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Abstract 

The Role of Laminins in the Retinal Vascular Basement 
Membrane 

Jared Watters 

Dissertation Advisor: Dr. William J. Brunken 

The vascular basement membrane (vBM) of the central nervous system (CNS) is 

a highly specialized structure that is composed of various extracellular matrix 

(ECM) proteins and has many functions, including providing a point of adhesion 

for the cells of the vasculature, serving as a physical barrier, and providing an 

interface for communication with endothelial cells. One family of ECM molecules, 

laminins, are responsible for many of these specialized functions. There are 16 

known isoforms of laminin, each consisting of a single α, β, and γ-chain. The 

distribution of these isoforms in the CNS vBM, however, remains unknown. Here, 

we used the retina to examine the distribution of laminin chains in the CNS vBM 

throughout development, as well as the roles of β2-containing laminins in vBM 

organization and γ3-containing laminins in arterial morphogenesis. The results 

presented in Chapter 2 demonstrate that there are dramatic changes in the 

temporal and spatial patterning of many of the laminin chains in the retinal 

vasculature throughout development, particularly the α2, α5, and γ3-chains. We 

deleted a key component of the CNS vBM, the laminin β2-chain, to gain a deeper 

understanding of how laminins affect vBM structure. Deletion of the β2-chain 

leads to decreased expression of several partner chains, including α2, α5, and 
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γ3. Interestingly, the deletion of laminin β2 also leads to increased deposition of 

two other ECM molecules, agrin and perlecan, in the BMs of retinal veins and 

arteries, respectively. We also provide strong evidence that astrocytes contribute 

laminin 221 to the retinal vBM and that this laminin may directly regulate AQP4 

expression in vascular associated astrocytic endfeet. The results presented in 

Chapter 3 demonstrate that laminins are involved in regulating arterial 

morphogenesis. Specifically, we found that γ3-containing laminins signal through 

dystroglycan to induce Dll4-Notch signaling, leading to decreased vascular 

branching and increased smooth muscle coverage: hallmarks of the arterial 

phenotype. Taken together, the work presented here further elucidates the 

structural and functional roles for laminins in the CNS vBM. 
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Preface 

 Chapter 1 is an introduction to the dissertation which includes 
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genotyping. Galina Bachay maintained the mouse colonies and performed some 

of the genotyping. Francisco Nogeura performed some genotyping and 

performed an experiment which is included as Supplemental Figure 2.1. Dr. Dale 

D. Hunter helped with manuscript preparation. Dr. William J. Brunken obtained 

funding, helped in guiding the project design, and helped with manuscript 

preparation. 

Chapter 3 is a co-first author paper* (Biswas et al., 2018) that was 

published in The FASEB Journal. Project design, mouse breeding, genotyping, 

and preparation of the original manuscript was performed by Dr. Saptarshi 
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Biswas. I conducted experiments or performed analysis that contributed to Figure 

3.3, Figure 3.4, and Supplemental Figure 3.3. I also wrote part of the “Materials 

and Methods” section of the manuscript (the sections which apply to the 

experiments which I contributed to), managed mouse colonies, genotyped, and 

edited the manuscript. Galina Bachay managed many of the mouse colonies and 

contributed to the immunoblot seen in Figure 3.5. Shweta Varshney performed 

the qPCR experiment in Figure 3.1. Dr. Huaiyu Hu designed some of the 

research and supplied reagents. Dr. Dale D. Hunter assisted in manuscript 

preparation. Dr. William J. Brunken helped in designing the research, analyzing 

the data, writing the manuscript, providing reagents, and obtaining funding. 

Chapter 4 is a discussion section which provides a comprehensive 

overview of the results presented in Chapters 2 and 3. It also includes a 

discussion of the broader implications of the work presented in these chapters, 

as well as future directions for these projects. I wrote the first draft of this chapter. 

Dr. Dale D. Hunter and Dr. William J. Brunken made edits and suggestions that 

were incorporated into the final draft. 

Appendix 1 is a discussion of the RNA-sequencing results obtained by our 

lab. Retinal dissections and data analysis were performed by me. RNA extraction 

and the RNA-Sequencing were performed by Karen Gentile of the SUNY 

Molecular Analysis Core. Dr. Frank Middleton assisted with data analysis and 

interpretation. 

Appendix 2 is a co-first author paper** (Sweeney et al., 2016) published in 

the journal Appetite. Russell Levack and I performed the food-intake 
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experiments, analyzed the data from the food-intake experiments, and wrote 

much of the manuscript. Dr. Patrick Sweeney designed some of the experiments, 

performed the behavioral experiments, analyzed the data from the behavioral 

experiments, and wrote much of the manuscript. Zhenping Xu helped with some 

of the experiments. Dr. Yunlei Yang designed some of the experiments, edited 

the manuscript, and obtained funding. 
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Chapter 1 is an introduction to the dissertation which includes 

comprehensive background to the work presented in Chapters 2 and 3. It also 
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relationship between them. I wrote the first draft of this chapter. Dr. Dale D. 

Hunter and Dr. William J. Brunken made edits and suggestions that were 

incorporated into the final draft. 

 

 

 

 

 

 

 

 

 

 

 

 

 



1.1 Introduction 

Basement membranes (BMs) are ancient structures that initially appear in 

early metazoa (Hynes, 2012). By providing a point of adhesion, they define the 

apical-basal polarity axis. This polarity results in the differential distribution of 

cellular components. By having a basal side, which binds to the BM, the apical 

side is free to contain proteins which may serve other, non-adhesion related 

functions. Furthermore, by serving as a separator of tissues, BMs create an 

environment where this “sidedness” can allow specializations across several 

tissues. These relatively basic functions are achieved by a common set of 

proteins which are found in all BMs: laminin, collagen IV, nidogen, and perlecan. 

Furthermore, all BMs assemble in a stereotyped manner, beginning with the self-

polymerization of laminin, which binds to the cell surface via integrins, 

dystroglycan, and sulfated glycolipids (Matsubayashi et al., 2017) (Smyth et al., 

1999) (Roberts et al., 1985). The binding of self-polymerized, anchored laminin 

then allows the accumulation of the other BM molecules. The glycoprotein, 

nidogen, binds directly to laminin (Paulsson et al., 1987) (Mayer et al., 1993). 

Perlecan, a heparan sulfate proteoglycan, binds to the cell surface via 

dystroglycan and sulfated glycolipids (Peng et al., 1998) (Farach-Carson et al., 

2014). Together, nidogen and perlecan link laminin with a network of collagen IV 

proteins (Fox et al., 1991) (Hopf et al., 1999). This network provides the BM with 

tensile strength (Pöschl et al., 2004) (Fidler et al., 2014). 

These proteins, while ancient, are sufficient for BM assembly. Eventually, 

metazoans required more specialized and complex BMs. To accommodate this 



need, multiple paralogs arose from the initial BM genes, largely through exon 

shuffling (Yoshizaki et al., 2013) (Özbek et al., 2010). In the earliest Bilateria, 

laminin, collagen IV, nidogen, and perlecan, were coded by 8 genes (Hynes & 

Naba, 2012). In contrast, in mammals, these proteins are coded by 20 genes. 

The biggest expansion of BM genes from early metazoans to mammals is seen 

in the laminin family, which went from 4 to 11 genes, respectively. Thus, it seems 

likely to suggest that the expansion of the laminin family played a key role in the 

phylogenetic specialization of BMs. 

 Laminins are heterotrimeric proteins that are made of a single , single , 

and single  chain (Fig. 1.1). There are 5  chains, 3  chains, and 3  chains, 

which combine to form 16 known isoforms: laminin 111 (containing the 1-, 1-, 

and 1-chains), 121, 211, 213, 221, 311, 312, 321, 332, 411, 421, 422, 423, 511, 

521, and 523 (Aumailley et al., 2005). All three chains are needed for laminin to 

be secreted and incorporated into a BM (Yurchenco & Cheng, 1993) (Yurchenco 

et al., 1997) (Kumagai et al., 1997). Each of the three chains have what is known 

as a short arm, which contain laminin N-terminal (LN) domains that are needed 

for self-polymerization (McKee et al., 2007). The exceptions to this are the 3A- 

and 4-chains, which do not have LN domains. Therefore, laminins which 

contain the 3A- or 4-chains are unable to polymerize. Each chain also has 

what is known as a long arm, the three long arms interact and form a coiled-coil 

structure which is stabilized by disulfide bonds to hold the laminin heterotrimer 

together (Fig. 1.1A) (Deutzmann et al., 1988). The sizes of the -chains range 



from ~200 to ~440 kDa, while the sizes of the  and -chains range from ~120 to 

~200 kDa. The larger size of the -chain is due to the presence of five laminin G-

like (LG) domains, found at the C-terminal of the protein, and serve as the 

cellular binding sites (Yurchenco, 2011) (Fig. 1.1A). Despite the LG domains 

being located exclusively on the -chain, binding to cellular receptors can be 

influenced by the other chains (Taniguchi et al., 2009). Laminins that contain the 

3-chain, for example, are unable to bind to integrins due to the absence of a 

necessary glutamic acid residue (Ido et al., 2008). Instead, 3-containing laminins 

bind to the other major laminin receptor, dystroglycan (Biswas et al., 2018). The 

actions that the cell will carry out is dependent on the receptor which laminin 

binds to, and therefore activates, as the integrins and dystroglycan have different 

downstream signaling pathways (Fig. 1.1B). 

 Direct ligand-receptor binding is not the only way that laminins can 

influence cellular behavior. Because laminins self-polymerize and bind directly to 

cells, they form a scaffold to which other BM molecules subsequently bind. This 

results in laminins having a tremendous influence on the rest of the BM 

architecture (Fig. 1.2). Because of this, the functions the other BM molecules 

serve can be indirectly influenced by laminins. For example, perlecan 

dynamically tethers growth factors in the matrix – thereby regulating their 

effective concentration and biologic activity. Without laminin, perlecan cannot 

properly bind to the cell (Yurchenco, 2011), and these growth factors become no 

longer available. By affecting other BM molecules, laminins can also have a 

major influence on the stiffness of the BM (Reuten et al., 2021). Increased BM 



stiffness causes integrins to cluster at the cell-BM interface, thereby allowing 

further signaling (Colognato et al., 1999). This increased stiffness is thought to be 

a direct cause of dysfunction in certain disease states, especially diseases of the 

vasculature. In diabetic retinopathy, there is a thickening of the vascular BM due 

to increased synthesis of laminin, fibronectin, and collagen IV (Kohno et al., 

1987) (Mandarino et al., 1993) (Roy et al., 1994). This is thought to contribute to 

vascular leakage (Chronopoulos et al., 2011) (Roy et al., 2010). The increase in 

laminin and fibronectin synthesis appears to be specific to the retinal vasculature, 

as the glomerular BM of the kidney contains less of these proteins in diabetic 

patients/models (Shimomura et al., 1987) (Abrass et al., 1997) (Poulsom et al., 

1988). Interestingly, this also leads to leakage, in the form of proteinuria. Thus, 

diabetes causes opposite effects in the retinal vasculature and the glomerulus at 

the protein level but affects function in a similar way (i.e. leakage) in both tissues. 

This example highlights the delicate balance involved in the tissue specific 

regulation of BM synthesis and deposition. 

 

1.2 The Spatial and Temporal Regulation of Laminins: Lessons from 

Skeletal Muscle and the Kidney 

The distribution of laminin isoforms varies considerably among tissues. In 

fact, the distribution of laminin isoforms can be highly organized even within a 

single BM. This is the case for the BM which surrounds skeletal muscle fibers. A 

very small portion of this BM separates the muscle from the nerve, an area 



known as the neuromuscular junction (synaptic portion). The remaining portion 

separates the muscle from interstitial connective tissue (extrasynaptic portion). 

The synaptic and extrasynaptic portions of the skeletal muscle BM serve different 

functions. For example, the synaptic region of the BM helps to align the pre- and 

postsynaptic structures and aid in nerve regeneration after injury (Hunter et al., 

1989) (Sanes, 2003) (Rogers & Nishimune, 2017) (Carbonetto & Lindenbaum, 

1995). The extrasynaptic BM, on the other hand, serves several crucial roles as it 

relates to the muscle, such as myogenesis, maintenance of the muscle fiber, and 

orienting new muscle fibers as they regenerate (Alameddine et al., 1991) (Sanes, 

2003). Accordingly, the laminin isoforms that are found in each portion of the 

muscular BM differ. Laminin 211, 411, and 511 are found in the extrasynaptic 

region at all ages. This is contrasted with the synaptic region that contains 211, 

221, 421, and 521 at all ages (Sanes et al., 1990) (Patton et al., 1997) (Singhal & 

Martin, 2011). It is not a coincidence that the laminins in the synaptic region of 

the neuromuscular junction are rich in the 2-chain; 2-containing laminins are 

strong promoters of neurite outgrowth, allowing them to assist in nerve 

regeneration following injury (Hunter et al., 1989). Thus, it appears that the 

spatial specificity of laminin isoforms is driven by an evolutionary need for 

specialized function in various structures. 

The distribution of isoforms at the neuromuscular junction are also 

temporally regulated. At E15, the synaptic region of the neuromuscular junction 

contains laminins 411 and 511, and the extrasynaptic region contains laminin 

111. However, by P0, these laminins are absent from their respective regions 



(Singhal & Martin, 2011). The loss of these isoforms throughout development 

suggests that they serve a function that is required only during the early phases 

of neuromuscular junction formation, although this is not definitive. A perhaps 

better example of the temporal regulation of laminins affecting function is the 

glomerular BM (GBM) of the kidney. The GBM, which is a fusion of the 

endothelial and podocyte basal laminas, functions as part of the main filtration 

unit in the kidney. The GBM is initially rich in laminin 111. During development, 

laminin 511 replaces laminin 111. Finally, in the adult, the GBM becomes 

enriched in laminin 521, at the expense of 511. If this first transition does not 

occur (laminin 111 > laminin 511), as is seen in the laminin-5 knockout mouse, 

the GBM breaks down and the glomerulus fails to properly vascularize (Miner & 

Li, 2000). If the second transition does not occur (laminin 511 > laminin 521), as 

is seen in the laminin-2 knockout mouse, there is increased deposition of other, 

non-2-containing laminins, which are insufficient for GBM filtration (Noakes et 

al., 1995). This leads to proteinuria, and in most cases, eventually death. Thus, 

the temporal regulation of laminin isoforms is crucial to accommodate the ever-

changing functional needs of a developing tissue. 

 

1.3 Mouse Retinal Vascular Development – The Role of Laminins 

When compared to the BM of the NMJ and the GBM, relatively less is 

known about the specific laminin isoforms found in the CNS vBM, both during 

development and in the adult. The mouse retina represents a near perfect tool for 



understanding the mechanisms that govern CNS blood vessel development and 

maintenance. It is easily accessible; development occurs mostly on a linear plane 

in a stereotyped order; and the basic mechanisms are fairly well understood. 

During embryonic development, blood is supplied to the retina via the hyaloid 

vasculature. The hyaloid vasculature is made up of two networks, both supplied 

by the central retinal artery: the tunica vasculosa lentis (TVL), which supplies 

blood to the lens, and the vasa hyaloidea propria (VHP), which supplies blood 

the retina (Edwards & Lefebvre, 2013). However, as development continues, the 

lens becomes relatively quiescent and therefore no longer needs its own blood 

supply. Also, the VHP, which is located in the vitreous, becomes inadequate to 

nourish the multiple layers of neuronal cells of the retina. Because of this, the 

mouse retina vascularizes in a way that allows for better nourishment of the 

retina while also regressing the hyaloid vessels. This regression is important not 

only for blood flow reasons, but also because these vessels can affect visual 

acuity. In certain pathological states in humans, these vessels can fail to regress 

and negatively affect vision (Haddad et al., 1978). This is known as persistent 

fetal vasculature or persistent hyperplastic primary vitreous. The development of 

the retinal vasculature that is seen in the adult retina begins when retinal 

ganglion cells (RGCs) secrete PDGF, which leads to a proliferation of 

astrocytes that are sitting at the optic nerve head. Astrocytes, which have 

reached the retina via migration along the optic nerve, begin migrating 

peripherally across the retina at E17 (Tao & Zhang, 2014) (Huxlin et al., 1992). 

This migration occurs via attachment to the inner limiting membrane (ILM), a 



basement membrane that is found at the retinal-vitreal interface (Stone & Dreher, 

1987) (Zhang & Stone, 1997). During this migration, astrocytes secrete VEGF 

that recruits endothelial cells (Stone et al., 1995) (Rattner et al., 2019). 

Endothelial cells, led by tip cells, migrate along the astrocyte template. Tip cells 

contain long filopodia that sense the environment and decide the path of a vessel 

(Fig. 1.3B). Immediately behind the tip cells are stalk cells, which are proliferative 

and form the vessel lumen. Together, these cells are known as the vascular front 

(Fig. 1.3C). Behind the vascular front is an area known as the nascent plexus, 

where further proliferation and branching occurs (Fig. 1.3C). The 

developmentally oldest area, the remodeling zone, is behind the nascent plexus 

and is where previously undifferentiated blood vessels begin forming into arteries 

and veins (Fig. 1.3C). These three developmental compartments, the vascular 

front, the nascent plexus, and the remodeling zone (Fig 1.3A) are all found within 

the ganglion cell layer and all serve different functions during development. The 

vessels that are found in the ganglion cell layer are known as the superficial 

vascular plexus (SVP), both during development and in the adult (the vascular 

compartments of the adult are arteries, veins, and superficial capillaries [SC]). 

The vascular front migrates linearly along the astrocytic template between P0 

and ~P10 (Fig. 1.4). Also led by tip cells, the vessels then sprout towards the 

outer retina and form a capillary bed in the outer plexiform layer (OPL), known as 

the deep vascular plexus (DVP), that finishes forming around P12 (Fig. 1.4). A 

third, and final plexus then forms in the inner plexiform layer (IPL), known as the 

intermediate vascular plexus (IVP), that finishes developing around P20 (Fig. 1.4) 



(Stahl et al., 2010). This coordinated development of each capillary network 

ensures that the cells found in each retinal layer receives adequate nourishment 

(Fig. 1.4). 

While we do not yet know the specific laminin isoforms that are found in 

each vascular compartment, we know that several different laminins are involved 

in many of these processes. A loss of function mutation of Lama1, the gene for 

the laminin 1 chain, leads to disrupted patterning of astrocytes and blood 

vessels (Edwards et al., 2011). It is likely that the disruption of blood vessel 

patterning is directly caused by the disrupted patterning of astrocytes, as 

endothelial cells follow the astrocytic template during migration. The disruption of 

astrocyte patterning is likely due to a disruption of the ILM, where laminin 1 is 

heavily expressed in early development (Kohno et al., 1987). These mice also 

have persistent hyaloid vessels. Many pathways appear to play a role in hyaloid 

regression, such as the Wnt (Lobov et al., 2005), VEGF (Yoshikawa et al., 2016), 

and HIF (Kurihara et al., 2011) pathways. Whether any of these pathways, or 

perhaps other mechanisms, are responsible for persistent hyaloid vessels in 

Lama1 mutants remains unknown. 

Interestingly, similar phenotypes are seen in the Lamb2 knockout retina. 

These mutants have persistent hyaloid vessels, delayed astrocyte migration, 

delayed vascular growth, and a disrupted vascular pattern (Gnanaguru et al., 

2013). Similar to the Lama1 mutant, these astrocyte and vascular developmental 

defects are likely due to a disruption of the ILM, as laminin β2 is heavily 



expressed here (Pinzón-Duarte et al., 2010). Indeed, the loss of β2-containing 

laminins leads to a “cheese-cloth” like appearance of the ILM. Because 

astrocytes migrate along the ILM, it is possible that the delayed astrocyte 

migration and patterning may be due to astrocytes avoiding areas where the ILM 

is absent. The disrupted migration of astrocytes is rescued in Lamb2-/- retinal 

explants when treated with laminin 521, suggesting that this isoform in particular 

plays an important role in retinal astrocyte migration (Gnanaguru et al., 2013). 

Like the Lama1 mutant, the mechanism behind the persistent hyaloid vessels in 

these mice remains unknown. 

The same study that investigated the astrocyte and blood vessel 

developmental defects in the Lamb2-/- retina also found that the deletion of 

Lamc3 leads to a more subtle, but similar phenotype: a mild delay in astrocyte 

migration and vascular growth (Gnanaguru et al., 2013). These defects may be 

due to disrupted astrocyte/ILM interactions, as laminin γ3 is weakly expressed in 

the ILM in WT mice (Pinzón-Duarte et al., 2010). The ILM in Lamc3-/- retinae 

remain intact (Gnanaguru et al., 2013), however, which may explain the relatively 

mild disruption. A more recent study demonstrated that 3-containing laminins 

also regulate Notch signaling to influence arterial morphogenesis (Biswas et al., 

2018). 

The Notch signaling pathway is a highly conserved, yet relatively complex 

system, that has many developmental and homeostatic roles, including in the 

cardiovascular system. Notch is a transmembrane receptor family, which in 

mammals has four (4) isoforms (Notch1-4) in mammals. The ligands for the 



Notch receptors, members of the delta-like and Jagged families, are also 

transmembrane proteins and are found on cells adjacent to the ones that express 

Notch (Bray, 2016). This organization allows neighboring cells to laterally inhibit 

one another and prevent the cells from becoming functional replicates. This 

system is important for several aspects of blood vessel development, including 

tip/stalk cell specification, arterial morphogenesis, and remodeling of veins and 

capillaries (Sainson et al., 2005) (Lawson et al., 2002) (Ehling et al., 2013).  

Initially thought to be under the sole control of VEGF signaling, we 

recently showed that the Notch signaling pathway is influenced by laminins. 

Specifically, 3-containing laminins activate Delta-like ligand 4 (Dll4) via 

dystroglycan, which then activates Notch1 in the neighboring cell (Biswas et al., 

2018). Notch1 then activates EphrinB2, a molecule that is highly expressed in 

arteries (Gale et al., 2001). Signaling from 3-containing laminins also promote 

an artery-like phenotype; vessels which have less branching and more vascular 

smooth muscle coverage. However, whether 3-containing laminins play a role in 

tip/stalk cell specification is not yet known. α4-containing laminins, on the other 

hand, have been shown to play a role in tip/stalk cell specification via Dll4/Notch 

signaling in the retina (Stenzel et al., 2011). The deletion of Lama4 leads to 

excessive sprouting and decreased Dll4/Notch signaling. The decrease in 

Dll4/Notch signaling that is seen in Lama4-/- endothelial cells is rescued when 

cultured on a surface precoated with laminin 411 (Stenzel et al., 2011). The 

potential angiogenic properties of other α4-containing laminins, such as 421 or 

423, however, remains unknown. 



1.4 The Blood-Retinal and Blood-Brain-Barrier – The Cells 

The CNS vasculature has several unique features when compared to the 

vasculature in every other part of the body. Many of these features are thought to 

have evolved in an effort to protect neurons from encountering any potentially 

toxic compounds, given the limited capacity for the regeneration of neurons in 

mammals. Collectively, these features are termed the blood-brain barrier (BBB) 

and the blood-retinal barrier (BRB) in the brain and retina, respectively. 

Research surrounding the BBB and BRB has been focused on the cellular 

heterogeneity of the CNS vasculature. Indeed, the cells that are associated with 

the CNS vasculature have many unique properties when compared to the 

vasculature in every other part of the body. One of the most striking differences is 

the presence of tight junctions in CNS endothelial cells, while most non-CNS 

endothelial cells contain fenestrations allowing for relatively unrestricted 

movement across the capillary wall (Reese & Karnovsky, 1967) (Brightman & 

Reese, 1969). In addition to the tight junctions, which limit the paracellular 

transport of solutes out of the vasculature, CNS endothelial cells also have lower 

rates of transcytosis – the vesicle-mediated form of transportation from one side 

of a cell to other (Ayloo & Gu, 2019).  

Another hallmark feature of the CNS vasculature is the involvement of 

astrocytes, glial cells that are exclusively found in the CNS. The endfeet of 

astrocytes wrap around CNS vessels and are the main drivers of neurovascular 

coupling in the brain. Neuronal activity initiates a calcium signal in astrocytes that 



leads to the release of vasoactive signals at their vascular-associated endfeet 

(Zonta et al., 2003). This leads to the dilation of the vessel, allowing for increased 

blood flow to accommodate the increased neuronal activity (Iadecola, 2004) 

(Muñoz et al., 2015). It should be noted that Muller glia perform much of this 

function in the retina (Newman, 2015) (Schnitzer, 1988). Astrocytes are also 

important for potassium and water buffering in the vasculature, the secretion of 

BM proteins, and the secretion of growth factors that promote tight junction 

formation (Kofuji & Newman, 2004) (Higashi et al., 2001) (Tomás-Camardiel et 

al., 2005) (Wong et al., 2013) (Haseloff et al., 2005). 

The CNS vasculature is also unique in that it has the highest ratio of 

pericytes to endothelial cells than anywhere else in the body (particularly in the 

retinal microvasculature, which have been reported to have a 1:1 ratio) (Armulik 

et al., 2010) (Geevarghese & Herman, 2014). Pericytes are cells that enwrap 

blood vessels and are embedded in the vBM (Sims, 1986). It is difficult to make 

many definitive statements about pericytes, as there is still a great deal of debate 

surrounding them. Much of this debate stems from the lack of a marker that 

uniquely labels pericytes. This has led to difficulty in distinguishing them from 

another mural cell, vascular smooth-muscle cells (vSMCs). Also, pericytes have 

many different developmental origins, depending on the tissue in which they are 

found (Etchevers et al., 2001) (Trost et al., 2013) (Yamazaki & Mukouyama, 

2018). Because of this, a recent study has suggested that any cell that contains 

-smooth muscle actin should be classified as a vSMC and not a pericyte (Hill et 

al., 2015). If one is to adopt this definition, as this author does, then pericytes are 



only located on capillaries and are not contractile. This classification also means 

that we know less about the role of pericytes than we originally thought, as 

contraction of the capillary to regulate blood flow at the level of the microvessel is 

thought by many to be their main function (Bandopadhyay et al., 2001) (Burdyga 

& Borysova, 2014) (Heyba et al., 2019) (Hamilton, 2010). We do know, however, 

that pericytes secrete BM proteins and assist in polarizing astrocytic endfeet on 

CNS vessels (Stratman et al., 2009) (Armulik et al., 2010). Furthermore, we know 

that the loss of just 50% of pericytes in the retinal vasculature leads to leakage. 

This reduces the ratio of endothelial cells to pericytes from 1:1 to 2:1. In other 

tissues, this would not be an issue; skeletal muscle normally has a ratio of 100:1 

(Shepro & Morel, 1993). This suggests that pericytes have a specialized and 

relatively important role in the CNS when compared to the vasculature of other 

tissues. The specific mechanisms underlying this relative importance in the CNS 

vasculature remain unknown, and thus an interesting topic for future research 

efforts. 

 

1.5 The Blood-Retinal and Blood-Brain-Barrier – The Basement Membranes 

 The vBM serves many functions. By providing a point of attachment for 

cells, the vBM acts as a signaling platform by allowing the activation of various 

receptors. Several vBM proteins decrease the permeability of the CNS 

vasculature by inducing the expression of tight junction proteins, such as 

occluding and claudin-5 (Liebner et al., 2011) (Luissint et al., 2012) (Zobel et al., 



2016). Some of these proteins are involved in growth factor tethering as well. 

Perlecan, for example, binds VEGF-A and localizes it within the vBM (Zoeller et 

al., 2009). Heparanase can then degrade perlecan, thereby releasing VEGF-A 

and allowing it to bind to nearby VEGF receptors (VEGFR) to induce angiogenic 

signaling (Goyal et al., 2011). However, it is technically incorrect to attribute 

these functions to a single BM; the CNS vasculature is actually composed of two 

separate BMs: the endothelial BM and the perivascular BM (Fig. 1.5). It is 

thought that endothelial cells and pericytes contribute BM molecules to the 

endothelial BM, while astrocytes, Muller glia, and vSMCs contribute to the 

perivascular BM. 

There are many differences in which laminin chains each cell type of the 

CNS vasculature produces, and in turn, which laminin isoforms each cell type 

secretes. CNS endothelial cells have been shown to produce the 4, 5, 1, and 

1-chains (Frieser et al., 1997) (Sorokin et al., 1997) (Sorokin et al., 1994). It 

should be noted that single-cell RNA-seq data suggests that they produce the 2 

chain as well (Vanlandewijck et al., 2018) (He et al., 2018). CNS pericytes 

produce the 4, 5, 1, 2, and 1-chains  (Stratman et al., 2009) (Sakhneny et 

al., 2021) (Gautam et al., 2016). Single-cell RNA-seq data suggests that 

pericytes highly express the laminin 3 chain in the CNS vasculature as well (Jin 

et al., 2017) (Vanlandewijck et al., 2018) (He et al., 2016). Not much is known 

about laminin chain expression in vSMCs of the CNS. In non-CNS tissues, 

vSMCs have been shown to express the 2, 4, 5, 1, 2, and 1-chains 

(Mclean et al., 2005) (Petäjäniemi et al., 2002) (Sorokin et al., 1997) (Glukhova 



et al., 1993). Single-cell RNA-seq data suggest that vSMCs express the 3 chain 

as well (Vanlandewijck et al., 2018) (He et al., 2016). Astrocytes produce the 2 

and 1-chains (Morissette & Carbonetto, 1995) (Jucker et al., 1996) (Kedar et al., 

1997). Unpublished data from our lab shows that they produce the laminin 2 

chain as well. It should be noted that astrocytes definitively do not produce the 

laminin 1 chain (Kedar et al., 1997). All astrocytic laminins contain the laminin 

2 chain; the deletion of Lamb2 leads to a complete failure of astrocytes to 

secrete laminin (Gnanaguru et al., 2013). Single-cell RNA-seq data supports the 

idea of astrocytic laminin being exclusively 2-containing  (Vanlandewijck et al., 

2018) (He et al., 2016). This fact has been sorely overlooked in the vascular 

biology field and has led to many functions being mistakenly attributed to laminin 

211, when these functions should almost surely be attributed to laminin 221 

(Hallmann et al., 2005) (Chen et al., 2013) (Yousif et al., 2013) (Menezes et al., 

2014) (Yao et al., 2014). Muller glia express the laminin 3, 4, 5, 2, and 3 

chains (Libby et al., 2000) (Libby et al., 1997). However, because laminin 3 is 

not found in the CNS vasculature, it is likely that the only laminins that Muller glia 

supply to the vasculature are 423 and 523. A summary of laminin chain 

expression within each cell-type in the adult CNS vasculature is found in Figure 

1.6. 

There is evidence that the different cell-types of the vasculature have a 

feedback system to ensure that the proper amount of BM proteins are found in 

the BMs. For instance, in isolation, cultured endothelial cells express a relatively 

high amount of the Lamb2 transcript, whereas pericytes produce very little 



transcript. When these cell-types are co-cultured together, however, endothelial 

cells express no Lamb2 transcript and pericytes express relatively high amounts 

(Stratman et al., 2009). These data suggest that the laminin chains that each cell 

type expresses under normal physiologic conditions may be different than the 

chains it expresses under pathological conditions where particular cell-types may 

be lost or otherwise perturbed. 

With the many different laminin isoforms and the complex level of 

regulation between the cell-types, there is much to consider when thinking about 

the two vascular BMs of the CNS. These complexities may be contributing to the 

unique barrier properties of the CNS vasculature. Future studies that aim to 

investigate the expression of each laminin in the endothelial and perivascular 

BMs, in both normal and diseased states, may be an important first step in 

discovering new mechanisms for CNS vascular permeability. 

 

1.6 The Role of Laminins in the Vascular Basement Membrane 

The vBM is a major player in BBB and BRB development and 

maintenance. Laminins, in particular, are crucial to the integrity of these barriers. 

This is evidenced by several loss-of-function studies. For example, the deletion 

of Lama2 leads to vascular leakage in the brain (Menezes et al., 2014). These 

mice have reduced pericyte coverage, disrupted tight junctions, and decreased 

aquaporin-4 (AQP4) expression in vascular-associated astrocytes. Because all of 

these disruptions have been shown to cause vascular leakage individually, the 



vascular leakage in Lama2-/- brains could be due to any of these defects (or a 

combination of several). 

The laminin α4 chain plays an important role during neovascularization in 

the adult, as the deletion of Lama4 leads to irregular branching and dilated 

vessels in a corneal angiogenesis model (Thyboll et al., 2002). These mice also 

have reduced collagen IV and nidogen in the vascular BM (Thyboll et al., 2002). 

Because of the ubiquitous expression pattern of the laminin α4 chain throughout 

the vasculature (Hallmann et al., 2005) (Yousif et al., 2013), this disruption leads 

to systemic hemorrhaging during embryonic and neonatal development. 

Interestingly, hemorrhaging is not seen in the adult. This may be due to 

compensation from the laminin 5 chain, as it becomes more widely expressed 

in the adult vasculature when the laminin 4 chain is deleted. However, this 

compensation is not without consequence; 4-containing laminins promote T-cell 

extravasation while the 5-containing laminins inhibit T-cell extravasation (Sixt et 

al., 2001) (Wu et al., 2009) (Song et al., 2017). Thus, the deletion of laminin 4 

leads to drastically decreased T-cell extravasation, as it has the compound effect 

of losing a protein that promotes T-cell extravasation (laminin 4) while gaining 

more of a protein that inhibits T-cell extravasation (laminin 5). These data seem 

to indicate that the ratio and distribution of 4 and 5-containing laminins may be 

a mechanism of regulating immune cell infiltration across the BBB and BRB in a 

pathological setting. 

The conventional deletion of the laminin 5 chain leads to profound 



phenotypes, such as syndactyly, exencephaly, kidney defects, incomplete lobar 

separation during lung development, and intestinal smooth muscle development 

(Miner et al., 1998) (Miner & Li, 2000) (Nguyen et al., 2002) (Bolcato-Bellemin et 

al., 2003). A combination of these phenotypes contributes to their death 

embryonically. Because of this, researchers have turned to using conditional 

knockouts to understand the role of the laminin 5 chain in the vasculature. The 

deletion of endothelial-derived laminin 5 seemingly leads to no disruption to the 

CNS vasculature under normal conditions (Gautam et al., 2019). When 

challenged with an intracerebral hemorrhage model, however, mice lacking 

endothelial-derived laminin 5 have increased neuronal death, decreased 

cognitive function, increased BBB permeability (including the infiltration of 

inflammatory cells), and increased gliosis. The same group also deleted the 

laminin 5 chain from mural cells (pericytes and vSMCs) by targeting PDGFR-

expressing cells (Nirwane et al., 2019). Similar to the endothelial-specific 

knockout, these mice present no BBB phenotype under normal conditions. 

However, in an ischemic-reperfusion model, the loss of 5-containing laminins 

from vascular mural cells leads to a milder disruption of the BBB, decreased 

brain edema, and have improved neurological function when compared to wild-

type mice. These data suggest that endothelial-derived laminin 5-containing 

laminins may be protective when the vasculature of the brain is challenged, 

whereas 5-containing laminins derived from pericytes and vSMCs may be 

detrimental. If this is true, the most likely explanation for this would be that 

endothelial cells and pericytes/vSMCs deposit different 5-containing laminins to 



the vascular BM. Future work should aim to identify the specific 5-containing 

isoforms contributed by each cell type in the vasculature. 

As mentioned earlier, many of the earlier studies of the laminin 2 chain 

was focused on its role in skeletal muscle and kidney function. However, it has 

become increasingly apparent that the laminin 2 chain is a major component of 

the vasculature as well. In fact, it seems that many of the phenotypes that are 

seen in the kidney of Lamb2 mutants are due to a disruption in endothelial-

derived 2-containing laminins (St John & Abrahamson, 2001) (Abrahamson, 

2012). The laminin 2 chain is an important component of the BRB as well, as 

the deletion of Lamb2 leads to vascular leakage in the retina (Gnanaguru et al., 

2013). Despite these studies, the laminin 2 chain is often overlooked in vascular 

biology. Most consider 2-containing laminins to be a derived solely from vSMCs 

(and possibly pericytes) despite evidence that it is produced by endothelial cells 

and astrocytes as well. Rather, in the eyes of many, the default  and -chains in 

endothelial cells and astrocytes are 1 and 1, respectively. While this would 

greatly simplify things, as any differences in isoform function could be attributed 

to which -chain each laminin has, it is incorrect. Future loss-of-function studies 

involving laminin -chains must be more careful when attributing functions to 

specific laminins, and previous studies should be taken with a grain of salt. 

The laminin 1 is the predominant -chain in the non-CNS vasculature and 

is found in several laminins (Aumailley et al., 2005). The conditional deletion of 

Lamc1 in astrocytes causes the astrocytes to have a disrupted attachment to the 



vasculature (Yao et al., 2014). This is interesting because it suggests that 

astrocytes secrete laminin, which they then use for their own binding onto the 

blood vessel. Another study from this group found that this mutation also leads to 

a decrease in smooth muscle actin within vSMCs that are found in the basal 

ganglia, thalamus, and hypothalamus (Chen et al., 2013). Smooth muscle actin 

expression was not affected in the cortex or the hippocampus. Interestingly, the 

regions that had decreased smooth muscle actin also had hemorrhaging, 

whereas the regions where smooth muscle actin levels remained the same 

between mutant and WT vessels remained stable. These data strongly suggest 

that astrocytic laminins induce contractile properties in certain regions of the CNS 

vasculature and these properties are necessary to maintain vascular integrity in 

these regions. 1-containing laminins are secreted by pericytes as well. The 

conditional deletion of Lamc1 from these cells leads to a breakdown of the BBB, 

hydrocephalus, and disrupted tight junctions (Gautam et al., 2016). 

Compared to the laminin 1-chain, relatively little is known about the role 

of the other -chain found in the CNS vasculature, 3. Interestingly, laminin 3-

chain’s expression in the vasculature is limited to the CNS, unlike the laminin 1-

chain, which is expressed throughout the vasculature of the entire body (Li et al., 

2012). However, 3-containing laminins do not seem necessary for the integrity 

of the BBB or BRB under normal physiologic conditions (Gnanaguru et al., 2013). 

Whether this is the case when the vasculature is challenged is unknown. 

 

 



1.7 Laminin Receptors and Their Role in the Vasculature 

Much of what we know about the function of laminins in vascular 

development and maintenance comes from studies that mutate the various 

laminin receptors. Integrins are perhaps the most important, and certainly the 

most diverse of the laminin receptors. Integrins are heterodimeric 

transmembrane proteins that are made of an alpha and a beta chain. There are 

18 alpha and 8 beta chains, which combine to make 25 different integrin 

isoforms. The integrins that bind laminin are 11, 21, 31, 61, 71, and 

64. Interestingly, almost all of the 1-containing integrins are laminin binding. 

Also, there is only one non-1-containing integrin that binds laminin, 44. 

Because of this, the deletion of the integrin 1 subunit leads to a broad and 

nearly complete disruption of integrin-laminin binding. Unfortunately, the global 

deletion of integrin 1 is embryonic lethal. This has forced researchers to use a 

conditional knockout approach to understand its functions. 

Intb1 is found in all of the cells of the CNS vascular unit (endothelial cells, 

astrocytes, pericytes, and vSMCs). When Intb1 is deleted in pericytes and 

vSMCs, these mural cells seem to lose their differentiated, supportive state within 

the vasculature. This causes a destabilization of the vasculature and leads to 

aneurysms (Abraham et al., 2008). The conditional deletion of Intb1 in 

endothelial cells leads to defects in vascular patterning. These data highlight the 

importance of 1 integrin-laminin interactions within the vasculature during both 

development and in adult. Interestingly, the deletion of 1, 2, 3, and 4 do not 



lead to any vascular abnormalities within the CNS, suggesting that laminin 

binding to integrins 11, 21, 31, and 64 does not play a major role in 

maintaining vascular integrity. The deletion of 7, on the other hand, leads to 

bleeding in the brain, suggesting that integrin 71 is responsible for many of the 

laminin-integrin functions within the CNS vasculature. 

The other major laminin receptor, dystroglycan, is a glycoprotein made up 

of two subunits: the extracellular -subunit and the transmembrane -subunit. 

The extracellular -subunit is heavily glycosylated and binds to the ECM in a 

calcium-dependent manner (Willer et al., 2014). This -subunit is noncovalently 

associated with the transmembrane -subunit. The -subunit is bound to 

dystrophin, the protein that is absent in Duchenne muscular dystrophy patients. 

Dystrophin is connected to the actin cytoskeleton. Thus, dystroglycan serves as 

a link that allows the ECM to affect cell structure; a process that occurs in several 

tissues. Recent studies have shown that when extracellular binding of the -

subunit occurs, the -subunit can also translocate to the nucleus and directly 

affect transcription as well (Oppizzi et al., 2008) (Mathew et al., 2013). 

Similar to integrin 1, the global deletion of dystroglycan is embryonic 

lethal. The approach to circumvent this issue has been to either conditionally 

knock it out of specific cell types or disrupt the ability of the -subunit to properly 

glycosylate and thereby bind to the ECM. The -subunit undergoes many 

glycosylating events, but it is the addition of an N-acetylglucosamine (GlcNAc) 

that is especially critical for laminin-dystroglycan binding. Thus, mutation of the 



protein that adds GlcNAc, Protein O-linked-mannose beta-1,2-N-

acetylglucosaminyltransferase 1 (POMGnT1), leads to a disruption of laminin-

dystroglycan binding (Barresi & Campbell, 2006). Patients who have mutations of 

POMGnt1 present with what is known as a muscle-eye-brain (MEB) phenotype, 

which consists of muscular dystrophy, malformations of the brain and eyes, 

mental retardation, and more (Diesen et al., 2004). These mutations have since 

been recreated into a mouse model that has allowed researchers to pinpoint the 

precise role of laminin-dystroglycan interactions. These mice present strikingly 

similar phenotypes to human patients (Liu et al., 2006). 

Of the cells in the CNS vasculature, only endothelial cells and astrocytes 

are known to contain dystroglycan. The deletion of dystroglycan in endothelial 

cells leads to hyperbranching and reduced smooth muscle coverage in the retinal 

vasculature. This phenotype mimics what is seen following the deletion of 

Lamc3, suggesting that 3-containing laminins do much of their signaling via 

dystroglycan  (Biswas et al., 2018). Interestingly, the conditional deletion of 

dystroglycan in astrocytes does not lead to any BBB defects, although AQP4 

expression is decreased at astrocytic endfeet on the vasculature (Noell et al., 

2011). 

Compared to integrins and dystroglycan, less is known about the other 

two known laminin receptors: Lutheran glycoprotein and 67 kDa laminin receptor 

(67LR). Lutheran glycoprotein binds specifically to α5-containing laminins with 

relatively high affinity (Parsons et al., 2001). The interaction between Lutheran 

glycoproteins found on erythrocytes and α5-containing laminins of damaged 



vasculature plays a role in the pathophysiology of sickle cell disease, is it can 

lead to the accumulation of erythrocytes on the vessel wall, thus blocking blood 

flow. While Lutheran glycoprotein is found in several other tissues as well, its role 

in these tissues remains largely unknown (Parsons et al., 1995).  

 67LR, named for its molecular weight and the ligand it binds to, is 

upregulated in cancer, and may play a role in tumor angiogenesis (Pesapane et 

al., 2015) (Khusal et al., 2013). Its role in a non-pathological state, however, 

remains unknown. 

 

1.8 Summary 

It is remarkable that the earliest BMs and the first CNS evolved within 

several million years of each other (Hynes, 2012) (Tanaka et al., 2013). Even 

more fascinating is that while the CNS has undergone extensive changes in the 

last few hundred million years, the evolution of BMs and their core proteins has 

remained relatively stagnant. Rather than create entirely new proteins from 

scratch, evolution recycled several protein domains via exon shuffling. However, 

the seemingly subtle changes that this shuffling created has resulted in large 

consequences BMs and their functions. Much of this can be attributed to the 

expanded set of laminin proteins, which has gone from two isoforms to 16 

(Whittaker et al., 2006) (Aumailley et al., 2005). No longer thought of as one or 

two molecules that simply promote cell adhesion, it is now well established that 

these 16 laminins serve many roles throughout the body. Many of these laminins 



are found in the CNS vascular BM; a location where they clearly demonstrate 

their specialized roles. 

 Chapter 2 begins by examining the expression of each laminin chain in the 

vascular BM throughout development. Knowledge of where each laminin chain is 

expressed allows us to hypothesize the potential laminins that can be found in 

each vascular compartment; the vascular front, nascent plexus, and remodeling 

zone in the developing retinae, and vein, artery, superficial capillaries, IVP, and 

DVP in the adult. Each of these compartments serves a different function. It may 

be that differences in laminins among these compartments could aid in 

performing these different functions. Once the expression pattern of each laminin 

chain in the developing retinal vasculature was determined, we used a genetic 

knockout approach to gain insight into which laminins are found in each vascular 

compartment in the adult. Furthermore, we aimed to understand the function of 

the vascular laminins in the context of overall BM structure. We decided to delete 

the laminin 2-chain, as it is heavily expressed in the vasculature and therefore 

should eliminate several different laminins. We evaluated which laminins were 

potentially eliminated in the retinal vasculature by examining the expression 

pattern of each laminin chain in knockout versus wild-type mice. We found that 

the deletion of the laminin 2-chain leads to decreased expression of several 

potential chain partners, including the 2, 5, and 3 chains. In many cases, the 

decreased expression of laminin chain partners was specific to particular 

compartments of the vasculature. Because laminins lay down a scaffold to which 

other BM molecules bind, this led us to ask whether the loss of 2-containing 



laminins leads to any changes in expression of other, non-laminin BM molecules. 

Interestingly, we found that these mice had spatially specific increased 

expression of agrin and perlecan, suggesting the presence of the mechanism 

that aims to compensate for the loss of laminins in the retinal vasculature. Finally, 

we asked whether these BM changes can be attributed to a disruption of the 

endothelial versus the perivascular BM. By using a conditional knockout 

approach, we found that glial cells typically produce an 2-, 2-containing 

laminin, presumably laminin 221. This is the first work that demonstrates the 

presence of laminin 221 in the vasculature, as well as the first demonstration that 

this laminin is produced by glial cells. In summary, the work in Chapter 2 is 

mostly concerned with the role of laminins in the organization and structure of the 

retinal vascular BM. 

 Chapter 3 is focused on the role of laminins in retinal vascular 

development. Specifically, it investigates the role of the laminin 3-chain in retinal 

arteriogenesis. To briefly summarize, we found that 3-containing laminins bind 

to dystroglycan with high affinity. This binding causes an upregulation of 

Dll4/Notch signaling, leading ECs to adopt a more arterial morphology, including 

reduced branching and increased vSMC coverage. Interestingly, 3-containing 

laminins are found on both arterial and venous BMs during the development of 

the retinal vasculature. However, because dystroglycan is more heavily 

expressed in arteries than in veins during this time, this mechanism does not 

directly affect venous morphogenesis. To our knowledge, this is the first report of 

a non-VEGF mechanism controlling arterial morphogenesis. This work is also 



further demonstration of the importance of understanding the spatiotemporal 

regulation of laminins. 

In the concluding Chapter 4, I will discuss the significance and impact of 

my work, its relationship to the literature, and what might be future directions. 
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1.10 Figures and Figure Legends 

 

 



Figure 1.1: Laminin and Laminin Receptors. A) Laminins are heterotrimeric 

molecules made up of an , , and  chain. With few exceptions, each chain 

contains a “short arm”, where the LN domains that are used for self-

polymerization are found. The C-terminal of the -chain contains LG domains, 

which are used to bind to cellular receptors. The conformation of the LG 

domains, and therefore, the receptors that are available for laminin to bind to, are 

influenced by the  and  chains. The remaining portion of the “long arm” of each 

chain come together to form a coiled coil. B) Laminins bind to the  and -

subunits of integrin via LG domains 1-3. Following this binding, the now activated 

integrin can affect intracellular signaling, much of which is via actin. Laminins use 

the LG domains 4-5 to bind to the -subunit of dystroglycan. This extracellular -

subunit is non-covalently associated with the transmembrane -subunit, which is 

involved in signal transduction. Much of this signal transduction is via an 

intracellular interaction with dystrophin, particularly in skeletal muscle. The two 

other receptors that bind laminin are the 67LR (67 kDA laminin receptor) and 

Lutheran glycoprotein, although not much is known regarding their interactions 

with laminin. C) Laminins polymerize by forming a ternary node made of a single 

, , and -chain. While laminin polymerization can occur in solution solely via 

interactions of the short arms of the , , and -chains, polymerization occurs 

preferentially at the cell surface through interaction of the long arms (dark green) 

and cell receptors. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 



Figure 1.2: Basement Membrane Molecules. The assembly of the basement 

membrane begins with laminin binding to sulfatides on the cellular surface. More 

laminins then come in and polymerize with this laminin, while also binding to 

integrins and dystroglycan receptors. Another basement membrane molecule, 

nidogen, binds to the short arms of laminin and to type IV collagen. Type IV 

collagen polymerizes and helps to stabilize the basement membrane. These 

interactions are further strengthened by more basement membrane interactions; 

agrin binds to the cell surface and attaches to the coiled-coil domain of laminin. 

Perlecan also binds to the cell surface, but instead of attaching directly to 

laminin, it binds to nidogen.  Aside from aiding in forming and maintaining a 

stable basement membrane, most of these proteins have further functions, such 

as influencing intracellular signaling via receptor binding, or tethering various 

growth factors. 

 

 



 

 

 

 

 

 

 

 

 



Figure 1.3: The Compartments of the Developing Retinal Vasculature. A) 

The developing retinal vasculature can be divided into three separate 

compartments: the vascular front, the nascent plexus, and the remodeling zone.  

Scale bar = 160 µm B) Retinal angiogenesis is driven by VEGF secreted by 

astrocytes that is sensed by the filopodia found on tip cells in the vascular front. 

Immediately behind tip cells are stalk cells. Stalk cells are proliferative and create 

the primitive vessel lumen. C) Angiogenesis is guided along the astrocytic 

template via the vascular front. Immediately behind the vascular front is the 

nascent plexus, where further proliferation takes place and vessels anastomose 

with each other. Finally, behind the nascent plexus is the developmentally oldest 

compartment, the remodeling zone. It is here where vessels adopt a venous, 

arterial, or capillary identity. Scale bar = 32 µm. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 



Figure 1.4: Development of the Retinal Vascular Plexuses. The adult retina is 

complex, with several different cell types influencing multiple visual pathways. 

This complexity can easily be taken for granted, given the high level of 

organization of the cells and their respective synapses. This organization extends 

to the vasculature. At ~P0, the retinal vasculature, led by tip cells, begins 

migrating from the optic nerve head towards the periphery of the retina. This 

migration occurs on a linear plane, along the nerve fiber layer until P8-P10. At 

~P10, vessels dive into the outer plexiform layer and begin forming another linear 

sheet of vasculature, the deep vascular plexus. The deep vascular plexus, 

consisting entirely of capillaries, is finished forming at ~P12, around the same 

time that a final capillary bed, the intermediate vascular plexus, begins forming in 

the inner plexiform layer. The intermediate vascular plexus finishes its 

development around P20. These three vascular beds, the superficial, 

intermediate, and deep vascular plexuses collectively nourish the many cells of 

the retina, thus ensuring proper visual function. 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 1.5: Retinal Vascular Unit. For simplicity, only retinal arterioles and 

capillaries are shown. Retinal arterioles (left) contain many different cell types; 

endothelial cells (light pink), vascular smooth muscle cells (medium pink), and 

astrocytes (dark blue). The endothelial cells are connected via tight junctions, 

which help to prevent the leakage of solutes and water out of the vasculature. 

Between the endothelial cells and vascular smooth muscle cells is the endothelial 

basement membrane (light blue). Between the vascular smooth muscle cells and 

the astrocytic endfeet is the perivascular basement membrane (medium blue). 

Although they are not shown, the question of whether retinal arteries, arterioles, 

veins, or venules contain pericytes remains a topic of debate. Retinal capillaries 

(right) contain no vascular smooth muscle cells. Instead, pericytes (green) are 

embedded between the endothelial and perivascular basement membranes. 

Because of this, it has been difficult to determine which basement membrane 

they contribute proteins to. The current dogma is that they contribute to the 

endothelial basement membrane. Also, rather than having glial support from 

astrocytes, retinal capillaries are supported by Muller cells (dark pink). 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cell Type α1 α2 α3 α4 α5 β1 β2 β3 γ1 γ2 γ3
Endothelial Cells NA - NA + + + + NA + NA -

Pericytes NA + NA + + + + NA + NA +

Vascular Smooth Muscle Cells NA + NA + + + + NA + NA +

Astrocytes NA + NA - - - + NA + NA -

Muller Cells NA - NA + + - + NA - NA +

Laminin Chain



Figure 1.6: The Cellular Origins of Each Laminin Chain in the CNS 

Vasculature. “+” sign denotes that the given cell-type expresses the laminin 

chain. “-“ sign denotes that there is no evidence of the given cell-type expressing 

the laminin chain. “NA” = Not Applicable; the given laminin chain is not present in 

the CNS vasculature. 
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2.1 Abstract 

A key component of the blood-retinal barrier (BRB) is the vascular basement 

membrane (vBM). The vBM consists of extracellular matrix (ECM) components, 

including isoforms of laminins, of which at least sixteen are expressed in 

mammals. Each laminin contains an α, β, and γ chain in an obligate trimer. While 

vascular laminins in the central nervous system (CNS) have been studied, a 

complete understanding of their developmental and spatial expression in the 

CNS remains elusive. Here, we use the retina, an easily accessible portion of the 

CNS, to examine the spatial and temporal expression of each laminin chain 

during development. This analysis is facilitated by the entirely post-natal 

development of the murine retinal vasculature and the laminar topography of the 

vasculature.  We show that there are dramatic changes in the temporal and 

spatial patterning of many of these chains. One key feature of the CNS 

vasculature is the laminin β2 chain. We used a conventional knockout animal to 

ask how the deletion of this key element alters the vBM composition. Deletion of 

the β2 chain leads to decreased expression of several partner chains, including 

α2, α5, and γ3. Interestingly, the deletion of laminin β2 also leads to increased 

deposition of two other ECM molecules, agrin and perlecan, in the BMs of retinal 

veins and arteries, respectively. Finally, using a neural-specific knockout, we 

provide evidence supporting a glia-derived α2, β2-containing laminin in the retinal 

BM, presumably 221. These data highlight the complexities of retinal vBM 

development, as well as the importance of the laminin β2-chain in these 

processes and they provide the foundation for further functional studies.  



2.2 Introduction: 

The emergence of basement membrane (BM) proteins over 600 million 

years ago coincides with the beginning of multicellularity (Hynes, 2012). Since 

then, a common set of proteins have been found in all BMs: laminin, nidogen, 

perlecan, and collagen IV. These molecules appear to be assembled in a 

stereotyped pattern. Laminins self-polymerize and bind to the cellular surface via 

sulfated glycolipids, integrins, and dystroglycan (Roberts et al., 1985) 

(Matsubayashi et al., 2017) (Smyth et al., 1999). Nidogen, a glycoprotein, binds 

to laminin (Paulsson et al., 1987) (Fox et al., 1991) (Mayer et al., 1993) while 

perlecan, a heparan sulfate proteoglycan, binds to the cellular surface via 

sulfated glycolipids and dystroglycan (Talts et al., 1999) (Farach-Carson et al., 

2014) (Peng et al., 1998). Nidogen and perlecan link laminin with another core 

BM protein, collagen IV (Fox 1991) (Hopf et al., 1999) which self-polymerizes 

and provides the BM with increased stability (Triieb et al., 1982) (Pöschl et al., 

2004) (Fidler et al., 2014). In all bilateria, another heparan sulfate proteoglycan, 

agrin, binds to adhesion receptors and laminin (van Vactor et al., 2006) (Denzer 

et al., 1998). That laminin is central to BM formation is supported by several lines 

of evidence.  First, while perlecan and agrin bind directly to the cellular surface, 

they cannot accumulate without laminin (Yurchenco, 2011). Second, the absence 

of laminin prevents nidogen incorporation into the BM (Smyth et al., 1999) and 

finally, the collective loss of perlecan, agrin, and nidogen leads to the inability of 

collagen IV to bind (Hohenester & Yurchenco, 2013). Thus, without laminin, the 

BM does not form (Smyth et al., 1999) (Li et al., 2002). 



Laminins are heterotrimers which are made of an α, β, and γ-chain 

(Burgeson et al., 1994). In humans, there are 5 α, 3 β, and 3 γ-chains, which 

combine to make at least 16 different isoforms (Aumailley et al., 2005) 

(Yurchenco, 2011). These different isoforms are distributed differentially 

throughout the body and serve different functions (Domogatskaya et al., 2012). 

For example, laminins 221 (α2, β2, γ1), 421, and 521 are found at the 

neuromuscular junction, where they align the pre- and post-synaptic structures 

(Hunter et al., 1989) (Sanes et al., 1990) (Patton et al., 1997). Laminin 332, on 

the other hand, is found exclusively in the dermal-epidermal junction, where it 

ensures the adhesion of these two skin layers (Kiritsi et al., 2013). Furthermore, 

in vitro studies suggest that the isoforms themselves are functionally distinct. For 

example, while dorsal root ganglion cells bind to both laminin 111 and 211, their 

neurites grow much quicker when placed on 111 (Plantman et al., 2008). 

Similarly, retinal pigment epithelia show a preference for laminin 332 over laminin 

111, 511, or 521 (Aisenbrey et al., 2006). Finally, both retinal progenitor cells and 

retinal astrocytes respond to exogenous laminins in an isoform specific manner 

(Serjanov et al., 2018) (Gnanaguru et al., 2013). Rigorous pharmacokinetic 

studies demonstrate that the binding affinities of laminin isoforms for its receptors 

varies with the composition of all three of the laminin chains (Ido et al., 2008) 

(Taniguchi et al., 2009); the presence of the β2 chain enhances integrin binding, 

while that of the γ3 chain eliminates integrin binding. These functional differences 

among laminin isoforms indicate that in order to truly understand the role of 

laminins, one must first identify the isoforms that are found in a given tissue. 



Indeed, there remains a lack of a comprehensive spatial and temporal analysis of 

laminin isoforms in the CNS vascular BM (vBM).  The murine retina is an 

excellent model of the CNS vasculature. It is readily accessible, and  visualized 

either in situ or ex vivo with its normal structure intact.  Moreover, the 

development of the retinal vasculature is entirely postnatally. And finally, the 

topography of the retinal vasculature, three interconnected planar plexuses, 

facilitate spatial and temporal analysis. 

In this study, we identify the laminin chains found in the vBM in the 

developing and adult retina. Furthermore, we studied the contribution of the 

laminin β2 chain and thereby β2-containing laminins, to the organization of the 

vBM. The laminin β2 chain is present in half of the known laminin isoforms 

(Aumailley et al., 2005) (Aumailley, 2018) and has strong expression in the CNS 

vasculature (Hunter et al., 1992a) (Hunter et al., 1992b) (Pinzón-Duarte et al., 

2010). Thus, by deleting Lamb2 (the gene encoding the laminin β2 chain) and 

analyzing the effect on other laminin chains and BM proteins, we sought to gain 

insight into how BM architecture is developmentally organized and regulated. 

Here, we show that there is considerable variation in the amount of 

deposition of each of the laminin chains in the retinal vasculature throughout 

development. Also, by analyzing the expression of the vascular laminin chains in 

the Lamb2-/- retina, we have shown the presence of an α5-, β2- containing 

laminin in veins, arteries, and capillaries; a β2-, γ3- containing laminin in veins 

and capillaries; and laminin 221 in veins and arteries. Analysis of retinae which 

have Lamb2 deleted specifically in glial/neural-cells revealed that laminin 221 is 



produced and deposited into the CNS vBM by astrocytes. Furthermore, the loss 

of β2-containing laminins leads to a complete loss of the water channel, 

aquaporin 4 (AQP4), in astrocytic endfeet that are associated with retinal veins. 

Finally, we found that the loss of β2-containing laminins leads to increased 

expression of two other BM proteins, agrin and perlecan, in veins and arteries, 

respectively. 

  



2.3 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 (SUNY), 

Upstate Medical University. Targeted deletion of the laminin β2 gene (Lamb2) 

has been described previously (Noakes et al., 1995). The laminin-β2-null mouse 

line was backcrossed over nine generations to C57bl/6J (The Jackson 

Laboratory, Bay Harbor, ME, USA). To generate neural-specific laminin β2 

knockout mice, Dkk3-Cre mice [Tg(Dkk3-Cre)D9Tfur; Sato et al., 2007] were 

crossed with mice which have exons 3-5 of the Lamb2 gene flanked by LoxP 

sequences (made in collaboration with Dr. Lin Gan, Augusta University, Augusta, 

GA, USA) (Supplemental Figure 2.1).  The conditional Lamb2-floxed mouse is 

fully described in another paper from our laboratory (Bachay et al, 2021, in 

preparation).  To generate EC-specific laminin β2 knockout mice, Tie2-Cre mice 

[B6.Cg-Tg(Tek-cre)1Ywa/J; (Kisanuki et al., 2001)] were crossed with Lamb2-

floxed mice. Littermate controls were used for each experiment that involves 

analysis between different genotypes: Lamb2-/- vs Lamb2+/+, Dkk3-Cre.Lamb2fl/fl 

vs Lamb2Fl/Fl (no Cre), Tie2-Cre.Lamb2Fl/Fl vs Lamb2Fl/Fl (no Cre). To confirm the 

specificity of Cre expression, B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomoato)/Hze (Madisen 

et al., 2010) mice were crossed with each Cre line. All breeders gave birth to 

pups in the Mendelian ratio. 

 



Antibodies: 

The primary antibodies that were used are rat anti-laminin α2 (L0663, 

Sigma, St. Louis, MO; 1:500), rabbit anti-laminin α4 (377b, a gift from Dr. Lydia 

Sorokin, University of Münster, Germany, 1:10,000), rabbit anti-laminin α5 (504, 

a gift from Dr. Lydia Sorokin, University of Münster, Germany,  1:5000), rat anti-

laminin β1 (ab44941, Abcam, 1:400), rabbit anti-laminin β2 (a gift from Dr. 

Sasaki, Max-Planck-Institut Für Biochemie, Munich, Germany, 1:5000), rabbit 

anti-laminin γ1 (ab233389, Abcam, 1:500), rabbit anti-laminin γ3 (R96: [Li et al., 

2012]; 1:5000), goat anti-agrin (AF550, R&D Systems, 1:200), rabbit anti-

fibronectin (ab2413, Abcam, 1:200), rabbit anti-collagen IV (ab756P, Millipore, 

1:500), rabbit anti-nidogen (U13+, a gift from Dr. Ulrich Meyer, 1:5000), rat anti-

perlecan (A7L6, Santa Cruz Biotechnology, 1:50,000), rat anti-CD31 (550274-BD 

Biosciences, San Jose, CA; 1:250), FITC-conjugated isolectin B4 (IB4: Sigma, 

St. Louis, MO; 1:250), goat anti-PODXL (AF1556, R&D Systems, 1:50), FITC-

conjugated anti-actin, α-smooth muscle ([α-SMA] F3777: Sigma, St. Louis, MO; 

1:500), rabbit anti-desmin (ab15200; Abcam, 1:100), rabbit anti-AQP4 (A5971, 

Sigma, St. Louis, MO; 1:200), rabbit anti-Kir4.1 (APC-035, Alomone Labs, 1:300) 

and rat anti-PDGFRα (558774, BD Biosciences, San Jose, CA; 1:250). The 

secondary antibodies that were used are donkey anti-rat 488, donkey anti-rat 

594, donkey anti-rat 647, donkey anti-rabbit 488, donkey anti-rabbit 594, donkey 

anti-rabbit 647, and donkey anti-rabbit 350 (Life Technologies; 1:250). 

 



Retinal Preparations and Immunostaining: 

To prepare retinal flat mounts, eyes were enucleated and fixed in 2% 

paraformaldehyde in phosphate buffered saline [PBS; NaCl 1.37 M, Na2HPO4 18 

mM, KCl 27mM, KH2PO4 18mM, pH 7.4] for five minutes. Following this, retinae 

were dissected, flat mounted, and treated with absolute methanol at -20°C for 20 

minutes. Following several 1X PBS washes, the samples were incubated 

overnight at 4°C in blocking buffer (5% donkey serum, 0.3% Triton X-100 in 1X 

PBS). After blocking, the samples were incubated with primary antibodies in 

antibody diluting solution (5% donkey serum; 0.01% Triton X-100 in 1X PBS) for 

48 hours at 4°C. The samples were then washed several times in 1X PBS and 

incubated with secondary antibodies in antibody diluting solution at 4°C for 24 

hours. Imaging was done 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) was used to 

acquire, process, and analyze images. Qioptiq OptiGrid Structured Illumination 

System was used to obtain Z-slices for AQP4 and Kir4.1 staining in order to 

localize the expression patterns more precisely. 

 

Experimental Design and Analysis: 

To determine the relative amount of each basement membrane protein in 

the different vascular compartments (vascular front, nascent plexus, remodeling 

zone, veins, arteries, superficial capillaries, intermediate vascular plexus, deep 



vascular plexus), the mean fluorescence intensity was calculated using Volocity 

on two or more vessels for each compartment and then averaged. The particular 

vessels that were chosen to be imaged and quantified were chosen based on 

visual clarity: vessels that are not cut, folded, or otherwise obscured by 

dissection and staining procedures. The images obtained from the SVP, IVP, and 

DVP were taken from the same X-Y coordinates, with only the Z-coordinates 

changing. The average mean fluorescence intensities for each compartment 

were then added together from each animal to determine which compartment 

had the highest mean fluorescent intensity overall among all animals (the “control 

compartment”). For each animal, the mean fluorescence intensity of each 

compartment was divided into the mean fluorescence intensity of the control 

compartment to create a ratio. In order to check for significance, a repeated 

measures one-way ANOVA and Dunnett’s test was performed on the log10 of 

these ratios. To make the data easier to interpret, however, the data is presented 

as “% of control” in the figures. This was determined by multiplying the initial 

ratio, without using logarithms, by 100. N = 3-4 for each stain and each age. 

For the coordinated expression studies, the mean fluorescence intensity 

for each vessel type was measured and compared between mutant and control 

littermates to get a ratio. One-sample T-tests were used on the log10 of these 

ratios to check for significance. Again, to make the data easier to interpret, the 

data is presented as “% of control” in the figures. This was determined by 

multiplying the initial ratio by 100. N = 3 for both genotypes for all experiments 

  



2.4 Results 

The development of the retinal vasculature is well studied in mouse. At 

E17, retinal ganglion cells begin secreting PDGFα, which leads to a proliferation 

of astrocytes at the optic nerve head. Astrocytes then enter the retina migrating 

centrifugally to the retinal periphery. As they migrate, they secrete VEGF, which 

drives the migration and proliferation of endothelial cells (Fig. 2.1B). These 

endothelial cells migrate along the astrocytic template (Stone & Dreher, 1987) 

(Zhang & Stone, 1997). The endothelial cell advancement across the retina is led 

by tip cells, a set of specialized cells that respond to environmental cues (Fig. 

2.1B). Behind the tip cells are stalk cells, which are proliferative, form the wall of 

the vessel and ultimately generate the vessel lumen (Fig. 2.1B). Functionally 

distinct from the rest of the vasculature, these two cells are collectively known as 

the vascular front: the developmentally youngest compartment of the retinal 

vasculature (Fig. 2.1). Behind the vascular front is the nascent plexus, a region of 

further proliferation where branching occurs (Fig 2.1A, C) (Ehling et al., 2013) 

and anastomoses form between interconnected vessels form largely by the 

fusion of tip cells, a process mediated by microglia cells (Rymo et al., 2011). 

Finally, behind the nascent plexus is the remodeling zone, the developmentally 

oldest compartment where nascent vessels begin to adopt arterial or venous-like 

qualities and considerable vessel pruning takes place (Fig 2.1A, C).  

These three developmental compartments, the vascular front, nascent 

plexus, and remodeling zone are all found within the ganglion cell layer. The 

vessels found in the ganglion cell layer are known as the superficial vascular 



plexus (SVP) (Fig 2.2), both during development and in the adult (the vascular 

compartments of the adult are arteries, veins, and superficial capillaries). Around 

P8, the vessels sprout towards the outer retina and form two more layers: the 

deep vascular plexus (DVP) and intermediate vascular plexus (IVP). The DVP 

finishes forming around P12, and the IVP finishes at approximately P20 (Fig 2.2) 

(Stahl et al., 2010). As such, P20 marks the age when vascular development is 

considered to be completed in the mouse retina. 

Thus, murine vascular development is a complex event, with several 

distinct adult compartments, three levels of capillary beds and a set of arterioles 

and veins all arising from sprouting of the central artery. Environmental 

interaction with a variety of cues, including laminins, regulate the proliferation, 

anastomosis formation (branching) and acquisition of arterial and venous identity 

(Wang et al., 2008) (Norton & Popel, 2016) (Biswas et al., 2017) (Biswas et al., 

2018). Despite this, a complete understanding of the laminin isoforms that are 

found in each compartment remain unknown. To determine the spatial and 

temporal expression pattern of each laminin chain found in the retinal vBM (α2, 

α4, α5, β1, β2, γ1, and γ3), we analyzed the expression of these proteins at four 

developmentally significant time points: at the outset of vessel migration (P3), at 

venous and arterial specification (P5), at the completion of SVP formation (P10), 

and at the completion of IVP formation (P20). 

 

 



Developmental Expression of Laminin α-Chains in the Retinal Vasculature 

The laminin α1 chain is expressed in the ILM and Bruch’s membrane both 

embryonically and in adulthood (Byström et al., 2006) (Libby et al., 2000). The 

laminin α3 chain is expressed in Bruch’s membrane embryonically through 

adulthood, and in the interphotoreceptor matrix and outer plexiform layer in the 

adult (Byström et al., 2006) (Libby et al., 2000). Neither α1 nor α3 is expressed in 

the vBM (Libby et al., 2000) (Edwards & Lefebvre, 2013) (data not shown); thus, 

we did not pursue this further. 

The laminin α2 is present in the CNS vBM and is likely astrocyte and 

pericyte-derived (Sixt et al., 2001) (Armulik et al., 2010). However, the 

developmental expression pattern, as well as the specific α2-containing isoforms 

that are found in the vasculature is unknown. We found that at P3, laminin α2 is 

only in the remodeling zone within the retinal vasculature (Fig. 2.3A). At P5, 

laminin α2 is restricted to the larger vessels, but is more highly expressed in 

arteries than veins (Fig. 2.3B). By P10, laminin α2 is expressed equally in veins, 

arteries, and the DVP, with lower expression in the superficial capillaries (Fig. 

2.3C). At P20, the expression of laminin α2 is similar between all vessel types 

except for arteries, where it is weakly expressed (Fig. 2.3D). Thus, laminin α2 

expression switches from being highly expressed in arteries at an early age to 

highly expressed in veins at a later age. 

Laminin α4 is unique in that it is the only non-polymerizing α-chain within 

the vasculature. Laminin-411 likely comprises most of the α4-containing laminins 

in the vasculature throughout the body, but there is some evidence that indicates 



the presence of laminin-421 as well (Yousif et al., 2013). Previous studies have 

reported that the laminin α4 chain is ubiquitously expressed throughout the 

vasculature at all ages (Hallmann et al., 2005) (Yousif et al., 2013). To confirm 

that this is also the case in the CNS vBM, we assayed laminin α4 expression at 

several ages throughout development. At P3, laminin α4 is expressed in regions 

of the retinal vasculature equally (Fig. 2.4A). At P5, laminin α4 is found in all 

vascular compartments, although with slightly less expression in the vascular 

front (Fig. 2.4B). At P10, laminin α4 is still found in all compartments, albeit with 

slightly less expression in the superficial capillaries (Fig. 2.4C). Finally, at P20, 

laminin α4 has highest expression in arteries, the IVP, and the DVP, with lower 

expression in veins and the superficial capillaries (Fig. 2.4D). Thus, the laminin 

α4 chain is expressed relatively evenly in all vascular compartments throughout 

development. 

Laminin α5 has mostly been studied in the context of the mature vBM; its 

role in vascular development is relatively unknown. The known α5-containing 

laminins are 511, 521, and 523. Of these, the expression of laminin 511 in the 

vasculature is most well-established (Sorokin et al., 1997). However, it is 

possible that laminins 521 and 523 are in the vasculature as well, as the chains 

found in each laminin are expressed in retinal vessels (Libby et al., 2000) (Hunter 

et al., 1992) (Li et al., 2012). Also, laminin 523 has been isolated from retina 

(Libby et al., 2000). Using the same development time points, we found that 

laminin α5 is expressed in the P3 remodeling zone with less expression in the 

nascent plexus (Fig. 2.5A). Laminin α5 expression near the vascular front co-



localizes with astrocytes and not blood vessels, as staining can be seen beyond 

the migrating tip cells (Supplemental Fig. 2.2). Because of this, laminin α5 

expression was not quantified in this region. At P5, laminin α5 is expressed 

equally in veins and arteries, with less expression in the nascent plexus (Fig. 

2.5B). However, as development proceeds, laminin α5 expression is more 

heavily expressed in arteries (Fig. 2.5C) starting and P10 and continuing through 

P20 (Fig. 2.5D).  This pattern of laminin α5 expression heavily concentrated in 

arteries persists throughout most of development into adulthood. 

 

Developmental Expression of Laminin β-Chains in the Retinal Vasculature 

 Within the vBM, laminin β1 is found in several laminins: 211, 411, and 511 

(Yousif et al., 2013) (Edwards & Lefebvre, 2013). Much like the laminin α4-chain, 

the laminin β1-chain is thought to be ubiquitously expressed in all vascular 

compartments, both in development and in the adult (Tokida et al., 1990) 

(Sorokin et al., 1994). The precise distribution of laminin β1 among the vascular 

compartments in the developing and adult murine retina, however, remains 

unknown. We found that in the retina, laminin β1 is expressed equally in all 

vessels at P3 (Fig. 2.6A). This pattern continues through P5, although there is 

slightly less expression in the vascular front (Fig. 2.6B). At P10, laminin β1 is 

evenly expressed in the veins and arteries, with less expression in the capillaries 

(Fig. 2.6C). Finally, laminin β1 is expressed equally in all regions at P20 (Fig. 

2.6D). These results confirm the results of previous studies: the laminin β1 chain 



is expressed relatively evenly in all vascular compartments throughout 

development and in the adult (Tokida et al., 1990) (Sorokin et al., 1994). 

Laminin β2 is a critical component of the retinal vasculature: deletion of 

Lamb2 leads to delayed angiogenesis, vascular leakage, and disrupted Muller 

cell endfeet attachment (Gnanaguru et al., 2013). However, it is still not known 

which β2-containing laminins are found within the retinal vasculature. Possibilities 

include laminins 221, 421, 423, 521, and 523, as the individual chains that make 

up these laminins are all found in the retinal vBM (Edwards & Lefebvre, 2013). 

Here, we found that laminin β2 is expressed exclusively in the remodeling zone 

and nascent plexus at P3 (Fig. 2.7A). At P5, laminin β2 is expressed most 

heavily in the arteries, although there is expression in the veins and nascent 

plexus as well (Fig. 2.7B). Similar to the laminin α5 chain, the laminin β2 

expression that is in the proximity of the vascular front is not directly associated 

with the blood vessels; laminin β2 chain expression is co-localized with 

astrocytes (Supplemental Fig. 2.2). Beginning with P10, laminin β2 expression is 

concentrated in the arteries, and present at lower levels in other compartments 

(Fig. 2.7C); this pattern persists through P20 (Fig. 2.7D) to the adult. 

 

Developmental Expression of Laminin γ-Chains in the Retinal Vasculature 

 Potential laminins containing the laminin γ1-chain in the retinal vasculature 

may include 211, 221, 411, 421, 511, and 521 (Edwards & Lefebvre, 2013). 

Laminin γ1 was expressed in all vascular regions relatively equally at P3 (Fig. 

2.8A) and P5 (Fig. 2.8B). By P10, it was more highly expressed in arteries than 



veins or capillaries (Fig. 2.8C). At P20, it was expressed equally in arteries and 

veins, and was not found in the capillaries (Fig. 2.8D). However, given the well-

documented expression of γ1-containing laminins in the CNS vBM (Sorokin et 

al., 1994) (Libby et al., 2000) (Li et al., 2012) (Yao et al., 2014), these results 

should be viewed with caution as they more likely represent a technical failure. 

We have previously demonstrated that the laminin γ3 chain is present in 

the retinal vasculature, where it regulates arterial morphogenesis through Notch 

signaling via dystroglycan, and also regulates vascular branching via activation of 

microglia (Li et al., 2012) (Biswas et al., 2018) (Biswas et al., 2017). In the 

vasculature, potential γ3-containing laminins include 213, 423, and 523. To gain 

insight into the laminin isoforms that are found in each vascular compartment, we 

stained for the laminin γ3-chain throughout development. We found that at P3, 

laminin γ3 is expressed in the remodeling zone and nascent plexus yet is absent 

from the vascular front (Fig. 2.9A). At P5, laminin γ3 is expressed only in the 

developmentally older vessels; arteries and veins (Fig. 2.9B). At P10, laminin γ3 

is expressed throughout the vasculature, although a patchy distribution is also 

present in capillaries, as we previously reported (Fig. 2.9C). At P20, the 

expression of laminin γ3 is highest in the veins, IVP, and DVP, with lower 

expression in arteries and the superficial capillaries (Fig. 2.9D). Overall, laminin 

γ3 expression varies greatly throughout development. 

We summarized our data from the various laminin chains, by grouping 

those chains with similar expression (Fig 2.10, shown at P20).  The laminin α5 

and β2 chains are concentrated on the arterial side of the vasculature (Fig. 



2.10B).  In contrast, the α2 and γ3 chains are expressed heavily in veins and 

capillaries (Fig. 2.10C) with the α4 and β1 chains are expressed evenly across in 

all the vascular compartments (Fig. 2.10D).  We speculate that these chains may 

be found in the same isoforms across these vascular compartments. 

 

The Role of Laminin β2 in Retinal Vascular BM Organization 

Laminin chains can only function and incorporate into the vBM as 

heterotrimers (Yurchenco et al., 1997). Furthermore, because laminins form part 

of a scaffold which is obligatory for the subsequent binding of other BM 

molecules, deletion of a single laminin chain may lead to disruption of the entire 

BM. To determine the extent of these disruptions in the retinal vBM, we analyzed 

the vBM composition in the well-studied Lamb2 conventional knockout mouse. 

The deletion of laminin β2 leads to a drastic reduction of laminin α5 in all 

vascular compartments at P20: in the absence of the β2 chain, laminin α5 

expression is decreased in arteries and nearly absent in capillaries (Fig. 2.11A). 

The loss of laminin β2 from the vasculature also leads to a reduction of laminin 

γ3 in veins and capillaries and a slight but significant increase in arteries (Fig. 

2.11B). Interestingly, the loss of laminin β2 from the vasculature also leads to a 

reduction of laminin α2 in veins and arteries but has no effect on capillaries (Fig. 

2.11C). There were several laminin chains whose expression was not 

significantly affected by the removal of the laminin β2 chain, including α4 

(Supplemental Fig. 2.3A), β1 (Supplemental Fig. 2.3B), and γ1 (Supplemental 

Fig. 2.3C). These results suggest that, under normal conditions, there are α5β2-



containing laminins in every vascular compartment (521 or 523), β2γ3-containing 

laminins in veins and capillaries (423 or 523), and an α2β2-containing laminin in 

veins and arteries (221). 

Because of the importance of laminins in initiating BM formation, we 

hypothesized that the deletion of Lamb2 would lead to decreased deposition of 

other BM proteins. To investigate this, we analyzed the expression of several 

other major BM constituents: agrin, collagen IV, fibronectin, nidogen, and 

perlecan (Yurchenco, 2011). Surprisingly, when Lamb2 is deleted, there is an 

increase in perlecan deposition in arteries (Fig. 2.12A) and agrin in veins (Fig. 

2.12B). In addition, the deletion of Lamb2 does not affect the expression of 

nidogen (Supplemental Fig. 2.4A), collagen IV (Supplemental Fig. 2.4B), or 

fibronectin (Supplemental Fig. 2.4C). Therefore, the deletion of the laminin β2 

chain had a selective effect on the vBM composition rather than a wholesale 

disruption as it does in the ILM (Pinzon-Duarte, 2010). 

 

Cellular Origin of β2-Containing Laminins in the Retinal Vasculature 

Within the CNS vasculature, laminins are made by several different cell-

types: endothelial cells, pericytes, smooth muscle cells, astrocytes, and Muller 

glia (Gospodarowicz et al., 1981) (Gautam et al., 2016) (Hedin et al., 1988) (Chiu 

et al., 1991) (Libby et al., 1997). These cells contribute laminins to the two 

distinct vBM compartments in the retina: the endothelial and the mural BMs. The 

endothelial BM is produced by endothelial cells and pericytes, whereas the mural 

BM is produced by astrocytes, Muller cells, and vascular smooth muscle cells 



(Yousif et al., 2013) (Libby et al., 2000). In order to address the cell of origin of 

Lamb2 containing laminins, particularly those identified above (221, 423, 521 and 

523), we used cell-specific Cre promotors to delete Lamb2 from neurons and 

glial using Dkk3-Cre promoter and from endothelial cells using Tie2-Cre 

promoter. 

Dkk3 is expressed specifically in the forebrain early in development (Sato 

et al., 2007). Because of its origin from the diencephalon, Dkk3 is in all 

neural/glial cells of the retina; including Muller glia and astrocytes, key cellular 

constituents of the neurovascular unit. We crossed the Dkk3-Cre mouse with a 

Rosa reporter (tdTomato) and confirmed that Dkk3+ expression was seen in the 

glial cells associated with the vasculature (Fig. 2.13B) and not endothelial cells. 

Deletion of Lamb2 specifically in astrocytes and Muller glia led to a 

decrease of laminin α2 expression in veins but not arteries (Fig. 2.13A). This is in 

contrast to conventional Lamb2-/- mice, in which laminin α2 expression 

decreased in both veins and arteries (Fig. 2.11C). Deletion of Lamb2 in 

astrocytes and Muller glia did not lead to a decrease in laminin α5 (Fig. 2.13A). 

This result suggests that a different cell-type, such as endothelial cells, is 

responsible for the decreased expression of laminin α5 in the Lamb2-/- 

vasculature. As Tie2 is specific to endothelial cells (Kisanuki et al., 2001), we 

used Tie2-Cre mice crossed with Lamb2Fl/Fl to delete Lamb2 from endothelial 

cells. None of the laminin chains that had decreased expression in the 

conventional Lamb2-/- had decreased expression in Tie2-Cre.Lamb2Fl/Fl mice 

(Supplemental Fig. 2.5), suggesting that the decreased expression in the 



conventional Lamb2-/- vasculature is not due to a decrease in endothelial cell 

expression. 

 

β2-Containing Laminins Play a Role in Water Transport in the Retinal 

Vasculature 

 β2 and γ3-containing laminins influence aquaporin-4 (AQP4) and Kir4.1 

expression and function in the retina (Hirrlinger et al., 2011). These proteins, 

which are found in the endfeet of Muller glia and astrocytes, are important for 

water and potassium homeostasis in the retina, respectively (Patil et al., 1997) 

(Pannicke et al., 2004) (Newman et al., 1984). To determine whether β2-

containing laminins influence AQP4 and Kir4.1 expression at the glial endfeet, 

which enwrap the vasculature and its BMs, we compared expression of these 

proteins in Lamb2-/- vs WT retinae at P20.  

AQP4 expression is absent in the glial endfeet associated with Lamb2-/- 

veins and arteries, but unaffected in the glial endfeet associated with Lamb2-/- 

deeper capillary layers (Fig. 2.14A; IVP not shown [no disruption]). Interestingly, 

there is a complete loss of AQP4 expression on the vitreal surface of superficial 

Lamb2-/- vessels (arteries and veins) (Fig. 2.14B). These data suggest an AQP4 

disruption specifically in astrocytic endfeet, as astrocytes provide glial support to 

veins and arteries. Given that Muller glia provide glial support to the deeper 

capillary layers and AQP4 expression is not disrupted in these vessels, these 

data also suggest that AQP4 expression is spared in Muller glia. Interestingly, 

Kir4.1, another protein enriched in astrocytic and Muller glia endfeet, was 



unaffected in all Lamb2-/- blood vessels, indicating that the AQP4 disruption in 

Lamb2-/- veins and arteries is unlikely to be due to an anatomical dissociation of 

glial endfeet from the vessel, but rather, represents a protein specific disruption 

(Fig. 2.14C). 

 

2.5 Discussion  

Developmental changes in laminin isoform distribution are likely driven by 

the functional requirements of the tissue at any given time. The stages of early 

development are marked by rapid tissue growth, cellular migration, and 

differentiation. In later development and in the adult, tissue growth slows as cells 

begin to express genes that are associated with maintenance and homeostasis. 

The dichotomy of these processes is very well demonstrated in the retinal 

vasculature. 

Although some laminin chains are evenly expressed across all vascular 

compartments throughout development (laminin α4, β1), there is a great deal of 

spatial and temporal specificity for laminin expression in general (laminin α2, α5, 

β2, γ3). The vascular front contains the laminin α4 and β1 chains. The nascent 

plexus contains the α4, α5, β1, β2, and γ3-chains. The remodeling zone, as well 

as immature arteries and veins, contain every laminin chain analyzed, albeit with 

different expression levels. Because of this, it is difficult to speculate on which 

isoforms are found in many of the vascular compartments of the developing 

vasculature. However, the similar expression pattern between laminin α4 and β1 

throughout development, paired with the fact that the deletion of laminin β2 does 



not affect either of these chains, supports the theory that laminin 411 is 

expressed by all retinal vascular compartments. Interestingly, there is evidence 

that laminin 411 is mostly produced by endothelial cells (Kortesmaa et al., 2000), 

which are the only cells that are found at every stage of vascular development. 

Endothelial cells may secrete laminin 411 throughout development, without any 

spatial or temporal regulation. 

By analyzing the changes in expression of the various laminin chains 

when laminin β2 is deleted, we are able to speculate on the laminins found in the 

various vascular compartments (Fig. 2.15). For example, when we examined 

retinas from which laminin β2 was deleted, the expression of laminin α5 and 

laminin γ3 decreased in similar patterns suggesting all three chains form a 

secreted heterotrimer (laminin 523). Indeed, native laminin 523 was isolated from 

the rat retina ECM (Libby et al., 2000). The presence of an α5, β2-containing 

laminin in the retinal vasculature merits a reevaluation of the literature regarding 

vascular associated α5-containing laminins. There is a widely held notion that 

laminin 511 is the only α5-containing laminin in CNS vasculature. For example, 

several laboratories have genetically deleted Lama5 and attributed all noted 

phenotypes to the loss of laminin 511. Thus, it seems that at least some of the 

functions that have been attributed to laminin 511 should actually be attributed to 

an α5, β2-containing laminin instead. 

Interestingly, when laminin β2 is deleted, there is a significant decrease in 

laminin α2 expression in veins and arteries, but not capillaries. A logical 

conclusion is that there is a laminin α2 and β2 containing heterotrimer in veins 



and arteries. This would be surprising, however, as laminin 221 is the only 

laminin which fits this description, and laminin 221 has not been shown to be 

present in the vasculature to date. In addition, the data from the conditional 

knockout mice suggest that the laminin 221 in venous vBM is deposited there by 

astrocytes.  An astrocytic source of laminin 221 is supported by several single-

cell RNA-sequencing studies which show that astrocytes transcribe relatively 

high amounts of each of these chains (Zhang et al., 2014) (He et al., 2018). 

Furthermore, our lab has shown that the deletion of the laminin β2 chain leads to 

a failure of laminin secretion in astrocytes, suggesting that β2-containing laminins 

are the predominant isoforms in these cells (Gnanaguru et al., 2013). Protein 

isolation and purification from cultured astrocytes would help to confirm this. 

However, because there is a loss of laminin α2 in Lamb2-/- but not Dkk3-

Cre.Lamb2Fl/Fl arteries, it suggests that arterial laminin 221 is being produced by 

a cell type other than astrocytes or Muller glia, such as smooth muscle cells or 

pericytes. This possibility could be explored by using a mural cell-specific 

promoter to knock out Lamb2 and performing IHC, similar to the experiments 

above. 

While laminin β1 can functionally compensate for the loss of laminin β2 in 

the GBM of the kidney (Noakes et al., 1995), this does not appear to be the case 

in the retinal vBM. Instead, it appears that the deposition of two other basement 

membrane proteins, agrin and perlecan, were increased following the loss of β2-

containing laminins in veins and arteries, respectively. Given the nature of how 

agrin and perlecan interact with cells and other BM molecules, it is interesting to 



speculate on the effect that these changes may have within the vasculature. For 

example, perlecan has been shown to tether growth factors, including VEGF, and 

present them to cellular receptors (Muthusamy et al., 2010) (Bix & Iozzo, 2008). 

An increase in perlecan within the vascular BM, therefore, would likely lead to an 

increase in VEGF signaling in endothelial cells, which may in turn increase 

angiogenesis. An increase in agrin may have a similar effect, as agrin promotes 

angiogenesis via stabilization of VEGFR2 (Njah et al., 2019). The mechanism 

responsible for the increased deposition of agrin and perlecan may be a relatively 

straightforward one; agrin and perlecan bind directly to the cell surface in a way 

similar to laminin (Gesemann et al., 1998) (Friedrich et al., 1999). Thus, the loss 

of laminin may simply allow more potential binding sites for agrin and perlecan on 

the cell. It is also possible that there may be an upregulation in the transcription 

of these proteins due to the loss of β2-containing laminins, which would suggest 

the presence of a feedback mechanism within the vascular BM. Future studies 

focused on the changes in transcription of BM molecules in laminin mutants, 

rather than changes in protein, may help parse out the specific mechanisms that 

are responsible for the BM related changes that are reported here. 

An unexpected result in this study is the lack of a measurably distinct 

phenotype in the Tie2-Cre.Lamb2Fl/Fl retina. This could be explained by two 

possibilities: 1. Endothelial cells simply do not contribute many β2-containing 

laminins to the retinal vasculature, or 2. Endothelial cells do contribute β2-

containing laminins to the retinal vasculature, but their loss can be compensated 

by increased deposition from other cell-types in the vasculature. There is some 



evidence that would make the former possibility less likely; Lamb2 is highly 

expressed in cardiac endothelial cells of young mice (Wagner et al., 2018). Also, 

single-cell RNA-sequencing data from brain suggests that endothelial cells 

express Lamb2 (Vanlandewijck et al., 2018) (He et al., 2016). In support of the 

latter theory, that the loss of β2-containing laminins from endothelial cells leads 

to a compensatory increase from other cell types, is a study by George Davis’ 

group (Stratman et al., 2009). In this study, they showed that endothelial cells 

produce a relatively high amount of the laminin β2-chain when cultured in 

isolation, whereas pericytes produce relatively little laminin β2 under the same 

conditions. However, when endothelial cells and pericytes are cultured together, 

pericytes increase their production of the laminin β2-chain and endothelial cells 

stop secreting it completely. This suggests that there is indeed a mechanism to 

ensure that the proper number of β2-containing laminins get incorporated into the 

vasculature, regardless of the cell type that produces it. However, it is important 

to mention that both endothelial cells and pericytes are thought to contribute to 

the endothelial BM. It remains to be seen whether this feedback mechanism can 

occur across endothelial and glial BMs. 

One of the most dramatic phenotypes shown here is the complete loss of 

AQP4 in vascular-associated astrocytic endfeet following the deletion of Lamb2. 

This loss may lead to fluid retention in the retina, or retinal edema. In humans, 

edema often occurs within the macula and can lead to a permanent loss of 

vision. Edema can occur in the brain as well, a condition known as cerebral 

edema. Cerebral edema occurs in several types of brain injuries, including stroke 



and traumatic brain injury and can lead to secondary damage due to increased 

intracranial pressure. Indeed, AQP4 deficient mice have elevated levels of water 

in the brains of mice in which vasogenic edema was induced (Papadopoulos et 

al., 2004). The lack of a Kir4.1 phenotype suggests that the AQP4 phenotype is 

not due to an anatomical dissociation of the astrocytic endfeet, but rather, a loss 

of function that is specific to channeling water into or out of the retina. It should 

be noted that although these two proteins are often thought to function in 

tandem, there is evidence that the deletion of AQP4 leads to no disruption in 

Kir4.1 expression or function (Zhang & Verkman, 2008). To date, the 

mechanisms which regulate AQP4 in astrocytic endfeet are not yet well 

established (Vandebroek & Yasui, 2020). However, this study provides evidence 

that β2-containing laminins play a role in this process. Future work should 

investigate whether β2-containing laminins regulate AQP4 expression in brain 

astrocytes as well. If this is the case, it may implicate a role for β2-containing 

laminins in stroke and traumatic brain injury recovery. This may explain why the 

breakdown of the vBM can lead to secondary brain injury following a stroke 

(Kang & Yao, 2020). For example, a stroke may disrupt the vBM and lead to a 

loss of certain BM proteins, such as β2-containing laminins. This loss may lead to 

a loss of AQP4 expression on astrocytic endfeet, thus leading to edema and 

further damage to the brain. 

Our work here demonstrates the heterogeneity of laminin isoforms 

throughout development and in the adult retinal vasculature. Of note, we provide 

strong evidence that astrocytes contribute laminin 221 to the CNS vBM. This is in 



contrast to previous reports, which claim that the only astrocytic laminins are 111 

and 211. We also provide evidence that the loss of β2-containing laminins from 

the CNS vBM does not lead to any compensatory increase in β1-containing 

laminins, but rather, an increase in agrin and perlecan deposition in veins and 

arteries, respectively. Finally, we establish a link between β2-containing laminin 

deposition and function; the loss of β2-containing laminins leads to a complete 

loss of AQP4 in vascular-associated astrocytic endfeet. This work clearly 

establishes the laminin β2-chain as a crucial player in CNS vBM organization and 

overall function. 
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2.7: Figures and Figure Legends 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure 2.1: The compartments of the developing retinal vasculature. A) The 

developing retinal vasculature can be divided into three separate compartments: 

the vascular front, the nascent plexus, and the remodeling zone.  Scale bar = 160 

µm B.) Retinal angiogenesis is driven by VEGF secreted by astrocytes which is 

sensed by the filopodia found on tip cells in the vascular front. Immediately 

behind tip cells are stalk cells. Stalk cells are proliferative and create the primitive 

vessel lumen. C.) Angiogenesis is guided along the astrocytic template via the 

vascular front. Immediately behind the vascular front is the nascent plexus, 

where further proliferation takes place and vessels anastomose with each other. 

Finally, behind the nascent plexus is the developmentally oldest compartment, 

the remodeling zone. It is here where vessels adopt a venous, arterial, or 

capillary identity. Scale bar = 32 µm. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 



Figure 2.2: Development of the retinal vascular plexuses. The adult retina is 

complex, with several different cell types influencing multiple visual pathways. 

This complexity can easily be taken for granted, given the high level of 

organization of the cells and their respective synapses. This organization extends 

to the vasculature. At ~P0, the retinal vasculature, led by tip cells, begins 

migrating from the optic nerve head towards the periphery of the retina. This 

migration occurs on a linear plane, along the nerve fiber layer until P8-P10. It is 

around this time when vessels dive into the outer plexiform layer and begin 

forming another linear sheet of vasculature, the deep vascular plexus. The deep 

vascular plexus, consisting entirely of capillaries, is finished forming at ~P12, 

around the same time that a final capillary bed, the intermediate vascular plexus, 

begins forming in the inner plexiform layer. The intermediate vascular plexus 

finishes its development around P20. These three vascular beds, the superficial, 

intermediate, and deep vascular plexuses collectively nourish the many cells of 

the retina, thus ensuring proper visual function. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure 2.3: Laminin α2 expression in the developing retinal vasculature. A) 

Laminin α2 (red) and IB4 (endothelial cell marker; green) staining reveals that 

laminin α2 is only found in the remodeling zone at P3. N = 3 B) Laminin α2 is 

restricted to the veins and arteries at P5. N = 4 C) By P10, laminin α2 is 

expressed equally in the arteries, veins, and the deep vascular plexus, with less 

expression in the superficial capillaries. N = 3 D) At P20, laminin α2 is expressed 

equally in veins and all capillary layers, with less expression in arteries. At P5, 

P10, and P20, the mean fluorescence intensity, as measured across several 

vessels for each vascular compartment, is divided into the mean fluorescence 

intensity of the highest expressing vessel (triangle) to get a ratio. This ratio is 

multiplied by 100 and presented as a percentage. SC, superficial capillaries; 

DVP, deep vascular plexus; IVP, intermediate vascular plexus. * indicates P-

value <0.05. Scale bar = 32 µm. 

 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 



Figure 2.4: Laminin α4 expression in the developing retinal vasculature. A) 

Laminin α4 (green) and CD31 (endothelial cell marker; red) staining reveals that 

laminin α4 is ubiquitously expressed in all retinal blood vessel compartments at 

P3. B) Staining of laminin α4 (green) and IB4 (red) reveals that laminin α4 is 

equally expressed in veins, arteries, and the nascent plexus at P5, with slightly 

less expression in the vascular front. C) At P10, laminin α4 is expressed equally 

in veins, arteries, and the deep vascular plexus, with slightly less expression in 

the superficial capillaries. D) At P20, laminin α4 is expressed equally in arteries, 

the intermediate vascular plexus, and the deep vascular plexus, with less 

expression in veins and superficial capillaries. At each age, the mean 

fluorescence intensity, as measured across several vessels for each vascular 

compartment, is divided into the mean fluorescence intensity of the highest 

expressing vessel (triangle) to get a ratio. This ratio is multiplied by 100 and 

presented as a percentage. RMZ, remodeling zone; NP, nascent plexus; VF, 

vascular front; SC, superficial capillaries; DVP, deep vascular plexus; IVP, 

intermediate vascular plexus. N = 3 for all ages * indicates P-value <0.05. Scale 

bar = 32 µm. 

 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 



Figure 2.5: Laminin α5 expression in the developing retinal vasculature. A) 

Laminin α5 (green) and CD31 (red) staining reveals laminin α5 expression is 

highest in the remodeling zone, followed by the nascent plexus, followed by the 

vascular front, at P3. N = 3 B) A similar expression pattern is seen at P5. N = 4 

C) By P10, laminin α5 is expressed higher in arteries than in veins or capillaries. 

N = 3 D) The relatively high expression of laminin α5 in arteries persists through 

P20. N = 3. At each age, the mean fluorescence intensity, as measured across 

several vessels for each vascular compartment, is divided into the mean 

fluorescence intensity of the highest expressing vessel (triangle) to get a ratio. 

This ratio is multiplied by 100 and presented as a percentage. RMZ, remodeling 

zone; NP, nascent plexus; VF, vascular front; SC, superficial capillaries; DVP, 

deep vascular plexus; IVP, intermediate vascular plexus. * indicates P-value 

<0.05. Scale bar = 32 µm. 

 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 



Figure 2.6: Laminin β1 expression in the developing retinal vasculature. A) 

Laminin β1 (red) and IB4 (green) staining reveals that laminin β1 is equally 

expressed in all vascular compartments at P3. B) At P5, laminin β1 is expressed 

equally in veins, arteries, and the nascent plexus, with less expression in the 

vascular front. C) At P10, laminin β1 remains equally expressed between veins 

and arteries, with less expression in the capillaries. D) Laminin β1 is expressed 

equally in all compartments at P20. At each age, the mean fluorescence 

intensity, as measured across several vessels for each vascular compartment, is 

divided into the mean fluorescence intensity of the highest expressing vessel 

(triangle) to get a ratio. This ratio is multiplied by 100 and presented as a 

percentage. RMZ, remodeling zone; NP, nascent plexus; VF, vascular front; SC, 

superficial capillaries; DVP, deep vascular plexus; IVP, intermediate vascular 

plexus. N = 3 for all ages. * indicates P-value <0.05. Scale bar = 32 µm. 

 
 
 



 
 
 
 
 
 
 
 
 
 
 
 



Figure 2.7: Laminin β2 expression in the developing retinal vasculature. A) 

Laminin β2 (red) and IB4 (green) staining reveals that laminin β2 is expressed 

equally in the remodeling zone and nascent plexus, with no expression in the 

vascular front at P3. N = 3 B) At P5, laminin β2 is more highly expressed in 

arteries than the other compartments. N = 3. This pattern continues through P10 

(C) (N = 3) and P20 (D) (N = 4). At each age, the mean fluorescence intensity, as 

measured across several vessels for each vascular compartment, is divided into 

the mean fluorescence intensity of the highest expressing vessel (triangle) to get 

a ratio. This ratio is multiplied by 100 and presented as a percentage. RMZ, 

remodeling zone; NP, nascent plexus; SC, superficial capillaries; DVP, deep 

vascular plexus; IVP, intermediate vascular plexus. * indicates P-value <0.05. 

Scale bar = 32 µm. 

 
 
 



 
 
 
 
 
 
 
 
 
 
 
 



Figure 2.8: Laminin γ1 expression in the developing retinal vasculature. A) 

Laminin γ1 (cyan) and IB4 (green) staining reveals that laminin γ1 is expressed 

equally in all compartments at P3. This pattern continues through P5 (B). C) At 

P10, laminin γ1 is expressed more heavily in arteries than the other vascular 

compartments. D) At P20, laminin γ1 is expressed only in the larger vessels 

(veins and arteries). At each age, the mean fluorescence intensity, as measured 

across several vessels for each vascular compartment, is divided into the mean 

fluorescence intensity of the highest expressing vessel (triangle) to get a ratio. 

This ratio is multiplied by 100 and presented as a percentage. RMZ, remodeling 

zone; NP, nascent plexus; VF, vascular front; SC, superficial capillaries; DVP, 

deep vascular plexus. N = 3 for all ages. * indicates P-value <0.05. Scale bar = 

32 µm. 

 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 



Figure 2.9: Laminin γ3 expression in the developing retinal vasculature. A) 

Laminin γ3 (green) and CD31 (red) staining reveals that laminin γ3 is expressed 

in the remodeling zone and nascent plexus equally at P3. N = 3 B) Laminin γ3 is 

exclusively expressed in veins and arteries at P5. N = 4 C) At P10, laminin γ3 is 

expressed equally in veins, arteries, and the deep vascular plexus. It appears 

present in the superficial capillaries, although it is too lowly expressed to quantify. 

N = 3 D) By P20, laminin γ3 expression is highest in the deeper capillary layers 

(the intermediate and deep vascular plexuses) and veins, with less expression in 

the arteries and superficial capillaries. N = 4. At each age, the mean fluorescence 

intensity, as measured across several vessels for each vascular compartment, is 

divided into the mean fluorescence intensity of the highest expressing vessel 

(triangle) to get a ratio. This ratio is multiplied by 100 and presented as a 

percentage. RMZ, remodeling zone; NP, nascent plexus; SC, superficial 

capillaries; DVP, deep vascular plexus; IVP, intermediate vascular plexus. * 

indicates P-value <0.05. Scale bar = 32 µm. 

 
 
 
 



 
 
 
 
 
 
 
 
 
 



Figure 2.10: Summary of the expression patterns of laminin chains in the 

retinal vasculature at P20. A) Template used for each illustration; left side 

represents veins (blue), right side represents arteries (red), middle represents 

capillaries (blue to red gradient). Brightness of green represents relative amount 

of each laminin chain found in each vascular compartment. B) The laminin α5 

and β2 chains are heavily expressed in arteries, with less expression in veins 

and capillaries. C) The laminin α2 and γ3 chains are heavily expressed in veins 

and capillaries, with little expression in arteries. D) The laminin α4 and β1 chains 

are heavily expressed in all vascular compartments. 

 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 

 

 

 

 

 

 

 

 



Figure 2.11: Loss of the laminin β2 chain leads to reduced expression of 

the laminin several other laminin chains in the retinal vasculature. A) The 

loss of the laminin β2 chain leads to reduced expression of the laminin α5 chain 

throughout the entire retinal vasculature at P20. N = 3 B) This loss also leads to 

reduced laminin γ3 expression at P20, although the disruption is limited to the 

veins and capillaries. N = 3 C) Laminin α2 expression is also affected, although 

the disruption is limited to the veins and arteries. N = 3. DVP, deep vascular 

plexus; IVP, intermediate vascular plexus. * indicates P-value <0.05. Scale bar = 

32 µm. 

 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure 2.12: Loss of the laminin β2 chain leads to spatially specific 

increases in expression of other BM components. A) The deletion of the 

laminin β2 chain leads to increased expression of perlecan in the arteries. N = 3 

B) Conversely, this deletion leads to an increase in agrin expression specifically 

in the veins, although a patchy distribution is seen in arteries. N = 3 for both 

genotypes. DVP, deep vascular plexus; IVP, intermediate vascular plexus. * 

indicates P-value <0.05. Scale bar = 32 µm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

 

 

 

 

 

 

 



Figure 2.13: Neural derived β2-containing laminins are necessary for 

proper vascular BM organization and BRB function. A) The deletion of neural 

derived β2-containing laminins leads to no changes in laminin α5 and a vein-

specific decrease in laminin α2. N = 3 B) Recombination pattern of Dkk3-Cre in 

the retinal vasculature. Rosa reporter expressing TdTomato (red) under a Dkk3-

Cre promoter shows expression is found in astrocytes (PDGFRα; green). Top 

row illustrates a negative control; the retinal vasculature of a mouse with no Cre. 

Middle row illustrates the expression pattern of Dkk3-Cre within the retinal 

vasculature. Scale bar = 60µm. Bottom row illustrates a group of astrocytes in a 

Dkk3-Cre animal, showing that expression is found in astrocytes (arrowheads). * 

indicates P-value <0.05. Scale bar = 11µm. DVP, deep vascular plexus; IVP, 

intermediate vascular plexus. 

 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure 2.14: β2-containing laminins are necessary for proper water 

channeling in retinal vasculature. A) The deletion of the laminin β2-chain leads 

to a loss of Aquaporin 4 (AQP4; green) on the surface of retinal veins and 

arteries. AQP4 expression is not affected on the surface of retinal capillaries. N = 

3 B) There is a complete loss of AQP4 (green) on the vitreal side of superficial 

retinal vessels, although expression is still found in the inner limiting membrane 

of the Lamb2-/- retina. C) Another protein found at glial endfeet, Kir4.1 (green) is 

not affected by the deletion of the laminin β2-chain, demonstrating that the loss 

of AQP4 is not due to a detachment of glial endfeet on the vasculature. N = 3. 

Scale bar = 32 µm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure 2.15: Suggested laminins in the retinal vasculature at P20. Veins are 

depicted on the left in blue, capillaries in the middle in a purple gradient, and 

arteries on the right in red. When laminin β2 is deleted, laminin α4 and laminin α5 

persist in all compartments, suggesting the presence of laminin 411 and 511. 

Furthermore, the fact that laminin α4 is not decreased in any compartments 

suggests that there is very little, if any α4, β2 containing laminins (421 and 423). 

Because laminin 423 is likely not found in the vasculature, the fact that there is a 

loss of laminin γ3 in veins and capillaries in Lamb2-/- mice suggests the presence 

of laminin 523 in these compartments. Furthermore, because laminin γ3 persists 

in all vascular compartments following the deletion of laminin β2, it is likely that 

laminin 213 is found throughout the vasculature. Laminin α5 is decreased in 

Lamb2-/- arteries, suggesting the presence of laminin 521 here, as laminin γ3 was 

not decreased in arteries, thus ruling out the presence of laminin 523. Finally, the 

loss of laminin α2 in veins and arteries following the deletion of Lamb2 suggests 

the presence of laminin 221 in these compartments. Laminins that have not been 

previously shown to be in the CNS vasculature are in yellow. Laminins already 

confirmed to be in the CNS vasculature are in white. 

 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplemental Figure 2.1: Targeting construct for Lamb2-floxed mouse. Exons 

3-5 are flanked by LoxP sequences which are deleted via Cre-recombinase 

promoter. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplemental Figure 2.2: Astrocytes (PDGFRα; red) express the laminin α5- 

(top row; green) and laminin β2-chains (bottom row; green) at P5. Astrocytes 

expressing laminin chains is marked by arrowheads. The vascular front is 

marked by dotted lines. Scale bar = 32 µm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplemental Figure 2.3: Loss of the laminin β2 chain does not affect the 

expression of all laminin chains in the retinal vasculature at P20. N = 3 A) The 

disruption of the laminin β2 does not affect the amount of laminin α4 on the blood 

vessels, although there appears to be ectopic laminin α4 expression in the 

surrounding area. The loss of the laminin β2 chain leads to no changes in laminin 

β1 (B) (N = 3) or laminin γ1 (C) (N = 3) expression. DVP, deep vascular plexus; 

IVP, intermediate vascular plexus. Scale bar = 32 µm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplemental Figure 2.4: Loss of the laminin β2 chain does not affect the 

expression of nidogen (A) (N = 3), collagen IV (B) (N = 3), or fibronectin (C) (N = 

3) in the retinal vasculature at P20. DVP, deep vascular plexus; IVP, intermediate 

vascular plexus. Scale bar = 32 µm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplemental Figure 2.5: The loss of endothelial derived β2-containing laminins 

leads to no changes in the expression of laminin α2 (red) or laminin α5 (cyan) in 

the retinal vasculature. N = 3. SC, superficial capillaries; DVP, deep vascular 

plexus; IVP, intermediate vascular plexus. Scale bar = 32 µm. 
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3.1 Abstract 

Proper arteriovenous morphogenesis is crucial for maintaining normal tissue 

perfusion. However, our understanding of how arterial morphogenesis is 

regulated in the CNS is incomplete. In this study, we asked whether vascular 

basement membrane (BM) laminins, specifically the γ3-containing isoforms, 

regulate retinal arterial morphogenesis. We provide evidence that laminin-γ3 is 

deposited at both arterial and venous BMs during arteriogenesis. Vascular BM 

laminin-γ3 bound dystroglycan (DG), a laminin receptor preferentially expressed 

by arterial endothelial cells (ECs) during arteriogenesis. Blockade of laminin–DG 

binding in vitro led to decreased Delta-like ligand (DLL)-4 expression in ECs. 

Moreover, genetic deletion of the laminin-γ3- and EC-specific deletion of DG led 

to similar defects in retinal arteriogenesis, including reduced Dll4 expression, 

hyperbranching and reduced smooth muscle coverage. These results implicate a 

newly identified laminin-γ3–DG signaling cascade that regulates arterial 

Dll4/Notch signaling to specify and stabilize retinal arteries. 

 

 

 

 

 

 

 

 



3.2 Introduction 

 Although several studies focused on the developmental mechanisms of 

arteriogenesis in the trunk, a detailed understanding of how arteriogenesis is 

regulated in the CNS is incomplete. The retina is an ideal model to address this 

question as the planar patterning of retinal vessels can be easily visualized both 

in vivo and ex vivo. In the murine retina, the superficial vasculature forms over 

the retinal surface between postnatal day 1 (P1) and P8. Eventually, 2 other 

plexuses form in the deeper layers: at the outer plexiform layer and then at the 

inner plexiform layer, completing retinal vascular development by P21 (Stahl et 

al., 2010). 

 Our prior works have shown that astrocytes and microglia regulate retinal 

vascular expansion and branching in response to the extracellular cue 

(Gnanaguru et al., 2013) (Biswas et al., 2017). One unresolved question is how 

retinal arteriovenous morphogenesis is regulated. During the initial phase of 

retinal angiogenesis, all endothelial cells (ECs) exhibit venous signatures. 

Distinct molecular signatures for arterial ECs are not apparent until P3–4 

(Uemura et al., 2006) (Crist et al., 2017). At this time, arteries arise from 

immediately behind the nascent plexus toward the optic nerve head, maturing in 

a spatiotemporal gradient. The mechanisms underlying this shift from venous to 

arterial signature is poorly understood. 

 Arteriogenesis involves a series of developmental steps including adoption 

of arterial identity by ECs, mural cell recruitment, arterial elongation, and 



establishment of an arterial branching pattern (Simons & Eichmann, 2015). One 

study, outside of the CNS, suggested that Delta-like ligand (Dll)-4/Notch signaling 

regulates arterial identity (Duarte et al., 2004). Arterial ECs express Dll4, which 

activates the Notch pathway. Downstream of Dll4/Notch signaling, arterial ECs 

express Ephrin-B2 (Aitsebaomo et al., 2008). Dll4/Notch signaling is also 

involved in establishing the arterial branching pattern (Cristofaro et al., 2013). 

However, how Dll4 expression is regulated in retinal arteries is not understood 

completely. According to the conventional model, VEGF signals through VEGF 

receptor (VEGFR)-2 to induce Dll4 expression in arterial ECs (Liu et al., 2003). 

However, 2 studies reported that retinal arteries 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 sole 

regulator of arterial Dll4 expression in the retina. 

 Laminin, a basement membrane (BM) component, has been implicated in 

several key processes during vascular development. Laminins are heterotrimeric 

glycoproteins made of α-, β-, and γ-chains. Five α-, 3 β- and 3 γ-chains have 

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 (DG). CNS ECs 

express several integrins, as well as DG (Baeten & Akassoglou, 2011). A recent 

report demonstrated that laminin–integrin signaling could directly induce Dll4 

expression in endothelial tip cells (Stenzel et al., 2011). 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. 

Moreover, it is unknown whether signaling though other laminin receptors, such 

as DG, can induce endothelial Dll4 expression. 

 We have reported that γ3-laminins are expressed in the retinal vascular 

BM (Gnanaguru et al., 2013) (Li et al., 2012). Laminin-γ3–null retinae exhibit a 

hyperbranched and hyperproliferative superficial vasculature (Gnanaguru et al., 

2013) (Biswas et al., 2017) which phenocopies Dll4+/− vasculature (Lobov et al., 

2007) (Hellstrom et al., 2007). Based on these observations, we asked whether 

the loss of laminin-γ3 chain affects arterial Dll4/Notch signaling and 

arteriogenesis in the retina. 

 In this study, we demonstrate that γ3-laminins are deposited in both 

arterial and venous BMs during retinal vascular development and that they bind 

DG. Arterial ECs heavily express DG during retinal arteriogenesis, with little 

expression in venous ECs. Genetic deletion of either the laminin-γ3 chain 

(Lamc3−/−) or EC-specific deletion of the DG gene (Dag1ΔEC) leads to similar 

retinal arterial dysgenesis, including hyperbranching and reduced smooth muscle 

coverage. Arterial Dll4 expression is down-regulated in Lamc3−/− and Dag1ΔEC 

retinae, suggesting a regulatory role of laminin γ3–DG signaling in arterial Dll4 

expression. Finally, in vitro blockade of laminin–DG binding also leads to reduced 

DLL4 expression in aortic ECs. These results provide the first description of a 

novel pathway where γ3-laminins signal through DG to regulate retinal 

arteriogenesis by inducing Dll4/Notch signaling in arterial ECs. 

 



3.3 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 (SUNY), 

Upstate Medical University. Targeted deletion of the laminin γ3-gene (Lamc3) 

has been previously described (Li et al., 2012) (Pinzon-Duarte et al., 2010). The 

laminin-γ3–null mouse line was backcrossed over 9 generations to C57bl/6J. To 

generate EC-specific DG (Dag1)–knockout 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, USA). Tie2-Cre.Dag1fl/+ breeders gave birth to pups 

in the Mendelian ratio. Littermate WT (Tie2-Cre.Dag1+/+) and EC-specific Dag1 

knockout (Tie2-Cre.Dag1fl/fl or Dag1ΔEC) mice were used for the experiments. 

Generation of protein O-mannose β-1,2-N-acetylglucosaminyltransferase 

(POMGnT1)–deficient mice was described by Liu et al. (Liu et al., 2006). 

Littermate WT, POMGnT1+/−, and POMGnT1−/− mice were used for experiments. 

 

Immunohistochemistry: 

 To prepare retinal flat mounts, eyes were fixed in paraformaldehyde (4% 

PFA in 1× PBS) for 10 min, unless otherwise specified. Retinae were then 

dissected, flat mounted, and treated with absolute methanol at −20°C for 10 min. 

For laminin-γ3, Ephrin-B2, and α-DG immunostaining, eyes were fixed in 2% 



PFA for 5 min. To label laminin in vitro, cells were fixed in absolute methanol at 

−20°C for 10 min. After 1× PBS washes, samples were incubated overnight at 

4°C in blocking buffer (5% goat or donkey serum, 0.3% Triton X-100 in 1× PBS). 

Samples were incubated with primary antibodies in antibody-diluting solution (5% 

goat or donkey serum; 0.01% Triton X-100 in 1× PBS) for 48 h at 4°C, washed, 

and incubated with secondary antibodies for 24 h. For radial section staining for 

VEGF, fresh-frozen eyes in optimal cutting temperature compound were 

sectioned at a thickness of 16 μm. For radial section staining for pVEGFR2, eyes 

were fixed in 4% PFA for 10 min at 4°C, washed in 1× PBS, cryoprotected in 

20% sucrose for 1 h, embedded in optimal cutting temperature compound 

(Tissue-Tek; Sakura Finetek, Torrance, CA, USA), and sectioned at a thickness 

of 16 μm. After absolute methanol fixation for 10 min at −20°C, sections were 

blocked for 2 h at room temperature followed by primary antibody incubation 

overnight at 4°C. Following 1× PBS washes, sections were incubated with 

secondary antibodies for 4 h at room temperature. Samples were imaged with an 

Orca-R2 camera (Hamamatsu Ltd., Hamamatsu City, Japan) mounted on an 

Eclipse Ni-U microscope (Nikon, Tokyo, Japan). The Volocity software package 

(v.6.3; Quorum, Puslinch, ON, Canada) was used to acquire, process, and 

analyze images. 

 

Antibodies: 

 Primary antibodies used were rat anti-PDGF receptor (PDGFR)-α (1:500) 

and rat anti-CD31 (1:250) BD Biosciences, San Jose, CA, USA); rabbit anti-γ3-



laminin (R96) [specificity reported by Li et al. (Li et al., 2012); 1:10000]; mouse 

anti-γ-tubulin (1:10,000), rabbit anti-collagen IV (1:200), FITC-conjugated mouse 

anti-α-smooth muscle actin (1: 500) (α-SMA), mouse anti-α-DG (VIA4-1, 1:100), 

goat anti-Ephrin-B2 (1:100), rabbit anti-VEGFA (1:1000), rabbit anti-pan laminin 

(1: 500), and FITC-conjugated isolectin B4 (IB4, 1:250) (MilliporeSigma, 

Burlington, MA, USA); goat anti-Dll4 (1:200) and goat anti-EphB4 (1:100) (R&D 

Systems, Minneapolis, MN, USA); rabbit anti-phospho-VEGFR2Tyr1175 (1:1000, 

for immunoblot analysis; Cell Signaling Technology, Danvers, MA, USA); rabbit 

anti-phospho-VEGFR2Tyr1175 (1:100, for immunohistochemistry; Abcam, 

Cambridge, MA, USA); mouse anti-α-DG (IIH6; 1:1000. a gift from Kevin P. 

Campbell, University of Iowa, Iowa City, IA, USA); rabbit anti-β-DG (JAF; 1:250; 

a gift from Dominique Mornet, Université de Montpellier, Montpellier, France); 

goat anti-Brn3 (1:250; Santa Cruz Biotechnology, Dallas, TX, USA); rat anti-

F4/80 (1:250; Thermo Fisher Scientific); and rabbit anti-GFAP (1:500; Chemicon, 

Billerica, MA, USA). 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 (1:250; Thermo Fisher Scientific). 

Secondary antibodies used for immunoblot analysis were donkey anti-mouse 

800CW and donkey anti-rabbit 680RD (1:10,000; Li-Cor Biosciences, Lincoln, 

NE, USA). 

 

Laminin overlay: 



 P5 brains were dissolved in lysis buffer [150 mM NaCl2, 1% Triton X-100, 

0.5% sodium deoxycholate, 0.1% SDS, and 50 mM Tris (pH 8.0)] containing 

EDTA-free 1× protease inhibitor cocktail (Thermo Fisher Scientific), incubated 

with wheat germ agglutinin (WGA) beads (A-2101-5; EY Laboratories, San 

Mateo, CA, USA) overnight at 4°C and centrifuged at 1000 rpm for 5 min. The 

beads were washed in the lysis buffer followed by elution of bound glycoproteins 

in the loading buffer [2× Laemmli sample buffer: 65.8 mM Tris-HCl (pH 6.8), 

26.3% glycerol, 2.1% SDS, and 0.01% bromophenol blue with 5% 2-ME] at 90°C 

for 5 min. The samples were centrifuged and the supernatant run through 12% 

SDS polyacrylamide gels, and transferred to PVDF membranes. The membranes 

were blocked in Odyssey blocking buffer (Li-Cor Biosciences) and incubated with 

either wild-type (WT; contains γ3-laminin) or Lamc3−/− brain lysate overnight at 

4°C. Henceforth, all washing buffers contained 1 mM CaCl2 and 1 mM MgCl2. 

Upon incubation overnight, membranes were washed and probed for specific 

proteins. 

 

Primary EC culture: 

 We obtained primary human aortic ECs (HAECs) from Sciencell Research 

Laboratories (Carlsbad, CA, USA). The cells were resuspended in EC medium 

(Sciencell Research Laboratories), containing 5% fetal bovine serum (FBS), 1% 

EC growth supplement (Sciencell Research Laboratories), and 1% 

penicillin/streptomycin solution (penicillin: 10,000 IU/ml; streptomycin: 10,000 

μg/ml). For DG-function–blocking experiments on cell-derived matrix, HAECs 



were grown on glass coverslips (12 mm) for 3 d in the EC medium. Next, either 

only FBS or FBS with DG-function–blocking antibody (IIH6) or heat-killed IIH6 

was added to the medium. HAECs were gown for 1 more day, followed by either 

staining or real-time quantitative PCR (qPCR). 

 

Immunoblot analysis: 

 For each experiment, 8 retinae per genotype were lysed together in 100 μl 

lysis buffer containing EDTA-free 1× protease inhibitor cocktail. Samples were 

centrifuged, and the supernatant was diluted in the loading buffer (1:1) and boiled 

for 5 min. The samples were run through 6% SDS-polyacrylamide gels, 

transferred to PVDF membranes, and probed for target proteins. Membranes 

were imaged with Odyssey CLx (Li-Cor Biosciences) and analyzed with Image 

Studio (v.3.1; Li-Cor Biosciences). 

 

qPCR: 

 Primer specificity was confirmed with the Primer-Blast tool (National 

Center for Biotechnology Information, Bethesda, MD, USA). Total RNA was 

isolated with Trizol (Thermo Fisher Scientific), according to the manufacturer’s 

instructions. One microgram of total RNA was converted into cDNA with the 

Verso cDNA Kit (Thermo Fisher Scientific). Real-time PCR was performed on an 

ABI 7900 system (Thermo Fisher Scientific). All data were normalized to the 

expression of 18S or GAPDH RNA, and the fold change was calculated with the 

ΔCt-method with the expression level in WT animals or heat-killed IIH6-treated 



controls set at 1. The following primers were used: Hes1: forward 5′-

TCAACACGACACCGGACAAAC-3′ and reverse 5′-

ATGCCGGGAGCTATCTTTCTT-3′; Hes5: forward 5′-

AGTCCCAAGGAGAAAAACCGA-3′ and reverse 5′-

GCTGTGTTTCAGGTAGCTGAC-3′; DLL4: forward 5′-

TGCAACTGCCCTTATGGCTTTGTG-3′ and reverse 5′-

ACAAGTTGTTCATGGCTTCCCTGC-3′; 18S rRNA: forward 5′-

GTAACCCGTTGAACCCCATT-3′, and reverse 5′-

CCATCCAATCGGTAGTAGCG-3′; and GAPDH: forward 5′-

GGACCTGACCTGCCGTCTAGAA-3′ and reverse 5′-

GGTGTCGCTGTTGAAGTCAGAG-3′. 

 

Measurements and statistics: 

 All measurements, unless otherwise specified, were performed with 

Volocity software. Data were not segregated based on sex. Each measurement 

was made in at least 3 quadrants of the retina and averaged. To assess arterial 

smooth muscle coverage, we measured lengths of arteries from the optic nerve 

head to the most distal point of arterial α-SMA immunoreactivity and calculated 

the ratio of α-SMA+arterial length to the vascular migration distance. We 

expressed this ratio as the percentage of arterial length covered with smooth 

muscle. To measure arterial expression of Dll4 and DG, individual arteries were 

selected from an image, and relative fluorescence intensity ratios (normalized to 

CD31 fluorescence intensity) were calculated with histogram analysis in ImageJ 



software (National Institutes of Health, Bethesda, MD, USA). To measure the 

relative expression of γ3-laminin, β-DG, and Dll4 between arteries and veins in 

WT retinae, the fluorescence intensities were calculated for each field. For β-DG 

and Dll4 measurements, the fluorescence intensities in veins were normalized to 

that of arteries within the same sample. For γ3-laminin measurements, the 

fluorescence intensities in arteries were normalized to that of veins within the 

same sample. To calculate pVEGFR2 expression in ECs, fluorescence 

intensities were measured in areas defined by CD31 staining in radial sections. 

To measure the endothelial expression level of DLL4 in vitro, we calculated 

relative fluorescence intensities (normalized to IB4 fluorescence intensity) from 

each field with ImageJ software. 

 

Statistical analysis: 

 Samples from at least 3 different animals (for in vivo experiments) and 3 

separate experiments (for in vitro experiments) were used for statistical analysis. 

To test for statistical significance of any differences, a 2-tailed, unpaired 

Student’s t test was performed. A value of P < 0.05 was considered statistically 

significant. 

 

3.4 Results 

Arterial Dll4/Notch signaling is affected in the Lamc3−/− retina 



 By P5, the vascular front reached more than halfway along the WT retinal 

surface, and all 3 distinct angiogenic zones were seen (Fig. 1A). Dll4 expression 

was relatively high in endothelial tip cells. Dll4 expression was relatively low in 

the nascent plexus. The Dll4 expression pattern became artery specific in the 

remodeling zone as the arteries matured from behind the nascent plexus toward 

the optic nerve head (Fig. 1A and Supplemental Fig. S1A). Importantly, Dll4 was 

not expressed in the emerging venous ECs. By P12, the vascular front reached 

the retinal periphery, and the nascent plexus nearly completely remodeled into 

adult superficial vasculature, where arteries and veins were identifiable from the 

optic nerve head to the retinal periphery (Fig. 1B). The artery-specific expression 

pattern of Dll4 was retained in this adult superficial vasculature (Fig. 1B and 

Supplemental Fig. S1A). The artery-specific expression of Dll4 is consistent with 

the critical role that the Dll4/Notch pathway plays in arteriogenesis (Duarte et al., 

2004) (Cristofaro et al., 2013). 

 Next, we asked whether Dll4 expression is affected in the Lamc3−/− retinal 

vasculature. Dll4 immunoreactivity in tip cells was not affected (Supplemental 

Fig. S1B, C), but arterial Dll4 immunoreactivity was significantly reduced in the 

Lamc3−/− retina (Fig. 1C, D). Consistent with reduced Dll4 expression, mRNA 

expression of the Dll4/Notch target genes Hes1 and Hes5 (Kitagawa et al., 2013) 

was significantly reduced in the Lamc3−/− retina (Fig. 1E). The expression of the 

arterial marker Ephrin-B2, which is downstream of Dll4/Notch signaling 

(Aitsebaomo et al., 2008), was also disrupted in the Lamc3−/− retina, with areas 

of arteries devoid of Ephrin-B2 expression (Fig. 1F, G). In contrast, venous 



expression of EphB4 in the Lamc3−/− retina was similar to that in the WT (data 

not shown). These results suggest that the loss of laminin-γ3 chain specifically 

leads to a disruption in Dll4/Notch signaling in arterial ECs. 

 

Arterial morphogenesis is disrupted in the Lamc3−/− retina 

 Next, we assayed several arterial morphologic parameters in the Lamc3−/− 

retina. Arteries and veins in both WT and Lamc3−/− retinae were distinguished 

morphologically, with arteries having smaller diameter and fewer branches than 

veins. Lamc3−/− retinal arteries were significantly hyperbranched compared to WT 

at P5 (Fig. 2A, B), a phenotype that persisted even after retinal arteries were fully 

specified and the arterial branching pattern was established (P12). Periarterial 

vascular pruning, visualized as empty collagen IV sheaths (Lobov et al., 2011), 

was significantly less extensive in the Lamc3−/− retina than in the WT (Fig. 2C, 

D). Finally, smooth muscle coverage (i.e., the length of arterial wall with vascular 

smooth muscle cells) was significantly less extensive in the Lamc3−/− retina than 

in the WT (Fig. 2E, F). In contrast, pericyte coverage was not affected in the 

Lamc3−/− retina (Supplemental Fig. S2). These results suggest that artery-

specific patterning (i.e., branching and mural cell coverage) is disrupted by the 

loss of laminin-γ3 chain, whereas generalized mural assembly (pericyte 

attachment) is not affected. 

 Next, we asked how γ3-laminins regulate arterial Dll4 expression. The 

conventional model postulates that VEGFA/VEGFR2 signaling induces Dll4 

expression in ECs (Liu et al., 2003). Astrocytes are the main cellular source of 



VEGFA, which guides the retinal superficial vasculature (Gerhardt et al., 2003). 

No change in VEGFA protein level, as measured by either immunoreactivity or 

quantitative immunoblot analysis was seen between WT and Lamc3−/− retinae 

(Supplemental Fig. S3A, B). Furthermore, there was no difference between WT 

and Lamc3−/− in the total retinal activated (phosphorylated) VEGF receptor 2 

(pVEGFR2Tyr1175) levels (Supplemental Fig. S3C) or pVEGFR2Tyr1175 

immunoreactivity, specifically in ECs (Supplemental Fig. S3D). These data 

suggest that the down-regulation of Dll4 expression in Lamc3−/− retinal arterial 

ECs is independent of VEGF signaling. 

 

DG is preferentially expressed in arterial ECs during retinal arteriogenesis 

 Next, we asked whether γ3-laminins could directly induce arterial Dll4 

expression. At P5, γ3-laminins were absent around the endothelial tip cells, but 

were present in the proximal stalk cell BM (Supplemental Fig. S4A). In the 

nascent plexus, γ3-laminins were restricted to vascular branch points 

(Gnanaguru et al., 2013). In the developmentally older remodeling zone, γ3-

laminins were found on microvessels, as well as in emerging arterial and venous 

BMs, a pattern that was retained through P7 (Fig. 3A). By P12, the nascent 

plexus had nearly completely remodeled into mature vasculature where retinal 

arteries and veins were fully specified, and their morphology was established. 

Laminin-γ3 immunoreactivity was drastically reduced in the arterial BM at this 

time, whereas it persisted in the venous and microvascular BMs (Fig. 3B). 



 Because γ3-laminins are present in both arterial and venous BMs during 

retinal arteriogenesis, we hypothesized that the γ3-laminin receptor that 

regulates arterial Dll4 expression would logically have exclusive or significantly 

higher expression in arterial ECs. To test this hypothesis, we assessed the 

expression of laminin receptors in the developing vasculature. Ido et al. (Ido et 

al., 2008) reported that γ3-laminins do not bind integrins. Thus, we examined 

whether they may signal via DG, another laminin receptor (Liu et al., 2006). 

 At P5, there was little DG expression at the vascular front and the nascent 

plexus (Supplemental Fig. S4B). In contrast, DG expression was high in the 

remodeling zone in the endothelium associated with the emerging arteries (Fig. 

4A, B). There was little DG expression in the endothelium associated with the 

emerging veins, and this pattern was retained through P7. At P12, when retinal 

arteries and veins are fully specified and their morphology is established, DG 

expression remained significantly higher in arterial ECs than in venous ECs. 

Thus, this spatial segregation of DG expression to the arterial side of the 

superficial vasculature is maintained throughout the vascular maturation. 

 Logically, if DG is an important receptor for laminin-γ3–mediated signaling, 

its expression should be altered in the in the Lamc3−/− retina, as laminins are 

known to induce their own receptor expression (Gnanaguru et al., 2013) (Condic 

& Letourneau, 1997). Expressions of both β- and α-DG were significantly down-

regulated in P5 Lamc3−/− retinal arterial ECs compared to the WT (Fig. 4D–F). 

These results are consistent with our hypothesis that DG functions as a γ3-

laminin receptor in arterial ECs. 



 

DG-mediated signaling induces endothelial Dll4 expression 

 To establish whether γ3-laminins indeed bind DG, we isolated 

glycosylated proteins from the WT brain lysate with WGA beads. We confirmed 

that the WGA pulled-down fraction from the WT brain lysate contained 

glycosylated α- (ligand binding subunit) and β-DG (Fig. 5A). Next, we transferred 

the WGA pulled-down fraction from the WT brain to membranes and incubated 

the membranes with either WT or Lamc3−/− brain lysate and probed for laminin-

γ3. Indeed, γ3-laminins from the WT brain lysate bound to the same region on 

the membrane as the glycosylated α-DG. As expected, the γ3 band was not 

detected in the membrane incubated with Lamc3−/− brain lysate. These results 

support our hypothesis that γ3-laminins form a complex with the glycosylated α-

DG. 

 To further confirm whether γ3-laminins form a complex with α-DG, we 

performed a WGA pull-down assay from the brain lysate of POMGnT1−/− mice 

(Fig. 5B). These animals have disrupted α-DG glycosylation, resulting in deficient 

laminin binding (Liu et al., 2006). Indeed, the α-DG band migrated faster, 

consistent with an apparent lower molecular mass because of hypoglycosylation, 

in the WGA pulled-down fraction from the POMGnT1−/− brain, similar to a 

previous report (Yu et al., 2013). When we incubated the membrane containing 

the WGA pulled-down fraction from the POMGnT1−/− brain with WT brain lysate, 

we did not observe any γ3-laminin band (Fig. 5B). These data demonstrate that 

γ3-laminins do not form a complex with any proteins in the WGA pulled-down 



fraction from the POMGnT1−/− brain, supporting the hypothesis that DG is a 

potential receptor for γ3-laminins. 

 These results, combined with the other data reported, are consistent with 

the hypothesis that γ3-laminins signal via DG in arterial ECs to induce Dll4 

expression. To test this hypothesis directly, we performed an in vitro assay in 

primary HAECs, adopting a strategy to reduce DG signaling with function-

blocking antibody. Using this approach, we assayed endothelial DLL4 

expression. HAECs in culture produce a laminin-rich matrix (Fig. 5C), which 

includes γ3-laminins (Fig. 5D). We grew HAECs on the glass coverslips for 3 d. 

Next, we added either only FBS or combined FBS with a DG function-blocking 

antibody (IIH6) or heat-killed IIH6. We allowed HAECs to grow for 1 more day 

and assayed DLL4 expression (Fig. 5E, F). We used isolectin (I)-B4 to mark ECs. 

IB4 immunofluorescence in individual ECs did not alter between the 3 test groups 

(Fig. 5F, G). In contrast, when we blocked laminin–DG binding (IIH6 treatment), 

endothelial DLL4 immunofluorescence was significantly lowered compared to 

both FBS and heat-killed IIH6-treated controls (Fig. 5F, H). Consistent with 

reduced DLL4 immunofluorescence, DLL4 mRNA expression level was 

significantly reduced in IIH6-treated HAECs (Fig. 5I). These results suggest that 

DG-mediated signaling induces Dll4 expression in ECs. 

 

EC-specific deletion of the DG gene replicates the Lamc3−/− arterial 

phenotype 



 We next asked whether the disruption of DG-mediated signaling in vivo 

would have the same effect on arterial Dll4 expression. First, we examined a 

mouse model where DG’s ligand binding ability is disrupted because of the 

deletion of the POMGnT1 gene (Liu et al., 2006). Superficial vascular expansion 

along the retinal surface was severely inhibited in POMGnT1−/− mice, along with 

the persistence of hyaloid vessels (Supplemental Fig. S5). Therefore, an analysis 

of arterial morphology was impossible in these mutant retinae. 

 As an alternative, we deleted Dag1 specifically from ECs (Dag1ΔEC) by 

crossing Tie2-Cre mice with Dag1-floxed mice (Supplemental Fig. S6A) and 

assayed the consequent arterial phenotype. We confirmed genotypes by PCR 

(Supplemental Fig. S6B) and loss of DG expression in ECs by 

immunohistochemistry (Supplemental Fig. S6C). The residual DG 

immunoreactivity in Dag1ΔEC arteries was likely from astrocyte endfeet 

(Supplemental Fig. S6C), which are known to express DG (Sixt et al., 2001). We 

also examined 3 major nonendothelial cell types that influence retinal 

angiogenesis: ganglion cells, microglia, and astrocytes. None of these cell types 

exhibited abnormal distribution in the Dag1ΔEC retina (Supplemental Fig. S6D). 

 As in the Lamc3−/− retina, Dag1ΔEC retinae exhibited significantly 

increased arterial branching compared to the littermate controls (Fig. 6A, B). 

Moreover, the extent of arterial smooth muscle coverage was significantly 

reduced in Dag1ΔEC retinae compared to the littermate controls (Fig. 6C, D). 

Finally, arterial Dll4 expression was significantly down-regulated in Dag1ΔEC 

retinae (Fig. 6E, F), phenocopying Lamc3−/− arterial Dll4 expression. These data 



strongly support our hypothesis that laminin γ3–DG signaling regulates retinal 

arteriogenesis by inducing Dll4/Notch signaling in arterial ECs. 

 

 

 

3.5 Discussion 

VEGF/VEGFR2 and laminin γ3–DG signaling cooperate to induce arterial 

Dll4 expression 

 The CNS, including the retina, vascularizes primarily by sprouting new 

blood vessels (Saint-Geniez & D’Amore, 2004). All ECs in retinal sprouts initially 

display venous character. Distinct morphologic and molecular identities of retinal 

arteries are not apparent until P3–4 (Uemura et al., 2006) (Crist et al., 2017). The 

mechanisms underlying this shift from venous to arterial identity during retinal 

angiogenesis are still poorly understood. Moreover, 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 & Wise, 1974) (Reck et al., 2005). 

 The Dll4/Notch pathway has been shown to be crucial for arterial 

specification (Duarte et al., 2004), branching (Cristofaro et al., 2013), and 

vascular pruning (Lobov et al., 2011). However, the molecular mechanisms that 

regulate arterial Dll4 expression are not completely understood. VEGF can 

induce arterial Dll4 expression (Liu et al., 2003). However, Pan et al. (Pan et al., 



2007) reported that retinal arteries formed in mice, despite treatment with anti-

VEGF or anti-Nrp1 (VEGFR2 coreceptor) antibodies. Benedito et al. (Benedito et 

al., 2012) reported that retinal arteries still formed in mice where VEGFR2 was 

inducibly deleted in ECs. Even in mice that selectively expressed either VEGF 

isoform-188 or -120, retinal arteries formed, although their development was 

delayed and their number was reduced (Stalmans et al., 2002). These 

observations suggest that arterial Dll4 expression, and subsequent 

arteriogenesis, are regulated by yet another mechanism in concert with VEGF-

mediated signaling. 

 BM laminin-411 has been shown to directly induce Dll4 expression in 

endothelial tip cells via integrin-mediated signaling (Stenzel et al., 2011). 

However, there is no evidence to date that BM laminins regulate Dll4 expression 

in ECs during arteriogenesis. Moreover, it is unknown whether other laminin 

receptors, such as DG, can induce endothelial Dll4 expression. 

 Our laboratory identified the laminin-γ3 chain as a component of unique 

laminin isoforms in the CNS, heavily deposited in the vascular BM (Gnanaguru et 

al., 2013) (Li et al., 2012) (Libby et al., 2000). During retinal angiogenesis, γ3-

laminins are not deposited around tip cells, but are deposited in the stalk cell BM. 

In the nascent plexus, γ3-laminins are restricted to the vascular branch points 

(Gnanaguru et al., 2013). In the remodeling zone, γ3-laminins are found on 

microvessels as well as emerging arterial and venous BMs. In contrast, γ3-

laminins are found only in venous and microvascular BMs in adult retinal vessels 



(Gnanaguru et al., 2013) (Li et al., 2012). This complex spatial and temporal 

regulation suggests an important functional role for γ3-laminins. 

 In this study, we found the first biochemical evidence that γ3-laminins bind 

DG. DG is not expressed at the vascular front during retinal angiogenesis. Thus, 

laminin-γ3–DG signaling does not take place there. Arterial ECs preferentially 

express high levels of DG in the remodeling zone, with little expression in the 

venous ECs. Thus, the arterial compartment is unique in its combined expression 

of both γ3-laminins and high levels of DG. Blocking DG-mediated signaling in 

vitro down-regulates endothelial Dll4 expression. Moreover, arterial Dll4 

expression is down-regulated in both Lamc3−/− and Dag1ΔEC retinae. These 

results strongly suggest a regulatory role for laminin-γ3–DG signaling in arterial 

Dll4 expression. However, it should be noted that arterial Dll4 expression is not 

completely abolished in Lamc3−/− and Dag1ΔEC retinae, suggesting that other 

regulatory pathways (such as VEGF/VEGFR2) still induce some Dll4 expression 

in these ECs. 

 

Laminin-γ3–DG signaling regulates arterial morphogenesis in the retina 

 Based on our results, we postulate that γ3-laminins signal through DG to 

induce arterial identity in those ECs that express both DG and γ3-laminins. 

Laminin-γ3–DG signaling induces Dll4 expression in arterial ECs, which in turn 

activates Notch signaling and leads to proper arterial specification and arterial 

morphogenesis. In contrast, venous ECs express little DG during this period. The 



absence of laminin γ3–DG signaling inhibits Dll4 expression in venous ECs (Fig. 

7A, B). 

 One question that remains to be elucidated is the molecular signaling 

downstream of laminin-γ3–DG binding. One potential pathway that can be 

activated by laminin-γ3–DG signaling is the extracellular signal–related kinase 

(ERK), also known as MAPK, which is one of the earliest arterial markers (Deng 

et al., 2013). β-DG acts as an adaptor for activated ERK-1, and activated ERK-1 

is specifically localized at the cell membrane–matrix interface (Spence et al., 

2004). Whether laminin-γ3–DG signaling induces endothelial Dll4 expression via 

activation of the ERK/MAPK signaling pathway remains to be tested. Another 

possible mechanism is that β-DG has a nuclear localization signal (Oppizzi et al., 

2008). Whether nuclear translocation of β-DG is facilitated by γ3-laminin binding 

and whether β-DG acts as a transcriptional regulator to induce Dll4 expression 

needs to be examined. 

 Supporting our model, Lamc3−/− and Dag1ΔEC retinae exhibit similar 

arterial dysgenesis, such as hyperbranching, which phenocopies Dll4+/− 

vasculature in the brain (Cristofaro et al., 2013), most likely caused by reduced 

periarterial vascular pruning. It should be noted that vascular defects in the 

Lamc3−/− retina are milder than those in the Dll4+/− retina (Lobov et al., 2007) 

(Hellstrom et al., 2007). The milder phenotype in the Lamc3−/− relative to the 

Dll4+/− mouse is perhaps best explained by the spatial expression of γ3-

containing laminins and DG, neither of which are present at the tip cells. 



 We observed a similar reduction in arterial smooth muscle coverage in 

Lamc3−/− and Dag1ΔEC retinae, phenocopying Eogt−/− retinae in which Dll4 

binding to Notch1 receptor is disrupted (Sawaguchi et al., 2017). The arterial 

dysgenesis, detectable in the Lamc3−/− retina as early as P5, persisted even after 

retinal arteries were fully specified and arterial morphology is established (P12). 

However, laminin-γ3 expression drastically decreases 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. A previous study showed that 

disrupting endothelial Notch signaling after P10 does not affect the arterial 

phenotype in the mouse retina, which supports our interpretation (Ehling et al., 

2013). 

 In summary, our study introduces a novel laminin–DG signaling–

dependent regulation of arteriogenesis in the retina, perhaps functioning in 

parallel to the VEGF signaling. Specifically, for the first time, we identified DG as 

a receptor for γ3-laminins. We propose that the spatiotemporal regulation of 

laminin γ3-DG signaling is important for proper arteriogenesis in the retina and 

perhaps throughout the CNS. 
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3.7 Figures and Figure Legends 

 

 

 

 

 

 



Figure 3.1: Arterial Dll4/Notch signaling is disrupted in the Lamc3−/− retina. 

A) CD31 (EC marker: red) and Dll4 (white) labeling demonstrated high Dll4 

expression in the tip cells (arrows) at the vascular front (P5). There was little Dll4 

expression in the nascent plexus and the Dll4 expression pattern became artery 

specific in the remodeling zone as arteries mature from behind the nascent 

plexus toward the optic nerve head (asterisk). B) The artery-specific expression 

pattern of Dll4 persists in the mature superficial vasculature (P12). C) Higher 

power images of CD31 (red) and Dll4 (white) labeling of arteries; arterial Dll4 

expression was down regulated in the Lamc3−/− retina. D) Dll4 

immunofluorescence was quantified relative to CD31 fluorescence, 

demonstrating a significant decline in P5 Lamc3−/− arteries (n = 3). E) mRNA 

expression of Notch target genes; Hes1 and Hes5 mRNA levels were down-

regulated in the Lamc3−/− retina (n = 3). F) CD31 (red) and Ephrin-B2 (green) 

labeling of arteries demonstrated that Lamc3−/− arterial regions completely lacked 

Ephrin-B2 expression (arrowheads). G) Quantification of arterial length 

immunopositive for Ephrin-B2 demonstrated significantly less extensive arterial 

Ephrin-B2 immunoreactivity in the Lamc3−/− retina (n = 2). A, artery; NS, not 

significant; V, vein. Scale bars: 160 μm (A, B), 16 μm (C), 32 μm (F). Data are 

means ± sem. **P < 0.02. 

 

 



 



Figure 3.2: Arterial morphogenesis is disrupted in the Lamc3−/− retina. A) 

CD31 (white) labeling demonstrates more primary arterial branches (arrows) in 

the Lamc3−/− retina. B) Arterial branching is quantified demonstrating a significant 

increase in the Lamc3−/− retinae (n = 3). C) CD31 (red) and collagen IV (green) 

labeling of arteries demonstrates less extensive vascular pruning around 

Lamc3−/− arteries. Arrows: empty collagen sheaths (collagen IV+/CD31−) 

demarking pruned vessels. D) Number and lengths of pruned vessels are 

quantified demonstrating a significant decrease around Lamc3−/− arteries (n = 3). 

E) CD31 (red) and α−SMA (green) marker labeling demonstrates less extensive 

vascular smooth muscle coverage of Lamc3−/− arteries. Dashed lines: 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). A, artery; V, vein. Scale bars: 32 

μm (A, C), 160 μm (E). Data are means ± sem. *P < 0.05, **P < 0.02. 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 



Figure 3.3: γ3-Laminin is deposited in both arterial and venous BMs during 

retinal arteriogenesis. A) CD31 (green) and γ3-laminin (white) labeling 

demonstrates that γ3-laminin was deposited in emerging arterial, venous, and 

microvascular BMs during retinal arteriogenesis (P5 and 7). Quantifications 

showed no difference in relative expression of γ3-laminin between arteries and 

veins at these time points (n = 3). B) In mature vessels (P12), γ3-laminins were 

present, mostly in venous and microvascular BMs. Quantifications showed a 

drastic decrease in relative expression of γ3-laminin in arteries at that time (n = 

3). A, artery; NS, not significant; V, vein. Scale bars: 60 μm, 2 left columns; 16 

μm, 2 right columns (A, B). Data are means ± sd. **P < 0.02. 

 

 

 



 

 

 

 

 



Figure 3.4: Preferential DG expression in arterial ECs during arteriogenesis. 

A) Labeling with CD31 (red) and β-DG (white) antibodies demonstrated little to 

no DG expression in the tip cells and the nascent plexus (P5 and 7). The DG 

expression pattern became artery specific in the remodeling zone as the artery 

matured. The preferentially arterial expression pattern of DG persisted in the 

mature superficial vasculature (P12). B) Quantifications showed significantly 

higher expression of DG in arteries than in veins at these time points (n = 3). C) 

Higher power images of CD31 (red) and β-DG (green) labeling of arteries. D) 

Arterial β-DG immunofluorescence was quantified relative to CD31 fluorescence, 

demonstrating a significant decline in P5 Lamc3−/− arteries (n = 3). E) Higher 

power images of CD31 (red) and α-DG (green) labeling of arteries. F) Arterial α-

DG immunofluorescence was quantified relative to CD31 fluorescence, 

demonstrating a significant decline in P5 Lamc3−/− arteries (n = 3). A, artery; V, 

vein. Scale bars: 160 μm, top; 60 μm, bottom (A, B); 16 μm (C, E). Data 

represent means ± sd (B); means ± sem (D, F). *P < 0.05, **P < 0.02. 

 



 

 

 

 

 

 

 

 



Figure 3.5: γ3-Laminins bind DG, and blocking ligand–DG binding down-

regulates endothelial Dll4 expression. A) Glycosylated proteins were pulled 

down with WGA beads from the WT brain. The pulled-down fraction contained α- 

(green) and β- (red) DG, whereas the remaining fraction after pull-down did not. 

The pulled-down fraction from the WT brain was transferred to PVDF 

membranes, followed by incubation with either WT or Lamc3−/− brain lysate. 

Laminin-γ3 in the WT brain lysate bound (red band) to the same position as α-

DG on the membrane. The laminin-γ3 band was absent (asterisk) on the 

membrane incubated with Lamc3−/− brain lysate. B) The α-DG (green) band in 

the WGA pulled-down fraction from the POMGnT1−/− brain was at a lower 

molecular mass, consistent with defective α-DG glycosylation. The pulled-down 

fraction from the POMGnT1−/− brain was transferred to a PVDF membrane, 

followed by incubation with WT brain lysate. The laminin γ3-band was absent 

(asterisks) on the membrane incubated with WT brain lysate. C) HAECs, grown 

on the glass coverslip for 4 d, were stained with anti-pan-laminin (green) antibody 

and DAPI (nuclear marker: blue). Top: secondary antibody-only control, middle 

panel: low magnification and bottom panel: higher magnification. D) HAECs, 

grown on the glass coverslip for 4 d, were stained with anti-laminin-γ3 (green) 

antibody and DAPI (blue). Top: secondary antibody-only control; middle: low 

magnification; and bottom: higher magnification images. HAECs made a laminin-

γ3–rich matrix in culture. E) The experimental design presented in (F–H). F) 

HAECs, grown on glass coverslips under the indicated conditions, were stained 

with IB4 (EC marker: green) and anti-Dll4 (red) antibody. The expression of DLL4 



was reduced in HAECs upon DG blocking (IIH6 treatment). G) Quantification of 

IB4 fluorescence in individual HAECs grown under the indicated conditions (n = 

3). IB4 fluorescence in individual endothelial cells is similar between 3 test 

groups. H) Quantification of DLL4 immunofluorescence relative to IB4 

fluorescence demonstrates significant reduction in IIH6 treated HAECs (n = 3). I) 

mRNA expression of DLL4; DLL4 mRNA was down-regulated in the IIH6-treated 

HAECs (n = 3). NS, not significant. Scale bars: 60 μm, top 2 rows; 16 μm, bottom 

row (C, D); 16 μm (F). The data are means ± sem. *P < 0.05, **P < 0.02. 

 

 



 

 

 

 

 

 

 



Figure 3.6: EC-specific deletion of DG gene reproduces Lamc3−/− retinal 

arterial phenotype. A) CD31 (green) labeling demonstrated more arterial 

branches (arrows) in the Dag1ΔEC retina at P5. B) Quantification of arterial 

branching demonstrated a significant increase in Dag1ΔEC retinae (n = 3). C) 

CD31 (red) and αSMA (green) labeling demonstrated less extensive vascular 

smooth muscle coverage of Dag1ΔEC arteries at P6. D) Quantification of the 

extent of arterial smooth muscle coverage, relative to vascular migration 

distance, demonstrated significant reduction in Dag1ΔEC arteries compared to the 

littermate WT control (n = 3). E) CD31 (red) and Dll4 (white) labeling of arteries 

demonstrated down-regulation of arterial Dll4 expression in the Lamc3−/− retina. 

F) Quantification of Dll4 immunofluorescence relative to CD31 fluorescence 

demonstrated a significant decline in P5 Dag1ΔEC arteries (n = 3). A, artery; V, 

vein. Scale bars: 60 μm (A), 160 μm (C), 16 μm (E). Data are means ± sem. *P < 

0.05, **P < 0.02. 

 

 

 

 

 



 

 

 



 

Figure 3.7: γ3-Laminin–DG signaling regulates retinal arterial 

morphogenesis. A) During retinal arteriogenesis (P5 and P7), γ3-laminins are 

present in both arterial and venous BMs. However, only arterial ECs express DG 

during this time, paralleling the artery-specific expression pattern of Dll4. By P12, 

retinal arteries are fully specified and arterial morphology is established. Although 

γ3-laminin expression in the arterial BM is drastically reduced at this time, DG 

and Dll4 continue to be expressed preferentially by arterial ECs. B) We postulate 

that the γ3-laminin signal through DG to arterial ECs during arteriogenesis. This 

laminin–DG signaling induces Dll4 expression in arterial ECs, leading to proper 

arterial morphogenesis and arterial Ephrin-B2 expression. The absence of 

laminin–DG signaling inhibits Dll4 expression in venous endothelial cells. 

Consequently, venous endothelial cells express venous marker Eph-B4. 

 

 



 

 

 

 

 

 

 

 

 



Supplemental Figure 3.1: Dll4 expression is unaffected in Lamc3-/- tip cells. 

A) Quantification of Dll4 fluorescence intensity in WT retinal blood vessels 

demonstrates that Dll4 is more highly expressed in arteries than veins throughout 

development. B) CD31 (green) and Dll4 (white) labeling of vascular front 

demonstrates similar Dll4 expression between P5 WT and Lamc3-/- tip cells. C) 

Quantification of Dll4 immunofluorescence relative to CD31 fluorescence 

demonstrates no significant difference in Dll4 expression between WT and 

Lamc3-/- tip cells (n=3). Error bars represent means ± s.d. (A) and means ± s.e.m 

(C). NS=not significant. Scale bar: A=16 µm. 

 

 

 

 



 

 

 

 

 



Supplemental Figure 3.2: Vascular pericyte coverage is unaffected in the 

Lamc3-/- retina. CD31 (red) and desmin (pericyte marker: green) labeling of the 

retinal vessels demonstrates similar pericyte coverage between WT and Lamc3-/- 

retinae. Scale bar: A=160 µm. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplemental Figure 3.3: VEGF signaling is unaffected in the Lamc3-/- 

retina. A) PDGFRα (astrocyte marker: blue) and VEGFA (red) labeling of P5 WT 

and Lamc3-/- retinal sections demonstrates that VEGF immunoreactivity is similar 

between WT and Lamc3-/- retinae. B) Quantitative immunoblotting for VEGFA in 

P5 WT and Lamc3-/- retinae, normalized to γ-tubulin demonstrates that VEGF 

expression level was unaltered in Lamc3-/- retinae (n=3). C) Immunoblotting for 

pVEGFR2 in P5 WT and Lamc3-/- retinae demonstrates that activated VEGFR2 

(pVEGFR2) level is unchanged in Lamc3-/- retinae. D) CD31 (magenta) and 

pVEGFR2 (green) labeling of P5 WT and Lamc3-/- retinal sections demonstrates 

similar VEGFR2 activation in WT and Lamc3-/- ECs. CD31+ areas are marked 

with white boundaries. Quantification of pVEGFR2 in CD31+ ECs is shown on the 

right (n=3). Error bars represent means ± s.d. NS=not significant. Scale bar: 

A=16 µm, D=40 µm. 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 



Supplemental Figure 3.4: γ3 laminin and dystroglycan (DG) are excluded 

from endothelial tip cells (TC). A) CD31 (green) and laminin γ3 (white) labeling 

of vascular front demonstrates that γ3 laminin is not present in the tip cell BM, but 

present in the stalk cell BM. B) CD31 (green) and β-DG (white) labeling of 

vascular front demonstrates that DG is absent in ECs at the vascular front. Scale 

bar: A, B=16 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplemental Figure 3.5: Genetic disruption of dystroglycan’s ligand-

binding severely retards retinal vascular development. A) CD31 (green) 

labeling of littermate P5 WT, POMGnT1+/- and POMGnT1-/- retinal flat mounts; 

note that while superficial vasculature expands relatively normally in the 

POMGnT1+/- retina, vascular expansion is severely retarded in the POMGnT1-/- 

retina along with the persistence of hyaloid vessels (Hv). Scale bar=160 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplemental Figure 3.6: Ganglion cell, microglia and astrocyte 

distributions are unaffected in the Dag1ΔEC retina. A) Breeding strategy to 

generate EC-specific DG 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-α-

DG or anti-β-DG (green) anti-CD31 (red) antibodies. Note the drastic reduction of 

DG expression in Dag1ΔEC arteries. 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 unaffected 

in the Dag1ΔEC retina. Scale bar: C=16 µm, D=32 µm. 
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Preface 

Chapter 4 is a discussion section which provides a comprehensive 

overview of the results presented in Chapters 2 and 3. It also includes a 

discussion of the broader implications of the work presented in these chapters, 

as well as future directions for these projects. I wrote the first draft of this chapter. 

Dr. Dale D. Hunter and Dr. William J. Brunken made edits and suggestions that 

were incorporated into the final draft. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



4.1 General Discussion 
 

For many, basement membranes (BMs) are seen as homogenous, static 

structures whose sole role is as a cell attachment surface, however, these 

dynamic cell-free matrix components subserve many vital functions such as 

glomerular filtration, stabilization of the neuromuscular junction, and trafficking 

leukocytes out of the vasculature (Caulfield & Farquhar, 1974) (Hunter et al., 

1989) (Wu et al., 2009). The myriad functions that BMs perform are reflected in 

the panoply of proteins from which they are composed. Although many of these 

component proteins exist as a single isoform, e.g., perlecan and agrin, others 

have multiple isoforms: in mammals, there are two nidogens, six type IV 

collagens, and 16 laminins. Cell surface receptors for BM molecules are similarly 

diverse. The integrin family is composed of 24 dimeric molecules, four of which 

exclusively bind to laminins. Other laminin receptors include dystroglycan, 

Lutheran glycoprotein, and reputedly the 67kd laminin receptor (67LR). 

Furthermore, many of these receptors have different signaling pathways, and the 

binding of each laminin to its receptor is dependent on the laminin isoform and 

the receptor itself. Thus, each laminin isoform may differentially influence 

function based on the receptors to which it binds.  

Laminins also influence function by serving as the structural backbone for 

all BMs (Yurchenco, 2011). Two other BM molecules, agrin and nidogen, bind 

directly to laminins. The heparan sulfate proteoglycan, perlecan, binds to 

nidogen. Finally, nidogen binds to type IV collagens, molecules that polymerize 

and stabilize the BM. Thus, the formation of a BM is hierarchical, and without 



laminins, the BM fails to develop. This level of complexity supports the view that 

laminins and the BM are not simply a means of anchorage.  

 

Laminins are Spatially and Temporally Regulated in the Retinal Vascular 

Tree 

 Determining the distribution of the various laminin chains allows a 

prediction of the laminin isoforms found in each compartment, and therefore, 

provides insight into the function of each laminin during vascular development. 

The beginning of Chapter 2 was focused on the expression of the laminin chains 

in the different vascular compartments of the retina throughout development. 

Because each of these compartments has a specialized function, it is likely that 

this would be reflected by differences in the expression of the various laminin 

chains in heterotrimers with different functions. 

As shown in Chapter 2, the expression pattern of every laminin chain that 

is present in the retinal vasculature changes throughout development, albeit 

some more than others. The laminin α2 chain, for example, goes from being 

weakly expressed in veins and heavily expressed in arteries at P5, to heavily 

expressed in veins and weakly expressed in arteries at P20. Laminin γ3 chain 

shows a similar reduction in expression in the artery with a relative increase in 

the vein. When considering the expression of the other laminin chains in mature 

arteries, α5 and β2 are especially enriched, whereas the expression of β1 is low 

in the adult artery. In the case of both α5 and β2, while there is considerable 

spatial regulation of chain expression and deposition, there is little temporal 



regulation. That is both chains start enriched in the arterial compartment and 

remain so from P5 through adulthood. In contrast to the chains that show 

relatively dramatic changes in spatial and temporal regulation, the α4 chain is 

relatively static. While it is somewhat reduced in expression in the vein compared 

to the artery, this doesn’t change in time and the adult spatial expression is 

flatter. Based on this study, a summary of the laminins that are likely found in 

each vascular compartment at P20 is summarized in Figure 4.1. 

These rather dramatic and clear spatial and temporal expression patterns 

are likely to have functional consequences. Indeed, Chapter 3 provides one such 

example of the consequence of differential expression of the ECM and their 

receptors. In this study, we focused on the role of laminins in arterial 

morphogenesis. The default fate for endothelial cells is venous (Zhong et al., 

2001) (Zhang et al., 2008). Thus, an active signal is required to direct certain 

endothelial cells to become arterial-like. Arterial-venous specification has been 

shown to involve the EphrinB2/EphB4, Notch, Hedgehog, VEGF, and 

extracellular signal-regulated kinase (ERK) pathways, many of which interact 

with one another (Kim et al., 2008) (Swift & Weinstein, 2009) (Lawson et al., 

2002) (Gering & Patient, 2005) (Moyon et al., 2001) (Herzog et al., 2001) 

(Peterson et al., 2004). Indeed, many of these pathways influence arterial-

venous specification via regulation of Dll4, a molecule that specifies arterial 

identity (Shutter et al., 2000).  

Work from our laboratory demonstrated that the deletion of Lamc3 leads 

to increased branching in the superficial vascular plexus; a phenotype associated 



with increased venous-like vessels (Gnanaguru et al., 2013) (Biswas et al., 

2017). Furthermore, laminin 111 and α4-containing laminins can induce Dll4 

expression via interaction with integrins (Estrach et al., 2011) (Stenzel et al., 

2011). This led us to ask whether γ3-containing laminins may play a role in 

arterial specification in the retina via regulation of Dll4.  

Because γ3-containing laminins cannot bind integrins (Ido et al., 2008), we 

reasoned that any regulation of Dll4 must be via a different laminin receptor. 

Indeed, we demonstrated that γ3-containing laminins bind to another laminin 

receptor, dystroglycan (Biswas et al., 2018). γ3-containing laminins are deposited 

equally on arteries and veins during arteriogenesis. In contrast, dystroglycan is 

more highly expressed on arteries than veins during this time, suggesting that γ3-

containing laminins activate Dll4 via dystroglycan in arteries. This activation of 

Dll4 would lead to decreased vascular branching and increased smooth muscle 

coverage – two more hallmarks of the arterial phenotype. Blockage of laminin-

dystroglycan binding with antibodies against dystroglycan, or endothelial cell-

specific deletion of dystroglycan, prevents all of this from occurring, consistent 

with the notion that γ3-containing laminins are exerting their effects on arterial 

morphogenesis via dystroglycan. 

Another approach to understanding the differential expression patterns of 

laminin may have to do with the functional roles of each of the vascular 

compartments. The three capillary beds are specialized for metabolite exchange 

and the BMs here must allow for extravasation of macrophages and perhaps 

hemangioblasts. α4- containing laminins, for example, permit T lymphocyte 



extravasation (Wu et al., 2009). Conversely, α5-containing laminins inhibit T 

lymphocyte extravasation (Wu et al., 2009). Although these permissive and 

inhibitory functions on macrophage extravasation have been attributed arbitrarily 

to laminin 411 and 511, respectively, the truth is that the specific isoforms that 

are involved in these processes remain unknown. It is possible that β2-containing 

isoforms have a role to play. One may consider inducing inflammation in Lamb2-/- 

mice and probing T lymphocyte infiltration. Given the decreased expression of 

α5-containing laminins in the Lamb2-/- retinal vasculature, it seems likely that the 

number of T lymphocytes would be higher in these mice. 

The venous side of the vascular tree is the compartment from which 

sprouting occurs during neovascularization (Fruttiger, 2007). Thus, it is possible 

that the laminins on the arterial side may prohibit proliferation and sprouting or 

laminins on the venous side maybe permissive of sprouting. For example, it may 

be that α5-containing laminins, which are highly expressed in adult retinal 

arteries, inhibit vascular sprouting, while α2-containing laminins, which are highly 

expressed in adult retinal veins, promote vascular sprouting. α4-containing 

laminins play a role in sprouting during retinal development, as the deletion of 

Lama4 leads to hyper-sprouting during angiogenesis via Dll4/Notch signaling 

(Stenzel et al., 2011). However, the role of Lama4 in vascular sprouting during 

neovascularization remains unknown. Given the relatively even expression of 

laminin α4 between veins and arteries in the adult retina, it would be interesting 

to see whether it plays any role in neovascularization. One could quantify 

branching on Lama4-/- arteries and veins compared to WT in a model of oxygen-



induced retinopathy (OIR). Also, by measuring Dll4 expression in adult Lama4-/- 

arteries and veins in an OIR model, one could determine if the same α4-

mediated mechanisms that are active during developmental angiogenesis could 

potentially play a role in adult neovascularization as well. 

 

Coordination of Laminin Isoforms 

The second half of Chapter 2 was focused on the impact that the deletion 

of a single laminin chain has on the rest of the vascular BM. Laminins can only 

be secreted as heterotrimers. Therefore, we predicted that the deletion of a 

single laminin chain would lead to the loss of all laminins in which the deleted 

chain is found. Also, because laminins act as a scaffold which other BM 

molecules bind to, we predicted that the loss of critical laminins would lead to a 

decrease in the deposition of other BM molecules. 

We found that the deletion of laminin β2 chain leads to decreased 

expression of laminins α2, α5, and γ3, suggesting that these are chain partners 

with the laminin β2-chain in laminin isoforms. Given that laminins can only be 

secreted and incorporated into BMs as heterotrimers, the most likely explanation 

for the reduced expression of these chains in the vBM is the failure of α2β2- 

α5β2- and β2γ3-containing laminins to form and be secreted into the extracellular 

space, rather than regulation at the transcriptional level. Indeed, it has been 

previously shown that the deletion of Lamb2 leads to an intracellular 

accumulation of other laminin chains in vitro (Gnanaguru et al., 2013). Further 

supporting a post-translational level of coordination among laminin chains is 



preliminary data from our lab that shows that the deletion of Lamb2 leads to no 

significant changes in the transcription of other laminin genes (unpublished). In 

concert with the loss of α2, α5, and γ3 chains, the loss of β2-containing laminins 

leads to increased expression of agrin and perlecan in venous and arterial BMs, 

respectively. The mechanism driving the increased expression of these proteins, 

as well as the consequence of this, remains unknown. 

 

Functional Role for Laminin in the Regulation of Water Transporters 

Aquaporins are channel proteins that facilitate the transport of water 

between cells. Efficient transport of water is crucial to prevent abnormal 

accumulation, a condition known as edema. Particularly concerning is edema 

which occurs in the retina and brain, conditions known as retinal edema and 

cerebral edema, respectively. Aquaporin-4 (AQP4) is thought to be the most 

abundant water channel in the CNS (Hasegawat et al., 1994) (Rash et al., 1998). 

As such, AQP4 plays an important role in channeling water out of the brain 

parenchyma and into the vasculature, ventricles, and subarachnoid space, as 

evidenced by elevated levels of water in the brains of AQP4 deficient mice in a 

model of vasogenic edema (Papadopoulos et al., 2004). 

A previous study in our lab had shown that expression of the water 

channel, aquaporin-4 (AQP4) is decreased in Muller cells of Lamb2, Lamc3 

double knockout mice, particularly in the endfeet which contact the inner limiting 

membrane (ILM) at the retinal-vitreal interface (Hirrlinger et al., 2011). 

Preliminary data from our lab suggests that this disruption eventually leads 



edema, which causes the physical splitting of retinal layers, a condition known as 

retinoschisis (unpublished data). This is not surprising, as the vitreous body is the 

preferred route of water exit in the retina (Nagelhus et al., 1998). However, AQP4 

is also expressed within retinal astrocytes at the vascular interface (Nagelhus et 

al., 1998). The data presented in Chapter 3 demonstrates that β2-containing 

laminins play a role in regulating water transport at this interface, as the deletion 

of Lamb2 leads to decreased expression of AQP4 at the endfeet of vascular-

associated astrocytes. 

As previously mentioned, dysfunction of water transport in the brain can 

lead to cerebral edema. Cerebral edema is particularly concerning following a 

traumatic brain injury (TBI) or ischemic event, as the increased intracranial 

pressure caused by edema can further exacerbate these injuries (Unterberg et 

al., 2004). Future work should investigate AQP4 expression in Lamb2-/- brain 

astrocytes. If the same AQP4 disruption is seen in Lamb2-/- brain astrocytes as is 

seen in Lamb2-/- retinal astrocytes and Muller glia, this would implicate a role for 

β2-containing laminins in cerebral edema, TBI recovery, and stroke recovery. 

The loss of AQP4 from brain astrocytes is seen in epilepsy as well (Eid et 

al., 2005). While the although the implication of this loss has not been definitively 

shown, it has been suggested that the loss of perivascular AQP4 leads to 

impaired potassium buffering, thus increasing the likelihood of a seizure 

occurring (Eid et al., 2005). Interestingly, epilepsy occurs in approximately one 

third of patients with Lama2-related muscular dystrophy (Benito et al., 2020), 

suggesting that laminins may play a role in the occurrence of seizures. 



Furthermore, the deletion of the laminin α2-chain also leads to disrupted AQP4 

channels on astrocytic endfeet in the brain (Menezes et al., 2014). This raises 

the possibility that the AQP4 disruption that is seen in both the laminin α2- and 

β2-mutants arises from a loss of laminin 221 and suggests that the link between 

laminins and epilepsy may be via AQP4 regulation. An investigation of laminin β2 

expression in post-mortem epileptic brains may confirm or dismiss this 

hypothesis. 

 

Glial Derived Basement Membrane 

 Our data strongly suggest that astrocytes produce and deposit laminin 

221 onto the retinal vasculature. In fact, our data suggest that the only α2-

containing laminin that astrocytes secrete is 221. These data are at odds with the 

suggestion that astrocytes only secrete laminin 111 and 211 (Sixt et al., 2001) 

(Yao et al., 2014), based on data demonstrating that the laminin β2-chain is only 

expressed in the smooth muscle layer of larger vessels (Sixt et al., 2001). 

Because Sixt et al. did not provide evidence for the presence of the β3 chain in 

vasculature, they postulated that the β1 chain must be found in all of the non-

smooth muscle laminins in the vasculature (Sixt et al., 2001). An issue with these 

interpretations is that they were made from examining the brain tissue of an 

experimental autoimmune encephalomyelitis (EAE) mouse. EAE is a commonly 

used model for human inflammatory conditions. Importantly, laminin chain 

expression is altered in various inflammatory conditions such as inflammatory 

bowel disease (Spenlé et al., 2014), Crohn’s disease (Bouatrouss et al., 2000), 



and CNS ischemia (Ji & Tsirka, 2012). Thus, it is possible that laminin chain 

expression is disrupted due to inflammation in the EAE model. Taking everything 

into consideration, our data suggests that astrocytes produce and secrete laminin 

221, not laminin 211, into the CNS vBM. Other studies have shown the 

importance of glial derived BM components. Biswas et al. (Biswas et al., 2017) 

showed that astrocytic laminins influence the activation state of microglia. When 

activated, microglia secrete proangiogenic factors and promote endothelial cell 

proliferation (Welser et al., 2010). Astrocytic laminin also promotes vascular 

smooth-muscle cell differentiation (Chen et al., 2013), a step necessary to 

maintain vascular integrity. Our identification of astrocytes supplying laminin 221 

to the retinal vBM opens the door for future studies focusing on the role of 

astrocytic laminin. 

Taken together, the data presented in Chapters 2 and 3 demonstrate 

numerous roles for laminins in the retinal vBM. In keeping with these assorted 

roles, the distribution of laminin isoforms changes in the various vascular 

compartments during development, perhaps based on the functional need of 

each compartment. Among the many laminin isoforms present in the vBM 

throughout development, γ3-containing laminins are particularly important in 

regulating arterial morphogenesis. In addition, our work demonstrates that the 

deposition of β2-containing laminins is a key step that ensures the proper 

organization of proteins in the adult retinal vBM. 

 

 



4.2 Future Directions 

 The data presented in Chapters 2 and 3 shed light on the complex role of 

laminins in the vBM during development and in the adult retinal vasculature. 

Specifically, we found that laminins represent a non-VEGF mediated pathway 

regulating arteriogenesis. We also found that laminins play a crucial role in 

organizing the vBM in the adult retina.  

The highly disorganized nature of the Lamb2-/- vasculature early in 

development (Gnanaguru et al., 2013) makes it a poor tool for understanding the 

distribution of laminin isoforms at these ages, as was done at P20. Preliminary 

research suggests that the conditional deletion of Lamb2 in glial/neural cells will 

not resolve this issue. Perhaps the investigation of laminin chain distribution 

following the deletion of Lama4 may be a more viable approach for investigating 

the distribution of laminins at early ages, as these mice have a less drastic retinal 

vascular phenotype (Stenzel et al., 2011)  when compared to Lamb2-/- mice 

(Gnanaguru et al., 2013). One could deduce laminin isoforms in the various 

vascular compartments based on changes in expression of the potential chain 

partners of Lama4. 

β2-containing laminins in the retinal vasculature almost certainly play more 

roles beyond those shown here: the organizing of the vBM and regulating AQP4 

expression in astrocytic endfeet. RNA-sequencing data obtained in our lab (the 

subject of Appendix 1) suggest that there are other pathways that are disrupted 

which may involve the vasculature in Lamb2-/- retinae, such as the 



phosphoinositide 3-kinase (PI3K)- protein kinase B (Akt) and Ras pathways. 

Further exploration into changes in these pathways via qRT-PCR, 

immunohistochemistry, or immunoblotting may provide insight into more 

mechanistic functions that β2-containing laminins have in the retinal vasculature.  

Despite RNA-sequencing evidence that endothelial cells express Lamb2, 

(Wagner et al., 2018) (Vanlandewijck et al., 2018) (He et al., 2016) the 

endothelial-specific conditional knockout of Lamb2 displays no obvious vascular 

disruptions. However, George Davis’ group showed that there is communication 

between endothelial cells and pericytes which ensures that the endothelial BM 

receives the proper amount of β2-containing laminins (Stratman et al., 2009). 

Thus, it may be that the loss of endothelial-derived β2-containing laminins leads 

to increased production of β2-containing laminins from pericytes. If this is the 

case, one has to wonder if this phenomenon plays a role in retinal disease. For 

example, in diabetic retinopathy, where there is a significant loss of pericyte 

coverage on the vasculature, it is possible that the endothelial cells which lack 

pericyte coverage may start producing different laminin chains than they typically 

would. It is hard to imagine that there would not be consequences to this 

feedback system, such as the secretion of the wrong laminin heterotrimers by 

endothelial cells. An investigation of these potential consequences, as well as 

determining if this feedback system exists across the endothelial and 

perivascular BMs, are interesting topics of interest for future research. 

The data contained in Chapter 3 did not identify the specific γ3-containing 

laminin that regulates arterial morphogenesis. Of the three known γ3-containing 



laminins (213, 423, and 523), only 423 and 523 have been explicitly shown to be 

present in the retina (Libby et al., 2000). Presumably, the phenotypes seen in the 

Lamc3-/- retinal vasculature are due to a loss of either of these chains or a 

combination of both. Given the data presented in Chapter 2, it is impossible to 

deduce the relevant α-chain, as the α4 and α5 chains are both found in the 

arterial BM during arteriogenesis. An in vitro experiment is currently not a 

feasible alternative, as there are no commercially available recombinant laminins 

423 and 523. However, if one were to create recombinant laminins 423 and 523, 

an in vitro experiment may help to distinguish the roles of these proteins in 

arterial morphogenesis. One could plate endothelial cells isolated from a Lamb2-

/- mouse, add either laminin 423 or 523, wait a few days, and then stain for 

arterial markers (such as Dll4). Furthermore, these laminins would be useful in 

various in vitro experiments beyond the context described here. 

In Chapter 3, we demonstrated that the binding of γ3-containing laminins 

to dystroglycan leads to Dll4 expression. However, we did not determine the 

precise mechanism responsible for this dystroglycan-induced expression of Dll4. 

One possibility is that the binding of dystroglycan leads to activation of the 

extracellular signal-related kinase (ERK) pathway. Dystroglycan interacts with 

several components of the ERK pathway, including mitogen-activated protein 

(MAP) kinase kinase 2 (MEK2), activated ERK, and Grb2 (Spence et al., 2004). 

ERK signaling induces phosphorylation and activation of ETS-related gene 

(ERG), a molecule required for Dll4 expression (Fish et al., 2017). It should be 

mentioned that dystroglycan can also be translocated to the nucleus, where it 



can directly affect transcription (Oppizzi et al., 2008) (Mathew et al., 2013). 

Interestingly, the nuclear localization sequence is the same region that ERK 

interacts with, suggesting that ERK may be involved in translocating dystroglycan 

to the nucleus (Moore & Winder, 2010). The role of dystroglycan in the nucleus 

remains largely unknown, but it is possible that it may be involved in the ERK-

induced activation of ERG, thereby inducing Dll4 expression. Future work should 

further investigate the intracellular signaling events that are induced by laminin-

dystroglycan binding, especially in the context of differentiating endothelial cells. 

The expression of laminins was shown to have temporal and spatial 

specificity in Chapters 2 and 3. When thinking about the functional implications of 

this specificity, it is important to consider the turnover of laminin proteins. For 

example, it is possible that there is residual expression of laminin chains at older 

ages simply because the protein, which may have served an important function 

during development, has not yet been degraded. Investigations into the rate of 

laminin turnover have been limited to laminin γ1 chain, as it is the most widely 

expressed laminin chain (Burgeson et al., 1994). The rate of turnover of the 

laminin γ1 chain seems to be tissue specific (Fields et al., 2019). The inducible 

ablation of Lamc1 in adult mice leads to a minimal, insignificant loss of total 

laminin in heart, lung, kidney, liver, and spleen tissues. In the small intestine, 

however, laminin protein is reduced (Fields et al., 2019). A caveat to these 

interpretations is that total laminin protein was measured, not the expression of 

laminin γ1 specifically. Thus, it is possible that the tissues which did not have 

reduced total laminin levels may have had increased expression of γ3-containing 



laminins. Regardless, a question which remains is the turnover rate of laminins in 

the CNS vBM. Furthermore, the turnover rate of γ3-containing laminins, in any 

tissue, remains unknown. 

An important application of this work that has not yet been discussed is 

the role of the BM in cancer progression. Cancerous cells must often pass-

through various BMs to metastasize (Engbring & Kleinman, 2003). When 

metastasizing through the bloodstream, tumor cells must pass through the 

vascular BM (vBM) twice, once entering the vasculature and once leaving it. In 

the case of invasion into CNS tissues, there are at least three BMs which must 

be penetrated, as the CNS vasculature actually contains two separate BMs. In 

order for this to occur, proteases are released which break down the vBM, 

leaving it susceptible to invasion of tumor cells. Work has been done to develop 

inhibitors which are specific to these proteases, thus limiting the ability of tumor 

cells to invade. In an attempt to mimic native BMs, most of these inhibitors have 

been developed in the presence of Matrigel, a gelatinous protein mixture that is 

secreted by Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells. However, 

Matrigel does not resemble the vBM which the tumor cells must cross to exit the 

vasculature, as it is mostly composed of laminin 111 (Aisenbrey & Murphy, 

2020). We, and others, have shown that laminin 111 is not a major component of 

the CNS vBM, and thereby making Matrigel an inadequate compound for 

replicating the environment that a tumor cell would encounter when entering any 

CNS tissue. Furthermore, tumor cells interact directly with the vBM via various 

cellular receptors. As discussed in Chapter 3, the receptors that a cell uses to 



interact with the BM is dependent on the specific composition of the BM. Taken 

together, the research shown here, which identified the specific composition of 

the CNS vBM, could be used to develop a more faithful model of the environment 

which tumor cells would encounter when entering CNS tissue, thus improving our 

ability to halt metastasis. 

 Laminins also play a role in the progression of cancers which start in the 

brain, such as gliomas, the most common form of brain cancer. These roles are 

isoform specific. For example, laminins 332 and 511 are strong promoters of 

glioma cell migration, whereas laminin 211 and 411 have virtually no influence on 

glioma cell migration (Kawataki et al., 2007). The relative expression of several 

different laminin chains are altered in gliomas (Ljubimova et al., 2004), 

suggesting that the relative expression of laminin isoforms which contain these 

chains are likely altered as well. However, a detailed analysis of the laminin 

isoforms found in gliomas using laminin knockout mice, similar to the data shown 

in Chapter 2, has not yet been done. It is especially important to reveal the 

specific laminin isoforms that are found within the tumor vasculature, as 

glioblastoma stem cells (GSCs) tend to reside in close proximity to the 

vasculature (Calabrese et al., 2007). Furthermore, there is evidence that the 

vascular cells which are found in brain tumors are directly responsible for glioma 

progression. For example, primary brain tumor endothelial cell-derived α2-

containing laminins are required for the growth of glioblastoma stem cells (GSCs) 

(Lathia et al., 2012). Disruption of signaling between α2-containing laminins and 

GSCs inhibits the ability of GSCs to self-renew and proliferate in vitro, thus 



limiting tumor growth (Lathia et al., 2012). The specific α2-containing isoforms 

that are responsible for GSC tumor growth, however, remain unknown. 

Knowledge of the distribution of laminin isoforms found in the tumor vasculature 

throughout the progression of gliomas may reveal mechanisms which may be 

inhibited, thus slowing tumor progression. 
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4.4 Figures and Figure Legends 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 4.1: Suggested laminins in the retinal vasculature at P20. Veins are 

depicted on the left in blue, capillaries in the middle in a purple gradient, and 

arteries on the right in red. When laminin β2 is deleted, laminin α4 and laminin α5 

persist in all compartments, suggesting the presence of laminin 411 and 511. 

Furthermore, the fact that laminin α4 is not decreased in any compartments 

suggests that there is very little, if any α4, β2 containing laminins (421 and 423). 

Because laminin 423 is likely not found in the vasculature, the fact that there is a 

loss of laminin γ3 in veins and capillaries in Lamb2-/- mice suggests the presence 

of laminin 523 in these compartments. Furthermore, because laminin γ3 persists 

in all vascular compartments following the deletion of laminin β2, it is likely that 

laminin 213 is found throughout the vasculature. Laminin α5 is decreased in 

Lamb2-/- arteries, suggesting the presence of laminin 521 here, as laminin γ3 was 

not decreased in arteries, thus ruling out the presence of laminin 523. Finally, the 

loss of laminin α2 in veins and arteries following the deletion of Lamb2 suggests 

the presence of laminin 221 in these compartments. Laminins that have not been 

previously shown to be in the CNS vasculature are in yellow. Laminins already 

confirmed to be in the CNS vasculature are in white. 
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Preface 

Appendix 1 is a discussion of the RNA-sequencing results obtained by our 

lab. Retinal dissections and data analysis were performed by me. RNA extraction 

and the RNA-Sequencing were performed by Karen Gentile of the SUNY 

Molecular Analysis Core. Dr. Frank Middleton assisted with data analysis and 

interpretation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



A1.1 Introduction 

In the last 15 years, RNA-Sequencing (RNA-Seq) has completely taken 

over as the standard non-bias assay of the transcriptome. Compared to 

microarrays, RNA-Seq produces less artifacts and offers more accurate 

quantification of lowly and highly expressed genes. Because of this, the decision 

to perform a microarray vs an RNA-Seq assay has historically been centered 

around cost. However, the difference in cost between these two techniques has 

become negligible in recent years, causing RNA-Seq to become the dominant 

player in the field of bioinformatics. Given the recent advances in single-cell 

RNA-Sequencing (scRNA-Seq), it is safe to say that RNA-Seq is here to stay. 

Given the plethora of phenotypes seen in our laminin mutant mice, Lamb2-

/- and Lamc3-/-, we decided to perform RNA-Seq on them. To briefly describe 

methods, retinae were extracted from WT, Lamb2-/-, and Lamc3-/- mice at P0 and 

P20 and placed immediately into 500 µl of TRIzol (ThermoFisher). Samples were 

homogenized by pipetting. Each tube was put on dry ice until storage at -80ºC. 

RNA extraction was performed by the Technical and Administrative Director of 

the SUNY Molecular Analysis Core, Karen Gentile. All RNA was considered high 

quality and therefore used for analysis. Several retinae (four or more) were 

combined into each sample. Three samples were used for each genotype. 30 

million single-end reads were performed per sample. For data analysis, four 

comparisons were performed: P0 WT vs P0 Lamb2-/-, P0 WT vs P0 Lamc3-/-, P20 

WT vs P20 Lamb2-/-, P20 WT vs Lamc3-/-. The raw data was run through Kyoto 

Encyclopedia of Genes and Genomes (KEGG) Mapper to find clusters of genes 



which may be relevant to disease. Rather than include massive amounts of raw 

data with little interpretation, I have decided to focus on a few findings that seem 

relevant for future research.  

 

A1.2 Results and Discussion 

Transcriptome of Lamc3-/- Retinae at P0 and P20 

There are relatively few changes in Lamc3-/- retinae when compared with 

WT at P0. With only 73 upregulated genes, there are only two disease related 

KEGG pathways that are significantly upregulated: phagosome and gap junction 

pathways. Interestingly, almost all of the genes that are affected in these 

pathways are members of the α-tubulin family. α- and β-tubulins polymerize 

together to form microtubules, a major component of the cytoskeleton which 

provide shape and structure to eukaryotic cells. Given the role of laminins in 

promoting cellular adhesion, it is perhaps not surprising that cells may upregulate 

cytoskeleton proteins as a means to compensate for the loss of these 

extracellular adhesions which aid in maintaining cellular structure. At first glance, 

it seems odd that this upregulation would be restricted to the α-tubulin family, 

with no changes seen in β-tubulins, given that they function together as a 

polymer. However, this is likely due to the toxicity potential of free of β-tubulins 

(Katz et al., 1990). Cells can upregulate α-tubulin with very few consequences, 

while the upregulation of β-tubulin can disrupt microtubule assembly (Abruzzi et 

al., 2002). Thus, the upregulation of several α-tubulin genes that is seen in the 

Lamc3-/- at P0 is likely not biologically significant.  



 Only seven genes were upregulated in Lamc3-/- at P20. However, the 

most upregulated gene, Gabra2, has much clinical interest. Gabra2 encodes the 

gamma-aminobutyric acid (GABA) receptor subunit alpha-2 protein. This GABA-

A receptor has gotten much attention in the context of behavioral disorders. 

Upregulation of Gabra2 is associated with anxiety, alcoholism, and drug use. As 

such, activation of Gabra2 via benzodiazepines reduces anxiety and anxiety-

related behaviors (Dixon et al., 2008). The function of Gabra2 in the retina, 

however, is vastly different. Here, Gabra2 is expressed in starburst amacrine 

cells and direction selective ganglion cells, where it is involved in direction-

selective inhibition (Auferkorte et al., 2012). Direction-selective inhibition is a 

crucial component of motion detection. The upregulation of Gabra2 in Lamc3-/- 

retinae suggests that Lamc3-/- retinae may actually have improved motion 

detection when compared with WT mice. Future work should investigate if 

GABAA receptor protein levels in starburst amacrine cells and direction-selective 

ganglion cells are increased in Lamc3-/- retinae. If there is indeed more GABAA 

receptor protein, calcium imaging or behavioral assays using moving stimuli may 

be useful in uncovering a novel role for γ3-containing laminins in direction 

selection inhibition. 

 

Transcriptome of Lamb2-/- Retinae at P0 and P20 

 153 genes are upregulated in Lamb2-/- retinae at P0. By P20, this number 

grows to 1238. Clearly, the developmental events that occur between P0 and 

P20 are significantly disrupted due to the loss of β2-containing laminins. Many of 



the gene clusters that are upregulated at P0 and P20 are associated with 

immune system processes. Several of these clusters are associated with the 

complement cascade. The complement cascade is a part of the innate immune 

system and is named after its ability to enhance, or complement, the ability of 

other immune system processes in removing pathogens. There are three 

different pathways which activate the complement system: the classical 

complement pathway, the alternative complement pathway, and the lectin 

pathway. While many of the steps differ among these three pathways, they all 

involve a step where C3-convertase cleaves and activates component C3, which 

creates C3a and C3b, which cause further activation events. C3a binds to its 

receptor, a G-protein-coupled receptor named C3aR, and exerts a wide range of 

functions including increasing vascular permeability, smooth muscle contraction, 

and the production and release of histamines (Williams, 1983) (Osler et al., 1959) 

(Johnson et al., 1975). C3b, on the other hand, serves as an opsonin by binding 

to pathogens and tagging them for internalization via recognition by complement 

receptor type 1 (CR1) on phagocytes (Smith et al., 2002) (Newman et al., 1985). 

The regulation of C3-convertase differs between all three pathways. These will 

not be discussed in depth here, but for an excellent review of these pathways, 

see the 2009 paper by Dunkelberger and Song (Dunkelberger & Song, 2009). 

While only a couple of complement proteins are upregulated at P0 (C1qa and 

C1qc), this became eight upregulated proteins by P20 (C1qa, C1qc, C1ra, C1qb, 

C3, C3ar1, C4a, and C4b). There are several disruptions seen in the Lamb2-/- 

retina which may be associated with complement activation. For example, the 



loss of β2-containing laminins leads to decreased dendritic field length in retinal 

ganglion cells (unpublished data). TGF-β1 is upregulated in Lamb2-/- retinae and 

has been shown to be a regulator of the complement pathway (Bialas & Stevens, 

2013). Through activation of the complement pathway, TGF-β1 plays a role in 

synaptic pruning in retinal ganglion cell dendrites. Thus, it may be that the loss of 

β2-containing laminins leads to an activation of TGF-β1, which causes the 

activation of the complement cascade, which then leads to the pruning of retinal 

ganglion cell dendrites.  

 It is possible that the complement pathway is associated with the 

increased vascular permeability seen in the Lamb2-/- retinal vasculature as well 

(Gnanaguru et al., 2013). The upregulation of C3 likely leads to a higher 

production of the cleavage product C3a. The binding of C3a to C3ar (also 

upregulated in Lamb2-/- retinae) increases vascular permeability in the brain 

(Propson et al., 2021). Investigation into C3 convertase levels, as well as C3ar 

expression on Lamb2-/- retinal endothelial cells may lay the groundwork for some 

interesting future studies. 

Given the large number of biological processes that the complement 

system may influence, the potential relationship between β2-containing laminins 

and the complement system is not limited to the processes described above. If 

future work is going to be done to dig deeper into this relationship, one may first 

want to confirm that the upregulation of complement genes is indicative of an 

upregulation of complement proteins in Lamb2-/- retinae via immunoblot. If these 

proteins are in fact upregulated in Lamb2-/- retinae, one may want to follow-up 



with immunohistochemistry to identify the cell-types that are upregulating the 

complement receptors. There are also various pharmacological experiments that 

one could perform, such as blocking complement receptor activation in the 

Lamb2-/- retinae, which may further direct future experiments. 

 There are several other KEGG pathways that were upregulated in Lamb2-

/- retinae at P20 which may represent interesting avenues for future research, 

such as type 1 diabetes mellitus (relevant for diabetic retinopathy), the HIF-1 

signaling pathway (relevant for angiogenesis and related diseases), and 

leukocyte transendothelial migration (relevant for basic research into blood retinal 

barrier permeability functions). It would also be interesting to perform RNA-

sequencing on conditional knockouts of Lamb2 mutants (such as the Dkk3-Cre, 

Lamb2-floxed mouse described in Chapter 2). This mouse would likely have a 

less disrupted transcriptome at P0 and P20, which may be better for giving a 

clear direction for future research. Furthermore, this mouse would allow for 

analysis of the transcriptome beyond P20, as the conventional knockout mice die 

around this age. 
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a b s t r a c t

The objective of this study was to determine the effects of different doses of caffeine on appetite and
anxiety-related behavior. Additionally, we sought to determine if withdrawal from chronic caffeine
administration promotes anxiety. In this study, we utilized rodent open field testing and feeding
behavior assays to determine the effects of caffeine on feeding and anxiety-related behavior (n ¼ 8 mice;
4e8 weeks old). We also measured 2 h and 24 h food intake and body-weight during daily adminis-
tration of caffeine (n ¼ 12 mice; 4e8 weeks old). To test for caffeine withdrawal induced anxiety, anxiety-
related behavior in rodents was quantified following withdrawal from four consecutive days of caffeine
administration (n ¼ 12 mice; 4e8 weeks old). We find that acute caffeine administration increases food
intake in a dose-dependent manner with lower doses of caffeine more significantly increasing food
intake than higher doses. Acute caffeine administration also reduced anxiety-related behaviors in mice
without significantly altering locomotor activity. However, we did not observe any differences in 24 h
food intake or body weight following chronic caffeine administration and there were no observable
differences in anxiety-related behaviors during caffeine withdrawal. In conclusion, we find that caffeine
can both increase appetite and decrease anxiety-related behaviors in a dose dependent fashion. Given
the complex relationship between appetite and anxiety, the present study provides additional insights
into potential caffeine-based pharmacological mechanisms governing appetite and anxiety disorders,
such as bulimia nervosa.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The most broadly consumed behaviorally active substance
worldwide is caffeine (Fredholm, B€attig, Holm�en, Nehlig,& Zvartau,
1999). Americans consume a daily average of 165 mg of caffeine
from beverages alone (Mitchell, Knight, Hockenberry, Teplansky, &
Hartman, 2014). Additionally, it has been reported that 85% of
Americans will consume a minimum of one caffeinated drink per
day (Mitchell et al., 2014). Given that 34.9% of Americans over 20
years of age are considered obese, it is paramount to address the
possible effects of caffeine on food intake (Ogden, Carroll, Kit, &
Flegal, 2014). Interestingly, the effects of caffeine on food intake
are controversial. For instance, a study by Retzbach, Dholakia, and
Duncan-Vaidya (2014) showed that caffeine increases lever

pressing for sucrose, suggesting that caffeine can increase appeti-
tive behavior and feeding. This increase in lever pressing was
accompanied by an increase in c-fos expression in the nucleus
accumbens, a critical brain region for reward (Berridge &
Kringelbach, 2015) and hedonic control of feeding behavior
(O'Connor et al., 2015; Castro & Berridge, 2014). Furthermore, a
study by Bonaventura et al. (2012) showed that both high-palatable
and low-palatable food intake decreased in rats when A2A adeno-
sine receptors were activated using A2A agonists. Since caffeine
exerts its effect by blocking A2A receptors (Ribeiro & Sebastiao,
2010), this finding suggests that caffeine can stimulate food
intake. Conversely, Pettenuzzo et al. (2008) found that chronic
caffeine administration in rats does not affect the consumption of
rat chow, but decreases palatable food intake. Other studies have
shown that caffeine has no effect on appetite sensations or energy
intake, while at the same time it has been shown that caffeine
decreases both consumption of powdered food and body weight in
rats (Gavrieli et al., 2011; Racotta, Leblanc, & Richard, 1994;
Schubert et al., 2014). A similar effect has been observed in
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humans where caffeine was shown to intensify the anti-appetitive
effects of nicotine (Jessen, Buemann, Toubro, Skovgaard, & Astrup,
2005). In addition to these findings, Gavrieli et al. (2013) showed
that consumption of caffeinated coffee reduced energy intake in
obese individuals. These disparate findingsmay be explained by the
doses of caffeine administered and/or the routes of caffeine
administration (injection vs. oral consumption).

The neural mechanisms for caffeine's effects on feeding are
incompletely understood. However, caffeine has been shown to
increase excitatory synaptic input to agouti-related peptide (AgRP)
neurons located in the hypothalamic arcuate nucleus (Yang, Atasoy,
Su, & Sternson, 2011). When activated, AgRP neurons increase
feeding behavior by driving consummatory and appetitive behav-
iors (Aponte, Atasoy, & Sternson, 2011; Sternson & Atasoy, 2014).
Additionally, caffeine can both increase dopamine levels and acti-
vate dopamine neurons in the nucleus accumbens, a brain region
critical for motivation and feeding behaviors (O'Connor et al., 2015;
Retzbach et al., 2014; Solinas et al., 2002). Taken together, emerging
evidence suggests that caffeine increases feeding behavior, at least
in part, by increasing the activity of appetite promoting AGRP
neurons in the arcuate nucleus and dopamine neurons in the nu-
cleus accumbens. We therefore proposed that acute administration
of caffeine would increase food intake, depending on the dose of
caffeine administered.

Beyond caffeine's effects on feeding, recent reports have impli-
cated caffeine in anxiety-related behaviors. For example,
Maximino, Lima, Olivera, Picanço-Diniz, and Herculano (2011)
showed that caffeine can induce an anxiety-like behavioral
response in zebrafish in a dose-dependent manner by blocking A1
receptors. However, a recent report showed that caffeine can have
anxiolytic effects in rats in the open field test and elevated plus
maze (Hughes, Hancock, Henwood, & Rapley, 2014). Consistently,
caffeine administration can exert anxiolytic or anxiogenic effects in
rats depending on the anxiety test employed, the rat strain, and the
sex of the rat (Hughes & Hancock, 2016). Caffeine has also been
reported to have anti-depressive like qualities. For example, a
recent study demonstrated that chronic pre-treatment with
caffeine prior to social defeat stress in mice can reduce the subse-
quent development of depressive and anxiogenic like phenotypes
(Yin et al., 2015). This effect was prevented when caffeine was co-
administered with a selective dopamine D1 receptor antagonist,
indicating that caffeine reduces stress induced anxiety and
depressive phenotypes via dopaminergic signaling. By contrast,
caffeine withdrawal is known to cause a large number of behavioral
effects including: irritability, sleepiness, nervousness, restlessness,
and anxiety (Dews, O'Brien, & Bergman, 2002).

Due to the known interactions between anxiety-related be-
haviors and feeding, the current study investigated how both acute
and chronic caffeine administration affects feeding and anxiety in
AgRP-IRES-Cre transgenic mouse, a common transgenic animal for
feeding studies (Maniam&Morris, 2012; Hardaway, Crowley, Bulik,
& Kash, 2015). Based on the known reciprocal interaction between
feeding and anxiety behavior (Hardaway et al., 2015; Maniam &
Morris, 2012), we hypothesized that low doses of caffeine would
exert an anxiolytic effect and increase feeding while high doses
would have an anxiogenic effect and decrease feeding. To elucidate
the effects of caffeine on feeding behavior and anxiety, we
measured free access food intake and open field exploratory
behavior following acute caffeine administration.We also tested for
caffeine withdrawal induced anxiety by performing open field
behavioral testing following withdrawal from chronic caffeine
administration.

2. Methods

All procedures were approved by the Institutional Animal Care
and Use Committee (IACUC) of State University of New York Upstate
Medical University, according to US National Institute of Health's
Guide for the Care and Use of Laboratory Animals. AgRP-IRES-Cre
transgenic mice were obtained from the Jackson Laboratory (Bar
Harbor, ME, USA). These mice do not have any known phenotypes
when Cre recombinase is not active, as used in this study. AgRP-
IRES-Cre mice were used to maintain consistency with potential
future studies which will use Cre-loxP recombination strategies to
manipulate hypothalamic AgRP neurons to determine their role in
caffeine induced feeding behavior. Male and female mice between
the ages of 4 and 8 weeks were used for all experiments. Mice were
maintained on a 12 h light/dark cycle (light onset at 6:30 a.m.) and
housed in ventilated cages with free access to water and standard
rodent chow (LabDiet: 5008 Formulab Diet). All behavioral exper-
iments were conducted in the home cage unless otherwise noted.

2.1. Feeding behavior assays and caffeine treatment

Prior to feeding behavior experiments, mice were single caged
and habituated for one week. Animals were handled daily for the
week prior to beginning experiments to habituate them to behav-
ioral assays. All mice were handled by picking them up by their
scruff multiple times to mimic handling conditions seen during i.p.
injections. Handling was performed to reduce stress responses in
response to i.p. injections. Food intake was measured at the indi-
cated time-points by briefly removing the food from the hopper
and obtaining its weight. For the acute caffeine intake experiment,
8 mice were used and received the same treatment. Intraperitoneal
(i.p.) injections were performed daily at 9:00 a.m. for 8 days. Mice
received saline injections (0.9% saline; 200 ml) on days 1e3. Saline
injections were performed to obtain baseline food intake mea-
surements prior to caffeine administration. On days 4e8, the mice
received an injection of caffeine (Tocris Bioscience, Bristol, UK)
every other day with increasing doses (6 mg/kg, 12 mg/kg, and
24 mg/kg; dissolved in 200 ml 0.9% saline) and received saline in-
jections on the days where caffeine was not administered. Caffeine
injections were administered every other day to prevent habitua-
tion to caffeine treatment. Food was replaced daily with approxi-
mately 20 g of fresh standard chow. Food intake was measured at
various time points following injections: 30 min, 1 h, 2 h, and 5 h.
Average food intake and body weight were calculated for each
mouse.

For chronic caffeine administration,12micewere used andwere
separated into two equal groups. Animals were assigned to control
(saline injections) or experimental groups (caffeine injections).
Injections were administered at 1:45 p.m. and 2:15 p.m. for all 10
days. On days 1e2, both of the groups received saline injections at
each of the two indicated time-points. Saline injections were
administered to obtain a baseline measure of food intake prior to
treatment. On days 3e6, the experimental group received a saline
injection followed by a caffeine injection (20 mg/kg in 200 ml 0.9%
saline), while the control received two saline injections. Both
groups received two saline injections on days 7e10. Saline was
administered on days 7e10 to maintain consistency in injection
conditions while testing for behavioral symptoms of caffeine
withdrawal. Food was replaced daily with approximately 15 g of
fresh standard chow. Body weight was measured immediately
following the first injection each day. Food intake was measured at
various time points following the second injection: 30 min, 1 h, 2 h,
and 24 h. Average food intake and body weight were calculated for
each mouse.
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2.2. Open field test

To measure the potential effects of caffeine on anxiety-related
behaviors, we performed an open field exploration task (Fig. 2).
In this taskmice were allowed to explore a brightly lit open field for
10 min. The bright, exposed center of the field is classically
considered to be a less anxious environment than the corner of the
arena. As such, anxious mice generally enter the center less
frequently and spend less time in this region (Calhoon & Tye, 2015;
Hall and Ballachey, 1932). In this task mice were habituated to the
behavioral room for 30 min prior to beginning the experimental
sessions. The open field room contained a brightly lit, 500 mm2

arena. The center of the arena was considered to be the middle
250 mm2 of the arena. Exploratory behavior was recorded and
analyzed for 10 min using ANY-maze software (Stoelting). Between
each trial, the arena was cleaned with a 70% ethanol solution. The
total distance traveled, average speed, distance traveled in center,
time spent in center, number of entries into the center, percent
distance traveled in center, distance traveled in periphery, and time
spent in periphery were calculated for each mouse. The percent
distance traveled in the center areawas determined by dividing the
distance traveled in the center by the total distance traveled. For the
acute caffeine intake experiments, open field testing was run one
week after feeding behavior experiments. On the day of open field
testing, caffeine (20 mg/kg) or saline was administered via i.p. in-
jection 10 min prior to running the open field test. Experiments
were performed in a counterbalanced order, where half of the mice
received saline on day one and caffeine on day two and the other
half received caffeine on day one and saline on day two. Each an-
imal experienced two trials in the open field (caffeine on day 1 &

saline on day 2 or saline on day 1 & caffeine on day 2). Average
values for saline and caffeine treatments were calculated by aver-
aging day 1 and day 2 values for each treatment condition. For the
chronic caffeine intake experiments, open field testing was con-
ducted on three consecutive days following withdrawal from
caffeine administration in animals injected with either caffeine or
vehicle saline. Relative distance traveled in center was calculated
on each day for each mouse as a measure of anxiety from caffeine
withdrawal.

3. Data analysis

All data were analyzed using GraphPad Prism 6.0 software. For
acute feeding and anxiety experiments, average food intake and
anxiety measurements were calculated for each mouse for statis-
tical analysis. Feeding behavior experiments were repeated at least
twice per mouse for each condition (saline or caffeine) and average
food intake was calculated for each mouse for statistical analysis.
For acute open field anxiety experiments, each animal experienced
two trials in the open field (caffeine on day 1 & saline on day 2 or
saline on day 1 & caffeine on day 2). Average values for saline and
caffeine treatments were calculating for statistical analysis by
averaging day 1 and day 2 values for each treatment condition. For
caffeine withdrawal experiments, average food intake or anxiety
measurement were obtained for statistical analysis by averaging
food intake or anxiety measurements on each individual day for all
of the mice in each treatment group (saline vs caffeine withdrawl).
1-way ANOVAs with Tukey's post hoc test were performed to
analyze acute caffeine feeding behavior experiments. Open field
data were evaluated with paired t-test. For chronic caffeine feeding
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experiments, 2-way ANOVAs with Holm-Sidak post hoc testing
were performed.

4. Results

4.1. Acute caffeine administration markedly increases food intake

Both 6 mg/kg and 12 mg/kg doses of caffeine significantly
increased food intake after two hours (Fig. 1A; n ¼ 8 mice per
group; F (3, 52) ¼ 9.2; p < 0.0001). However, no significant effect of
caffeine administration was observed following 24 mg/kg caffeine
injections. Five hours following caffeine injections, only 6 mg/kg
caffeine significantly increased food intake (Fig. 1B; n ¼ 8 per
group; F (3, 52) ¼ 5.8; p ¼ 0.001). Importantly, caffeine adminis-
tration did not significantly affect animals' locomotor activities
(Fig. 2A and B; paired Student's t-test), although a trend towards
increasing locomotion was observed with caffeine administration.
Taken together, low doses of caffeine treatment increased food
intake with less of an effect observed with progressively higher
doses.

4.2. Acute caffeine administration decreases anxiety-related
behaviors

Acute administration of caffeine (i.p.; 20 mg/kg in 200 ml 0.9%
saline) increased entries into the center (Fig. 2C; paired Student's t-
test; t(7) ¼ 4.09; p ¼ 0.004), time in the center (Fig. 2D; paired
Student's t-test; t(7) ¼ 4.84; p ¼ 0.0019), and the distance traveled
in the center (Fig. 2E; paired Student's t-test; t(7) ¼ 4.20;
p¼ 0.004), suggesting that caffeine administration reduces anxiety.
In contrast, caffeine administration decreased the time mice spent
in the less anxiogenic corner of the field (Fig. 2F; paired Student's t-
test; t(7) ¼ 4.85; p ¼ 0.002). No significant difference was detected
for the distance traveled in the corner in response to caffeine
administration (Fig. 2G).

4.3. Chronic caffeine administration does not alter daily food intake
or body weight

Caffeine administration did not significantly affect 24 h food
intake and body weight (Fig. 3A and B). However, consistent with
the trends shown in Fig. 1, two hour food intake was increased

To
ta

l d
is

ta
nc

e 
tr

av
el

le
d 

(m
)

Av
er

ag
e 

sp
ee

d 
(m

/s
)

En
tr

ie
s 

to
 c

en
te

r (
#)

Ti
m

e 
in

 c
en

te
r (

s)

D
is

ta
nc

e 
tr

av
el

le
d 

in
 c

en
te

r (
m

)

Ti
m

e 
in

 c
or

ne
r (

s)

D
is

ta
nc

e 
tr

av
el

le
d 

in
 c

or
ne

r (
m

)

80

60

40

20

0

80

60

40

20

0

80

60

40

20

0

80

60

40

20

0

80

60

40

20

0

100

0.15

0.1

0.05

0

600

400

200

0

Saline Caffeine Saline

Saline Saline Saline

Saline Saline

** n.s.

******

n.s.

n.s. BA

DC E

GF

Caffeine

Caffeine Caffeine Caffeine

Caffeine Caffeine

Fig. 2. Acute caffeine administration decreases anxiety related behaviors. (A and B) Open field behavioral analysis indicates that caffeine administration (20 mg/kg) does not
significantly affect total distance traveled (A) or average speed (B) in the open field. (CeG) Open field behavioral experiments showing that acute administration of caffeine (20 mg/
kg) increases entries to the center (C), time in the center (D), and distance traveled in the center (E) of the open field. (F) Time in the corner of the open field is lower in mice injected
with caffeine compared to mice injected with vehicle saline. (G) No significant differences were detected between saline and caffeine conditions in distance traveled in the corner of
the open field. Caffeine or saline was administered 10 min prior to open field behavioral experiments. All experiments were repeated twice on consecutive days in counterbalanced
order. n ¼ 8 mice per group; paired Student's t-test; Data represents mean þ/� SEM. **p < 0.01; ns (not significant).

P. Sweeney et al. / Appetite 101 (2016) 171e177174

224



following caffeine administration (Fig. 3C; F (6, 70) ¼ 3.09;
p¼ 0.01). As withdrawal from caffeine use has been associatedwith
anxiety, we performed open field tests on three consecutive days
following chronic administration of caffeine or saline (Dews et al.,
2002). We did not find any significant changes in anxiety during
withdrawal days in animals treated with saline vs. caffeine (Fig. 3D;
unpaired Student's t-test), suggesting that withdrawal from once
daily caffeine administration is not strongly anxiogenic.

5. Discussion

In this study, we find that caffeine increases food intake in a
dose-dependent manner. For instance, we find that the lower dose
of caffeine markedly increased food intake while the extent of the
increase was reduced with higher doses of caffeine (Fig. 1).

The increase in food intake by caffeine can last at least 5 h, which
may be due to the activation of AgRP neurons localized in the hy-
pothalamic arcuate nucleus (ARC) since previous work has shown
that caffeine increases the synaptic strength at AgRP neurons (Yang
et al., 2011). It is well demonstrated that activation of AgRP neurons
increases food intake (Aponte et al., 2011; Sternson& Atasoy, 2014).
Interestingly, the increase in food intake by activation of AgRP
neurons can happen over a delayed period via agouti-related
peptide action on melanocortin receptors instead of the fast
inhibitory GABA transmitter (Krashes, Shah, Koda, & Lowell, 2013),
supporting our results that food intake wasn't significantly

increased until two hours after caffeine injections. Additional
mechanisms are possible for caffeine induced increases in food
intake, such as caffeine acting on nucleus accumbens neurons to
facilitate feeding (Retzbach et al., 2014). Therefore, we postulate
that caffeine acts on both AgRP neurons and nucleus accumbens
neurons through adenosine receptors to stimulate hunger and in-
crease food intake. Future studies will dissect the neural mecha-
nisms underlying caffeine's effect on feeding.

Since acute administration of caffeine increased feeding, we
sought to determine if long term caffeine administration can in-
crease daily food intake and body weight. Surprisingly, daily body
weight and food intake over the course of 24 h were not signifi-
cantly different between the caffeine and control vehicle saline-
treated groups. A possible explanation for this is the short half-
life of caffeine as caffeine has been reported to be completely
metabolized in mice after 4e5 h (Hartmann & Czok, 1980).
Therefore, after 24 h, caffeine is likely to be no longer active in the
brain. Secondly, as caffeine's effects are short-lived, counter-regu-
latory neural circuits are likely to be involved in maintaining a
stable level of food intake and body weight, a process that has been
shown to be exceedingly complex and highly regulated (Williams&
Elmquist, 2012). Another explanation for why our results conflict
with other groups' is that the present findings were conducted
during the light cycle. It is possible that caffeine treatment has
different effects on feeding and anxiety depending on endogenous
adenosine levels, which are naturally low when the animal is
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awake during the dark period and higher during the light period. As
adenosine levels are known to naturally fluctuate during the day,
and since caffeine is an adenosine antagonist, future work could be
conducted to investigate the potential differences of caffeine
treatment during various times in the day (Huang, Urade, &
Hayaishi, 2011).

The literature regarding the effects of caffeine on anxiety is
controversial. Hughes et al. (2014) showed that caffeine reduces
stress in rats. Contrary to this, an anxiogenic effect of caffeine has
been observed in rats (Bhattacharya, Satyan & Chakrabarti, 1997). It
has been suggested that increasing concentrations of caffeine can
cause different effects by acting through different receptors, as
higher doses of caffeine increase anxiety in humans and lower
doses decrease anxiety (Cunha, Ferr�e, Vaugeois, & Chen, 2008).

Our results show that caffeine administration reduces anxiety
levels in mice during open field exploration (Fig. 2CeF). This is
consistent with similar testing performed on rats (Hughes et al.,
2014). However, the open field test also showed that caffeine
withdrawal had no significant effects on various measures of anx-
iety (Fig. 3D). Given that anxiety is a symptom of caffeine with-
drawal, we expected to see an increase in anxiety during caffeine
withdrawal (Griffiths&Woodson,1988). However, since we did not
see an increase in anxiety, it is possible that once daily caffeine
administration is not sufficient to produce subsequent withdrawal
symptoms. Furthermore, previous work showed that consumption
of caffeine below doses of 65 mg/kg/day had no effect on the lo-
comotor activity of rats during their withdrawal period (Finn &
Holtzman, 1986). Therefore, we postulate that the amount of
caffeine injected into our mice may have been too small to produce
observable, withdrawal induced anxiety. Furthermore, based on the
literature and our current study, caffeine can induce both anxio-
genic and anxiolytic effects depending on the dose of caffeine
administered.

6. Conclusion

Overall, our present findings show that caffeine increases
appetite in mice. Additionally, our results show that at a dose of
20 mg/kg, caffeine displays an anxiolytic effect. This finding is in
accord with the idea that high doses of caffeine exert an anxiogenic
effect while low doses exert an anxiolytic effect (Cunha et al., 2008).
We also observed that caffeine withdrawal had no effect on the
anxiety levels of mice. This is likely due to the dosage of caffeine
administered and/or the frequency of caffeine administration.
Further testing is needed to determine the precise dose and fre-
quency of administration required to produce caffeine withdrawal
symptoms.

Given the high usage of caffeine worldwide, it is important to
precisely understand how this compound affects relevant behav-
iors. Our findings suggest that in addition to caffeine's well known
effects on wakefulness, it may also exert additional effects on
appetite and anxiety. Further work is needed to determine the
neural correlates and potential targets for caffeine's wide ranging
effects. These targets may reveal additional insights or potential
therapeutic strategies for the many neurological disorders charac-
terized by abnormalities in sleep, feeding or anxiety.
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