

my study not only fills a major gap in our current understanding of the role of BM 

laminins, specifically γ3- and β2-containing isoforms, in developmental 

angiogenesis in the CNS, but also facilitates our approach to find cures for a 

number of blinding, and potentially life threatening diseases. 
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4.2 Future directions: 

The results from this study shed light on some of the hitherto unexplored 

laminin-mediated signaling mechanisms that regulate retinal vascular 

development. Specifically, I identified that the laminin composition of the BM is 

an important regulator of vascular branching and endothelial cell proliferation in 

the nascent plexus by modulating microglial recruitment and microglial activation. 

Moreover, in the remodeling superficial retinal vascular tree, laminin-dystroglycan 

signaling is a critical regulator of arteriogenesis by inducing Dll4/Notch signaling 

in arterial endothelial cells.  

The data presented in Chapter 2 and Appendix 1 did not touch upon the 

mechanism by which laminin-mediated signaling regulates microglial recruitment 

to the growing nascent plexus. My results suggest that mature astrocytes around 

the nascent plexus are likely responsible for recruiting microglia to the developing 

vasculature, possibly by secreting soluble factors. This process is disrupted in 

the laminin-mutant retinas, presumably due to altered astrocyte physiology. 

Previous studies reported that astrocytes secrete nerve growth factor (NGF) (Liu 

et al., 2010), which promotes microglial migration (De Simone et al., 2007). It is 

possible that NGF production by astrocytes is altered in Lamc3-/- and Lamb2-/- 

retinae. Further research is needed to determine if laminin γ3- and β2-chains 

regulate astrocyte secreted factor-mediated microglial recruitment.  

My results also suggest that the contact with astrocyte-derived 

components of the vascular BM regulates microglial activation. I assayed 

microglial activation by 1) CD68 immunoreactivity, and 2) morphology. However, 
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my analysis did not distinguish between different levels of microglial activation. 

Different levels of microglial activation may have different effects on the target 

tissue. For example, it has been reported that M1 microglia are cytotoxic and 

they elicit inflammatory responses. In contrast, M2 microglia are thought to 

protect the tissue from inflammation (Cherry et al., 2014). In the Lamc3-/- retina, 

although microglia are hyper-activated, they are not cytotoxic. In fact, these 

hyper-activated microglia in Lamc3-/- retinae induce increased endothelial cell 

proliferation. Thus, a precise characterization of microglial activation level (M1 or 

M2) in these mutant retinae is warranted. Moreover, I only measured microglial 

TGF-β1 expression in my study. Studies performed by other groups suggested 

that the microglial activation state regulates the production of various other 

cytokines and growth factors including tumor necrosis factor-α (TNF-α), 

interleukin-6 (IL-6) and IL-1β Tremblayet al2 3 . My analysis needs to be expanded 

to examine whether microglial expression of these cytokines and growth factors 

are also affected in Lamc3-/- and Lamb2-/- retinae. 

The data presented in Chapter 3 and Appendix 2 did not go as far as 

identifying the molecular mechanism downstream of dystroglycan that induces 

Dll4 expression in arterial endothelial cells. One potential pathway is via 

extracellular signal related kinase (ERK), also known as mitogen-activated 

protein kinase (MAPK), which is one of the earliest arterial markers (Hong et al., 

2006; Deng et al., 2013). Different laminin isoforms were reported to have 

different effects on ERK/MAPK activation (Ferletta et al., 2003; Jones et al., 

2005). Moreover, β-dystroglycan has been reported to be an adaptor for 
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activated ERK1, and activated ERK1 is specifically localized at the cell 

membrane-matrix interface (Spence et al., 2004). These studies suggest a 

potential signaling pathway initiated by laminin-dystroglycan binding in an 

isoform-specific manner. Further studies need to be performed to elucidate 

whether laminin γ3-dystroglycan signaling induces endothelial Dll4 expression via 

activation of the ERK/MAPK signaling pathway. Other studies suggest that β-

dystroglycan has a nuclear localization signal (NLS) (Oppizzi et al., 2008), and 

can be translocated to the nucleus via a retrograde endosome-endoplasmic 

reticulum (ER)-dependent pathway (Gracida-Jiménez et al., 2017). The nuclear 

translocation of b-dystroglycan may be responsible for the transcriptional 

activation of certain genes. However, whether nuclear translocation of β-

dystroglycan is facilitated by γ3-containing laminin binding and whether β-

dystroglycan acts as a transcriptional regulator to induce transcription of Dll4 

needs to be examined. 

My study also did not address whether the developmental clock in the 

Lamc3-/- retina is disrupted. Intrinsically photosensitive (melanopsin expressing) 

ganglion cells in the retina contribute to the circadian rhythm (Markwell et al., 

2010). These ganglion cells have also been reported to regulate retinal 

angiogenesis. The light sensitivity by these cells around embryonic day 16 (E16) 

is critical for hyaloid vessel regression as well as retinal vascular growth. Opn4-

null mice or mice reared in the dark from late-gestation fails to activate this light-

sensing pathway, resulting in persistent hyaloid vessels and retinal vascular 

overgrowth (Rao et al., 2013). Although hyaloid vessels appear to regress 
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properly in the Lamc3-/- retina, the retinal vasculature becomes hyper-branched 

(Gnanaguru et al., 2013, Biswas et al., 2017). Thus, it will be of interest to 

elucidate whether any disruption in the light-sensing pathway set up by 

melanopsin ganglion cells during a certain developmental window contributes to 

the vascular phenotype in the Lamc3-/- retina. 

Another question that remains to be addressed is the consequence of 

arterial dysgenesis in the Lamc3-/- retina. Do arterial hyper-branching and 

reduced smooth muscle coverage affect arterial blood flow? Is the overall tissue 

perfusion affected? Live Doppler imaging of retinal blood flow using optical 

coherence tomography (OCT) may be useful to address whether blood flow is 

affected in the Lamc3-/- retina. Our preliminary results (experiments performed 

by Dr. Kabhilan Mohan) indeed suggest that retinal blood flow is reduced in the 

Lamc3-/- retina. Measuring retinal hypoxia using a probe like pimonidazole may 

inform us whether Lamc3-/- retinae are receiving a sufficient supply of oxygen. 

Further studies need to be done to address these questions. 

Finally, preliminary results presented in Appendix 3 suggest that while the 

expression of laminin α2-, α5-, β2- and γ3-chains are coordinately regulated, 

there is no apparent coordination between the expression of laminin α4- and 

laminin β2-chains. As very little is known about the developmental regulation of 

laminin expression in the retinal vascular BM, future studies need to examine the 

expression of all laminin chains as well as non-laminin components (collagen IV, 

perlecan, nidogen and agrin) in the retinal vascular BM at different 

developmental regions and time points. These studies will potentially shed light 
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on the molecular structure and composition of the retinal vascular BM, as well as 

how the expressions of these BM components are coordinately regulated in 

specific vascular compartments. Other important contributors to matrix 

remodeling are the enzymes involved in these processes such as matrix 

metalloproteinases and tissue inhibitors of matrix metalloproteinases (TIMP). The 

expression of matrix metalloproteinase-2 and -9 (MMP-2 and MMP-9) are 

increased in ischemia (Romanic et al., 1998) and inhibition of MMP-9-mediated 

degradation of vascular BM reduces cerebral infarct size and neuronal death 

(Romanic et al., 1998; Gu et al., 2005). Thus it is important to acquire a thorough 

understanding of which cells produce these enzymes, and how their expressions 

are regulated in development and pathological conditions.   

Apart form elucidating basic biological mechanisms, one of the long-term 

goals of these studies is to develop potential treatments for vascular diseases in 

the CNS, including those in the retina. For example, inflammatory response and 

microglial activation have been reported in the diabetic retinopathy (Zeng et al., 

2008) and ischemia (reviewed in Baeten and Akassouglou, 2011). Vascular BM 

organization and composition become altered in diabetes (Abrass et al., 1997; 

Schaeffer et al., 2010) and ischemia (reviewed in Baeten and Akassouglou, 

2011). It is possible that microglial activation in these pathological conditions is 

because of their interaction with the altered BM. Thus, targeting microglia with a 

drug that can inhibit microglial activation, such as minocycline, may prove to be a 

potential treatment for these disease conditions. My study also uncovers integrin 

β1-mediated signaling as a key regulator of microglial activation. Thus, targeting 
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integrin β1 with a blocking antibody or a small molecule drug for a short time may 

also be able to halt these disease progressions. The same goal may also be 

possible to achieve by designing drugs that can bind the LG-domain of specific 

laminin isoforms with specific affinities, and thereby preventing their binding to 

the laminin receptors on the cell surface. Needless to say, extensive further 

research needs to be performed to ensure the specificity of such interventions. 

My results also demonstrate that laminin γ3-dystroglycan signaling is an 

important regulator of retinal arterial specification program and morphogenesis, 

and the loss of this signaling leads to abnormal arterial morphology. Furthermore, 

a previous study reported that integrin β1-mediated signaling is important for 

maintaining proper arterial endothelial cell polarity and lumen formation, and the 

loss of integrin β1 leads to arterial occlusion (Zovein et al., 2009). Abnormal 

arterial tortuosity and collateral formation have been reported in case of retinal 

vessel occlusion (Henkind and Wise, 1974). It is possible that the matrix-

mediated signaling via these receptors become affected in these pathological 

conditions, leading to abnormal arterial phenotypes. Drugs (either small molecule 

or biologics mimicking laminin LG-domain) that can activate these matrix 

receptors may be potentially useful to restore proper arterial morphology and 

function in these pathological scenarios. 
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Appendix 1: 

Related to chapter 2 
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A1.1 General Description: 

Preliminary data presented in Appendix 1 are related to Chapter 2, i.e. 

they focus on the effect of laminin-dependent microglial recruitment and 

activation in vascular branching and endothelial cell proliferation. However, unlike 

Chapter 1 that examined primarily the development of the retinal superficial 

vascular tree, data presented in Appendix 1 primarily deal with the developing 

deep vascular plexus (DVP) that forms in the outer plexiform layer (OPL) of the 

mouse retina between P8-12. These results will potentially lead to an extensive 

further study of the laminin-dependent regulations of microglial physiology in the 

OPL and their effect on DVP formation. 

My preliminary results demonstrate that there was no significance 

difference in vascular branch-point associated microglial density between the WT 

and laminin γ3-null (Lamc3-/-) DVPs (Fig.A1.1). Consequently, vascular branch-

point density was also unaffected in the Lamc3-/- DVP compared to the WT 

control (Fig.A1.1). These data suggest that microglia-dependent vascular 

branching in the DVP is not affected by the loss of laminin γ3-chain. Next, we 

examined microglial activation around in the OPL. I observed that few activated 

(CD68+) microglia were present around the DVP in the OPL of the WT retina 

(Fig.A1.2). A similar lack of activated microglia in the OPL was observed in 

Lamc3-/- and Lamb2-/- retinae (Fig.A1.2). These data suggest that microglial 

activation around the DVP is not affected by the loss of laminin γ3- and β2-

chains. Finally, I examined endothelial cell proliferation in the DVP. Consistent 

with similar microglial activation pattern in the OPL, mitotic endothelial cell 
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density in the DVP was also not significantly different between WT and laminin-

mutant (Lamc3-/- and Lamb2-/-) retinae (Fig.A1.3). 

Taken together, the results presented above suggest that neither 

microglia-mediated vascular branching nor microglial activation-dependent 

endothelial cell proliferation is affected by the loss of laminin γ3- and β2-chains. 

Results presented in Chapter 1 suggest that mature astrocyte-derived laminins 

are critical regulators of microglial recruitment and activation, which in turn affect 

vascular branching and endothelial cell proliferation in the superficial vasculature. 

Thus, one explanation for the lack of any vascular phenotype in the DVP is that 

there is no astrocyte in the OPL. However, there are Müller glial processes in the 

OPL, and Müller glial cells share various physiological and molecular traits with 

astrocytes. Therefore, it will be of great interest to distinguish between the effects 

of astrocytes and Müller cells on microglial physiology and consequent vascular 

development. 
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A1.2 Figures and figure legends: 
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Figure A1.1: Microglia-mediated vascular branching is unaffected in the Lamc3-/- deep 

vascular plexus (DVP). A. CD31 (endothelial cell marker: red) and Iba1 (microglia marker: 

green) labeling of retinal flat mounts demonstrate that microglial density and deep vascular 

branch-point density are similar between P10 WT and Lamc3-/- retinae. White arrows point at 

representative microglial cells associated with vascular branch-points. B. Quantification of deep 

vascular branch-point density, branch-point associated microglial density and percentage of total 

microglia associated with vascular branch-points (n=3). Error bars represent s.e.m. NS=not 

significant. Scale bar: A=32 µm.  
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Figure A1.2: Activated microglia are virtually absent in the deep vascular plexus (DVP). IB4 

(marks endothelial cells and microglia: red), CD68 (activated microglia marker: white) and DAPI 



 217 

(nuclear marker: blue) labeling of P10 WT, Lamc3-/- and Lamb2-/- retinal redial sections 

demonstrate that activated microglia are virtually absent around the DVP in the OPL. Scale 

bar=32 µm. GCL=ganglion cell layer, OPL=outer plexiform layer. 
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Figure A1.3: Endothelial cell proliferation is unaffected in the Lamc3-/- and Lamb2-/- DVPs. 

A. IB4 (green) and phosphor-histoneH3 (PH3; marks mitotic cells: red) labeling of retinal flat 

mounts demonstrate that the density of mitotic endothelial cells in the DVP are similar between 

P10 WT, Lamc3-/- and Lamb2-/- retinae. B. Quantification of mitotic endothelial cell density in the 

DVP (n=3). Error bars represent s.e.m. NS=not significant. Scale bar: A=60 µm. 
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Appendix 2: 

Related to chapter 3 
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A2.1 General description: 

 Data presented in Appendix 2 are related to Chapter 3, i.e. they examine 

the pattern of laminin γ3 deposition and the role laminin γ3-dystroglycan signaling 

in endothelial Dll4 expression in different regions of the retinal superficial 

vascular tree. These results demonstrate that effect of laminin γ3-mediated 

signaling on endothelial Dll4 expression vary depending on the region of the 

vascular tree. 

 My preliminary results demonstrate that γ3-containing laminins are not 

present in the basement membrane (BM) around tip cells (TC) at P5. In contrast, 

γ3-containing laminins are present around the following stalk cells (Fig.A2.1A). 

Interestingly, the expression of dystroglycan, a receptor for γ3-containing 

laminins, is completely absent throughout the entire vascular front (Fig.A2.1B). 

Since there is no dystroglycan expression at the vascular front, the loss of 

laminin γ3-chain logically should not affect Dll4 expression in tip cells. Indeed, I 

did not observe any significant different in Dll4 expression in tip cells between 

WT and Lamc3-/- retinae (Fig.A2.1C, D). These data suggest that unlike retinal 

arteries, where laminin γ3-dystroglycan signaling induces endothelial Dll4 

expression, laminin γ3-dystroglycan signaling is not responsible for regulating 

Dll4 expression in tip cells at the vascular front. 

 Next, I examined laminin γ3 deposition in the retinal vascular BM at P3, 

the earliest time point when retinal arteries become morphologically 

distinguishable (Fig.A2.2A). As retinal arteries begin to be specified from the 

undifferentiated nascent plexus towards the optic nerve head, the expression of 
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laminin γ3 gradually increases in the arterial BM (Fig.A2.2A, B). In contrast, the 

expression of laminin γ3 is virtually absent in the venous BM at this time 

(Fig.A2.2A, B). These data are consistent with the critical role of laminin γ3-

mediated signaling in arterial Dll4 expression and arterial morphogenesis in the 

retina (Chapter 3). 

 To measure Dll4 expression in retinal arterial endothelial cells in vivo, we 

normalized Dll4 immunofluorescence to CD31 fluorescence intensity (Chapter 3). 

In figure A2.3, I demonstrate that there was no significant difference in CD31 

immunofluorescence between WT and Lamc3-/- retinal arterial endothelial cells. 

These results indicate that the use of in vivo CD31 immunofluorescence to 

normalize for Dll4 expression in retinal arteries is justified. 

 Finally, I examined whether different laminin isoforms vary in their abilities 

to induce endothelial Dll4 expression via dystroglycan-mediated signaling. To 

address that question, I grew primary aortic endothelial cells (HAECs) either on 

uncoated cover slips or on coverslips coated with laminin-411 or laminin-421. 

After 1 day, I added either fetal bovine serum (FBS) or IIH6 (dystroglycan-

blocking antibody) to the medium. The cells were grown for 1 more day before 

measuring Dll4 expression level (Fig.A2.4A). Interestingly, while laminin-411 was 

able to significantly induce endothelial Dll4 expression, laminin-421 was not able 

to do so (Fig.A2.4B, C). Consistently, while HAECs grown on laminin-411 

exhibited high expression and nuclear localization of Dll4/Notch target gene 

Hey1, HAECs grown on laminin-421 failed to do so (Fig.A2.4D). Finally, blocking 

dystroglycan-mediated signaling with a blocking antibody (IIH6) was able to 
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significantly reduce Dll4 expression in HAECs grown on laminin-411. In contrast, 

IIH6 treatment had no effect on Dll4 expression in HAECs grown on laminin-421. 

These data suggest that different laminin isoforms vary in their abilities to induce 

endothelial Dll4 expression via dystroglycan-mediated signaling. 
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A2.2 Figures and figure legends:  

 

 

 

 

 

 

 

Figure A2.1: Dll4 expression in tip cells is not affected in the Lamc3-/- retina. A. CD31 

(marks endothelial cells: green) and laminin γ3 (white) labeling of P5 WT retinal flat mount 
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demonstrate that laminin γ3 is absent in the tip cell (TC) basement membrane (BM), but present 

around following stalk cells. B. CD31 (green) and β-dystroglycan (β-DG: white) labeling of P5 WT 

retinal flat mount demonstrate that dystroglycan expression is completely absent at the vascular 

front (both tip cells and stalk cells). C. CD31 (green) and Dll4 (white) labeling of P5 retinal flat 

mount demonstrate similar Dll4 expression in the tip cells (TC) between WT and Lamc3-/- retinae. 

D. Quantification of Dll4 immunoreactivity, relative to CD31, in individual tip cells demonstrates 

that Dll4 expression is not altered in the Lamc3-/- tip cells. (n=3). Error bars represent s.e.m. 

NS=not significant. Scale bar: A, B and C=16 µm. 
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Figure A2.2: Laminin γ3 is deposited in the arterial basement membrane (BM) and absent 

in the venous BM at P3. A. IB4 (marks endothelial cells and microglia: green) and laminin γ3 

(white) labeling of WT retinal flat mount demonstrate that laminin γ3 is deposited in the arterial 

BM at P3, the earliest time point when retinal arteries become distinguishable. Laminin γ3 

immunoreactivity is undetectable in the venous BM. B. Higher magnification images of arteries 

and veins showing laminin γ3 deposition in the arterial BM. Scale bar: A=60 µm, B=16 µm. 
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Figure A2.3: Arterial CD31 immunoreactivity is not altered in the Lamc3-/- retina. 

Quantification of CD31 immunoreactivity in individual arterial segments demonstrates that arterial 

CD31 immunoreactivity is not altered in the Lamc3-/- retina. (n=3). Error bars represent s.e.m. 

NS=not significant. 
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Figure A2.4: Laminin-411 induces endothelial Dll4 expression via dystroglycan-mediated 

signaling, but laminin-421 does not. A. Primary human aortic endothelial cells (HAECs) were 

plated on either uncoated or laminin-411 coated or laminin-421 coated cover slips. After 1 day, 

either fetal bovine serum (FBS) or dystroglycan-blocking antibody IIH6 was added to the medium. 

HAECs were grown for 1 more day before staining. B. Primary HAECs, grown under indicated 

conditions, were stained with IB4 (green) and anti-Dll4 antibody (red). HAECs grown on laminin-

411 express high level of Dll4, whereas HAECs grown on either uncoated or laminin-421 coated 

cover slips do not. C. Quantification of Dll4 expression, relative to IB4 fluorescence intensity, 

demonstrates significant induction of Dll4 expression in HAECs grown on laminin-411, but not in 

HAECs grown on laminin-421 (compared to the uncoated control) (n=3). D. Primary HAECs, 

grown under indicated conditions, were stained with DAPI (nuclear marker: blue) and anti-Hey1 

antibody (white). HAECs grown on laminin-411 exhibit high level of Hey1 (localized to the nuclei), 

whereas HAECs grown on either uncoated or laminin-421 coated cover slips do not. E. Primary 

HAECs, grown under indicated conditions, were stained with IB4 (green) and anti-Dll4 antibody 

(red). Dystroglycan-blocking (IIH6 treatment) reduces Dll4 expression in HAECs grown on 

laminin-411. In contrast, Dll4 expression in HAECs grown on laminin-421 was similar between 

FBS and IIH6 treated groups. C. Quantification of Dll4 expression, relative to IB4 fluorescence 

intensity, demonstrates that IIH6 treatment significantly reduced Dll4 expression in HAECs grown 

on laminin-411, but not in HAECs grown on laminin-421 (n=3). Error bars represent s.e.m. 

*P<0.05, **P<0.02. NS=not significant. Scale bars: B=5.2 µm, D and E=16µm. 
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Appendix 3: 

Coordinated Regulation of the Expression of 

Different Laminin Chains 

 

 

 

 

 

 

 

 

 

 

 

 



 232 

A3.1 Introduction: 

Diabetic retinopathy is the main cause of blindness among the working 

age population in industrialized nations (reviewed in Prokofyeva and Zrenner, 

2012). Previous studies noted changes in vascular basement membrane (BM) 

organization and composition in diabetes. For instance, there is a reduction in 

laminin β2-chain expression in the glomerular BM in diabetes (Abrass et al., 

1997; Schaeffer et al., 2010). Changes in the BM composition in diabetes 

possibly contribute to the disease progression and may present a potential target 

to develop a cure. However, the mechanism by which expressions of various BM 

components are regulated is poorly understood. 

A few studies suggested that the expression of different laminin chains in 

the vascular BM might be coordinately regulated. For instance, genetic deletion 

of the laminin α4-chain led to decreased expression of laminin β1-chain in the 

vascular BM of the skeletal muscle (Thyboll et al., 2002). Genetic deletion of the 

astrocytic laminin γ1-chain led to decreased expression of laminin α1- and α2-

chains in the vascular BM of the brain (Chen et al., 2013). Finally, genetic 

deletion of the laminin α2-chain leads to decreased expression of laminin α5- 

and γ1-chains in the vascular BM of the brain (Menezes et al., 2014). However, 

while most of these studies examined the expression laminin β1- and γ1-chains 

in their knock out mouse models, virtually nothing is known about the coordinated 

regulation of laminin β2- and γ3-chain expressions in the vascular BM.  

The vascular BM in the CNS is a composite BM made of two 

compartments: an endothelial cell-derived compartment and an astrocyte-derived 
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compartment (Sixt et al., 2001). Main laminin α-chains expressed by endothelial 

cells are α4 and α5 (Sixt et al., 2001), whereas main laminin α-chains expressed 

by astrocytes are α2 and α5 (Sixt et al., 2001; Stenzel et al., 2011). In this study, 

I asked whether genetic deletion of the laminin β2- chain, which is heavily 

expressed in the retinal vascular BM (Gnanaguru et al., 2013), have any effect 

on the expression of other laminin chains. My preliminary results suggest that 

expressions of laminin α2-, α5- and γ3-chains in the retinal vascular BM are 

coordinately regulated with the expression of laminin β2-chain. In contrast, there 

is no apparent coordination between the expressions of laminin α4- and β2-

chains. 
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A3.2 Materials and methods: 

Mice 

All procedures involving animals were performed in accordance with the 

Animal Care and Use Committee of State University of New York Upstate 

Medical University (Syracuse, New York). Targeted deletion of the laminin β2-

gene (Lamb2) has been described previously (Noakes et al., 1995; Pinzon-

Duarte et al., 2010). The laminin β2-null mouse strain was backcrossed over nine 

generations to C57bl/6J. There was no rd1 or rd8 mutation in our mouse strain. 

The notation used for the genotypes are as follows: wild type or WT and laminin 

β2-null or Lamb2-/-. Littermate WT and Lamb2-/- mice were used for our 

experiments. Each experiment was replicated at least twice. 

Immunohistochemistry 

To prepare retinal flat mounts, eyes were enucleated and fixed in 2% 

paraformaldehyde (PFA) for 5 minutes; retinae were dissected, flat mounted, and 

treated with absolute methanol at -20°C for 10 minutes. After three phosphate-

buffered saline washes, retinae were incubated overnight at 4°C in the blocking 

buffer (5% donkey serum and 0.3% Triton X-100). The retinae were then 

incubated with primary antibodies in antibody diluting solution (5% donkey serum 

and 0.01% Triton X-100) for 48 hours at 4°C, washed, and incubated with 

secondary antibodies for 24 hours. Samples were imaged using a Hamamatsu 

Orca-R2 camera with a Nikon E800 microscope. The Volocity software package 

version 6.3 (Perkin-Elmer, Waltham, MA) was used to acquire, process, and 

analyze images. 
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Reagents 

Primary antibodies used were rabbit anti-α2-laminin (4H82-Sigma, St. 

Louis, MO; 1:250), rabbit anti-α4-laminin (377b-Stenzel et al., 2011; Menezes et 

al., 2014- a gift from Dr. Lydia Sorokin at Institute of Physiological Chemistry and 

Pathobiochemistry, Münster University; 1:5000), rabbit anti-α5-laminin (504-

Stenzel et al., 2011; Menezes et al., 2014- a gift from Dr. Lydia Sorokin; 1:1000), 

rabbit anti-γ3-laminin (R96-Li et al, 2012; Gnanaguru et al., 2013-our laboratory; 

1:1000), rat anti-CD31 (550274-BD Pharmingen, San Jose, CA; 1:250), FITC-

conjugated isolectin B4 (IB4: L2895-Sigma, St. Louis, MO; 1:250) and rabbit anti-

GFAP (AB5804-Chemicon, Billerica, MA; 1:500). Secondary antibodies used for 

immunohistochemistry were donkey anti-rabbit 488 and 647, and donkey anti-rat 

594 (Life Technologies, Grand Island, NY, USA; 1:250).  
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A3.3 Results: 

Different laminin α-chains have distinct expression patterns in the retinal 

vascular BM. 

I first examined the expression patterns of laminin α2-, α4- and α5-chains 

in the WT retina. I chose two developmental time points: 1) P5, when the 

superficial vascular tree is forming and arteriovenous morphogenesis is actively 

taking place, and 2) P10, when the superficial vasculature is fully formed and 

arteriovenous specification is complete. 

 At P5, I observed similar laminin α2 and α5 immunoreactivities between 

arterial and venous BMs, and relatively lower immunoreactivity in the capillary 

BM (Fig.A3.1A). In contrast, laminin α4 immunoreactivity was similar throughout 

the vascular tree at this time (Fig.A3.1A). Interestingly, at P10, we observed 

similar laminin α2 and α4 immunoreactivity throughout the vascular tree 

(Fig.A3.1B). In contrast, laminin α5 immunoreactivity was relatively higher in the 

arterial BM compared to the venous and capillary BMs at this time (Fig.A3.1B). 

These results suggest that different laminin α-chains in the retinal vascular BM 

have distinct expression patterns in different regions as well as at different 

developmental stages. 

 

Laminin α2 expression is reduced in the Lamb2-/- vascular BM. 

 Next I examined laminin α2 expression in the vascular BM of the Lamb2-/- 

retina. Compared to the WT retina, laminin α2 immunoreactivity was drastically 
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reduced in both arterial and venous BM of the Lamb2-/- retina, at P5 (Fig.A3.2A) 

and P10 (Fig.A3.2B). These results suggest that expressions of laminin α2- and 

β2-chains are coordinately regulated in the retinal vascular BM.  

 

Laminin α4 expression is unaffected in the Lamb2-/- vascular BM. 

 Next I examined laminin α4 expression in the vascular BM of the Lamb2-/- 

retina. Compared to the WT retina, laminin α4 immunoreactivity was unaffected 

in both arterial and venous BM of the Lamb2-/- retina, at P5 (Fig.A3.3A) and P10 

(Fig.A3.3B). These results suggest that expressions of laminin α4- and β2-chains 

are not coordinately regulated in the retinal vascular BM. 

 

Laminin α5 expression is reduced in the Lamb2-/- vascular BM. 

 Next I examined laminin α5 expression in the vascular BM of the Lamb2-/- 

retina. Compared to the WT retina, laminin α5 immunoreactivity was reduced in 

the arterial BM of the Lamb2-/- retina at P5 (Fig.A3.4A). However, laminin α5 

immunoreactivity in the venous BM of the Lamb2-/- retina was similar to that of 

the WT retina at P5 (Fig.A3.4A). Interestingly, laminin α5 immunoreactivity was 

drastically reduced in both arterial and venous BMs of the Lamb2-/- retina by P10 

(Fig.A3.4B). We also observed ectopic laminin α5 immunoreactivity in the 

Lamb2-/- retina, in epiretinal membrane-like structures alongside blood vessels 

(Fig.A3.4A, B). These results suggest that expressions of laminin α5- and β2-

chains are coordinately regulated in the retinal vascular BM. 
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Laminin γ3 expression is reduced in the Lamb2-/- vascular BM. 

 Finally, I examined laminin γ3 expression in the vascular BM of the 

Lamb2-/- retina. In the expanding vascular tree, laminin γ3 is present in both 

arterial and venous BMs (Fig.A3.5A). Compared to the WT retina, laminin γ3 

immunoreactivity was drastically reduced in both arterial and venous BMs of the 

Lamb2-/- retina at P5 (Fig.A3.5A).  In the mature vasculature at P10, arterial BM 

has little laminin γ3 expression, while it is heavily expressed in the venous BM 

(Fig.A3.5B). Compared to the WT retina, laminin γ3 immunoreactivity was 

drastically reduced in the venous BM of the Lamb2-/- retina at P10 (Fig.A3.5B). 

These results suggest that expressions of laminin β2- and γ3-chains are 

coordinately regulated in the retinal vascular BM.  
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A3.5 Figures and figure legends: 
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Figure A3.1: Different laminin α-chains have distinct expression patterns in the retinal 

vascular BM. A. P5 WT retinal flat mounts were stained with either IB4 (marks endothelial cells: 

green), anti-GFAP antibody (marks mature astrocytes: red) and anti-laminin α2 antibody (white) 

or anti-CD31 antibody (marks endothelial cells: green) and anti-laminin α4 antibody (white) or 

anti-CD31 antibody (green) and anti-laminin α5 antibody (white). B. P10 WT retinal flat mounts 

were stained with either IB4 (marks endothelial cells: green), anti-GFAP antibody (marks mature 

astrocytes: red) and anti-laminin α2 antibody (white) or anti-CD31 antibody (marks endothelial 

cells: green) and anti-laminin α4 antibody (white) or anti-CD31 antibody (green) and anti-laminin 

α5 antibody (white). A=artery, V=vein. Scale bar: A, B=160µm. 
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Figure A3.2: Laminin α2 expression is reduced in the Lamb2-/- vascular BM. A. P5 WT and 

Lamb2-/- retinal flat mounts were stained with IB4 (green), anti-GFAP antibody (red) and anti-

laminin α2 antibody (white). B. P10 WT and Lamb2-/- retinal flat mounts were stained with IB4 

(green), anti-GFAP antibody (red) and anti-laminin α2 antibody (white). A=artery, V=vein. Scale 

bar: A, B=16µm. 
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Figure A3.3: Laminin α4 expression is unaffected in the Lamb2-/- vascular BM. A. P5 WT 

and Lamb2-/- retinal flat mounts were stained with anti-CD31 antibody (green) and anti-laminin 

α4 antibody (white). B. P10 WT and Lamb2-/- retinal flat mounts were stained with anti-CD31 

antibody (green) and anti-laminin α4 antibody (white). A=artery, V=vein. Scale bar: A, B=16µm. 
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Figure A3.4: Laminin α5 expression is reduced in the Lamb2-/- vascular BM. A. P5 WT and 

Lamb2-/- retinal flat mounts were stained with anti-CD31 antibody (green) and anti-laminin α5 

antibody (white). B. P10 WT and Lamb2-/- retinal flat mounts were stained with anti-CD31 

antibody (green) and anti-laminin α5 antibody (white). A=artery, V=vein. Scale bar: A, B=16µm. 
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Figure A3.5: Laminin α5 expression is reduced in the Lamb2-/- vascular BM. A. P5 WT and 

Lamb2-/- retinal flat mounts were stained with anti-CD31 antibody (green) and anti-laminin α5 

antibody (white). B. P10 WT and Lamb2-/- retinal flat mounts were stained with anti-CD31 

antibody (green) and anti-laminin α5 antibody (white). A=artery, V=vein. Scale bar: A, B=16µm. 
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Appendix 4: 

Laminins Containing the β2 and γ3 Chains 

Regulate Astrocyte Migration and 

Angiogenesis in the Retina 

Gopalan Gnanaguru, Galina Bachay, Saptarshi Biswas, Germán Pinzón-Duarte, 

Dale D. Hunter and William J. Brunken 

Published by: Gnanaguru G, Bachay G, Biswas S, Pinzón-Duarte G, Hunter DD, 

Brunken WJ. 2013. Laminins containing the β2 and γ3 chains regulate astrocyte 

migration and angiogenesis in the retina. Development 140:2050-2060. 
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