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ABSTRACT OF THE DISSERTATION 

 
The Wnt inhibitor Apcdd1 controls vascular remodeling and barrier properties of blood 

vessels in the developing retina 
 

By 
 

Jenna Therese Mazzoni 
 

Doctor of Philosophy in Biology 
 

 University of California, Irvine, 2016 
 

Assistant Professor Dritan Agalliu, Chair 
 
 
 

Coordinating angiogenesis with the acquisition of specialized endothelial cell properties 

is essential for proper vascular function. Within the retina, endothelial cells form a blood-

retina barrier that restricts paracellular diffusion of molecules by creating high-resistance 

tight junctions, and confers a low rate of transcytosis. Despite the importance for retinal 

function, how angiogenesis, vascular remodeling and barrier maturation are coordinated 

remains incompletely characterized. One essential pathway for retinal angiogenesis and 

barrier formation is the canonical Wnt signaling pathway, which activates β-catenin via 

interactions between Norrin and the Fz4/Lrp5 signaling complex. The focus of my thesis 

research has been to investigate if Apcdd1, a negative regulator of Wnt/β-catenin 

signaling expressed in retinal endothelial cells, regulates angiogenesis and blood-retina 

barrier development. I show that loss of Apcdd1 increased β-catenin activity in retinal 

endothelial cells resulting in hypervascularization due to decreased vessel pruning. In 

the retina, Apcdd1-deficient mice show increased levels of the tight junction protein 

Occludin and decreased paracellular permeability (Chapter 3). The early postnatal 

striatum and cortex of Apcdd1-/- mice show no difference in vessel density (Chapter 4), 



x	
		

suggesting that regional differences exist in the pathways that regulate angiogenesis 

throughout the central nervous system and Apcdd1 may be a more efficient inhibitor of 

Norrin/β-catenin signaling rather than Wnt/β-catenin signaling. Finally, I provide 

preliminary data on the generation of an endothelial-specific gain-of-function transgenic 

mouse to determine the effect of Apcdd1 overexpression on retina angiogenesis and 

blood-retina barrier development (Chapter 5). Overall, these data suggest that distinct 

levels of canonical Wnt signaling, controlled by Apcdd1, regulate angiogenesis, vascular 

remodeling and barrier maturation in retinal blood vessels.  
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CHAPTER ONE 

 

Canonical Wnt signaling-mediated angiogenesis and barriergenesis in 

the central nervous system 

 

  



2	
		

1.1 Angiogenesis 

Vertebrate blood vessel formation requires coordination of two processes: 1) 

establishment of the embryonic vasculature and 2) tissue-specific endothelial cell 

differentiation. De novo blood vessels form through vasculogenesis, a process that 

begins with differentiation of mesoderm-derived angioblasts into endothelial cells (ECs) 

of the primitive vascular plexus [1]. These primitive vessels undergo angiogenic 

sprouting and remodeling into an organized network of arteries, veins and capillaries 

(Figure 1.1) [2]. Subsequent tissue-specific angiogenesis occurs when endothelial cells 

acquire properties unique to a specific organ endothelium [3,4]. 

 

The principles of sprouting angiogenesis and vascular remodeling are conserved 

in vertebrate blood vessels 

Sprouting angiogenesis is a cyclical process that generates new blood vessels 

from pre-existing vessels in response to proangiogenic signals. This process includes: 

1) selection of tip or stalk cell identity by ECs; 2) vessel elongation; and 3) lumen 

formation [2]. Tip and stalk cells differ in their function to drive sprouting angiogenesis. 

Tip cells migrate and contain filopodia that are responsible for responding to growth 

cues. Stalk cells proliferate to elongate and lumenize nascent vessels [5]. Tip and stalk 

cell selection is regulated by the coordination of vascular endothelial growth factor 

(VEGF) and DLL4/Notch signaling [2]. Activation of VEGF receptor 2 (VEGFR-2) by 

VEGF on ECs induces tip cell identity by increased expression of the Notch ligand, 

DLL4 (Figure 1.2). DLL4-enriched tip cells activate Notch1 on neighboring ECs and 

repress the tip cell phenotype by downregulating VEGFR-2 while upregulating VEGFR-



3	
		

1, a decoy receptor that sequesters VEGF [6,7]. ECs undergo cycles of tip and stalk cell 

selection to generate new vessels as well as organize vessel branching. 

 Vessel elongation, driven by stalk cell proliferation and tip cell guidance, occurs 

in response to multiple signals. VEGF/VEGFR-2/Neuropilin-1 signaling activates 

filopodia formation and cell migration in tip cells via PI3K and Cdc42. In stalk cells, 

VEGF stimulates proliferation via MAP kinase activation [8]. In addition to repressing the 

tip cell phenotype, Notch1 activates Notch-regulated ankyrin repeat protein (NRARP) to 

promote stalk cell proliferation [9].  

 Stalk cells are also responsible for lumen formation which occurs by different 

mechanisms [10]. Data from zebrafish intersomitic vessels supports a model in which 

lumens are formed by the fusion of intracellular vacuoles between ECs of nascent 

vessels [11,12]. In contrast, larger capillaries have lumens that retain a connection to 

the parent vessel and must undergo junctional rearrangement to form a lumen in a 

process known as cord hollowing. In this model, negatively charged glycoproteins on 

the apical surface of stalk cells create a repulsive signal to drive cytoskeletal 

rearrangements and lumen formation [2].   

 Newly formed blood vessels undergo remodeling to become a functional network 

through the process of vessel pruning. Vessel pruning is driven by hemodynamic forces 

and occurs when ECs of non-perfused vessels undergo selective regression [13]. High-

resolution imaging in the mouse retina demonstrates vessel pruning is a multistep 

process. Hypo-perfused vessels constrict to induce lumen collapse. ECs selected for 

retraction undergo apoptosis or migrate to be re-integrated into the remaining 

vasculature (Figure 1.3). The hallmark of EC retraction is the presence of collagen IV-



4	
		

positive empty basement membrane sleeves that are left behind after resolution of the 

remodeled vessel [14].  

 It is unresolved as to whether vessel regression is due to the loss of pro-survival 

cues or an active signaling process, but several molecular triggers have been 

implicated. For example, activation of shear stress-responsive transcription factor 

Krüppel-like factor 2 promotes vasodilation and EC survival [15] while downregulation of 

VEGF due to high oxygen levels triggers EC apoptosis and vessel regression [13]. The 

regulation of vessel pruning warrants further investigation to determine if it is a process 

distinct from angiogenesis controlled by independent signaling mechanisms or the final 

stage of angiogenesis that occurs in response to altering the activity of signaling 

pathways that control early angiogenic events such as EC proliferation and migration.  

 
Angiogenesis in the brain and spinal cord begins during embryonic development 

Vascularization of the primitive CNS (i.e. neural tube) begins at embryonic day 

9.5 (E9.5) when endothelial sprouts from the primitive arterial tracts of the perineural 

vascular plexus (PNVP) migrate and surround the neural tube in response to VEGF and 

canonical Wnts secreted from the neuroepithelium [16,17]. Initial invasion begins in the 

ventral neural tube followed by sprouting from the lateral PNVP [18].  ECs from the 

lateral PNVP invade the neural tube and make contact with ventral sprouts. These early 

sprouts anastomose, undergo perfusion and proliferate to give rise to the intraneural 

vascular plexus (INVP).  By E12.5, the INVP invades and vascularizes the deeper 

layers of the developing CNS. 
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Angiogenesis in the retina occurs postnatally 

Like the brain and spinal cord, the retina is vascularized by sprouting 

angiogenesis to supply oxygen and nutrients to the inner portion of the retina [19]. 

During embryonic development, a transient vessel network known as the hyaloid 

vasculature originates from the optic nerve and resides in the vitreous, providing 

nutrients to the developing retina and lens. The hyaloid vasculature persists after birth 

but regresses in the first postnatal week as permanent retina vessels form to meet the 

metabolic demands of the inner retina [20]. The permanent vasculature of the retina 

begins growing at birth. ECs migrate from the optic nerve along a network of astrocyte-

derived fibers to establish a radial array of veins and arteries along the inner face of the 

retina. In the mouse, this primary or superficial plexus vascularizes the ganglion cell 

layer of the retina, where output neurons that send visual information to the brain reside, 

and develops from postnatal day 0 (P0) to approximately P8, with some strain-to-strain 

variability (Figure 1.4).  

Once vessels of the superficial plexus reach the periphery of the retina cup, ECs 

sprout into the deep layers of the retina to give rise to two layers of intraretinal 

capillaries. The deep plexus resides in the outer plexiform layer and develops from P8 

to P12 while the intermediate plexus resides in the inner plexiform layer and develops 

from P14 to P17 [21]. Remodeling of the retinal vasculature is extensive and overlaps 

with sprouting angiogenesis. As ECs in the periphery of the retina proliferate and 

undergo vessel anastomosis to advance the vascular front, the already formed central 

vessels undergo remodeling to give rise to a refined capillary network as well as 
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capillary-free zones around veins and arteries [22]. All three plexi of the retina reach 

maturation by the end of the third postnatal week [23].   

 The mechanisms that control vascularization of the retina and neural tube show 

some overlapping characteristics. It is known that both the neural tube and retina rely on 

VEGF for the induction of angiogenesis. In the neural tube, VEGF is secreted from the 

neuroepithelium, a population of embryonic neural progenitor cells that give rise to 

neurons and glia including astrocytes and oligodendrocytes [24]. In the retina, 

astrocytes detect hypoxia after birth and secrete VEGF to stimulate EC proliferation and 

migration [25-27]. During formation of the superficial plexus, astrocytes stabilize the 

angiogenic front via cell-cell adhesion with tip cell filopodia mediated by R-cadherin, a 

type I cadherin that regulates cell adhesion [28]. Vascularization of the deeper layers of 

the retina also requires R-cadherin but occurs in an astrocyte-independent manner. 

Here, bipolar cells and Müller glia express R-cadherin to guide ECs to the outer and 

inner limits of the inner nuclear layer to establish the deep and intermediate vascular 

plexi [23]. In addition to VEGF, other proangiogenic molecules regulate vessel growth in 

the CNS. Signaling from the Wnt/β-catenin pathway is required for the formation of the 

INVP in the neural tube [17,29] while Norrin/β-catenin signaling facilitates angiogenesis 

in both the superficial and deep vascular plexi of the retina [30]. While VEGF is the 

shared driver of angiogenesis, use of these tissue-specific pathways suggests a 

requirement for unique signaling input to mediate the proper timing and/or region of 

angiogenesis in the CNS.  
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1.2 The blood-brain and blood-retina barrier: structure, development & function 

ECs of the CNS give rise to the unique structure known as the blood-brain barrier 

(BBB) and blood-retina barrier (BRB) that surround capillaries of the brain and spinal 

cord, and retina, respectively. In this section, I describe the structural and functional 

properties of CNS ECs in the context of the BBB, which overlap significantly with the 

BRB. Any unique BRB properties will be mentioned as needed. The BBB and BRB 

provide control of the extracellular environment in CNS tissue by limiting the entry of 

plasma components, pathogens and immune cells. Additionally, CNS ECs express 

transport systems allowing for delivery of nutrients and essential molecules such as 

sodium-dependent amino acid transporters and the glucose transporter GLUT-1 [31-33].  

The BBB is composed of a monolayer of brain ECs surrounded by two basement 

membranes (BM) and an extracellular matrix (ECM) that contains laminin, nidogen, type 

IV collagen and heparan sulfate proteoglycans, which serve as scaffolds for secreted 

molecules to localize to and bind ECs [34]. Brain ECs are polarized creating a distinct 

composition of the luminal and abluminal membranes. For example, P-glycoprotein 

(Pgp) is an ATP-binding cassette protein found on the luminal membrane. It acts as an 

efflux transporter, preventing lipophilic molecules able to diffuse through the cell 

membrane from reaching the CNS parenchyma [35]. The functional unit of the BBB is 

known as the neurovascular unit (NVU) and is composed of endothelial cells, pericytes, 

neurons and glial cells necessary for barrier induction and maintenance [36-39]. The 

hallmark features of the BBB include: 1) increased expression and proper localization of 

tight junction proteins that limit paracellular permeability between ECs, 2) a low rate of 

receptor-mediated endocytosis (transcellular permeability) and 3) expression of 
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transport proteins to facilitate bidirectional transport of molecules across the 

endothelium [33]. Barrier properties are not inherent to ECs of the CNS but rather 

manifest in response to the microenvironment. This phenomenon was demonstrated by 

transplantation of brain fragments from 3 day-old quail embryos into the coelomic cavity 

of chicken embryos. Histochemical analysis of vessels invading the avascular brain 

transplants showed barrier properties [40]. It is now well established that these barrier 

properties are induced in the CNS endothelium from signals derived from other cells in 

the NVU including pericytes, astrocytes and neurons/neural progenitors [41].  

 

The BBB and BRB have similar functional properties 

Transcellular transport 

ECs of the CNS have decreased transcellular permeability compared to 

peripheral tissue due to fewer caveolae that regulate endocytosis and transcytosis 

[42,43]. Caveolae are a class of glycolipid rafts rich in cholesterol and sphingolipids that 

facilitate receptor-mediated endocytosis of transferrin, insulin, albumin, hormones and 

LDL/HDL [33]. Caveolae are characterized by sensitivity to cholesterol depletion and 

dependence on the GTPase activity of dynamin for internalization. Caveolar formation 

and function depends on the structural protein Caveolin-1 (Cav-1) [44]. Mice deficient in 

Cav-1 in ECs lack caveolar membranes [45-47] and Cav-1 overexpression induces 

caveolar formation in lymphocytes, which typically lack caveolae at the plasma 

membrane [48].     

Other proteins found within caveolae include Cavins which associate with 

caveolin to promote plasma membrane invagination [49] and plasmalemma vesicle 
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associated protein (PLVAP) [50,51]. PLVAP is an integral membrane protein that 

localizes to the diaphragms of fenestrae and caveolar stomata. Fenestrae are 60-80 nm 

transcellular holes found in fenestrated endothelia of certain organs such as the 

intestine and kidney that allow for a higher rate of exchange of water and small solutes 

[52]. Fenestrae are spanned by fenestral diaphragms, a barrier composed of radial 

fibrils [53]. Stomatal diaphragms are thin protein structures that span the plasma 

membrane invaginations of caveolae. While the exact function of fenestral and stomatal 

diaphragms is unknown, loss of PLVAP results in the absence of these diaphragms, 

disrupts permeability of fenestrated capillaries and leads to embryonic lethality [54]. In 

the context of barrier development, PLVAP is interesting because it is initially expressed 

in immature CNS ECs and its downregulation marks the loss of fenestrae in maturing 

vessels. During pathological BBB breakdown, PLVAP is upregulated indicating 

increased transcellular permeability [55,56]. However, it remains unclear if increased 

PLVAP expression is due to increased caveolae-mediated transcytosis or the 

reemergence of fenestrae.  

Paracellular transport 

The BBB is composed of a monolayer of brain ECs held together by tight 

junctions (TJs) that prevent the bidirectional movement of solutes between the blood 

and the CNS parenchyma [34] and confer high transendothelial electrical resistance 

[57]. Three integral membrane proteins localize to the TJ: junctional adhesion molecules 

(JAMs), occludin and claudin [58-60].  

JAMs are members of the immunoglobulin superfamily that mediate EC-

leukocyte interactions and contribute EC polarization [61,62]. Occludin is a tetraspanin 
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protein, first identified as a component of TJ strands [59]. Loss-of-function (LOF) studies 

for occludin demonstrate functional TJs can form in its absence [63,64]. However, 

occludin is enriched in brain ECs and can increase TJ integrity [65,66]. Additionally, 

numerous studies have shown that the phosphorylation state of occludin affects TJ 

assembly and permeability [67].  

Claudins (Cldn) are tetraspanin proteins that bind through homotypic and 

heterotypic interactions to generate size and charge selective pores between ECs. 

There are over 20 different Cldn proteins and their composition in different tissues 

confers the relative permeability of TJs [34]. The CNS endothelium is enriched in Cldn-

5, -3 and -12 [68-70]. Cldn5 is the most abundant claudin in brain ECs and its function is 

well characterized through LOF studies. Morphologically, blood vessels of Cldn5 

knockout mice are normal throughout embryonic development and TJ strands form, 

likely composed of Cldn12. Tracer experiments have shown that loss of Cldn5 results in 

a size-selective increase in paracellular permeability as vessels of E18.5 mutant brains 

are leaky to molecules less than 800 Daltons but not large molecules such as dextran 

and serum albumin [71].  

These TJ proteins are linked to the actin cytoskeleton via scaffold proteins known 

as zonula occludens (ZO) proteins [33]. While TJs form in the absence of ZO-1, their 

assembly is delayed [72,73]. Though the adult BBB is stable, TJs are dynamic at steady 

state; FRAP analysis in MDCK epithelial cells shows that occludin, ZO- and Cldn1 

undergo exchange with mobile fractions. However, the kinetics and modes of exchange 

of each of these protein components differ, i.e. junctional ZO-1 exchange is rapid while 

occludin is exchanged slower via diffusion within the plasma membrane [74].   
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The timing of NVU development differs in the BBB and BRB 

In the developing embryo, BBB development begins shortly after angiogenesis 

with initial expression of TJ proteins (E12.5), loss of fenestrae and decreased PLVAP 

expression (E16.5) and specialized transporter expression (E13.5) [75-78]. While barrier 

maturation continues postnatally, numerous tracer studies have shown that it is largely 

established during embryonic development [79,80].  

 Initial acquisition of barrier properties such as expression of TJ molecules and 

GLUT-1 is driven by Wnt/β-catenin signaling and GPR124, an orphan G protein-coupled 

receptor protein [17,29,81-83]. Shortly after angiogenic sprouting in the CNS, pericytes 

differentiate and associate with ECs to promote TJ maturation via Cldn5 and occludin 

expression and decrease transcytosis [84]. Pericytes are a type of mural cell, non-

endothelial support cells that coat small-diameter vessels and share a basement 

membrane with ECs [33]. Pericytes localize to the capillaries, precapillary arterioles and 

postcapillary venules of cerebral vessels [85]. During angiogenesis, pericytes stabilize 

CNS vessels by production of ECM components, promote EC quiescence and regulate 

BBB formation [84,86]. The necessity of pericytes for BBB development has been 

demonstrated in PDGFβ and PDGFRβ knockout mice. These pericyte-deficient mice 

show increased vascular permeability, CNS microaneurysms and die at birth [87,88].   

 While TJ proteins are expressed in brain ECs during embryonic development, 

there is a significant increase in electrical resistance at birth indicating decreased 

paracellular permeability [57]. This is likely due to astrocytes that are generated at birth 

and associate with ECs in the first postnatal week [75]. This is supported by studies 
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demonstrating that co-cultures of ECs with astrocytes result in increased TJ integrity 

[89]. Astrocytic endfeet do not interact directly with ECs but rather ensheath vessels 

through interactions with the outer BM [34]. Astrocytes are involved in water and 

electrolyte balance in the brain as well as synaptic transmission [36,90,91]. Astrocytes 

interact with CNS vessels and support barrier maturation through secretion of Sonic 

Hedgehog (Shh) [85]. Disruption of Shh signaling in astrocytes or ECs results in 

decreased TJ expression and increased BBB permeability [92]. ECs maintain a close 

association with pericytes and astrocytic endfeet to allow for bidirectional 

communication through growth factors that stabilize these interactions and mediate 

barrier maintenance [33]. 

One unique feature of the BRB is the presence of Müller glia, the main glia of the 

retina. Müller glia span the entire thickness of the retina and its processes make contact 

with both retinal vessels and neurons [93]. They function in metabolic support to 

neurons, ion and water homeostasis, regulation of blood flow and are involved in 

neuronal signaling [94]. Müller glia also release growth factors such as Norrin to 

regulate angiogenesis and BRB development [25,95-98].    

 While the BBB and BRB are similar, it is not yet clear how tightly coupled the 

processes of angiogenesis and barrier development are in the retina. In the neural tube, 

angiogenesis is initiated at E9.5 and expression of tight junction proteins begins at 

E12.5 [75]. In vivo analysis of the permeability of embryonic CNS vessels demonstrates 

brain ECs exclude the small molecular weight tracer biotin from the CNS parenchyma 

by E15 indicating TJs are functionally mature [84]. These data demonstrate that in the 
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brain and spinal cord, there is a six-day gap between angiogenesis and the initiation of 

BBB function. 

In the retina, BRB development mimics angiogenesis in that it follows the rule 

“center to periphery” with more mature vessels being found centrally and less mature 

vessels at the vascular front [99]. Like the BBB, the BRB is composed of ECs, 

basement membrane, pericytes and astrocytic endfeet. Numerous studies demonstrate 

that retinal angiogenesis and BRB development do not occur in the absence of 

astrocytes [100-102]. While tracer experiments to examine the developmental timing of 

BRB function are lacking, ultrastructural analysis demonstrates ECs of the superficial 

plexus show signs of barrier maturation by P14 with visible TJ strands, increased 

pericyte and astrocyte coverage and a thickened basal lamina [103]. The two-week gap 

between the start of angiogenesis in the superficial vascular plexus (P0) and onset of 

visible TJs (P14) suggests that acquisition of barrier properties occurs slower in retinal 

ECs compared to ECs of the brain. What can account for this difference in paracellular 

barrier maturation?    

One potential explanation is differences in the timing of associations between 

ECs and cells of the NVU that regulate barrier properties in the retina and brain. During 

embryogenesis, pericytes are recruited to nascent vessels in the neural tube to promote 

TJ maturation one day after the induction of CNS angiogenesis [84]. In the postnatal 

retina, mural progenitor cells, which give rise to pericytes, associate with vessels as 

early as P5. However, mature pericytes, characterized by expression of pericyte-

specific markers, are not generated until P15 [104]. It is therefore possible that the gap 

between the start of angiogenesis in the superficial plexus and initial signs of TJ 
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maturation is due to the association of ECs with terminally differentiated pericytes, 

which does not occur until the end of the second postnatal week. Further investigation 

to determine the exact timing of paracellular as well as transcellular barrier maturation in 

retinal ECs is required to reveal potentially unique mechanisms in the BRB versus the 

BBB.    
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1.3 Canonical Wnt-mediated angiogenesis & BBB development 

Wnt/β-catenin signaling 

 Wnts are a family of secreted glycoproteins that activate the canonical Wnt 

pathway to regulate cell proliferation and cell fate determination during embryogenesis 

and adult tissue homeostasis [105]. The canonical Wnt or Wnt/β-catenin signaling 

pathway mediates its intracellular response through stabilization of β-catenin, the 

transcriptional activator of Wnt target genes [106]. In the absence of Wnt ligands, β-

catenin is degraded in the cytoplasm by the APC destruction complex composed of 

scaffolding proteins Axin and the tumor suppressor adenomatous polyposis coli gene 

product (APC) and the Serine/Threonine kinases, CK1 and GSK3. Phosphorylation of β-

catenin by CK1 and GSK3 serves as a recognition signal for the E3 ubiquitin ligase β-

TrCP that targets β-catenin for ubiquitination and proteosomal degradation. When a Wnt 

ligand binds its transmembrane Frizzled (Fz) receptor and low-density lipoprotein 

receptor related protein 5 (Lrp5) co-receptor, the intracellular scaffolding protein 

Disheveled is recruited to the membrane and results in phosphorylation of Lrp5. Lrp5 

phosphorylation triggers the recruitment of Axin away from APC destruction complex, 

disassembling the complex and blocking β-catenin phosphorylation [107]. Cytoplasmic 

accumulation of β-catenin promotes its translocation into the nucleus where it binds and 

activates TCF/LEF transcription factors to drive target gene transcription.  

  Multiple studies demonstrate a role for Wnt/β-catenin signaling in vascular 

morphogenesis including EC proliferation and survival as well as physiological and 

pathological angiogenesis [108-110]. Genetic analysis demonstrates that canonical Wnt 



16	
	

signaling is required for proper vascularization of extraembryonic structures like the 

placenta and yolk sac [111,112] and the central nervous system [1].  

 

Wnt/β-catenin signaling mediates CNS angiogenesis & BBB development 

 Canonical Wnt signaling is required for both CNS angiogenesis and BBB 

development [17,29,81]. β-galactosidase reporter mice demonstrate that canonical Wnt 

signaling in CNS ECs begins at E9.5, peaks at E13.5 and drops drastically by E17.5. 

Postnatal levels remain low and are nearly absent in the adult. During EC invasion of 

the neural tube, Wnt7a and Wnt7b are secreted by the neuroepithelium to regulate 

formation of the INVP [17,113]. Additionally, brain endothelial cells express higher levels 

of downstream Wnt effectors (e.g. Frizzled6/Lrp8) as compared to endothelial cells of 

peripheral tissue [114] (Figure 1.5A). LOF studies show that deletion of Wnt7a/b from 

the neuroepithelium results in reduced numbers of ECs and pericytes in the INVP, 

abnormal vessel morphology and CNS-specific hemorrhaging [17,29]. The necessity for 

canonical Wnt signaling is unique to the vasculature of the CNS and not that of 

peripheral tissue. GeneChip analysis of purified ECs from Tie2-GFP mice showed 

upregulation of β-catenin target genes in the brain but not the liver or lung including 

Axin2, Lef1 and Apcdd1 [29]. Additionally, EC-specific deletion of β-catenin prevents 

capillary formation in the embryonic brain and spinal cord while vascularization of 

peripheral tissues such as the liver, lung and skin is unaffected.  

 The Wnt/β-catenin pathway also affects barrier development. Ectopic expression 

of Wnt7a in the neuroepithelium is sufficient to drive GLUT-1 expression [17]. EC-

specific deletion of β-catenin in the first postnatal week results in decreased expression 
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of the TJ protein Cldn3, up-regulation of PLVAP and increased permeability to Evans 

blue dye in the brain vasculature [81]. Conversely, overexpression of β-catenin in the 

endothelium accelerated acquisition of barrier properties as seen by increased Cldn3 

expression and decreased PLVAP as early as E13.5. 

 

Norrin/β-catenin signaling mediates retinal angiogenesis & BRB development 

 Norrin is a cysteine-rich, atypical Wnt ligand that regulates mammalian blood 

vessel development in the retina and blood vessel maintenance in the cerebellum 

[115,116]. Norrin contains no sequence homology to Wnts but selectively binds the Fz4 

receptor and Lrp5/6 to activate canonical Wnt signaling [117,118] (Figure 1.5B). In the 

retina, Norrin is first detected in the optic disc at E15.5 [98]. In the postnatal retina, 

Norrin is solely expressed by Müller glia that span the inner to outer limiting membranes 

of the retina [119]. Like Wnts, Norrin has a high-affinity for the ECM [120]. Reporter 

assays show that Norrin functions in a paracrine fashion with a limited range of action.   

 LOF studies demonstrate that Norrin/Fz4/Lrp5 signaling affects retina 

angiogenesis in the superficial and deep plexus differently. Loss of Lrp5, Ndp (the gene 

coding for Norrin protein) or Fz4 all result in delayed outgrowth of the superficial plexus 

with fewer branch points and decreased vessel density in the first postnatal week. The 

more dramatic phenotype associated with loss of Norrin signaling is the complete loss 

of intraretinal capillaries (deep plexi) [121,122]. While parallel diving sprouts are initiated 

in the ganglion cell layer, ECs fail to invade and elongate in deeper layers of the retina 

and instead result in club-like capillaries. This data demonstrates that Norrin is crucial 

for the astrocyte-independent angiogenesis responsible for growth of intraretinal 
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capillaries while also affecting vessel density and stability in the superficial plexus, albeit 

to a lesser degree. Functionally, these deficits result in visual impairment in the form of 

decreased b-wave amplitude, a measurement of inner retina health, and decreased 

optokinetic reflex [122]. In the cerebellum, Norrin/Fz4 signaling is dispensable for blood 

vessel development but required for vessel maintenance, as Ndp-/- and Fz4-/- mice show 

no vascular defects at P14 but by P30 and by 6 months of age there is progressive 

vessel loss, vascular enlargement and disorganization [30,117].  

 Like the brain and spinal cord, which rely on Wnt/β-catenin signaling for BBB 

development, Norrin/β-catenin contributes to barrier integrity in the retina and 

cerebellum [30,123]. EC-specific deletion of Fz4 causes a dramatic increase in 

permeability to small molecular weight tracers. Protein expression changes associated 

with loss of Norrin signaling include decreased expression of Cldn5 and increased 

expression of PLVAP as early as P5 [121]. Transmission electron microscopy of retinal 

blood vessels in Fz4 knockout mice show increased fenestrations that are absent in 

wild-type controls [117]. These data demonstrate that the Norrin/Fz4/Lrp signaling 

complex is involved in BRB induction by promoting TJ integrity as well as suppression 

of PLVAP, a gene associated with fenestrated endothelium.  

While the necessity of Norrin/Fz4/Lrp5 signaling in angiogenesis and barrier 

development in the retina is established, it is unclear if different levels of canonical Wnt 

activity regulate angiogenesis versus vascular remodeling and BRB maturation. 
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1.4 Apcdd1 

 Adenomatous polyposis coli down-regulated 1 (Apcdd1) is a lesser known 

inhibitor of the canonical Wnt pathway first identified in a screen for downstream gene 

targets of the β-catenin/Tcf pathway in human colon adenocarcinoma cells [124,125]. 

A 2010 study by Daneman et al. isolated ECs from Tie2GFP mice to generate a 

transcriptional profile of genes enriched in ECs of the brain as compared to peripheral 

tissue. They found, Apcdd1 is the second most enriched gene in brain ECs compared to 

ECs of the lung and liver [126]. Apcdd1 is a membrane-bound glycoprotein highly 

conserved among vertebrates and analysis in mouse embryos shows it is expressed in 

the nervous system, vascular system, inner ear and extraembryonic structures [127]. It 

contains a cysteine-rich region in its extracellular domain but lacks any known protein 

motifs.  

 The first major publication regarding the function of Apcdd1 was a 2010 study by 

Shimomura et al. identifying a point mutation (Leu9Arg) in APCDD1 is responsible for 

Hereditary hypotrichosis simplex, a rare autosomal dominant form of hair loss [128]. 

This study established that Apcdd1 binds Wnt3a and the Lrp5 co-receptor and 

decreases canonical Wnt signaling in vitro. In addition to affecting hair follicle 

maturation, Apcdd1 affects other canonical Wnt-mediated developmental processes as 

overexpression of Apcdd1 decreases proliferation and differentiation of neural 

progenitors in the chick spinal cord and disrupts axis-specification in Xenopus embryos 

[128]. A more recent publication found that Apcdd1 affects epithelial rearrangement 

during tooth development, another process requiring Wnt/β-catenin signaling [129].   
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   While there is some data regarding the embryonic expression of Apcdd1, its 

expression at later stages of vertebrate development is largely unknown. The status of 

Apcdd1 as a canonical Wnt target gene in the CNS has been demonstrated in both the 

brain [29] and retina, [121] where it is downregulated in both Lrp5 and Norrin mutants. 

The enrichment of Apcdd1 in ECs of the brain and retina make it an interesting 

candidate for modulating canonical Wnt-mediated vessel development.  
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1.5 Conclusion 

 Apcdd1 is a canonical Wnt inhibitor implicated in multiple developmental 

processes [129]. While Apcdd1 is enriched in the endothelium of the CNS, and also 

downstream of both Wnt/β-catenin [29] and Norrin/β-catenin [121], there has been no 

investigation into its potential role as a mediator of angiogenesis or barrier development.  

This thesis aims to address the following questions: (1) What is the spatiotemporal 

pattern of Apcdd1 in the brain and retina? (2) Does Apcdd1 modulate expression of 

canonical Wnt gene targets? and (3) Does Apcdd1 function as a regulator of β-catenin-

mediated angiogenesis and barrier development in the CNS (Figure 1.6)? 
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Figure 1.1 Stages of vertebrate vascular development. Mesoderm-derived 
angioblasts take on arterial (red) or venous (blue) identity and coalesce to 
generate the first embryonic blood vessels, the dorsal aorta and cardinal vein. 
Angioblasts combine to form blood islands, primitive vascular plexi with 
venous and arterial identity. Vascular remodeling of the dorsal aorta, cardinal 
vein and primitive vascular plexi creates an organized vessel network of 
arteries, arterioles, capillaries, venules and veins stabilized by mural cell 
recruitment. Endothelial cells then acquire tissue-specific properties in 
response to growth and differentiation cues from cells of surrounding tissue. 
(Herbert & Stainier, Nat Rev Mol Cell Biol., 23 August 2011). © 2011 
Macmillan Publishers Ltd.      
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Figure 1.2 Tip and stalk cell formation. Tip cell filopodia upregulate DLL4 in 
response to VEGF. DLL4 interacts with its receptor Notch on neighboring ECs. 
Notch activation leads to downregulation of VEGFR-2 and -3 and upregulation 
of VEGFR-1. Notch-mediated inhibition of VEGF receptors represses tip cell 
behavior in stalk cells. (Potente et al., Cell, 16 September 2011). © 2011 
Elsevier Inc.   
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Figure 1.3 Steps of vessel pruning. (A) Blood-flow selects a branch for 
regression. (B) Hypoperfused vessels constrict until (C) blood flow ceases.   
(D) ECs in regressing vessel segments undergo apoptosis or migrate and 
re-integrate into other vessels. (E) Regressed vessels leave behind 
collagen IV+ empty basement membrane sleeves (ebms). (Korn & 
Augustin, Cell, 6 July 2015). © 2015 Elsevier Inc.    
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form layer where they form the secondary, or deep, retinal plexus.
By P21, the entire network undergoes extensive remodeling and a
tertiary, or intermediate, plexus forms at the inner surface of the
inner nuclear layer (Fig. 1b).

A neonatal mouse retinal angiogenesis model has been used to
study the role of HSCs during ocular angiogenesis for several rea-
sons. In this physiologically relevant model, a large astrocytic
template exists prior to the appearance of endogenous blood ves-
sels, permitting an evaluation of the role for cell–cell targeting
during physiologically relevant angiogenesis. In addition, this
consistent and reproducible neonatal retinal vascular process is
known to be hypoxia-driven; in this respect, it has similarities to
many retinal diseases in which ischemia is known to be involved.

Enrichment of EPCs from BM
Although cell-surface marker expression has been extensively
evaluated on the EPC population found in preparations of HSC,
markers that uniquely identify EPC are still poorly defined. To en-
rich for EPC, Lin+ cells (B lymphocytes (CD45), T lymphocytes
(CD3), granulocytes (Ly-6G), monocytes (CD11) and erythrocytes
(TER-119)) were depleted from BM mononuclear cells. Based on
previous reports, we used Sca1 antigen to further enrich for EPCs.
When we compared results obtained after intravitreal injection of
identical numbers of either Lin–Sca1+ or Lin– cells, no difference
was detected between the two groups. In fact, when only Lin–Sca1–

cells were injected, far greater incorporation into developing
blood vessels occurred (data not shown). Lin– cells were enriched
for EPCs based on functional assays (see below). Moreover, Lin+

populations functionally behaved differently from the Lin– cells.
We also evaluated epitopes commonly used to identify EPCs for
each fraction (based on previously reported in vitro characteriza-
tion studies1). Although none of these markers were exclusively
associated with the Lin– fraction, all were increased 70–1,800% in
the Lin– versus Lin+ fraction (Fig. 1c). Accepted EPC markers like
Flk1, Tie2 and Sca1 were poorly expressed and not used for further
fractionation.

Lin– HSCs contain EPC that target astrocytes
We investigated whether intravitreally injected HSCs could target
specific cell types of the retina and participate in retinal angiogen-
esis. Approximately 1 × 105 Lin– or Lin+ HSCs isolated from BM of
adult green fluorescent protein (GFP)- or LacZ-transgenic mice
were injected into postnatal day 2 (P2) mouse eyes. Four days after
injection (P6), many Lin– HSCs from GFP- or LacZ-transgenic mice
were adherent to the retina and had the characteristic elongated
appearance of endothelial cells (Fig. 2a). In many areas, the GFP-
expressing cells were arranged in a pattern conforming to underly-
ing astrocytes and resembled blood vessels. These fluorescent cells
were observed ahead of the endogenous, developing vascular net-
work (Fig. 2b). In contrast, only a small number of Lin+ HSCs (Fig.
2c) or adult mouse mesenteric endothelial cells (Fig. 2d) attached
to the retinal surface. To determine whether injected HSCs could
also attach to retinas with pre-established vessels, we injected Lin–

HSCs into adult eyes. Notably, no cells attached to the retina or in-
corporated into established, normal retinal blood vessels (Fig. 2e).

To determine the relationship between injected Lin– HSCs and
retinal astrocytes, we used a transgenic mouse expressing glial fib-
rillary acidic protein (GFAP) promoter-driven GFP. Retinas of the
GFAP-GFP-transgenic mice injected with Lin– HSCs from these en-
hanced GFP (eGFP) transgenic mice showed colocalization of the
injected eGFP EPCs and existing astrocytes (Fig. 2f–h, arrows).
Processes of eGFP+Lin– HSCs conformed to the underlying astro-
cytic network (Fig. 2g). In P2 eyes of GFAP-GFP-transgenic mice,
the injected, labeled cells attached to only astrocytes; in P6 mouse
retinas, where the retinal periphery also does not yet have en-
dogenous vessels, injected cells adhered to astrocytes in these un-
vascularized areas. Notably, injected, labeled cells were observed
in deeper layers of the retina at the precise location where normal
retinal vessels will subsequently develop (Fig. 2i, arrows).

To determine whether injected Lin– HSCs are stably incorpo-
rated into the developing retinal vasculature, we examined retinal
vessels at several later time points. As early as P9 (7 d after injec-
tion), Lin– HSC incorporate into CD31+ structures (Fig. 2j). By P16

a b

c
Fig. 1 Characterization of retinal vascular development and BM-derived
HSC. a and b, Schematic diagrams of developing mouse retina (green, as-
trocyte; red, vasculature). a, Development of primary plexus. b, Second
phase of retinal vessel formation. GCL, ganglion cell layer; IPL, inner plexus
layer; INL, inner nuclear layer; OPL, outer plexus layer; ONL, outer nuclear
layer; RPE, retinal pigment epithelium; ON, optic nerve; P, periphery. 
c, Flow-cytometric characterization of BM-derived Lin+ and Lin– separated
cells. Top row, Dot-plot distribution of non-antibody labeled cells. R1 de-
fines the quantifiable-gated area of positive PE-staining; R2 indicates GFP-
positive. Lin– (middle row) and Lin+ (bottom row) cells (C57B/6) labeled
with the PE-conjugated antibodies for Sca-1, c-kit, KDR(Flk-1), CD31. Tie2
data was obtained from Tie2–GFP mice. Percentages indicate percent of
positive-labeled cells out of total Lin– or Lin+ population.
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form layer where they form the secondary, or deep, retinal plexus.
By P21, the entire network undergoes extensive remodeling and a
tertiary, or intermediate, plexus forms at the inner surface of the
inner nuclear layer (Fig. 1b).

A neonatal mouse retinal angiogenesis model has been used to
study the role of HSCs during ocular angiogenesis for several rea-
sons. In this physiologically relevant model, a large astrocytic
template exists prior to the appearance of endogenous blood ves-
sels, permitting an evaluation of the role for cell–cell targeting
during physiologically relevant angiogenesis. In addition, this
consistent and reproducible neonatal retinal vascular process is
known to be hypoxia-driven; in this respect, it has similarities to
many retinal diseases in which ischemia is known to be involved.

Enrichment of EPCs from BM
Although cell-surface marker expression has been extensively
evaluated on the EPC population found in preparations of HSC,
markers that uniquely identify EPC are still poorly defined. To en-
rich for EPC, Lin+ cells (B lymphocytes (CD45), T lymphocytes
(CD3), granulocytes (Ly-6G), monocytes (CD11) and erythrocytes
(TER-119)) were depleted from BM mononuclear cells. Based on
previous reports, we used Sca1 antigen to further enrich for EPCs.
When we compared results obtained after intravitreal injection of
identical numbers of either Lin–Sca1+ or Lin– cells, no difference
was detected between the two groups. In fact, when only Lin–Sca1–

cells were injected, far greater incorporation into developing
blood vessels occurred (data not shown). Lin– cells were enriched
for EPCs based on functional assays (see below). Moreover, Lin+

populations functionally behaved differently from the Lin– cells.
We also evaluated epitopes commonly used to identify EPCs for
each fraction (based on previously reported in vitro characteriza-
tion studies1). Although none of these markers were exclusively
associated with the Lin– fraction, all were increased 70–1,800% in
the Lin– versus Lin+ fraction (Fig. 1c). Accepted EPC markers like
Flk1, Tie2 and Sca1 were poorly expressed and not used for further
fractionation.

Lin– HSCs contain EPC that target astrocytes
We investigated whether intravitreally injected HSCs could target
specific cell types of the retina and participate in retinal angiogen-
esis. Approximately 1 × 105 Lin– or Lin+ HSCs isolated from BM of
adult green fluorescent protein (GFP)- or LacZ-transgenic mice
were injected into postnatal day 2 (P2) mouse eyes. Four days after
injection (P6), many Lin– HSCs from GFP- or LacZ-transgenic mice
were adherent to the retina and had the characteristic elongated
appearance of endothelial cells (Fig. 2a). In many areas, the GFP-
expressing cells were arranged in a pattern conforming to underly-
ing astrocytes and resembled blood vessels. These fluorescent cells
were observed ahead of the endogenous, developing vascular net-
work (Fig. 2b). In contrast, only a small number of Lin+ HSCs (Fig.
2c) or adult mouse mesenteric endothelial cells (Fig. 2d) attached
to the retinal surface. To determine whether injected HSCs could
also attach to retinas with pre-established vessels, we injected Lin–

HSCs into adult eyes. Notably, no cells attached to the retina or in-
corporated into established, normal retinal blood vessels (Fig. 2e).

To determine the relationship between injected Lin– HSCs and
retinal astrocytes, we used a transgenic mouse expressing glial fib-
rillary acidic protein (GFAP) promoter-driven GFP. Retinas of the
GFAP-GFP-transgenic mice injected with Lin– HSCs from these en-
hanced GFP (eGFP) transgenic mice showed colocalization of the
injected eGFP EPCs and existing astrocytes (Fig. 2f–h, arrows).
Processes of eGFP+Lin– HSCs conformed to the underlying astro-
cytic network (Fig. 2g). In P2 eyes of GFAP-GFP-transgenic mice,
the injected, labeled cells attached to only astrocytes; in P6 mouse
retinas, where the retinal periphery also does not yet have en-
dogenous vessels, injected cells adhered to astrocytes in these un-
vascularized areas. Notably, injected, labeled cells were observed
in deeper layers of the retina at the precise location where normal
retinal vessels will subsequently develop (Fig. 2i, arrows).

To determine whether injected Lin– HSCs are stably incorpo-
rated into the developing retinal vasculature, we examined retinal
vessels at several later time points. As early as P9 (7 d after injec-
tion), Lin– HSC incorporate into CD31+ structures (Fig. 2j). By P16

a b

c
Fig. 1 Characterization of retinal vascular development and BM-derived
HSC. a and b, Schematic diagrams of developing mouse retina (green, as-
trocyte; red, vasculature). a, Development of primary plexus. b, Second
phase of retinal vessel formation. GCL, ganglion cell layer; IPL, inner plexus
layer; INL, inner nuclear layer; OPL, outer plexus layer; ONL, outer nuclear
layer; RPE, retinal pigment epithelium; ON, optic nerve; P, periphery. 
c, Flow-cytometric characterization of BM-derived Lin+ and Lin– separated
cells. Top row, Dot-plot distribution of non-antibody labeled cells. R1 de-
fines the quantifiable-gated area of positive PE-staining; R2 indicates GFP-
positive. Lin– (middle row) and Lin+ (bottom row) cells (C57B/6) labeled
with the PE-conjugated antibodies for Sca-1, c-kit, KDR(Flk-1), CD31. Tie2
data was obtained from Tie2–GFP mice. Percentages indicate percent of
positive-labeled cells out of total Lin– or Lin+ population.
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Figure 1.4 Angiogenesis in the retina. (A) Schematic of angiogenesis in the 
superficial plexus. In the postnatal retina, ECs (red) migrate from the optic nerve 
along an astrocytic network (green) to establish the superficial vascular plexus. 
(B) Localization of the retinal vascular plexi. The superficial plexus is found in the 
GCL while the deep and tertiary (intermediate) plexi are found in the OPL and 
IPL, respectively. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner 
nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer. (Otani et al., 
Nat Med, 29 July 2002). © 2002 Macmillan Publishers Ltd.      
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Figure 1. Apcdd1 is an inhibitor of the canonical Wnt pathway. Apcdd1 
is a Wnt target gene that acts as a negative regulator of the Wnt/ȕ�FDWHQLQ�
signaling pathway. It is known to interact with Wnt ligands and Lrp5. 
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Figure 1.5 Canonical Wnt signaling in the CNS endothelium. Schematic of the 
canonical Wnt ligand and receptor complex in the cortex and striatum (A) and the retina 
and cerebellum (B) that leads to downstream activation of β-catenin and transcription of 
Wnt target genes.  
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Figure 1.6 Potential function of Apcdd1 in retinal ECs. Schematic of Apcdd1 
functioning as an inhibitor of the Norrin/Fz4/Lrp5 pathway in retinal ECs. Downstream 
regulation of β-catenin has been simplified. Cellular functions related to angiogenesis 
and BRB development known to be downstream of β-catenin are highlighted in red and 
include: EC proliferation, vascular remodeling, paracellular permeability (tight junction 
function) and transcellular permeability (caveolae-mediated transcytosis). My thesis 
aims to determine if the endogenous function of Apcdd1 is to regulate any of these 
cellular processes that are critical for blood vessel formation and function in the retina.  
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2.1 MATERIALS & METHODS 

Generation of a tetracycline-inducible Apcdd1-IRES-mCherry transgenic mouse 

strain: First, a 0.7 kb SmaI/XbaI fragment containing the coding sequence for the red 

fluorophore mCherry was cloned into EcoRV/NheI sites within the second multiple 

cloning site of the pTRE3G-IRES vector (Clontech). This placed the mCherry start 

codon 41 nucleotides downstream of the preferential start codon after the IRES 

sequence, and therefore out of frame, however translation of mCherry from this 

bicistronic mRNA was confirmed by tetracycline-induced transfection in HEK293 cells 

before the constructs were injected. Next, the full-length mApcdd1 ORF (1.5 kb) was 

amplified using Q5 High-Fidelity DNA polymerase (New England Biolabs) and with SalI 

(5’) and ClaI (3’) sites in the amplifying primer sequences. This was cloned into the 

SalI/ClaI sites within the first multiple cloning site of pTRE3G-IRES-mCherry to yield the 

complete transgene construct. The Apcdd1 sequence amplified by PCR was confirmed 

to be error-free by sequencing before microinjection into fertilized mouse oocytes. 

 For injection into fertilized oocytes, the complete PTRE3G-Apcdd1-IRES-mCherry-

SV40polyA gene (~4.3 kb) was amplified from pTRE3G using the primers TRE3Gfor (5’-

CACGAGGCCCTTTCGTCTTCAAGAATTCCTCGAG) and SVpArev (5’-

AAGATACATTGATGAGTTTGGACAAACCAC), and subcloned into the pCR4-TOPO 

vector (Life Technologies). Clones were doubly digested with EcoRI (to release the 

transgene) plus SphI (to cut pCR4-TOPO into two smaller pieces) and provided to the 

Transgenic Mouse Facility at UC Irvine. Transgenic founder animals were recovered at 

the expected frequencies (16/103 = 16% for Apcdd1), mated individually to establish 
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independent lines, and then screened by crossing to the Cdh5-tTA [1] strain to assay 

Tet-dependent expression in the vascular endothelium. 

 

In-situ Hybridization and Fluorescent In-situ Hybridization: In situ hybridization and 

fluorescent in situ hybridization was performed as described [2] using a riboprobe 

generated against the CC-terminal end of the Apcdd1 mRNA transcript. Fluorescent in 

situ hybridization was followed by immunostaining for the vessel marker, Caveolin-1.  

 

Tissue isolation: Retinas, brains and livers were harvested from Apcdd1-/-, Apcdd1 

GOF dTg and sTg mice and wild-type littermate control mice. Mice were perfused with 

phosphate buffered saline (PBS) and 4% paraformaldehyde (PFA), tissue was fixed for 

4 hours with cold 4% PFA and washed with PBS. Whole-mount retinas were dissected 

to isolate the retinal cup and relieving cuts were made prior to staining. Retinas, brains 

and livers collected for sectioning were cyroprotected with 30% sucrose and embedded 

in Optimum Cutting Temperature (OCT; TIssueTek, Sakura-Finetek Inc). 

 

Immunofluorescence: Whole-mount retinas were stained with the following primary 

antibodies: Fluorescein labeled Bandeiraea Simplicifolia Lectin I (BSL-FITC) (1:500, 

Vector Laboratories), BSL-Rhodamine (1:750, Vector Laboratories) and collagen IV 

(1:2000, Abcam). Sectioned retinas were stained with the following primary antibodies: 

Caveolin-1 (1:2000, Abcam), Sox17 (1:50, R&D Systems), Islet-1 (1:5000), Sox9 

(1:1000, Millipore), Neurofilament (1:1000, Abcam) and Rhodopsin (1:500, Abcam). 

Sectioned brains were stained with Glut-1 (1:2000, Calbiochem). Imaging of whole-
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mount retinas was done with an LSM700 confocal microscope. Imaging of sectioned 

retinas was done with a Zeiss Axioimager. Analysis was done with FIJI software.  

 

Vessel density analysis: Vascular density was measured using intersection analysis in 

Fiji. For this process, a 5,000-µm2 grid was randomly placed over a retina leaflet (a 1 

inch2 grid was used in brain sections). Each intersection point of the grid served as a 

test point. Test points that overlay the leaflet vasculature were counted as positive 

“crossing” points. Test points that did not overlay the vasculature were negative “non-

crossing” points. The % vascular density was calculated by dividing the number of 

crossing points by the total number of test points overlaying the leaflet.  

 

EdU incorporation assay: Apcdd1-/- and littermate control pups were injected in the tail 

vein with 1 µL of 10 mg/mL EdU per 1-gram body weight. After 4 hours, retinas were 

collected as described above. Following dissection, EdU detection was performed using 

a Click-iT Alexa Fluor 594 Imaging Kit (Invitrogen). Retinas were stained with BSL-FITC 

and the superficial plexus imaged. Vascular density was first measured for each leaflet. 

EdU+ cells that co-localized with the retina vasculature were counted for each leaflet. 

The number of EdU+ cells was normalized to the vascular density of the leaflet. 

 

In vivo biocytin-TMR assay: Mice received intravenous injections of 1% biocytin-TMR 

(Life Technologies) solution. After 30 minutes, mice were perfused and retinas and 

livers collected as described above.  Whole-mount retinas were stained with BSL-FITC. 

Livers were post-fixed and sectioned in 12 µm transverse sections with a Leica cryostat. 
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Multiple areas of whole-mount retinas (superficial plexus) and livers were imaged at 40X 

with a Zeiss LSM700 confocal microscope and analyzed with FIJI software. Tracer 

leakage was measured by line scan analysis to measure the signal intensity of biocytin-

TMR outside the vessels. Biocytin-TMR signal intensity in the retina was normalized to 

that of the liver for each animal.  

 

In vivo albumin uptake assay: Mice received intravenous injections of 1% albumin-

Alexa 488 (Life Technologies). After 60 minutes, mice were perfused and retinas and 

livers collected as described above.  Multiple areas of whole-mount retinas (superficial 

plexus) were stained with BSL-rhodamine. Whole-mount retinas and livers were imaged 

at 40X with a Zeiss LSM700 confocal microscope and analyzed with FIJI software. 

Intraendothelial and parenchymal albumin levels were measured by signal thresholding 

and reported relative to the area of vasculature present in each image. The area of 

albumin present in the retina was normalized to that of the liver for each animal.  

 

Western blot analysis of in vivo tissues: Retinas, brains and livers were collected 

from mice after perfusion with PBS. Collected tissue was homogenized in lysis buffer 

containing protease and phosphatase inhibitors using a dounce tissue grinder, followed 

by sonication. Protein levels in P14 and P18 retinas and P10 wild-type and dTg retinas 

were measured by fluorescence Western blot analysis and quantitation was performed 

using the LI-COR (LI-COR, Lincoln, NE) system as described [3]. Western blot analysis 

utilized the following primary antibodies: Apcdd1 (1:5000, Shimomura et al., 2010), 

Claudin-5 (1:500 ThermoFisher Scientific), ZO-1 (1:1000, ThermoFisher Scientific), 
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Occludin (1:250, ThermoFisher), Caveolin-1 (1:1000, Abcam), PLVAP (1:500, 

ProteinTech) and β-actin (1:10,000, Abcam). IRDyes 680 and 800 (1:10,000; LI-COR) 

were used as secondary antibodies. Fluorescent quantification of protein levels was 

done using the Odyssey SA infrared imaging system. Values are displayed as protein 

levels corrected with β-actin and normalized to wild type controls values. Detection of 

Apcdd1 protein in retina and liver and brain and liver lysates utilized the primary 

antibody described above with detection by chemiluminescent HRP.  

 

Western blot analysis of in vitro cell extracts: Primary mouse brain endothelial cells 

were grown on poly-D-lysine and collagen IV-coated plates to ~90% confluence in 10% 

FBS media then switched to 1% FBS media for 48 hours. After 48 hours cells were 

harvested and lysed in RIPA buffer with protease and phosphatase inhibitors. Western 

blot analysis utilized the following primary antibodies: Claudin-5 (1:2000, ThermoFisher 

Scientific), Occludin (1:1000, ThermoFisher Scientific), ZO-1 (1:1000, ThermoFisher 

Scientific), Caveolin-1 (1:4000, Abcam), Cavin 2 (1:1000, Abcam), PLVAP (1:500, 

ProteinTech) and β-actin (1:10,000, Abcam) as a loading control. Secondary antibodies 

conjugated to IRdyes 680 and 800 (1:20,000, LI-COR) were used. Fluorescent 

quantification of protein levels was done using the Odyssey SA infrared imaging 

system. Values are displayed as protein levels corrected with β-actin and normalized to 

wild type controls values. Experiments were repeated five times. 

 

Trans endothelial electrical resistance: Primary mouse brain endothelial cells were 

plated on a collagen IV-coated gold electro array 96 well plate (Applied BioPhysics, NY) 



43	
	

and grown in 10% FBS media to maximum resistance. Cells were then switched to 1% 

FBS and resistance was recorded every 30 minutes for 48 hours using the ECIS Z-θ 

system (Applied Biophysics, NY). Resistance curves were generated using GraphPad 

Prism software. Area under the curve (AUC) quantification was generated by measuring 

the area under the curve during the 48 hours after the cells reach maximum resistance 

using the GraphPad Prism software. Experiments were repeated 10 times. 

 

In vitro albumin uptake assay: Primary mouse brain endothelial cells were grown on 

poly-D-lysine and collagen IV-coated glass coverslips to ~90% confluence in 10% FBS 

media then switched to 1% FBS media for 48 hours. After 48 hours cells were incubated 

with 50 µg/mL albumin conjugated to Alexa-594 fluorophore (ThermoFisher Scientific) 

for 1 hour at 37oC. Excess albumin was washed away and cells were fixed with 4% 

paraformaldehyde, and coverslipped with vectashield containing DAPI. Images were 

taken using a Zeiss LSM 700 confocal microscope and quantified using FIJI software by 

measuring the area of albumin in the field and dividing by the number of cells in the field 

(%area/cell). Experiments were repeated five times. 
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CHAPTER THREE 

 

The Wnt inhibitor Apcdd1 controls vascular remodeling and barrier properties of 

blood vessels in the developing retina 
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3.1 INTRODUCTION 

 Vertebrate blood vessel formation requires coordination of two processes: 1) 

establishment of the embryonic vasculature and 2) tissue-specific endothelial cell 

differentiation. De novo blood vessels form through vasculogenesis, a process that 

begins with differentiation of mesoderm-derived angioblasts into endothelial cells (ECs) 

of the primitive vascular plexus [1]. These primitive vessels undergo angiogenic 

sprouting and remodeling into an organized network of arteries, veins and capillaries [2]. 

Subsequent tissue-specific angiogenesis occurs when endothelial cells acquire 

properties unique to a specific organ endothelium [3]. In the murine central nervous 

system (CNS), angiogenesis occurs at two different developmental time points. 

Vascularization of the brain and spinal cord begins during embryonic development when 

ECs from the perineural plexus surround the neural tube and invade the 

neuroepithelium [4]. In the developing retina, angiogenesis occurs postnatally with 

vessels originating from the optic nerve and growing radially outward [5]. The temporal 

difference in the vascularization of the neural tube and retina suggests unique signaling 

components or pathways are required to mediate angiogenesis in different regions of 

the CNS.  

ECs of the retina give rise to a unique structure known as the blood-retina barrier 

(BRB). The BRB provides control of the extracellular environment in retinal tissue by 

limiting the entry of solutes, pathogens and immune components [6]. The functional unit 

of the BRB is known as the neurovascular unit and is composed of endothelial cells, 

neurons, pericytes and glial cells necessary for barrier induction and maintenance [7-9]. 

The hallmark features of the BRB include 1) increased expression of tight junction 
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proteins that limit paracellular permeability between ECs, 2) a low rate of receptor-

mediated endocytosis (transcellular permeability) and 3) expression of transport 

proteins to facilitate bidirectional transport of molecules across the endothelium [10].  

It is well established that the Wnt/β-catenin pathway contributes to CNS 

angiogenesis and barrier development [11-13]. Canonical Wnts regulate vascular 

morphogenesis through the stabilization of β-catenin. Once stabilized, β-catenin 

translocates to the nucleus to regulate transcription of genes for EC proliferation and 

survival and angiogenesis [14,15]. In the retina, activation of β-catenin-mediated 

angiogenesis occurs through Norrin, a unique ligand for the Fz4/Lrp5 receptor complex 

[16-18]. LOF studies in mice for the Norrin coding gene Ndp, as well as Fz4 or Lrp5 

have shown that disruption of canonical Wnt signaling in the retina results in delayed 

and incomplete growth of the primary vascular plexus and failure to form the deep 

retinal vascular plexi [17,19-23]. Additionally, inhibition of Norrin/Fz4 signaling results in 

loss of BRB integrity [24,25]. However, it is unclear whether distinct levels of canonical 

Norrin/Fz4/Lrp5 signaling activity regulate angiogenesis versus, pruning and barrier 

maturation of retina blood vessels.  

 Adenomatosis polyposis coli down-regulated 1 (Apcdd1) is a downstream gene 

target and inhibitor of the canonical Wnt pathway [26,27]. Apcdd1 is a membrane-bound 

glycoprotein with a highly conserved cysteine-rich region in its extracellular domain. In 

vitro, Apccd1 inhibits the interaction of Wnt3a with the Lrp5 co-receptor to prevent 

downstream stabilization of β-catenin. Apcdd1 regulates several canonical Wnt-

mediated developmental processes such as embryonic axis-specification, neural 

progenitor proliferation, neural fate specification and hair follicle formation [27]. Apcdd1 
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was identified as the second most enriched gene in brain ECs compared to the 

peripheral (lung or liver) endothelium in a screen for brain EC-specific transcripts [28]. 

Moreover, analysis of gene expression changes in either Lrp5-/- and Norrin-/- postnatal 

retinas revealed that Apcdd1 was decreased in both mutants indicating it is a gene 

target of Norrin/Fz4/Lrp5 signaling [22]. The ability of Apcdd1 to inhibit multiple 

canonical Wnt-mediated processes, its enrichment in both brain and retina ECs, and its 

regulation by Wnt signaling, suggest that Apcdd1 may regulate CNS angiogenesis and 

blood-brain barrier formation.  

 In this study, I investigate a potential role for Apcdd1 in angiogenesis and barrier 

formation in the murine retina. To determine if Apcdd1 is necessary for retinal 

angiogenesis and barrier formation, we generated Apcdd1 knockout mice and I have 

examined vascular density of the retina at various developmental stages. While the 

initial stages of retinal angiogenesis are normal, Apcdd1-deficient mice show a transient 

increase in vessel density between P10 to P12 due to decreased vessel pruning. 

Conversely, Apcdd1 mutants show accelerated BRB maturation as evidenced by 

decreased paracellular permeability of retina blood vessels to small molecular weight 

molecules. These LOF findings suggest that Apcdd1 regulates vascular remodeling and 

barrier maturation in retina blood vessels, likely by changing the levels of 

Norrin/Fz4/Lrp5 signaling activity in retinal ECs. Furthermore, these data provide novel 

evidence that distinct levels of canonical Wnt signaling can differentially regulate 

multiple aspects of vessel development including angiogenic sprouting, vessel pruning 

and acquisition of tissue-specific properties. 
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3.2 RESULTS 

Apcdd1 is expressed in blood vessels of the postnatal retina 

 To investigate the potential role of Apcdd1 in retinal angiogenesis, I first 

determined the expression of Apcdd1 mRNA at various developmental stages (P6-P17) 

in the mouse retina by in situ hybridization. Apcdd1 showed vascular expression in the 

ganglion cell layer (GCL) of the retina at P6 (Figure 3.1A, white arrow), indicating its 

presence in the superficial vascular plexus. Apcdd1 mRNA was detected in the inner 

nuclear layer (INL) by P8 when the superficial plexus begins to branch into the deep 

layers of the retina to give rise to the deep plexi (Figure 3.1C, white arrows). Apcdd1 

expression persisted in retinal ECs at P12 and P17 (Figure 3.1E, G, white arrows). The 

vascular expression pattern of Apcdd1 mirrored that of Claudin-5, a marker of retina 

blood vessels (Figure 3.1B, D, F and H). Apcdd1 mRNA was also expressed outside 

blood vessels in both the neuroblastic (NBL) and inner nuclear (INL) layers (Figure 

3.1A, C, yellow arrows), suggesting that either neural/glial progenitors or neurons also 

express Apcdd1. These results demonstrate that Apcdd1 mRNA is expressed in the 

retina blood vessels during establishment of both the superficial and deep plexi. I also 

confirmed the expression of Apcdd1 mRNA in the vasculature with in situ hybridization 

for Apcdd1 and immunohistochemistry for Caveolin-1, an EC marker, in P17 wild-type 

retinas. Apcdd1 mRNA colocalized with Caveolin-1 confirming its endothelial expression 

(Figure 3.1I-K, white arrows).  

 To examine expression of Apcdd1 protein in the retina, I collected retina lysates 

at multiple postnatal developmental stages between P6-P18, spanning the period from 

angiogenic sprouting to vascular remodeling, pruning and maturation and performed 
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western blot with an Apcdd1 antibody directed against the extracellular domain [27]. 

Apcdd1 was expressed at all developmental stages examined in the retina, but not in 

the liver (Figure 3.1L). Collectively, these findings demonstrate that Apcdd1 is 

expressed in retinal ECs at multiple stages of vascular development in the retina 

ranging from angiogenesis to vascular remodeling and barrier formation. 

 

Loss of Apcdd1 results in a transient increase in vessel density 

 To examine if Apcdd1 affects retina angiogenesis, I utilized Apcdd1-deficient 

mice that were generated by inserting loxP sites surrounding exons 2 and 3 [29]. 

Deletion of exons 2 and 3 introduces a premature stop codon after splicing of exons 1 

and 4 to terminate translation, thus resulting in a protein truncation. Apcdd1Ex2,3flox/flox 

mice were crossed with Heat-Shock::Cre mice [30] to generate Apcdd1Δex2,3-/- mutants 

(Figure 3.2). Apcdd1Δex2,3-/- (referred to as Apccd1-/-) mutants were viable and fertile 

and did not show any early embryonic developmental deficits. I initially counted vessel 

sprouts at the vascular front of P5 retinas in wild-type and Apcdd1-/- littermate mice 

(Figure 3.3A-D). Apcdd1-/- retinas showed no difference in the number of vessel sprouts 

or the length of the vascular front from the base of the optic cup (Figure 3.3A-D, M; data 

not shown). These findings suggest the initial stage of vessel development, angiogenic 

sprouting, is unaffected by loss of Apcdd1 function and mutant ECs likely respond 

normally to astrocyte-derived VEGF to undergo tip-stalk cell selection.  

 Next, I measured vessel density at multiple developmental stages ranging from 

P5-P14. Apcdd1-/- retinas isolated at P10 and P12 had increased vessel density in the 

perivenous capillary beds at the leading edge of the retina leaflet compared to retinas 
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from wild-type littermate controls (Figure 3.3E-L).  Vessel density increased from 

approximately 35% to 40% at P10 and from 20% to 25% at P12 in Apcdd1-/- compared 

to wild-type retinas (Figure 3.3N). However, this hypervascularized phenotype was 

resolved by P14 in Apcdd1-/- retinas, suggesting a transient defect in vascular density. 

Moreover, Apcdd1-/- mice had increased vein diameter at both P10 and P12 stages 

(Figure 3.3O). These data demonstrate that loss of Apcdd1 causes a transient increase 

in vessel density and abnormalities in formation of veins in the retina.  

 Since Norrin/Fz4/Lrp5 signaling controls development of the deep vascular 

plexus [23], I also analyzed vascular density in the deep plexus at P10, P12 (Figure 

3.4A-D) and P14. Apcdd1-/- retinas showed no significant difference in vessel density at 

any developmental stage compared to wild-type littermate controls (Figure 3.4E). These 

data indicate that loss of Apcdd1 does not affect EC sprouting from the superficial 

plexus into the deep layers of the retina or the astrocyte-independent angiogenesis that 

controls vascularization of the deep plexi.  

 

Loss of Apcdd1 increases expression of Sox17 

 Since, Apcdd1 is a gene target of Norrin/Fz4/Lrp5 signaling in retina blood 

vessels [22], I examined if the hypervascularized phenotype could be due to increased 

Norrin/Fz4/Lrp5 signaling in ECs. To determine if Apcdd1 mutants had increased β-

catenin activity, I measured expression levels of an established downstream Wnt/β-

catenin gene target, Sox17 [31,32] in retinal ECs by immunofluorescence and quantified 

the intensity of nuclear Sox17 staining with FIJI. Nuclear Sox17 expression in Caveolin-

1+ retinal ECs was confirmed by signal colocalization with the nuclear marker DAPI. 



52	
	

Apcdd1-/- ECs showed increased nuclear Sox17 signal intensity compared to wild-type 

littermate controls (Figure 3.5A-E). These findings are consistent with Apcdd1 

functioning as an inhibitor of Norrin/Fz4/Lrp5 signaling in retinal ECs and suggest that 

higher levels of Wnt signaling may be responsible for the hypervascularized defect 

observed in Apcdd1-deficient mice.   

 

Apcdd1 mutants have decreased pruning of the retinal vasculature 

 The hypervascularized phenotype in Apccd1-/- mice could result from increased 

EC proliferation due to higher activity of Norrin/Fz4/Lrp5 signaling in retinal ECs. To 

investigate this possibility, I administered EdU at P8, P10 and P12 and quantified the 

number of retinal ECs that had incorporated EdU into their DNA during a 4-hour period 

to assess the fraction of cells in S phase. Apcdd1-/- retinas showed no significant 

difference in the number of S-phase endothelial cells (i.e. proliferation) at any time point 

compared to wild-type littermate controls (Figure 3.6A-H, Q & R). Therefore, 

hypervascularization seen in Apcdd1 knockout retinas was not due to an increase in EC 

proliferation.  

 An alternative explanation for increased vessel density is that loss of Apcdd1 

delays vessel pruning. Vessel pruning is a part of vascular remodeling in which ECs of 

newly formed vessels undergo selective regression to give rise to a mature vascular 

plexus [33]. An indication of vascular remodeling is the emergence of empty 

extracellular matrix (ECM) sleeves within the capillary network. During remodeling, ECs, 

in conjunction with mural cells, deposit ECM proteins to stabilize nascent vessels. When 

these immature vessels are pruned, the EC retracts leaving an empty “sleeve” of ECM. 
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To determine if loss of Apcdd1 caused a delay in vascular remodeling, I isolated retinas 

at P10 and P14 and stained for a vascular marker, BSL-rhodamine and the ECM 

protein, collagen IV. Apcdd1-/- and wild-type littermate retinas were examined for ECM 

sleeves that are collagen IV+; BSL-rhodamine− (Figure 3.6I-P, white arrows). 

Quantification showed that Apcdd1 mutant mice have fewer empty ECM sleeves as 

compared to wild-type littermate controls at P10 (Figure 3.6S). These data suggest that 

loss of Apcdd1 delays vessel pruning resulting in a hypervascularized plexus and that a 

reduction in Norrin/Fz4/Lrp5 signaling during development likely promotes vessel 

maturation through pruning.  

 

Apcdd1-/- retinas have no defects in the generation of neurons or glia 

 Since Apcdd1 is expressed in both ECs and neuroglial progenitors in the INL of 

the retina, I examined whether loss of Apcdd1 has any impact on differentiation of 

distinct neuronal subtypes or glial cells in the retina. To do so I performed 

immunofluorescence for various neuronal and glial markers in sections from P10 retinas 

and quantified the number of cells in both wild-type and Apcdd1 mutants. Quantification 

of Islet-1 (amacrine, bipolar and ganglion cells) (Figure 3.7A-C), rhodopsin 

(photoreceptors) (Figure 3.7D-F), neurofilament (horizontal cells) (Figure 3.7G-I) and 

Sox9 (Müller glia) (Figure 3.7J-L) show that Apcdd1-/- retinas have similar numbers of 

retinal neurons and glia cells compared to wild-type retinas. Therefore, vascular defects 

observed in Apcdd1-/- retinas are likely due to a cell autonomous defect in endothelial 

cells, rather than a secondary phenotype resulting from a signaling deficit due to a 

reduction in the numbers of either neuronal or glial cells. 
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Paracellular BRB permeability is decreased in Apcdd1 mutant retinas 

 Norrin/Fz4/Lrp5 signaling is necessary for establishment and maintenance of the 

BRB integrity [17,34]. Since loss of Apcdd1 increases β-catenin activity in retinal ECs, I 

investigated if barrier maturation was affected in the developing mutant vasculature. To 

measure paracellular BRB permeability, I intravenously injected the small molecular 

weight tracer 5-(and-6)-tetramethylrhodamine biocytin (biocytin-TMR; 869 Da) that 

crosses the endothelial barrier when tight junctions are disrupted [35,36], at P14 and 

P18 and measured its spatial distribution and levels in the retina with FIJI (Figure 3.8A). 

At P14, wild-type retinas showed bright puncta of biocytin-TMR in the retina 

parenchyma, likely due to tracer leakage from the vessels and uptake by neurons 

(Figure 3.8B, white arrows). In contrast, Apcdd1-/- retinas had less tracer leakage 

compared to wild-type littermate controls (Figure 3.8C, F). However, this phenotype was 

transient, as by P18 both wild-type and Apcdd1-/- retinas showed comparable levels of 

biocytin-TMR leakage (Figure 3.8D, E). As anticipated by previous developmental 

studies, levels of biocytin-TMR were lower at P18 compared to P14 as the superficial 

plexus matures and ECs acquire barrier properties. Therefore, while vessel pruning is 

delayed in Apcdd1 mutants, barrier maturation is accelerated. These data indicate that 

vessel pruning and formation of barrier properties are two independent developmental 

processes that are regulated by opposing levels of Norrin/Fz4/Lrp5 signaling and 

Apcdd1 or by two independent signaling pathways that both depend on Apcdd1.  

 Another defining feature of the BRB is a low rate of transcellular trafficking. ECs 

of the retina have a small number of caveolae that express receptors for proteins to be 
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delivered to the retina parenchyma including albumin and transferrin [37]. To measure 

transcellular permeability, I intravenously injected fluorescently-labeled albumin in 

Apcdd1-/- and wild-type littermate control retinas and measured the amount of albumin-

Alexa594 associated with either blood vessels or tissue [35] at various regions of the 

superficial vascular plexus  (3. 8G). Apcdd1-/- mice did not have a significant difference 

in either EC- or parenchyma-associated albumin levels compared to wild-type littermate 

controls (Figure 3.8H-L). Therefore, Apcdd1 regulates paracellular, but not transcellular 

barrier properties of retina blood vessels.   

 The decrease in paracellular BRB permeability at P14 Apcdd1-/- suggests that 

mutant retinas may have increased levels of tight junction proteins that control 

paracellular barrier properties of ECs. I therefore prepared wild-type and Apcdd1-/- 

tissue lysates from P14 and P18 retinas and examined expression levels for various 

proteins that regulate paracellular or transcellular endothelial barrier function. Due to the 

low protein yield from individual animals at these developmental time points, I collected 

an entire litter of either Apcdd1 mutants or age- and strain-matched wild-type controls. 

Retina lysates from an entire litter were pooled to serve as one biological replicate and I 

repeated this experiment in three replicates.  Western blotting showed no change in ZO-

1 or Claudin-5 protein levels, two tight junction proteins (Figure 3.8M, N, data not 

shown). However, Apcdd1-/- retinas had a significant increase in Occludin expression at 

P14 compared to wild-type littermates (Figure 3.8M, N). I also examined levels of 

Caveolin-1 and PLVAP, two proteins that regulate transcytosis, and found no significant 

difference between wild-type and Apcdd1-/- retinas (Figure 3.8O, P), consistent with a 

lack of difference in albumin transport across the CNS ECs in Apcdd1-/- retinas. Taken 
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together, the findings from biocytin-TMR tracer experiments and tight junction protein 

levels suggest that loss of Apcdd1 accelerates maturation of endothelial tight junctions 

by increasing expression of Occludin and effectively decreasing paracellular 

permeability in retinal blood vessels. 

 

CNS ECs have altered barrier properties in vitro 

 Since pericytes and astrocytes regulate the blood-brain and blood-retina barrier, I 

investigated if the changes in barrier properties seen in Apcdd1-/- retinas were inherent 

to the endothelium or were a result of defects from pericytes or astrocytes. To do this, I 

isolated P2 brain endothelial cells (BECs) from either wild-type or Apcdd1 knockout 

pups using immunopanning purification methods with the endothelial marker CD31 as 

described [28]. Purified BECs were cultured and utilized in subsequent in vitro 

experiments. Immunofluorescence for the tight junction proteins Claudin-5, Occludin 

and ZO-1 showed normal subcellular localization in tight junction strands in both wild-

type and Apcdd1-/- BEC monolayers (Figure 3.9A, B, data not shown). I then measured 

transendothelial electrical resistance (TEER) across BEC monolayers as a readout of 

paracellular barrier integrity of endothelial cells regulated by tight junctions. I found that 

Apcdd1-/- BECs have increased TEER compared to wild-type BECs indicating improved 

paracellular barrier integrity in the absence of other cells of the neurovascular unit 

(Figure 3.9E, F). I also analyzed expression levels of various tight junction proteins in 

BEC lysates by western blot and found a statistically significant increase in Occludin but 

not Claudin-5 or ZO-1 levels in Apcdd1-/- compared to wild-type BECs (Figure 3.9H, I), 

consistent with in vivo findings from Apcdd1 mutant retinas. These results demonstrate 
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that elimination of the canonical Wnt inhibitor, Apcdd1, in BECs likely promotes a higher 

basal level of β-catenin activity, resulting in increased levels of Occludin and 

paracellular resistance, independent of other cells of the neurovascular unit [38].  

 I then performed an in vitro albumin uptake assay to measure transcellular 

permeability in BECs [39]. Wild-type or Apcdd1-/- BECs were incubated for 60 minutes 

with albumin-Alexa594 and the amount of albumin taken up by BECs measured with 

FIJI. Apcdd1-/- BECs had a significant increase in albumin uptake compared to wild-type 

BECs suggesting an increase in endocytosis (Figure 3.9C, D, G). Western blot from 

BEC lysates revealed that Apcdd1-deficient BECs had lower expression of the 

caveolae-associated protein Caveolin-1 but an increase in PLVAP (Figure 3.9J, K). 

PLVAP is normally expressed in the immature embryonic CNS endothelium [40], and is 

associated with fenestrated endothelium and caveolar diaphragms [41]. The increase in 

PLVAP expression by Apcdd1-/- BECs is consistent with increased transcytosis. Since 

Apcdd1 mutant mice did not show any defects in albumin transport in vivo, it is likely 

that pericyte-derived signals compensate for the defective endothelial transcytosis in 

vivo.  
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3.3 DISCUSSION 
 
 I found that loss of the Wnt inhibitor Apcdd1 increases the transcriptional activity 

of endothelial β-catenin and results in a transient increase in vessel density due to 

delayed vessel pruning in the postnatal retina. There were no defects in angiogenic 

sprouting in the superficial or deep plexus. To understand the basis for this phenotype it 

is necessary to revisit temporal changes in Norrin/Fz4/Lrp5 signaling as well as the 

mutant phenotypes associated with LOF studies. In the wild-type retina, expression of 

Norrin remains relatively constant from P1 to P17 while Fz4 fluctuates with peak 

expression at P17.  Conversely, Lrp5 is expressed highest at P1 with levels steadily 

decreasing to establish low basal expression by P7 that persists through adulthood [22]. 

At approximately P7, the vascular front of the superficial plexus is nearing the periphery 

of the retina cup and the deep plexus begins forming centrally as ECs sprout into the 

outer plexiform layer [5]. Once the superficial plexus reaches the edge of the retina, 

peripheral blood vessels are pruned to give rise to an organized, less dense capillary 

network. The reduced expression of the Lrp5 co-receptor during this time suggests that 

once the superficial plexus is established and angiogenic sprouting generates 

intraretinal capillaries leading to the development of the deep plexus, there is a 

decrease in Norrin/Fz4/Lrp5 signaling. I propose that Apcdd1 functions during this time 

to inhibit Norrin/Fz4/Lrp5 signaling in retinal ECs and promote vessel pruning. Loss of 

Apcdd1 results in sustained high levels of β-catenin activity that blocks the transition 

from angiogenesis to vascular remodeling (Figure 3.10A). During vessel pruning, ECs 

lower β-catenin activity to an intermediate level and are able to undergo regression 

while ECs that retain the high level of β-catenin activity required for angiogenic 
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sprouting fail to regress (Figure 3.10B). Consistent with this model, Apcdd1 mutants 

show no defects in early angiogenic sprouting or development of the intraretinal 

capillaries.  

 Precise control of canonical Wnt signaling is necessary for vascular remodeling 

during development as overexpression or loss of endothelial β-catenin results in 

embryonic lethality by E12.5 with extensive defects in the vascular system [42,43]. In 

the postnatal retina, loss of endothelial β-catenin or Lef-1 reduces vessel density and 

causes premature vessel regression [44]. It is therefore conceivable that increased or 

sustained β-catenin activity could explain the delayed vessel pruning seen in Apcdd1 

mutant retinas. Furthermore, the hypervascularized phenotype in Apcdd1-/- retinas is 

opposite to the phenotype observed in Ndp, Fz4 and Lrp5 mutants that show reduced 

vessel density in the superficial plexus [17,19,20,22].   

 I determined that β-catenin activity was increased in Apcdd1-/- retinal ECs due to 

increased levels of nuclear Sox17, a canonical Wnt gene target implicated in embryonic 

and postnatal vessel development [32]. Sox17 was identified as a molecular effector in 

Norrin/Fz4 signaling by studying transcriptional outcomes of Norrin overexpression in 

the yolk sac [18]. In addition to Sox17, Norrin overexpression increases several other 

proteins such as Timp3, a matrix metalloproteinase (MMP) inhibitor, pro-collagens and 

pro-collagen processing enzymes whereas plasminogen, a component of the fibrinolytic 

system involved in extracellular matrix degradation [45], is decreased. Increased 

production of extracellular matrix proteins and reduced MMP activity could attenuate 

vascular remodeling by preventing vessel regression [46]. While I have yet to examine 

global transcriptional changes in retinal ECs from Apcdd1 mutants, the 
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hypervascularized phenotype due to delayed pruning accompanied by increased Sox17 

expression is strong evidence that Apcdd1 functions to reduce Norrin/Fz4/Lrp5 signaling 

and promote vascular remodeling in the retina by regulating other transcriptional Wnt 

targets that are necessary for matrix remodeling.  

 While Apcdd1 mutants showed delayed vascular remodeling, acquisition of some 

barrier properties was accelerated. At P14, Apcdd1-/- retinas showed decreased uptake 

of biocytin-TMR indicating improved tight junction integrity compared to wild-type 

controls. The decrease in paracellular endothelial permeability in Apcdd1-/- mice was 

associated with increased levels of the tight junction protein Occludin. This phenotype 

was also seen in brain ECs isolated from Apcdd1 mutants, which showed increased 

TEER and Occludin expression. However, several other tight junction proteins such as 

Claudin-5 or ZO-1 were unchanged. Based on biocytin-TMR leakage analysis in the 

wild-type retina, tight junctions are not fully functional at P14 and show considerable 

maturation by P18 as indicated by decreased paracellular permeability. At P14, Apcdd1-

/- retinas show accelerated tight junction maturation. I hypothesize this is due to 

increased β-catenin activity (Figure 3.10A). If this proves to be true, it suggests that 

endogenously Apcdd1 functions to lower β-catenin activity to mediate the proper timing 

of tight junction maturation in the BRB (Figure 3.10C). However, this needs to be 

confirmed by measuring canonical Wnt activity in this developmental window (P14-P18).  

 How can Apcdd1 modulate barrier properties of retina blood vessels? One 

potential explanation for this is that loss of Apcdd1 increases β-catenin activity in vivo 

and in vitro to improve tight junction integrity via upregulation of Occludin which results 

in decreased paracellular permeability as measured by biocytin-TMR leakage analysis 
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in the retina and TEER in isolated BECs. While it is known that Claudin proteins are 

downstream of canonical Wnt signaling in CNS ECs [13,22], Occludin is also decreased 

in ECs of the cerebellum in Norrin-deficient mice [25], suggesting that Occludin may 

also be a Norrin/Fz4/Lrp5 gene target. [47]. Moreover, intracerebroventricular injection 

of recombinant Norrin protein 3 hours after subarachnoid hemorrhage-induced BBB 

breakdown, increased expression of Occludin and ZO-1 and reduced leakage of Evans 

blue dye into the brain, indicating improved barrier function. Therefore these loss- and 

gain-of-function studies are consistent with Norrin playing an essential role to regulate 

expression of Occludin. While Occludin is not required for formation of the BBB during 

development [48], Occludin-deficient mice exhibit brain calcifications. These findings 

suggest that Occludin may regulate the transport of specialized ions across the BRB. 

Additionally, downregulation of Occludin expression correlates with barrier breakdown 

during experimentally-induced diabetes [49] and neutrophil-induced BBB rupture [50], 

suggesting that elimination of Occludin is important for increased paracellular barrier 

permeability.  

 An alternative explanation for my findings is that Apcdd1 affects another 

signaling pathway that regulates Occludin expression. During CNS angiogenesis, cells 

of the neurovascular unit (NVU) confer barrier properties to nascent vessels [10]. Both 

pericytes [51] and astrocytes [52] promote Occludin expression via PDGF-B- / PDGFR-

β and Sonic Hedgehog signaling, respectively. However, my in vitro data demonstrate 

that Occludin is upregulated in isolated brain ECs and is congruent with in vivo data 

from Apcdd1 mutant retinas. These results suggest that changes in paracellular 

permeability due to loss of Apcdd1 are inherent to the endothelium and independent of 
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other cells in the NVU. Based on this evidence and the studies discussed above, I 

conclude that loss of Apcdd1 increases β-catenin transcriptional activity to upregulate 

Occludin expression within ECs and effectively accelerate barrier maturation in the 

retina. 

 Loss of Apcdd1 accelerated tight junction maturation but had no significant effect 

on transcellular permeability in vivo. At P14, Apcdd1 mutants showed no difference in 

albumin uptake compared to wild-type and expressed comparable levels of Caveolin-1 

and PLVAP in retina lysates. In vitro however, purified Apcdd1-/- BECs showed a 

marked increase in albumin uptake accompanied by increased PLVAP protein. How can 

these findings be reconciled? In ECs, albumin is trafficked through caveolae, a 

subdomain of glycolipid rafts, that require cholesterol to form and the GTPase activity of 

dynamin for membrane budding [53]. Albumin binds its receptor, gp60, to initiate 

caveolae endocytosis via Gi-coupled Src kinase signaling [54]. Gp60 function relies on 

interactions with Caveolin-1 as albumin uptake is inhibited in Caveolin-1 null cells [55]. 

While Apcdd1 mutant BECs do not show increased Caveolin-1 expression, PLVAP is 

increased. PLVAP is an integral membrane protein that localizes to fenestral and 

caveolar stomatal diaphragms [56]. Investigation of lung capillaries in PLVAP-null mice, 

showed a lack caveolar diaphragms but no change in the surface density of EC 

caveolae or expression of Caveolin-1 [41]. This demonstrates that PLVAP is not 

required for caveolae formation. PLVAP mutants have increased plasma permeability, 

measured by extravasation of Evans Blue dye that binds plasma proteins, in the 

intestine, pancreas and kidney (fenestrated endothelium) but not in the lung 

endothelium (a continuous endothelium that expresses PLVAP in stomatal diaphragms). 
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Therefore, lack of caveolar stomatal diaphragms due to loss of PLVAP does not affect 

extravasation of plasma proteins like albumin. Based on this evidence, it is unlikely that 

the increase in PLVAP in Apcdd1-/- BECs is indicative of increased albumin endocytosis 

mediated by caveolae. I propose that the PLVAP expression in Apcdd1 mutant BECs is 

due to incomplete loss of fenestrae. 

  CNS ECs express PLVAP until E16.5 at which point its downregulation 

represents loss of fenestrae, a hallmark of barrier maturation, in developing blood 

vessels [57]. PLVAP is absent in the mature BBB but is upregulated during pathological 

BBB breakdown [58,59]. The downregulation of PLVAP is mediated through EC-

pericyte interactions as Pdgfrb-/- mice, which lack pericytes, show increased endothelial 

expression of PLVAP at E18 and increased uptake of Evans blue dye in the brain [51]. 

Therefore, I hypothesize that the BECs isolated from P2 Apcdd1 mutants have 

increased PLVAP-expressing fenestrae allowing for increased albumin uptake in vitro. 

This defect is likely masked in vivo due to pericytes functioning in the NVU to repress 

PLVAP expression in retinal Apcdd1-/- ECs. Therefore, Apcdd1 mutants do not show 

increased paracellular permeability in the postnatal retina.   

 Overall, my data demonstrate that loss of Apcdd1 increases the transcriptional 

activity of β-catenin mediated by Norrin/Fz4/Lrp5 signaling in retinal ECs and provides 

novel evidence that distinct levels of canonical Wnt activity can differentially regulate 

multiple aspects of vessel development including angiogenic sprouting, vessel pruning 

and acquisition of tissue-specific properties. I propose a model in which Apcdd1 

functions to decrease endothelial β-catenin activity and induce a transcriptional program 

promoting EC regression during vessel pruning. Additionally, elevated canonical Wnt 
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activity accelerates BRB maturation by increased tight junction integrity. Taken together, 

these data demonstrate Apcdd1 is an inhibitor of Norrin/Fz4/Lrp5 signaling that acts to 

fine-tune the levels of β-catenin needed for different stages of angiogenesis and barrier 

development. Further investigation is required to identify a definitive mechanism by 

which these effects are mediated.      
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Figure 3.1 Apcdd1 is expressed in retinal blood vessels during angiogenesis and 
blood-retina barrier formation. (A-H) Representative images of in situ hybridizations 
for Apcdd1 and Claudin 5 mRNAs in retina sections of P6 (A, B), P8 (C, D), P12 (E, F) 
and P17 (G, H) wild-type mice. Apcdd1 mRNA is expressed by blood vessels in the 
superficial and deep plexi (white arrows) as well as by neural progenitors/neurons 
(yellow arrows) in the NBL and INL layers. (I-K) Fluorescence in situ hybridization for 
Apcdd1 mRNA and immunohistochemistry for Caveolin-1, an EC marker, in P17 wild-
type retinas. Apcdd1 colocalizes with Caveolin-1 indicating expression in the 
endothelium (white arrows). Apccd1 mRNA is also expressed in non-endothelial cells 
within the INL (yellow arrows). (L) Western blot for Apcdd1 in whole lysates from P6, 
P8, P12 and P18 wild-type retinas. P6 whole brain and lysate from HEK293 cells 
transfected with full-length mouse Apcdd1 cDNA serve as positive controls and P6 liver 
lysate as a negative control. Scale bars = 50 µm. GCL, ganglion cell layer; INL, inner 
nuclear layer; IPL, inner plexiform layer; NBL, neuroblast layer.    
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Figure 3.2 Apcdd1 gene targeting strategy. Schematic of 
Apcdd1ΔEx2,3 targeting strategy. Exons 2 and 3 are deleted after Cre 
recombination. 
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Figure 3.3 Loss of Apcdd1 results in a transient increase in vessel density. (A-D) 
Immunohistochemistry for BSL-FITC, a vessel marker, in either wild-type or Apcdd1-/- 
P5 retinas. (A) Wild-type and (C) Apcdd1-/- retinas show comparable sprouting patterns 
on the leading edge of the leaflet. (B, D) Higher magnification of boxed region in A and 
C, respectively, illustrates sprouting ECs (white arrows). (E-L) P10 and P12 whole-
mount retinas from both genotypes stained for BSL-FITC. Apcdd1-/- retinas (G, K) show 
increased vessel density in perivenous capillaries compared to littermate controls (E, I). 
(F, H) Higher magnification of boxed region in E and G, respectively. (J, L) Higher 
magnification of boxed region in I and K, respectively. (M) Quantification of sprouts at 
the vascular front in wild-type and Apcdd1-/- retinas at P5 (n=3 animals per group). (N) 
Quantification of vessel density in the superficial plexus of wild-type and Apcdd1-/- mice 
from P5-P14 (n=3-6 animals per group). Apcdd1 mutants have a transient increase in 
vessel density at P10 and P12. (O) Quantification of vein diameter in wild-type and 
Apcdd1-/- mice from P8-P14 (n = 3-6 animals per group). Apcdd1 mutants show 
increased venous diameter at P10 and P12. Scale bars = 25 µm (B), 50 µm (F,J), 200 
µm (A, E, I). A, artery; V, vein. Data are represented as mean ± s.e.m.,*p<0.05, 
**p<0.01, Student’s unpaired t-Test. 
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Figure 3.4 Loss of Apcdd1 does not affect vessel density in the deep plexus of 
the retina. (A-D) Immunohistochemistry for BSL-FITC in the deep plexus of whole-
mount P10 and P12 retinas. Wild-type (A, C) and Apcdd1 mutant (B, D) retinas show 
comparable capillary coverage. (E) Quantification of deep plexus vessel density at P10, 
P12 and P14 in wild-type and Apcdd1-/- retinas (n = 3 animals per group). Scale bar = 
200 µm. Data are represented as mean ± s.e.m., Student’s unpaired t-Test.            
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Figure 3.5 Apcdd1-/- mice have increased canonical Wnt activity in retinal ECs. (A-
D) Representative images of immunohistochemistry for Sox17 in P10 sectioned retinas. 
Sox17 colocalizes with Caveolin 1 (white arrows) in wild-type (A, B) and Apcdd1-/- (C, D) 
retinas. (E) Quantification of Sox17 nuclear immunoreactivity shows higher signal 
intensity in ECs of Apcdd1-/- retinas compared to wild-type (n = 3 animals per group). 
Scale bar = 25 µm. Data are represented as mean ± s.e.m.,*p<0.05, Student’s unpaired 
t-Test.            
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Figure 3.6 Loss of Apcdd1 results in decreased vessel pruning. (A-H) 
Immunoflourescence for BSL-FITC and EdU detection in whole-mount wild-type or 
Apcdd1-/- retinas. Representative images for endothelial cell EdU (yellow arrows) in 
wild-type (A-D) and Apcdd1-/- (E-H) P10 retinas. (C, D & G, H) Higher magnification of 
boxed region in B and F, respectively. (I-P) Immunoflourescence for BSL-rhodamine 
and collagen IV in whole-mount retinas. Representative images for wild-type (I-L) and 
Apcdd1-/- (M-P) P10 retinas for detection of empty matrix sleeves (white arrows). Empty 
matrix sleeves are identified as Collagen IV+ (green); BSL-rhodamine− (red). (J-L & N-P) 
Higher magnification of boxed region in I and M, respectively. (Q) Quantification of EdU+ 
ECs per vessel area. (R) Quantification of arterial and venous EdU+ ECs per vessel 
length (n = 3 animals per group). Apcdd1 knockout mice do not show changes in EC 
proliferation. (S) Quantification of empty matrix sleeves per vessel area at P10 and P14 
(n = 3-4 animals per group). Apcdd1-/- retinas show fewer empty matrix sleeves as 
compared to wild-type. Scale bars = 200 µm (A, I), 50 µm (C) and 25 µm (J). Data are 
represented as mean ± s.e.m.,*p<0.05, Student’s unpaired t-Test. 
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Figure 3.7 Apcdd1-/- retinas show no difference in the number of neuronal 
subtypes or Müller glia. (A-L) Immunofluorescence and quantification with various 
markers for postmitotic neurons and Müller glia in wild-type and Apcdd1-/- mice at P10 
(n=3 per group): (A-C) Islet-1 (subsets of amacrine, bipolar and ganglion cells), (D-F) 
rhodopsin (rod photoreceptors), (G-I) neurofilament (horizontal cells) and (J-L) Sox9 
(Müller glia). There is no significant difference in the number of Islet-1+ cells in the GCL 
and INL or Sox9+ Müller glia between wild-type and Apcdd1-/- littermates. There is no 
significant difference in the layer width of rod photoreceptors or horizontal cells between 
mutant and wild-type littermate controls (n = 3 animals per group), Student’s unpaired t-
Test. Scale bars = 50 µm. 
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Figure 3.8 Loss of Apcdd1 decreases paracellular but not transcellular BRB 
permeability. (A) Schematic of assay for paracellular permeability as measured by 
leakage of biocytin-tetramethylrhodamine (TMR). (B-E) Representative images of wild-
type (B, D) and Apcdd1-/- (C, E) retinas at P14 and P18 following injections of biocytin-
TMR. Biocytin-TMR leakage appears as intense bright puncta in the retina parenchyma 
(white arrows). Apcdd1 mutant retinas show less tracer leakage at P14 compared to 
wild-type. (F) Quantitation of signal intensity of biocytin-TMR leakage outside the retina 
vasculature normalized to the liver. There is more tracer in wild-type compared to 
Apcdd1-/- retinas at P14 (G) Schematic diagram for albumin endocytosis within BECs. 
(H-K) Representative images of wild-type (H, I) and Apcdd1-/- (J, K) retinas at P14 
following injections of albumin-488. Apcdd1 mutant retinas do not show a difference in 
albumin uptake. (L) Quantification of intraendothelial and parenchymal albumin. (M, N) 
Western blot analysis and quantification for the tight junction proteins ZO-1 and 
Occludin. At P14, Apcdd1-/- retina lysates show a dramatic increase in Occludin. (O, P) 
Western blot analysis and quantification for the transcytosis proteins Caveolin-1 and 
PLVAP. Apcdd1-/- retina lysates do not show a significant difference in Caveolin-1 or 
PLVAP levels.  Scale bar = 50 µm. *p<0.05. **p<0.01, Student’s unpaired t-Test. 
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Figure 3.9 Apcdd1-/- brain ECs display decreased paracellular permeability but 
increased transcellular permeability in vitro. (A, B) Immunofluorescence for ZO-1 
and Claudin-5 in wild-type (A) or Apcdd1-/- (B) BECs. There is no detectable difference 
in subcellular junctional localization of either protein in wild-type or Apcdd1-/- BECs. (C, 
D) Images from wild-type (C) or Apcdd1-/- (D) BECs following incubation with albumin-
Alexa 594 to measure transcellular permeability. Apcdd1-/- BECs show increased 
albumin uptake compared to wild-type BECs. (E) Graph of transendothelial electrical 
resistance (TEER) in BEC monolayers from either wild-type or Apcdd1-/- BECs. The 
green area indicates the period of TEER measurement after incubation in serum-free 
media. (F) Quantitation of the area under the curve for the green region depicted in (E) 
between wild-type and Apcdd1-/- BECs shows increased TEER in mutant compared to 
wild-type BECs. (G) Quantification of EC-associated albumin in wild-type and mutant 
BECs. Apcdd1-/- BECs have a significant increase in albumin uptake. (H, I) Western blot 
and quantification for tight junction proteins Claudin 5, Occludin, ZO-1 in wild-type or 
Apcdd1-/- BECs. Apcdd1-/- BECs show increased Occludin expression. (J, K) Western 
blot and quantitation for transcytosis-related proteins, Caveolin-1, Cavin 2 and PLVAP. 
Apcdd1-/- BECs show increased PLVAP expression (n = 3-6 independent experiments) 
*p<0.05, **p<0.01, Student’s unpaired t-Test. 
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Figure 3.10 Model of Apcdd1 function. (A) Predicted levels of β-catenin activity in wild-
type and Apcdd1-/- postnatal retinal ECs. Loss of Apcdd1 results in higher β-catenin 
activity. (B) In the remodeling retina vasculature, Apcdd1 promotes EC regression and 
vessel pruning by downregulation of Norrin/Fz4/Lrp5 signaling. ECs with intermediate β-
catenin activity undergo regression to form empty ECM sleeves while ECs with high β-
catenin activity fail to regress. (C) During BRB development, Apcdd1 functions to lower β-
catenin activity and mediate the timing of tight junction maturation. , In Apcdd1 mutants, 
increased canonical β-catenin activity accelerates BRB maturation via increased tight 
junction integrity. 
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CHAPTER FOUR 

 

Apcdd1 does not regulate angiogenesis in the cerebral cortex and striatum 
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4.1 INTRODUCTION 

 Several studies have shown that the Wnt/β-catenin pathway contributes to CNS 

angiogenesis and BBB development [1-4]. In the developing embryo, expression of two 

canonical Wnt ligands, Wnt7a and Wnt7b, by neural progenitor cells coincides with CNS 

angiogenesis. Additionally, brain endothelial cells express higher levels of downstream 

Wnt effectors (e.g. Frizzled6/Lrp8) compared to endothelial cells of peripheral tissue [3-

5]. Canonical Wnts regulate vascular morphogenesis through the stabilization of β-

catenin. Once stabilized, β-catenin translocates to the nucleus to regulate transcription 

of genes for EC proliferation and survival and angiogenesis [6,7]. Murine LOF studies 

for Wnt7a and Wnt7b demonstrate that removal of these ligands from the embryonic 

neuroepithelium results in abnormal vessel morphology in the neural tube and CNS-

specific hemorrhaging [3,4]. Similarly, EC-specific deletion of β-catenin results in 

decreased EC and pericyte number, abnormal vessel morphology, and failure of blood 

vessels to properly invade the CNS parenchyma [3,4]. Due to Apcdd1 being enriched in 

ECs of the CNS [8], I investigated if Apcdd1 mutants showed defects in angiogenesis in 

the postnatal cerebral cortex.  
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4.2 RESULTS 

Apcdd1 is expressed in CNS ECs during angiogenesis and BBB formation 

 To determine if Apcdd1 affects CNS angiogenesis or BBB formation, I first 

examined expression of Apcdd1 in the embryonic and postnatal brain at various 

developmental stages. In situ hybridization shows that Apcdd1 mRNA is expressed in 

brain endothelial cells as early as E11.5 after the onset of CNS angiogenesis and 

persisted until E17.5 when the BBB is forming (Figure 4.1A-C). Apcdd1 mRNA is 

present not only in brain blood vessels but also various brain regions with active 

canonical Wnt signaling such as the cortical hem (E11.5) that gives rise to the 

hippocampus and layer V of the cortex (E13.5, E17.5) (Figure 4.1A-C). Apcdd1 mRNA 

was also expressed in the postnatal brain and persisted until P20 (Figure 4.1D-E) but 

was essentially absent in the adult brain by P60 (Figure 4.1F), when the CNS 

vasculature has fully developed and matured.  

 I next performed immunohistochemistry to examine the localization of Apcdd1 in 

P20 blood vessels of the cerebral cortex. Apcdd1 was found at the cell surface of blood 

vessels, but did not colocalize with tight junctions labeled with ZO-1 (Figure 4.1G-I). In 

addition, I examined protein expression in whole brain lysates using an antibody 

generated against the extracellular domain region of mouse Apcdd1 [9]. Full length 

Apcdd1 protein was absent in E11.5 and E13.5 brain lysates, but the protein was 

expressed at low levels in E17.5 brain lysates. The level of Apcdd1 protein increased in 

the postnatal P8 brain lysate (Figure 4.1J). Apcdd1 protein expression was restricted to 

brain lysate and was absent from P8 liver lysate, consistent with previous data showing 

Apcdd1 enrichment in the brain endothelium as compared to the lung or liver 
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endothelium [8].  Collectively these data demonstrate that Apcdd1 is expressed in brain 

ECs at a time when canonical Wnt signaling transitions from high embryonic to low 

postnatal activity [10] after the initiation of angiogenesis and induction of barrier 

properties. The expression of Apcdd1 protein at the late embryonic (E17.5) and 

postnatal stages of brain development, suggests that Apcdd1 may be responsible for 

pathway inhibition during this time to control barrier formation.  

 

Loss of Apcdd1 does not affect vessel density in the brain 

 To examine the role of Apcdd1 in brain angiogenesis, I analyzed vessel density 

in the early postnatal (P5) brains of either wild-type or Apcdd1 mutant mice to examine 

late angiogenesis in the forebrain. Paraformaldehyde-fixed brains were sectioned in 12 

µm coronal sections and stained for GLUT-1, a marker for CNS ECs (Figure 4.2A-D). 

Vessel density was quantified in rostral, intermediate and caudal sections using 

intersection analysis in FIJI. At P5 vessel density in the striatum (Figure 4.2A, B, E) and 

hippocampus (Figure 4.2C, D, E) was not significantly different between wild-type and 

Apcdd1-/- animals. Collectively, these data demonstrate that loss of Apcdd1 does not 

affect angiogenesis in some CNS regions such as the cerebral cortex, striatum and 

thalamus where Wnts regulate both angiogenesis and barrier formation. However, I did 

not examine angiogenesis in the cerebellum, a region of the CNS where Norrin controls 

vessel maintenance and barrier formation. 
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4.3 DISCUSSION 

 Apcdd1 is expressed in ECs of the brain beginning at E17.5 and increases 

postnatally. At E17.5, there is a drastic reduction in canonical Wnt signaling indicated by 

decreased expression in β-galactosidase reporter mice that utilize a transgene to 

express lacZ under the control of a regulatory sequence consisting of seven consensus 

TCF/LEF binding motifs [10]. This suggests that high levels of Wnt/β-catenin activity in 

CNS blood vessels may be required for CNS angiogenesis and initiation of BBB 

development, whereas low levels of Wnt activity in vessels mediates BBB maintenance.  

Based on this, I investigated if loss of Apcdd1, which should effectively increase 

canonical Wnt activity in CNS ECs would alter angiogenesis in the brain. Specifically, I 

hypothesized that loss of Apcdd1 would increase vessel density. However, my limited 

data did not support this hypothesis. Intersection analysis at P5 throughout the forebrain 

(cerebral cortex, striatum and thalamus) showed no difference in vessel density 

between wild-type and Apcdd1-/- brains. These data suggest loss of Apcdd1 does not 

affect angiogenesis in the postnatal forebrain.  

 The fact that Apcdd1 knockout mice show a phenotype in the retina (chapter 3) 

but not the brain suggests that Apcdd1 may be more efficient at inhibiting the Norrin/β-

catenin pathway rather than the Wnt/β-catenin pathway. Regional differences exist in 

the pathways that regulate angiogenesis throughout the CNS. While loss of endothelial 

β-catenin results in vascular and barrier defects in both the brain and retina [3,4,10,11], 

changes in its upstream signaling components result in different phenotypes throughout 

the CNS. Loss of Ndp (Norrin), Fz4 or Lrp5 all suppress normal vascular development 

in the retina, but vessels of the cerebral cortex are unaffected [11,12]. However, 
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Norrin/Fz4 signaling is dispensable for blood vessel development but required for vessel 

maintenance in the cerebellum, as Fz4-/- mice show no vascular defects at P14 but by 

P30 and by 6 months of age there is progressive vessel loss, vascular enlargement and 

disorganization [13]. 

 The molecular heterogeneity of β-catenin-mediated signaling in the CNS 

vasculature also has a profound impact on barrier properties.  Fz4-/- mice show 

extensive leakage to biotin in the postnatal retina and cerebellum, but not in the cerebral 

cortex, accompanied by loss of Claudin-5 expression and upregulation of PLVAP [11]. 

This phenotype is also seen in Ndp and Lrp5 mutants [12]. These data demonstrate that 

CNS ECs differ in their composition of Wnt signaling components and intrinsic 

sensitivity to ligands (Wnts versus Norrin) or receptors (Fz6/Lrp8 versus Fz4/Lrp5) that 

activate β-catenin. Data from the retina and brain of Apcdd1 mutants suggests that CNS 

ECs also have regionalized responses to modulators of Wnt/β-catenin signaling. The 

lack of phenotype in the brain of Apcdd1 mutants could indicate that 1) loss of Apcdd1 

in brain ECs is insufficient to increase the transcriptional activity of β-catenin and elicit 

an alteration in angiogenesis, 2) ECs in the late embryonic and early postnatal brain are 

no longer sensitive to changes in canonical Wnt activity or 3) a possible phenotypic 

change from loss of the inhibitory capacity of Apcdd1 is masked by other Wnt inhibitors 

present in the NVU.   

 In the future, it will be important to examine if Apcdd1 mutants have any defects 

in BBB permeability in the brain. Performing biocytin-TMR injections in the late 

embryonic (after E17.5 when expression of Apcdd1 begins in the wild-type brain) or 

early postnatal brain of Apcdd1-deficient mice would determine if Apcdd1 regulates 
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Wnt/β-catenin-mediated paracellular permeability as it does in the retina. It would also 

be interesting to determine if Apcdd1 mutants show any phenotype in the cerebellum, 

where vessels rely on the Norrin/Fz4/Lrp5 pathway for vessel maintenance as well as 

barrier development [11-13].  
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Figure 4.1 Apcdd1 is expressed in CNS ECs during angiogenesis and BBB 
development. (A-F) In situ hybridization for Apcdd1 mRNA in embryonic and 
postnatal brain. Apcdd1 is expressed at high levels in CNS blood vessels from 
E11.5 to P20. Apcdd1 is also expressed at high levels in neural progenitors or 
neurons in various CNS regions such as the cortex, cortical hem. Its expression is 
downregulated in CNS ECs by P60. (G-I) Immunofluorescence for Apcdd1 and ZO-
1, a tight junction protein, at P20. (J) Western blot for Apcdd1 in whole brain lysate. 
Lysates from HEK-293 cells transfected with murine full length Apcdd1 cDNA served 
as a positive control and P8 liver as a negative control.   
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Figure 4.2 Loss of Apcdd1 does not affect vessel density in the 
postnatal cortex. (A-D) Representative images of immunohistochemistry for 
GLUT-1 (green), a vessel marker in wild-type or Apcdd1-/- brains at P5. Wild-
type and Apcdd1-/- brains show comparable vessel density in the cortex, 
striatum (A, B) and hippocampus (C, D) (I) Quantification of vessel density at 
P5 (n = 3 animals per group). Student’s unpaired t-Test.   
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CHAPTER FIVE 

 

Generation of an Apcdd1 GOF mouse to test its sufficiency for retina 

angiogenesis and blood-retina barrier formation.  
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5.1 INTRODUCTION 

 The LOF analysis in Apcdd1 mutant mice (chapter 3) revealed that Apcdd1 is 

required in the retina vasculature for vessel pruning and its effect is likely mediated 

through reduced Norrin/Fz4/Lrp5 pathway activation. Additionally, Apcdd1-/- retinal ECs 

showed accelerated maturation of paracellular barrier permeability (reduced biocytin-

TMR tracer leakage) due to increased Occludin expression. These results demonstrate 

that Apcdd1 is required for both vascular pruning and the proper timing of BRB 

maturation in the developing retina vasculature.  

 To test whether Apcdd1 is sufficient to influence angiogenesis and barrier 

maturation in vivo, I generated mice that overexpress Apcdd1 specifically in the 

endothelium. Since Apcdd1 functions as a presumed inhibitor of Norrin/β-catenin 

signaling in retinal ECs, overexpression of Apcdd1 should result in defects similar to 

those seen in Ndp, Fz4 and Lrp mutants with decreased vessel density in the superficial 

plexus [1-3] and delayed maturation of the BRB [1,4,5]. Based on the LOF phenotype, I 

predict that overexpression of Apcdd1 would destabilize nascent vessels and induce 

premature vessel regression. Additionally, Apcdd1-induced repression of β-catenin 

should increase paracellular permeability of the BRB.  
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5.2 RESULTS 
 
Generation of Apcdd1 GOF mice 
 

Apcdd1 GOF single transgenic mice TRE::Apcdd1-IRES-mCherry (refer to 

chapter 2 for generation of GOF mouse) were crossed to an EC-specific promoter 

Cadherin5 (Cdh5)-tTA mouse in order to induce expression of Apcdd1 and mCherry 

using a tetracycline-repressible system in which a tetracycline-responsive transactivator 

protein (tTA) is under control of the Cdh5 promoter [6] (Figure 5.1A). Breeding pairs of 

Cdh5-tTA and TRE::Apcdd1-IRES-mCherry were kept off doxycycline chow allowing for 

EC expression of Apcdd1 beginning at E13.5. Double and single transgenic pups 

developed normally with no overt developmental and physical deficits.   

 Litters were initially assessed for mCherry expression in the retina vasculature at 

P10. I generated eight independent GOF lines and analyzed seven lines for mCherry 

expression in double transgenics (dTg) and "leaky" mCherry expression in single 

transgenics (sTg). An additional line “HH” has yet to be analyzed. Of the seven lines 

analyzed, four showed no mCherry expression in the vessels of either sTg or dTg 

animals and were discarded (Table 1). The three remaining lines showed vascular 

expression of mCherry in dTg but also some leaky transgene expression in sTg animals 

within the retina vasculature. Of these three lines, the dTg “QQ” line showed the most 

consistent high expression of mCherry in the postnatal retina (Figure 5.1F, G). 

However, due to leakiness in sTg retinas (Figure 5.1D, E), I decided to use wild-type 

(Figure 5.1B, C) littermate retinas as controls for subsequent experiments (wild-type 

retinas showed no mCherry expression). To assess the levels of Apcdd1 protein that 

result from overexpression, I collected brain lysate from P10 wild-type and dTg animals 
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and measured Apcdd1 protein levels by western blot using the LICOR Odyssey 

scanner. I found a 15-20% increase in Apcdd1 expression in dTg compared to wild-type 

(Figure 5.1H, I).  

 To characterize vascular development in the retina of Apcdd1 GOF mice, I 

collected three litters of P10 “QQ” mice. Wild-type and dTg animals show no obvious 

difference in vessel morphology/density or growth of the superficial or deep plexi (Figure 

5.2A, B; data not shown). However, I still need to confirm these observations by 

measuring vessel density using the intersection analysis approach similar to that 

performed in Apcdd1-/- retinas.  

 In addition, I measured paracellular barrier permeability using the small 

molecular weight tracer biocytin-TMR (as described in chapter 3) to determine if dTg 

mice showed any changes in tracer leakage due to repression of β-catenin activity in 

retinal ECs. I injected biocytin-TMR at P14 and measured levels within the retina 

quantitatively with FIJI (Figure 5.2C-E). Tracer leakage from blood vessels, indicated by 

bright puncta of biocytin-TMR in the retina parenchyma, was seen in both wild-type 

(Figure 5.2C) and dTg (Figure 5.2D) retinas. Quantification of leakage intensity outside 

of the vasculature revealed a statistically non-significant increase in dTg retinas 

compared to wild-type (Figure 5.2E). Taken together, these data suggest that 1) 

overexpression of Apcdd1 in retinal ECs does not affect vascular remodeling and barrier 

development or 2) the current transgenic system utilized in these experiments does not 

drive sufficient expression of Apcdd1 to repress β-catenin and induce a phenotype in 

dTg retinas.    
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5.3 DISCUSSION 

 At this time, it is difficult to make any firm conclusion regarding whether ectopic 

expression of Apcdd1 is sufficient to promote vessel pruning and inhibit maturation of 

the BRB in the retinal vasculature because it is not yet clear the extent to which Apcdd1 

is being expressed in the blood vessels of dTg mice. The transgene utilizes an internal 

ribosome entry site (IRES)-mediated bicistronic expression of mCherry that may not 

accurately reflect expression of Apcdd1. Moreover, Cdh5-tTA expression may not be 

uniform. For example, Cdh5-tTA could drive expression better in the more mature, 

already remodeled vessels at the center of the vascular plexus while showing weaker or 

limited expression in the less mature peripheral plexus where vessels are still 

undergoing vascular remodeling. If this is the case, it would be difficult to determine if 

overexpression of Apcdd1 affects remodeling and maturation in the perivenous 

capillaries which is where the mutant phenotype is found in LOF mice. Therefore, I 

propose crossing Cdh5-tTA mice with a reporter strain such as TRE::β-galactosidase [7] 

to determine which vessels of the retina express tTA (arteries, veins and/or capillaries). 

If Cdh5-tTA fails to produce uniform expression, it will be necessary to generate either a 

different transgenic system with uniform EC-expression in capillary beds of the retina or 

try a different approach for overexpression experiments such as generate Apcdd1 

lentiviral particles and inject them into wild-type animals during the first postnatal week 

to investigate effects of Apcdd1 in the retina vasculature. During this analysis, I will also 

need to examine a larger cohort of animals since defects in angiogenesis or BRB 

development may be subtle due to lower levels of Apcdd1 overexpression.  
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Figure 5.1 Generation of a GOF mouse to overexpress Apcdd1 in the 
endothelium. (A) Schematic diagram for overexpression of Apcdd1 in ECs by 
crossing the TRE::Apcdd1-IRES-mCherry strain with the Cdh5-tTA strain. (B-G) 
Representative images of BSL-FITC and mCherry at P10 in “QQ” Apcdd1 GOF 
mice. (B, C) Wild-type retinas show no mCherry expression. (D, E) TRE:: 
Apcdd1-IRES-mCherry (sTg) retinas show leaky expression of mCherry in the 
vasculature. (F, G) TRE::Apcdd1-IRES-mCherry; Cdh5-tTA+ (dTg) retinas show 
increased mCherry expression in the vasculature compared to sTg retinas. (H, I) 
Western blot for Apcdd1 in P10 brain lysates from wild-type and dTg mice (line 
QQ). The dTg mouse showed a 20% increase in Apcdd1 expression compared 
to wild-type mice.    
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Figure 5.2 Preliminary data in the Apcdd1 GOF mouse. (A, B) Representative 
images of P10 retinas stained for BSL-FITC from either wild-type (A) or dTg (B) 
mice. dTg retinas show no obvious differences in vessel density. (C, D) 
Representative images of wild-type (C) and dTg (D) retinas at P14 following i.v. 
injections of biocytin-TMR. (E) Quantification of signal intensity of biocytin-TMR 
leakage outside the retina vasculature normalized to the liver. dTg mice show a 
non-statistically significant increase in tracer leakage compared to wild-type (n = 
3 animals per group). Student’s unpaired t-Test.    
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Table 1. Summary of screening for vascular expression of Apcdd1 with mCherry in the Apcdd1 
GOF mouse strains. I have analyzed seven founder lines for mCherry expression in the retina vasculature. 
“QQ”, “RR”, and “GG” double transgenic mice showed strong expression of mCherry in the retina 
vasculature but there was some leaky expression in single transgenic mice.  
 

Cadherin5 tTA

TRE Apcdd1 IRES mCherry

Dox
tTA tTA

tTA

Activation

No activation

tTAtTA

Figure 1. Generation of Apcdd1 GOF mouse. Schematic diagram for overexpression of Apcdd1 in 
endothelial cells by crossing theTRE3::Apcdd1-IRES-mCherry strain with a Cdh5-tTA strain. 
 

Table 5.1 Summary of the screening results for vascular expression of 
Apcdd1 with mCherry in Apcdd1 GOF mouse strains. Seven founder lines 
were screened for mCherry expression in the retina vasculature. “QQ,” “RR” and 
“GG” double transgenic mice showed strong expression of mCherry in the retina 
vasculature but there was some leaky expression in single transgenic mice.  
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CHAPTER 6 

 

CONCLUSION 
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6.1 SUMMARY OF RESULTS 

 Apcdd1 is a downstream gene target and inhibitor of the canonical Wnt pathway 

[1,2]. It was identified as the second most enriched gene in brain ECs compared to ECs 

of the lung and liver in a screen for brain-EC specific transcripts [3]. In addition to being 

downstream of the Wnt/β-catenin pathway, analysis of gene expression changes in 

Lrp5-/- and Norrin-/- postnatal retinas showed downregulation of Apcdd1 in both mutants 

indicating it is a gene target of the Norrin/Fz4/Lrp5 pathway [4]. The role of Apcdd1 as a 

canonical Wnt inhibitor [2], its expression in ECs of the brain and retina and its 

regulation by Wnt/β-catenin led me to investigate if Apcdd1 plays a role in CNS 

angiogenesis and BBB development. 

 Expression analysis demonstrated that Apcdd1 is found in postnatal retinal ECs 

throughout angiogenesis and BRB formation. In brain ECs, Apcdd1 expression is turned 

on at E17.5, when canonical Wnt activity decreases in the CNS [5], and persists in 

blood vessels through at least P20 but is absent in the adult brain. Based on these data, 

I examined the effect loss of Apcdd1 had on angiogenesis and barriergenesis in vivo.  

In the retina, loss of Apcdd1 did not affect angiogenic sprouting but rather vascular 

remodeling. Apcdd1 mutant vessels showed no difference in vessel sprouts or vessel 

density at P5 or P8 as ECs at the vascular front grow toward the retina periphery, but 

between P10 and P12, Apcdd1-/- retinas show a transient increase in vessel density. 

This hypervascularized phenotype was accompanied by an increase in Sox17 

expression, a downstream canonical Wnt target gene, in retinal ECs. While EC 

proliferation was unaffected in Apcdd1 mutants, P10 retinas showed a statistically 

significant decrease in the number of empty ECM sleeves indicating vessel regression 
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in Apcdd1-/- retinal ECs is abrogated. Collectively, these data suggest that loss of 

Apcdd1 delays vessel pruning resulting in increased vessel density and that a reduction 

in Norrin/Fz4/Lrp5 signaling during development likely promotes vessel maturation 

through pruning.  

 While loss of Apcdd1 delayed vessel pruning, BRB maturation was accelerated. 

At P14, Apcdd1-/- retinal ECs show decreased paracellular permeability as measured by 

intensity of parenchymal biocytin-TMR. Analysis of tight junction proteins by Western 

blot showed increased levels of Occludin. This effect was consistent in vitro as brain 

ECs isolated from Apcdd1 mutants showed increased TEER and Occludin expression 

compared to wild-type brain ECs. I also investigated albumin transcytosis as a 

measurement of transcellular permeability. In vivo, Apcdd1 mutants showed no 

difference in parenchymal or intraendothelial albumin levels. Consistent with this finding, 

whole retina lysates showed no difference in levels of the transcytosis proteins 

Caveolin-1 and PLVAP compared to wild-type. Interestingly, albumin uptake in vitro was 

dramatically increased in Apcdd1-/- brain ECs as was expression of PLVAP, a protein 

associated with fenestral and caveolar diaphragms [6], that is typically absent in the 

mature BBB [7]. The increase in albumin uptake in vitro but not in vivo likely indicates 

that defects in albumin transport are masked in Apcdd1 mutant mice due to 

compensation by pericytes in the NVU, but this is yet to be confirmed. Overall, loss of 

Apcdd1 decreases paracellular but not transcellular permeability by β-catenin-mediated 

upregulation of Occludin. 

 The defects described above were unique to the retina of Apcdd1 mutants and 

were not seen in some regions of the brain such as the cerebral cortex, striatum and 
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thalamus. Examination of P5 brains showed no difference in vessel density between 

Apcdd1-/- and wild-type animals.  

Collectively, my thesis work demonstrated a novel role for the canonical Wnt 

inhibitor Apcdd1 in regulating β-catenin-mediated angiogenesis and BRB development 

in ECs of the retina. Furthermore, my data demonstrates that in the retina, vascular 

remodeling and BRB development are differentially regulated by distinct levels of 

Norrin/Fz4/Lrp5 signaling and Apcdd1 functions as a fine-tuning mechanism of pathway 

activity.  
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6.2 SIGNIFICANCE OF THE STUDY 

 My research has clinical relevance as understanding the regulation of 

developmental angiogenesis can provide insight into the mechanisms affecting 

pathological vessel formation and help to develop potential therapeutic targets for these 

diseases. Multiple retinopathies are characterized by abnormal vessel growth, 

neovascularization and loss of BRB function including diabetic retinopathy, age-related 

macular degeneration and retinopathy of prematurity (ROP) [8,9]. ROP occurs in 

preterm infants and is characterized by delayed development of the retinal vasculature 

with compensatory extraretinal neovascularization. While most cases of ROP regress, 

more severe cases result in retinal detachment and blindness [10]. In humans, retina 

vascularization begins at 16 weeks of gestation and is complete by 40 weeks. 

Therefore, a full-term infant is born with a mature, functional retinal vasculature [8]. 

Infants with ROP are born with underdeveloped retinal vessels and an avascular retina 

periphery resulting in hypoxia-induced neovascularization. This neovascularization 

forms unstable, leaky vessels that can grow into the vitreous of the eye and cause 

damage to surrounding tissue [11,12].  

 Current treatment of ROP involves laser treatment to obliterate VEGF-secreting 

cells of the retina [13].  However, this method is not successful in all cases and often 

results in permanent damage to the retina periphery [14,15]. A better strategy for 

treatment of ROP is to target the pathways that mediate retinal vascularization, and 

Norrin/Fz4/Lrp5 signaling may be a promising candidate. Norrin is downregulated in 

mice undergoing oxygen-induced retinopathy (OIR), a mouse model for ROP. When 

overexpressed, Norrin prevented neovascularization due to OIR and supported normal 
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vessel growth into avascular regions of the retina [16]. Since loss of Apcdd1 effectively 

increases β-catenin activity in retinal ECs, it may have therapeutic applications in the 

treatment of neovascularization. In the context of vaso-proliferative retinopathies, 

neutralizing Apcdd1 function with specific antibodies could effectively increase 

Norrin/Fz4/Lrp5 signaling to mediate normal vessel growth and protect against 

neovascularization.  
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6.3 FUTURE DIRECTIONS 

 While my LOF data establishes Apcdd1 as a regulator of angiogenesis and BRB 

development in the retina endothelium, questions remain regarding its mechanism of 

action. First, it is necessary to examine global transcriptional changes in the phenotypic 

window of Apcdd1-/- retinas from P10-P14. A technical challenge of working in the 

retinal endothelium is the difficulty in assessing transcriptional changes. This is due to 

1) the low tissue yield from early postnatal retinas and 2) ECs account for a very small 

percentage of total cell lysate meaning that EC-associated changes in mRNA or protein 

expression can be masked by more abundant cell types when looking at genes that 

may not be EC-specific such as Sox17 or β-catenin. To circumvent this problem, I 

propose isolating and pooling P10 retinas from an entire litter of Apcdd1 mutants and 

performing immunopanning-based purification methods to isolate ECs [3]. Isolated ECs 

could be utilized to examine the Apcdd1-/- transcriptome by RNA-seq and compare it to 

age- and strain-matched control retinal ECs to get an unbiased snapshot of genetic 

changes in these mice. This experiment could verify Norrin/Fz4/Lrp5 pathway activation, 

identify potential unknown pathways in which Apcdd1 may function and most 

importantly propose candidate genes that mediate the phenotype seen in Apcdd1 

mutants. For example, I hypothesized that increased Norrin/Fz4/Lrp5 could prevent 

vessel pruning by upregulating ECM proteins and downregulating MMPs, as seen in 

Norrin overexpression in the yolk sac [17]. RNA-seq would identify changes in genes 

known to regulate vascular remodeling, some of which could be directly involved in the 

mechanism by which Apcdd1 inhibits vessel regression.     
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I would also like to investigate angiogenesis and barrier development in other 

regions of the CNS vasculature in Apcdd1 mutants. Apcdd1 knockout mice show a 

phenotype in the retina but not in the cortex or striatum suggesting that Apcdd1 may be 

more efficient at inhibiting the Norrin/β-catenin pathway rather than the Wnt/β-catenin 

pathway. It would therefore be interesting to determine if Apcdd1 mutants show any 

phenotype in the cerebellum, where vessels rely on the Norrin/Fz4/Lrp5 pathway for 

vessel maintenance as well as barrier development [18-20]. The use of tissue-specific 

pathways suggests a requirement for unique signaling input to mediate the proper 

timing and/or region of angiogenesis in the CNS. In both the cerebellum and retina, 

Norrin is secreted by unique glia that are absent in the cortex: the Müller glia (retina) 

and the Bergman glia (cerebellum) [21]. The presence of these regional glial cells and 

the pro-angiogenic factors they produce may be the cellular mechanism that regulates 

barrier development throughout the CNS.  

 Another area that deserves further investigation is the discrepancy between 

albumin uptake in vivo and in vitro. My data demonstrates that loss of Apcdd1 increases 

β-catenin activity in vivo but does not alter transcellular permeability as measured by 

uptake of albumin into retinal ECs or expression of transcytosis-related proteins. In vitro 

however, albumin uptake is significantly increased in Apcdd1-/- brain ECs accompanied 

by increased levels of PLVAP in lysates. While the literature detailing the exact function 

of PLVAP is very limited, it is known that it localizes to both fenestral and caveolar 

diaphragms [6] but loss of PLVAP function only affects vessel permeability to plasma 

proteins in ECs with fenestrae but not ECs characterized by caveolar stomatal 

diaphragms [22]. Based on this, it is more likely that Apcdd1 brain ECs have increased 
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albumin uptake due to increased or persistent fenestrae and not increased caveolae-

mediated transcytosis. This could be investigated by isolating Apcdd1-/- brains at E17.5, 

1 day after fenestrae are lost and PLVAP decreased in wild-type CNS ECs [23], and 

perform transmission electron microscopy to examine the presence of fenestrae. If 

fenestrae persist in mutant brain ECs, it supports increased albumin uptake being due 

to insufficient repression of fenestrae associated with BBB maturation. These data are 

further complicated because Apcdd1-/- brain ECs, which are likely to have increased 

basal canonical Wnt activity, should have decreased PLVAP expression based on 

previous studies that overexpression of β-catenin decreases PLVAP expression in vivo 

and in vitro [5]. However, I have observed the opposite effect, which suggests that 

Apcdd1 affects PLVAP expression by a different mechanism unrelated to canonical Wnt 

signaling. This effect is likely masked in vivo by signaling input from other cells in the 

NVU such as pericytes that suppress PLVAP expression via PDGFβ-PDGFRβ signaling 

[24]. A simple experiment to test this hypothesis would be to perform the albumin tracer 

assay in Apcdd1-/- brain ECs co-cultured with pericytes to see if the increase in albumin 

uptake is blocked in vitro. It also necessitates the investigation of pericyte coverage of 

blood vessels in Apcdd1-/- postnatal retinas. 

 Conclusions based on the LOF data would also be strengthened by data 

generated from an EC-specific Apcdd1 GOF mouse. Currently, the transgenic mouse I 

am using to drive EC-specific Apcdd1 expression is the Cdh5-tTA [25] mouse that 

drives endothelial expression of target genes beginning at E13.5. This mouse is crossed 

with a TRE::Apcdd1-IRES-mCherry mouse to generate double (TRE+;tTA+) and single 

(TRE+) transgenics used for experiments.  Unfortunately, preliminary data shows leaky 
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expression of mCherry in single transgenics. Additionally, western blot analysis for 

Apcdd1 in dTg and wild-type brain lysates shows approximately a 15-20% increase in 

expression between wild-type and dTg animals which may be insufficient to generate 

high enough levels of Apcdd1 for overexpression in the retinal endothelium. Based on 

this, another EC-specific tTA driver with stronger retina expression may be necessary. 

 Lastly, I believe the long-term future direction for this research will be looking at 

the function of Apcdd1 in the context of diseases characterized by pathological vessel 

growth and barrier breakdown. Apcdd1 has been highly conserved throughout 

vertebrate evolution [2] suggesting it has an important function in either normal 

development or in response to disease. While loss of Apcdd1 during development 

results in a moderate vascular phenotype in the retina, it may have a more dramatic 

effect in the context of ischemic vascular retinopathy. Since I have characterized 

Apcdd1 during early postnatal development in the retina, I propose utilizing Apcdd1-

deficient pups in oxygen-induced retinopathy (OIR), a mouse model for ROP 

characterized by capillary obliteration in the retina followed by pathological 

neovascularization [8]. In this model, neonatal mice are exposed to hyperoxia from P7 

to P12 causing areas of vaso-obliteration in immature capillaries of the superficial 

vascular plexus and delay of intraretinal capillary formation [26]. When pups are 

returned to normoxic conditions at P12, the vaso-obliterated area of the retina becomes 

hypoxic and activates proangiogenic pathways. While these hypoxia-induced growth 

factors facilitate revascularization of capillary-deficient areas, they also induce formation 

of pathological neovessels, disorganized, leaky vessels that grow into the normally 

avascular vitreous [27]. If Apcdd1-deficient mice show signs of protection from vaso-
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obliteration or neovascularization, presumably through increased canonical Wnt activity, 

looking into Apcdd1’s involvement in other ischemic vascular diseases would be a 

whole new area of investigation. 
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