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ABSTRACT 
During glomerulogenesis, the recruitment and assembly of visceral epithelial cells 

(podocytes), endothelial capillary cells, and smooth muscle pericytes (mesangial 
cells) result in the formation of the glomerular tuft. The mature glomerulus functions 
by passage of plasma under hemodynamic pressure across a filter, the glomerular 
filtration barrier, and the integrity of the barrier is crucial for proper function. A 
common pathology shared by virtually all glomerular diseases is the loss of filtration 
barrier function leading to proteinuria, the leakage of protein into the urine, and 
further glomerular and tubular damage. Thus, the podocyte slit diaphragm and its 
associated proteins have been the focus of intense research in the filtration barrier 
field. Even so, the understanding of how the podocytes, endothelia, and mesangial 
cells function together and communicate with each other within the mature 
glomerulus is at an early stage. With this question in mind, GlomBase, a 
bioinformatics database that describes the mammalian glomerular transcriptome, was 
created as a foundation from which to explore new aspects of glomerular biology. 

We have applied the zebrafish pronephric glomerulus as a model system to study 
novel aspects of glomerular biology.  Our approach takes advantage of the rapid 
development and genetic accessibility of the renal system in combination with 
GlomBase to conduct a high-throughput functional analysis. We reasoned that if a 
gene is important for glomerular function in the zebrafish it might also be important 
in mammalian glomerular function. In this novel genetic screen, we have coupled 
gene knockdown using morpholinos with a physiological glomerular dye filtration 
assay to test for selective glomerular permeability in living zebrafish larvae. We 
identified the crb2b gene as a regulator of podocyte foot process formation. We found 
that Nephrin, a major slit diaphragm component, is apically mis-localized in 
podocytes lacking crb2b function. These observations suggest that Crb proteins may 
regulate protein trafficking and provide a way of understanding foot process 
formation within the larger context of apical-basal cell differentiation. 

The Angiomotin (Amot) family of proteins plays roles in endothelial migration, 
cell shape, and tube formation and members of this family are present within 
GlomBase. As a first step towards functionally characterizing Angiomotin family 
members in the zebrafish, we inactivated the amot gene in zebrafish using 
morpholinos within the Tg (fli1:EGFP)y1 transgenic line which expresses GFP within 
the developing vasculature. Zebrafish lacking amot function showed a clear, specific, 
and quantifiable defect in the formation of intersegmental vessels (ISVs) and this 
arose from a defect in endothelial cell migration and filopodia formation. These 
studies identified an evolutionarily conserved function for amot in blood vessel 
formation and paved the way for future studies of Amot family members within the 
glomerular vasculature.  

We then applied the zebrafish pronephros to the study of the third cell type of the 
glomerulus, the mesangial cell. Mesangial cells are specialized vascular pericytes 
within the glomerulus and associate intimately with the glomerular capillaries. 
However, a pericyte population within the zebrafish has not been thus far described. 
We found cells that express the early pericyte marker pdgfrb and these cells were also 
closely associated with vasculature in the eye, brain, and glomerulus. Morpholino 
knockdown of pdgfrb resulted in dilation of the glomerular capillaries phenocopying 
mouse knock out data and arguing for a conserved role for Pdgfrb signaling in 
recruiting mesangial cells during maturation of the glomerular tuft.  These studies 
establish the zebrafish as a system for studying pericyte development. 
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INTRODUCTION 

The vertebrate kidney 

 The vertebrate kidney is a structurally complex organ that has evolved to serve a 
number of important functions: excretion of metabolic waste products, 
osmoregulation, maintenance of appropriate acid balance, and secretion of hormones 
and autacoids. The functional unit of the kidney is the nephron and it is also the 
pathophysiological site of human kidney diseases. The nephron is composed of a 
renal corpuscle, glomerulus and Bowman’s capsule, and the accompanying tubular 
segments. Blood plasma is filtered across the size selective filtration barrier of the 
glomerulus, while ion homeostasis and osmoregulation are accomplished via a 
polarized renal epithelium organized into multiple segments that sequentially process 
the plasma filtrate. Transmembrane channels and transporters are expressed in a 
segment specific manner giving each nephron segment its unique physiological 
resorptive and secretory properties. Many human genetically inherited diseases 
affecting the kidney arise out of defects in the initial formation of nephrons and their 
polarized epithelia. For example, Congenital Nephrotic Syndrome of the Finnish type 
(CNF), autosomal-recessive Steroid Resistance Nephrotic Syndrome (arSRNS), and 
Renal-coloboma syndrome (RCS) present due to mutations in NPHS1, NPHS2, and 
PAX2 genes respectively. Mutations in genes expressed during the development of 
the kidney have also been implicated in congenital malformations involving renal 
agenesis, immature or poorly grown kidneys (Schedl, 2007, Woolf, 2003). While 
vertebrate nephron physiology is well understood, the molecular regulation of 
nephron differentiation, growth and function remain largely unexplored.
 Historically, the kidney has held a pioneering role in studying the big questions in 
vertebrate organogenesis and developmental biology. During mammalian kidney 
development, intermediate mesoderm produces a continuum of anatomically 
distinguishable nephric organs, the pronephros, mesonephros, and metanephros, of 
increasing complexity and physiological capacity. Each of these organs has provided 
an experimental window into fundamental aspects of gene regulation, cell polarity, 
cell-cell communication, cell proliferation, survival, differentiation, and tissue 
patterning and morphogenesis. Insights gained from the analysis of these different 
nephric forms, as they appear in different experimental animal models and during 
evolution, has in turn informed the molecular and cellular basis for congenital and 
acquired kidney defects and diseases in humans.  
 In fish, only the pronephros and mesonephros are made from intermediate 
mesoderm. The pronephros functions during embryonic development and the 
mesonephros is the adult kidney, which is used throughout life. In contrast, in 
mammals, the pronephros is not functional, while the mesonephros functions during 
embryonic development. In mammals, it’s the metanephros that is responsible for renal 
functions during post-natal and adult lives.  
 
Glomerulus 

 The glomerulus is composed of loops of fenestrated endothelial cells, the 
trilaminar glomerular basement membrane (GBM), epithelial podocytes whose foot 
processes wrap around the capillary loops, and mesangial cells (Figure 1) (Saleem, 
2003). Blood plasma is sequentially passed through the endothelial capillary wall 
fenestrae, the glomerular basement membrane (GBM), and finally through the 
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podocyte slit diaphragms which together constitute the glomerular filtration barrier. 
The tripartite structure of the filtration barrier permits the selective passage of solutes 
and low molecular weight waste products, but prevents the passage of plasma 
proteins including albumin. Thus, the barrier is thought to be endowed with size 
selectivity. The integrity of the filtration barrier is crucial for proper kidney function. 
A common theme of all glomerular diseases, irrespective of etiology, is the loss of 
filtration barrier function leading to proteinuria and this in turn leads to further 
glomerular damage (Haraldsson et al., 2008, Tryggvason et al., 2006, Tryggvason and 
Pettersson, 2003). End stage renal disease (ESRD) is the final endpoint of progressive 
kidney disorders and is characterized by chronic and irreversible loss of renal 
function. Diseases with primary damage to the glomerulus account for about two 
thirds of ESRD cases and underscores the importance of the glomerulus as a major 
target of kidney disease. 

 
 
Figure 1. Sketch of a glomerulus in cross-section from Liqun and Ying 
 
Podocytes 
 
 Podocytes are arborized and highly polarized epithelial cells found on the outer 
aspect of the GBM. Podocytes can be divided into three structurally and functionally 
different segments with respect to their cytoarchitecture: cell body, major processes, 
and foot processes (Mundel and Kriz, 1995). The cell body contains a prominent cell 
nucleus, a well-developed Golgi system, abundant rough and smooth endoplasmic 
reticulum, prominent lysosomes, and many mitochondria. In contrast to the cell body, 
the cell processes contain only a few organelles (Pavenstadt et al., 2003). Primary 
processes arise from the cell body and branch so as to eventually form the foot 
processes (Mundel and Kriz, 1995). Foot processes from adjacent podocytes 
interdigitate to form the filtration slit that is bridged by a thin membrane, the slit 
diaphragm. The foot processes of the podocytes are embedded in the GBM through 
integrins (Cybulsky et al., 1992). Integrins interact extracellularly with ECM 
molecules in the GBM (laminin and fibronectin) (Adler, 1992, Dedhar et al., 1992) 
and intracellularly with the actin cytoskeleton via talin, vinculin, and paxillin (Otey et 
al., 1993) (Figure 2). These molecular interactions are important to the integrity of the 
filtration barrier as exemplified by the fact that α3 integrin knockout mice die due to 
the inability to assemble foot processes (Kreidberg, 2000, Kreidberg et al., 1996).    
 Podocytes are polarized epithelial cells with apical and basal cell membrane 
domains that are separated by the slit diaphragm (Pavenstadt et al., 2003). The apical 
membrane of the podocytes and the slit diaphragms have a net negative charge 
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imparted to them by the surface coat of sialoglycoproteins like podocalyxin (Sawada 
et al., 1986) and podoendin (Huang and Langlois, 1985), among others.  
 The unique shape of the podocyte and the maintenance of the processes is due to 
the well-developed cytoskeleton. Microtubules and intermediate filaments, such as 
vimentin and desmin, dominate the cell body and primary process cytoskeleton 
whereas actin filaments dominate the foot process cytoskeleton (Drenckhahn et al., 
1990). Actin filaments run parallel to the longitudinal axis of the foot process and 
interact with associated proteins, such ezrin, synaptopodin, and α-actinin-4 (Hugo et 
al., 1998, Kaplan et al., 2000, Mundel et al., 1991). Podocytes are strikingly polarized 
cells. Yet the mechanisms for how these cells acquire such a polarized phenotype in 
not known. This strands in contrast to the tubular epithelia of the nephron where more 
is understood about cell polarization and epithelial differentiation.   
 
Glomerular endothelial cells 
 
 The relative importance of the glomerular capillary endothelia in filtration is 
controversial, but the bulk of the data suggest that the fenestrated endothelium is not 
size selective for blood plasma proteins (Ballermann and Stan, 2007). Glomerular 
capillaries are extraordinarily flattened and highly fenestrated (Ballermann, 2005, 
Haraldsson et al., 2008). The high density of fenestrae is thought to facilitate high 
permeability to water and small solutes (Deen et al., 2001). Blood vessel cells embed 
in the GBM via α5β1- and α5β3- integrins and the endothelial luminal surface is 
lined with an Endothelial surface layer (ESL) (Haraldsson et al., 2008, Pries et al., 
2000). The negatively charged ESL (Figure 3) is formed by secreted proteoglycans, 
such as perlecan and versican, together with secreted glycosaminoglycans, such as 
hyaluronan, and adsorbed plasma proteins, such as albumin and orosomucoid 
(Haraldsson et al., 2008). The fenestrated endothelium does not just allow free 
passive passage of plasma proteins but is part of the glomerular filtration barrier by 
virtue of its negative charge (Ballermann and Stan, 2007).   
 
Mesangial cells 
 
 Glomerular mesangial cells are specialised vascular smooth muscle cells (vSMCs) 
that provide structural stability to the capillary loops and are hypothesized to 
influence glomerular filtration rate through contractile action on the capillaries. A key 
regulatory mechanism for mesangial cell contractile function is the 
Renin/Angiotensin system. Mesangial cells are found between the glomerular loops 
and are in continuity with the extraglomerular mesangium and the juxtaglomerular 
apparatus (Schlondorff and Banas, 2009, Vaughan and Quaggin, 2008). Mesangial 
cells generate and embed in their own extracellular matrix (ECM). Mesangial matrix 
is composed of collagens (type I, III, IV, and V), laminin, fibronectin, and 
proteoglycans (Mene et al., 1989, Ohyama et al., 1990). Mesangial cells express the 
PDGF-β receptor while the endothelial cells secrete the PDGF-β ligand. Endothelial 
capillaries do not form loops either in the absence of mesangial cells or where there 
are basement membrane defects that prevent adherence of mesangial cells due to 
disruption of the PDGF-β/PDGFR-β signaling axis (Kikkawa et al., 2003, Lindahl et 
al., 1998). This demonstrates the important role mesangial cells play in glomerular 
morphogenesis.   
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GBM 
 
 Endothelial cells and podocytes contribute to the formation of the thick GBM 
(Abrahamson, 1987, Sariola et al., 1984). The GBM is composed of type IV collagen, 
laminin, nidogen (entactin), and HSPGs. Basement membranes do not only provide 
the cells with an attachment surface but also provide morphogenetic cues that 
determine cell fate, polarization of subcellular constituents, and the location of cell 
receptors and transporters (Davies and Garrod, 1997, Gumbiner, 1996, Schock and 
Perrimon, 2002). The laminins and collagens form independent networks that get 
linked through nidogen (Miner, 1998). There are several isoforms of laminins and 
type IV collagens that are spatiotemporally regulated during development.  
 Laminins are important trimeric basement membrane proteins composed of three 
different polypeptide subunits, α, β, and γ. Type IV collagen belongs to a group of 
collagenous proteins that has at least 25 members. In mammals, there are 6 collagen 
IV α chains, α1 - α6. In a collagen molecule three α chains wind around one another 
to form a rope-like helical structure (Alberts, 2002). During the maturation of the 
human GBM, the laminin isoform expression gradually shifts from Laminin-511 
(α5β1γ1 or Laminin-10) to Laminin-521 (α5β2γ1 or Laminin-11) (Virtanen et al., 
1995). In mice, the type IV collagen expression shifts from α1 (IV) and α2 (IV) 
subunits to α3, α4, and α5 (IV) subunits in the mature GBM. Mutations in the human 
collagen IV genes lead to Alport’s syndrome (Barker et al., 1990, Jais et al., 2000, 
Longo et al., 2002) 
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Figure 2. Schematic of the molecular equipment of the podocyte foot processes. Cas, 
p130Cas; Cat, catenins; CD, CD2-associated protein; Ez, ezrein; FAK, focal adhesion 
kinase; Ilk, integrin-linked kinase; M, myosin; N, NHERF2; NSCC, non-selective 
cation channel; PC, podocalyxin; S, synaptopodin; TPV, talin, paxillin, vinculin; U, 
utropin; Z, ZO-1. (Modified from Pavenstädt et al. 2003) 
 
 
 

 
 
Figure 3. Schematic drawing of the filtration barrier with components of the 
glomerular endothelium. (Haraldsson et al. 2008) 
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Blood vessels 

 Blood vessels perfuse all tissues in the body and are essential for the transport of 
fluids, gases, macromolecules, cells, and for communication between distant tissues 
and organs. As the diffusion distance for molecules is limited (100-200µm for 
oxygen), the vascular system in any organ and tissue has to be established early 
during development (Eichmann et al., 2005). The cardiovascular system is the first 
functional organ system formed during early embryonic development. The blood 
vessel lumen is lined with ECs that integrate functionally into different organs, and 
acquire tissue-specific specializations while retaining plasticity (Adams and Alitalo, 
2007). The extensive network of blood vessels is laid down during embryogenesis 
and the vascular system remains inactive in the adult with the exception of wound 
healing and in the female reproductive system. This blood vessel network is laid 
down by two processes: vasculogenesis and angiogenesis. 
     
Vasculogenesis 

 Blood vessel formation is intimately linked to blood formation. During 
vasculogenesis, blood vessels are created de novo from the lateral plate mesoderm 
(Gilbert, 2003). The mesenchymal blood vessel- and blood cell- progenitors, 
hemangioblasts, condense into aggregates (blood islands). The inner cells of the 
blood islands become hematopoietic stem cells, while the outer cells become 
angioblasts (reviewed in (Lacaud et al., 2001). The angioblasts multiply and 
differentiate into ECs that then form tubes and connect to form the primary capillary 
plexus, a primitive network of capillaries (Risau, 1997). 
 

Angiogenesis 

 In angiogenesis, capillary sprouts from the pre-existing blood vessels produce new 
vessels. When angiogenesis follows onto the formation of the primary capillary 
plexus, remodelling and pruning occurs to form a distinct capillary bed, arteries, and 
veins (Hanahan, 1997, Risau, 1997).  
 
Zebrafish (Danio rerio) 

 Zebrafish is a small tropical freshwater fish native to the streams of south-eastern 
Himalayan region. The use of zebrafish in biomedical research has increased 
significantly in the last two decades (Ingham, 2009). There are many advantages in 
using the zebrafish to study the genetic basis for vertebrate development. Firstly, 
fertilization and embryonic development in zebrafish occurs ex utero, this permits for 
the observation of the relatively large developing embryo through the chorion as well 
as manipulation of development through microinjection and transplantation. 
Secondly, zebrafish embryos are completely transparent, permitting the in situ 
visualization of fundamental developmental processes – from gastrulation to 
organogenesis. The embryonic development is rapid with all common vertebrate 
structural features visible by 48 hpf, including a compartmentalized brain, eyes, ears, 
and all internal organs. Embryo transparency also allows video microscopy and 
visualization of developmental processes at single cell resolution in transgenic lines. 
Thirdly, the zebrafish is a genetic system amenable to both forward and reverse 
genetic approaches (Amsterdam and Hopkins, 2006). Fourthly, while its generation 
time of 2 to 4 months is not particularly short in comparison to other vertebrates, the 
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large number of zebrafish progeny greatly facilitates large-scale screening and 
mutation analysis in a Mendelian fashion.   
 George Streisinger’s pioneering work led to the establishment of zebrafish as a 
vertebrate model for forward genetic screening (Streisinger et al., 1981). Two large-
scale chemical mutagenesis screens (Development Whole issue, 1996) and a large-
scale insertional mutagenesis screen (Amsterdam et al., 1999) yielded a plethora of 
mutant strains that provide the starting point for the analyses of a wide range of 
developmental processes to the wider zebrafish community.  
 Reverse genetic approaches to assess the consequences of the loss of specific gene 
function is possible in the zebrafish. Morpholinos, modified antisense oligos, are 
widely used to inhibit either the translation or correct splicing of individual genes 
during the first few days of development (Draper et al., 2001, Nasevicius and Ekker, 
2000, Sumanas and Larson, 2002).  
 A number of transgenic zebrafish lines that express fluorescent proteins under the 
control of a cell- or tissue-specific promoter are another addition to the arsenal of 
zebrafish genetic tools (Lawson and Weinstein, 2002, Long et al., 1997, Motoike et 
al., 2000). Transgenic lines allow visualization at single cell resolution and lend 
themselves to mutagenesis screens. Also, fluorescent cells can be isolated by 
fluorescence activated cell sorting (FACS) and used in the production of cDNA 
libraries and microarrays. 
 As in every other growing research field, new molecular tools are under 
development while others like Light-controlled gene silencing (Shestopalov et al., 
2007) and the use of zinc-finger nucleases to induce mutations (Doyon et al., 2008) 
are still gaining momentum.     
 
Zebrafish Pronephros 

 In vertebrates, the pronephros is the first kidney to form during development 
(Ackermann and Paw, 2003, Vize et al., 1997). The zebrafish pronephros 
accomplishes blood filtration and osmoregulation at the embryonic and larval stages 
(Drummond, 2000). The pronephros consists of two glomeruli fused at the midline, 
two pronephric tubules connecting directly to the glomeruli via a neck segment, and 
paired bilateral pronephric ducts through which the altered blood filtrate is conveyed 
out of the embryo/larva (Figure 4). Ultra-structurally, electron microscopical studies 
reveal the presence of podocyte foot processes, slit diaphragms, and a tripartite GBM, 
features shared in common with mammalian glomeruli (Drummond, 2003). The 
glomerulus receives blood through a capillary network sprouting from the overlying 
dorsal aorta (DA). By 48 hpf the zebrafish pronephros is physiologically functional. 
The simplified structure, shared anatomical features, and similar molecular markers 
(Figure 5) make the zebrafish pronephros an ideal system for the study of vertebrate 
kidney development and function. 
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Figure 4. The zebrafish Pronephros at 3.5 dpf. Whole-mount antibody staining of 
tubules and ducts in wt embryos with α-Na/K ATPase and mAb 38G.  At the bottom, 
a whole-mount in situ with wt1, a podocyte marker, showing the midline glomerulus.   
 

Zebrafish Trunk Vasculature 

 The zebrafish transgenic line Tg(fli1:EGFP)y1 that expresses EGFP under the 
vascular promoter fli1 has greatly enhanced the in situ visualization of the developing 
zebrafish vasculature. During zebrafish development, angiogenic vascular sprouts 
emerge from the longitudinal trunk axial vessels in two spatially and temporally 
distinct steps. Beginning at about 20 hpf, primary angiogenic sprouts emerge 
bilaterally from the DA at each vertical myoseptal boundary, then elongate dorsally, 
ramify and interconnect along the dorso-lateral roof of the neural tube to form the 
paired DLAVs (Isogai et al., 2003). The secondary angiogenic sprouts emerge 
bilaterally from the PCV at about 36 hpf and grow dorsally towards and/or alongside 
the primary vessel. Approximately half of the secondary vessels connect with the 
primary vascular network, some regress while the rest contribute to the formation of 
the PAV (Figure 6). The arterial-venous identity of the primary vascular network 
depends on whether or not a functional connection is made to the secondary sprout 
(Isogai et al., 2003).  
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Figure 5. Whole mount in situ of zebrafish embryos with the labeled pronephros 
markers. Lateral view; panels A, B, C, I, J, K, and L. Dorsal view; panels D, H, and O 
and transverse sections of the whole mount in situ at the level of the glomerulus; 
panels E, F, G, M, N, and P.   
 
 

 
 

Figure 6. Anatomy of the zebrafish 
trunk vasculature at 3 dpf. DA, 
dorsal aorta; PCV, posterior 
cardinal vein; ISA, intersegmental 
artery; ISV, intersegmental vein; 
DLAV, dorsal longitudinal 
anastomotic vessel; G, gut; M, 
myotomes; N, notochord; NT, 
neural tube; P, pronephric duct; and 
Y, yolk.  
(Isogai et al. 2003) 
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EPITHELIAL CELL POLARITY 

 Epithelial cells constitute tissues that line body cavities, hollow organs, form 
glands and ducts, and cover body surfaces. Epithelial cells are polarized and have 
distinct apical, lateral, and basal domains. Polarized epithelia exhibit an asymmetric 
cell shape, protein distribution, and cell functions. To maintain a polarized state cells 
must distinguish between membrane domains, target and organize different proteins 
in each domain, and ultimately, keep the identities of the domains separate (Nelson, 
2003). The apical membrane domain is separated from the basolateral membrane 
domain by apical cell-cell tight junctions as well as the zonula adherens that mediate 
intercellular adhesion. The process of epithelial polarity polarization is closely 
coupled to the biogenesis of these junctions. The Crumbs (CRB) complex and the 
partitioning defective (PAR) complex are two evolutionarily conserved junctional 
complexes important to apico-basal epithelial cell polarity. The other key player in 
epithelial cell polarity is the trans-Golgi network and endosomes involved in 
differential sorting and targeting of proteins.  
 
PAR complex 

 The 6 par genes, were the first genes involved in cell polarity to be identified by 
Kemphues et al. in a screen for defective zygotic-axis specification in 
Caenorhabditits elegans (Kemphues et al., 1988). The par genes encode primary 
scaffolding proteins and serine-threonine kinases (Macara, 2004). The two 
scaffolding proteins PAR3 and PAR6 as well as atypical Protein Kinase C (aPKC) 
constitute the PAR complex (Figure 7).  
 The aPKC-binding domain of PAR3 directly binds to the kinase domain of aPKC 
(Tabuse et al., 1998), the PDZ domain of PAR6 interacts with one of the PDZ 
domains of PAR3, and PB1 domain dimerization mediates the PAR6-aPKC 
interaction (Noda et al., 2003, Qiu et al., 2000). The N terminus can also mediate 
PAR3 oligomerization (Benton and St Johnston, 2003, Mizuno et al., 2003). The 
Drosophila ortholog of PAR3 is Bazooka (Baz), which directly binds Drosophila 
aPKC and PAR6 (Rolls et al., 2003, Wodarz et al., 2000). PAR6 is the effector of 
Cdc42 and binds Cdc42-GTP through its semi-Cdc42/Rac interacting binding domain 
together with a part of the PDZ domain (Joberty et al., 2000, Johansson et al., 2000, 
Lin et al., 2000, Qiu et al., 2000).  
 

Crumbs (CRB) complex 

 Jürgens et al (1984) first identified the crumbs gene (crb) in Drosophila but it was 
Tepass et al (Tepass et al., 1990) that first established its link to polarity in 1990. The 
name crumbs derives from the Drosophila phenotype where mutations in crb result in 
severe disruption of the cuticle. In Drosophila, CRB localizes to the apical membrane 
and the subapical region. This spot corresponds to the tight junction (TJ) in 
mammalian cells but no such junction is seen in Drosophila. In Drosophila, the 
plasma membrane-associated CRB expression is sufficient and necessary to confer 
apical character on a membrane domain, and overexpression of CRB leads to an 
expanded apical membrane domain at the expense of the basolateral membrane 
domain (Wodarz et al., 1995). CRB is highly conserved from Caenorhabditits 
elegans to humans. In humans there are 3 Crumbs homologues; CRB1 (den Hollander 
et al., 1999), CRB2, and CRB3 (Lemmers et al., 2002) while in zebrafish there are 5 
crumbs genes; crb1, crb2a (oko meduzy), crb2b, crb3a, and crb3b (Omori and 
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Malicki, 2006). Human mutations in the CRB1 gene explain some cases of the retinal 
dystrophies autsomal recessive Retinitis Pigmentosa (arRP) (4%) and autosomal 
recessive Leber Congenital Amaurosis (arLCA) (up to 4%) (Richard et al., 2006). 
The three proteins CRB, protein associated with Lin seven 1 (PALS)/Std, and PALS 
associated tight junction protein (PATJ)/Dpatj constitute the CRB complex.   
 

Functional Interaction of CRB- and PAR- Complexes 

 The apical junctional complexes CRB and PAR are distinctly localized at the 
apical region of the basolateral membrane whereas the SCRIB complex, a basolateral 
determinant, is restricted along the basolateral membrane. The SCRIB complex is 
composed of Scribble (SCRIB), lethal giant larvae (LGL), and lethal discs large 
(DLG). Drosophila Scrib mutants have a phenotype that is the opposite of that of 
CRB and PAR mutants (Bilder and Perrimon, 2000) implying that the apical and 
basolateral complexes have antagonistic activity. Cell-cell adhesion via E-cadherin/E-
cadherin interactions results in the activation of Cdc42-GTP (Kim, 2000) and the 
phosphorylation of aPKC, which in turn phosphorylates LGL, a component of the 
SCRIB complex. Phosphorylated LGL dissociates from PAR6/aPKC dimer and 
distributes to the lateral membrane where it can now interact with DLG and SCRIB 
(Plant et al., 2003). An active PAR complex (PAR3/PAR6/aPKC) is generated when 
the free aPKC interacts with and phophorylates PAR3 (Hirose et al., 2002, Izumi et 
al., 1998). This prevents the colocalization of LGL with the PAR complex and limits 
LGL to the basolateral domain (Betschinger et al., 2003, Plant et al., 2003, Yamanaka 
et al., 2003). CRB3 binds directly to PAR6 (Lemmers et al., 2004) or via PALS1 
(Hurd et al., 2003), and promotes the differentiation of the premature junctional 
structure into the mature epithelial structures.   
 
 

 
 
Figure 7. Domain structures of components of the CRB complex and the PAR 
complex. Protein domains are represented by filled shapes. Note that CRB3 is 
depicted larger in proportion to other proteins, and the red and blue fills represent the 
FERM-binding motif and the PDZ-binding motif respectively. Protein–protein 
interactions are indicated by double-headed arrows (Wang and Margolis, 2007). 
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AIMS OF THIS STUDY 
Paper 1: Identify new genes and signaling pathways that are required for the function 
and integrity of the glomerulus filtration barrier. GlomBase is used as a 
bioinformatics database to conduct a reverse genetic screen for glomerular function in 
living zebrafish. 
 
Paper 2: Determine the functional requirement for Angiomotin in formation of the 
zebrafish vascular network. 

 
Paper 3: Establish the presence of pericytes, including glomerular mesangial cells, in 
zebrafish with the longer term goal of using the zebrafish as a system to study 
mesangial cell developmental biology and function. 



 

 13 

RESULTS AND DISCUSSION 

Paper 1: A reverse genetic screen in the zebrafish identifies crb2b as a 
regulator of the glomerular filtration barrier 

Background  

 Transcriptional profiling of GlomBase by microarray analysis identified over 300 
genes that were over two-fold enriched in the glomerulus vis-à-vis the rest of the 
kidney tissues (Takemoto et al., 2006). Functionally analyzing such a large number of 
genes in mouse is both time and cost prohibitive. The zebrafish pronephros provides 
both a fast and easily accessible experimental system to carry out such large-scale 
analyses (Drummond, 2005).  In this study we knocked down selected glomerular 
genes using gene specific morpholinos and assayed their requirement in glomerular 
function by dye filtration assay.      
 
Results and Discussion 

 Using GlomBase as a starting point, gene-specific morpholinos were made against 
20 selected genes. These 20 genes were selected from GlomBase based on a 
combination of criteria; genes with high expression ranking, genes whose 5′ UTR 
sequence around the transcriptional start site was available, and genes without any 
previously known glomerular function were favoured. The morpholinos were 
individually injected into 1 to 2 cell(s) stage embryos and the resulting morphant 
embryos were analyzed. Loss of glomerular function in zebrafish manifests as 
pericardial edema at 96 hpf (Kramer-Zucker et al., 2005). In our screen, 67% of the 
knockdowns exhibited pericardial edema and pronephric cysts. The penetrance of 
these phenotypes varied from 21% to 78% depending upon the targeted gene and the 
efficacy of the morpholino. Histological analysis of these phenotypes showed 
abnormal glomerular morphology with expanded Bowman’s space, naked GBM, and 
low number of podocytes. These phenotypes arise during the development and 
maturation of the zebrafish Pronephros, and might therefore arise from gene targets 
that have a developmental role. However, our interest was in identifying genes that 
are necessary for the normal function of the glomerular filtration barrier. The 
zebrafish pronephros is fully mature at 84 hpf (Kramer-Zucker et al., 2005). We 
therefore targeted morphants that develop these phenotypes at 3 dpf or later and had a 
functional circulatory system for a functional screen using the dye filtration assay. A 
mixture of 10-kDa tetramethylrhodamine- and 500-kDa FITC-labeled dextrans was 
injected into the common cardinal vein (CCV) of both control and morphant embryos 
at 3 – 4 dpf and allowed to circulate in the body. The control glomeruli were 
impervious to the 500-kDa dextrans, whereas morphants with a compromised 
filtration barrier allowed its passage into the pronephric tubules. The combined 
morpholino knockdown and dye filtration assay identified crb2b, ralgps, rabgef1, and 
rapgef2 as important regulators of the filtration barrier function. We focussed on 
crb2b, a known regulator of epithelial polarity in other model systems. 
 Glomerular expression of both the crb2b mRNA and Crumbs protein in wildtype 
embryos were confirmed by WISH and immunohistochemistry, respectively. WISH 
using wt1, podocin and nephrin, markers of podocyte differentiation, confirmed that 
podocytes were differentiating in crb2b MO. Ultra-structural analysis of glomeruli in 
control and crb2b MO embryos by TEM revealed a gross disorganisation of podocyte 
foot processes and a lack of slit diaphragms in the crb2b MO. Serial reconstruction of 
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individual podocytes revealed membrane protrusions extending into the urinary space 
in the crb2b MO. The absence of slits brought into question the subcellular 
localization of nephrin, a major constituent of the slit diaphragm, in the crb2b MO.  
Immunohistochemistry and immunoelectron microscopy using a zebrafish nephrin 
antibody showed that nephrin was mis-localized to the apical protrusions in the crb2b 
MO. We therefore assessed overall polarity within the crb2b MO podocytes by 
staining for α-acetylated tubulin, a marker of podocyte primary processes (Pavenstadt 
et al., 2003). This indicated that the overall polarity in crb2b MO remained 
unchanged.  
 Crumbs proteins are necessary for the formation of tight junctions in epithelia 
where they are the fence that delineates apical and basolateral membrane domains 
(Roh and Margolis, 2003). Our results point to a role for crb2b in both podocyte foot 
process arborization and nephrin targeting in the zebrafish pronephros. The 
mistargeting of nephrin to the apical membrane in crb2b MO may be the result of a 
random mixing of apical and basolateral membranes and/or disruption in vesicular 
trafficking.  
 Random mixing of apical and basolateral membranes would imply that these 
membranes are not sufficiently separated. However, we did observe tight junctions in 
electron micrographs of crb2b MO, whereas slit diaphragms were greatly reduced. 
Slit diaphragms are specialized adherens junctions that originate from typical apical 
junctional complexes between primordial cells of the early S-shaped body. These 
junctional complexes migrate in a zipper-like fashion to the base of the cell where 
tight junctions persist as interdigitation of the foot processes begins (Pavenstadt et al., 
2003, Reeves et al., 1978, Reeves et al., 1980). Taken together, this indicates that 
crb2b may not be required for tight junction formation but is necessary for slit 
diaphragm formation and/or maturation and stability. 
 Disruption in vesicular trafficking may explain the apical targeting of nephrin. 
Nephrin is normally recruited into lipid raft micro-domains by podocin during slit 
diaphragm formation (Huber 2003). The mistargeting of nephrin in the crb2b MO 
may reflect a primary defect in the organization of lipid raft microdomains in the 
crb2b MO podocytes. The mistargeted nephrin is able to regulate the cytoskeletal 
organization and gives rise to the apical protrusions observed in the crb2b MO. This 
would imply a role for crb2b in the synthesis of different membrane domains and/or 
regulation of the transport pathway to the plasma membrane. 
 Lack of an apical molecular marker for zebrafish podocytes limited our studies on 
the nature and composition of the apical membrane in crb2b MO.     
 

Conclusions from paper I 
 The zebrafish pronephros provides a rapid vertebrate system for gene 

functional studies    
 ralgps, rabgef1, rapgef2, and crb2b are important regulators of the glomerular 

filtration barrier in the zebrafish 
 crb2b is required for the correct targeting of nephrin to the slit diaphragm in 

mature podocytes  
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Paper 2: Angiomotin regulates endothelial cell migration during 
embryonic angiogenesis 

Background 

 The development of the embryonic vascular system into a highly ordered network 
requires strict control over the sprouting ECs that are involved in the migration and 
branching of the early vasculature (Jones et al., 2006). In vitro studies show that 
angiomotin (Amot), a membrane-associated protein, is involved in the control of cell 
migration (Troyanovsky et al., 2001). Studies of EC migration in mice are limited by 
the fact that one cannot image the vessels in situ as they form in the developing 
embryo. The zebrafish has emerged as a useful model to study cardiovascular 
development and physiology, as the primary vasculogenic and angiogenic vessels in 
mammals are also present in zebrafish (Goishi and Klagsbrun, 2004, Weinstein, 
2002). A vascular zebrafish transgenic line, Tg(fli1:EGFP)y1 that expresses EGFP 
under the endothelial promoter fli-1 provides an effective tool to study blood vessel 
formation during embryogenesis in situ (Lawson and Weinstein, 2002).  
 This study aimed at establishing the in vivo role of angiomotin during embryonic 
angiogenesis and also identifying the possible cellular mechanism(s) for the action of 
angiomotin.  
 

Results and discussion 

 The zebrafish amot ortholog was identified by a BLAST search on Ensembl. 
Zebrafish angiomotin is present in one copy in the zebrafish genome and localizes to 
linkage group 21. Zebrafish and human angiomotin share 60% amino acid identity. 
There were no gross anatomical differences to distinguish amotKD embryos from the 
mismatch controls. However, analysis of the fluorescing vasculature showed that the 
primordial midbrain channel (PMBC) and primordial hindbrain channel (PHBC) were 
dilated in 65% of the amotKD embryos at 36 hpf, whereas other cranial vessels 
appeared normal. This defect was transient and by 60 hpf the amotKD embryos and 
mismatch controls were indistinguishable. 
 In contrast, the amotKD embryos showed severe and persistent trunk vessel defects. 
The ISVs in the amotKD embryos did sprout out and begin migrating dorsally, but 
unlike the mismatch control embryos they arrested midway and did not form the 
DLAVs by 36 hpf. The truncated ISVs had a “hammerhead” appearance and showed 
a fivefold reduction in the number of filopodia per cell, a phenotype that persisted 
even at 60 hpf. 
 Parallel studies in mice showed that 80% of Amot - embryos backcrossed for six 
generations into the C57/B6 background died in utero between E11 and E11.5. The 
Amot – embryos exhibited severe vascular insufficiency in the intersomitic region as 
well as dilated vessels in the brain. This result corroborated the findings in the zebrafish 
morpholino knockdown experiments. Interestingly, the surviving angiomotin deficient 
mice did not show any obvious vascular defects.  
 Rescue experiments in zebrafish showed that the co-injection of human AMOT 
mRNA along with the amot morpholinos almost fully rescued the ISV phenotype 
demonstrating functional redundancy.  Injection of murine Amotl1 mRNA along with 
the amot morpholinos resulted in a partial rescue of the ISV phenotype at 60 hpf but 
not at 36 hpf. This delayed rescue demonstrated functional redundancy between the 
two family members Amot and Amotl1 but also a qualitative difference in function. 
The results from the zebrafish and mouse experimental models demonstrate an in vivo 
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role for angiomotin in the building of the blood vessel network in the developing 
embryo.  
 In vitro studies of VEGF-induced tubulogenesis using wild-type and Amot – 
embryoid bodies derived from ES cells, along with the choroidal neovascularization 
(CNV) assay established that Amot does not influence the differentiation or 
proliferation of ECs but is important for their proper migration and tube-forming 
response to growth factors, such as VEGF. 
 To elucidate the cellular mechanism(s) behind the observed effects, ECs from the 
wildtype and Amot – embryoid bodies were immortalized. These immortalized cells 
were used in assays that assessed cytoskeletal organization, migration, polarization, 
and Rac1 activity. These assays showed that Amot is critical for the organization of 
actin and focal adhesions, growth factor mediated migration, polarization, and for 
regulating Rac1 activity.  
 Taken together, the in vivo and in vitro results establish a role for angiomotin in 
endothelial cell migration probably via the regulation of Rac1 activity.   
 

Conclusions from paper II 
 The angiomotin gene is evolutionarily conserved in zebrafish 
 Angiomotin is an important regulator of endothelial cell migration in the 

developing zebrafish and mouse embryos 
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Paper 3: Evidence for the presence of pericytes within the zebrafish 

Background 

 Pericytes are associated with the smallest diameter vessels (arterioles, capillaries, 
and venules) and share their basement membrane. Most of what is known about 
signaling between the endothelial cells and pericytes comes from analysis of genetic 
mouse models. It is clear that endothelial cells and pericytes are interdependent; 
primary defects in one cell type will have consequences for the other. The zebrafish is 
now used extensively to study angiogenesis and lymphangiogenesis but to date there 
is no report of the presence of pericytes in this model system. We chose to explore for 
and establish the existence of this very important cell type in zebrafish.  
 The kidney glomerulus is composed of visceral epithelial cells (podocytes), 
glomerular capillaries, and glomerular mesangial cells. In zebrafish only the podocytes 
and glomerular endothelial cells have been characterized so far. There is no report on 
the presence of glomerular mesangial cells. We sought to accumulate evidence that 
could prove or disprove their existence in the zebrafish pronephros. If mesangial cells 
do exist, then the zebrafish may be a useful genetic model system to explore aspects of 
mesangial cell developmental biology and physiological function. These studies 
contribute to the continued description and functional characterization of the 
glomerular apparatus in the zebrafish.  
   
 
Results and discussion 

 Pdgfrβ gene expression is the earliest molecular marker of pericyte fate during 
mouse embryogenesis and also labels the widest spectrum of vSMCs (Hellstrom et 
al., 1999). Zebrafish pdgfrβ is therefore a good candidate in probing for the existence 
of pericytes in zebrafish. The hydrophilic kinase insert domain is a region unique to 
pdgfrβ, and so we generated an in situ probe covering this region. 
 At 3 dpf, pdgfrβ expression was observed in zebrafish embryos. Pdgfrβ was 
expressed in individual cells associated with the lateral dorsal aorta (LDA), the eye 
vasculature, in the glomerulus, and in non-vessel associated cells surrounding the gut. 
In the eye, the observed pdgfrβ expression was in cells associated with the intraocular 
retinal vessels, and along the retinal choroidal vasculature (Kitambi et al., 2009). 
 In the glomerulus, the pdgfrβ expressing cells were found within the stalk of the 
glomerular tuft and on the inner aspect of the GBM. This positioning of pdgfrβ 
expressing cells is consistent with the localization of glomerular mesangial cells. 
 Morpholinos to functionally inactivate pdgfrβ in zebrafish were made. The 
knockdown of pdgfrβ resulted in a pericardial and brain edema but overall gross 
morphology at 3 dpf appeared normal. The pericardial edema is consistent with loss 
of kidney function. Histological analysis of the morphants revealed glomerular 
dysmorphology. Podocytes were found attached to the outer aspect of blown out 
capillaries. The glomerular phenotype reported here phenocopies that of mouse 
Pdgfrβ and Pdgfβ knockout. 
   
Conclusions from paper III 

 This study presents evidence for the existence of pericytes, including 
mesangial cells in zebrafish 
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 The glomerular phenotype points to an evolutionarily conserved Pdgfrβ/Pdgfβ 
signaling axis between the endothelium and the pericyte 

  This establishes the zebrafish as an experimental system to study pericyte 
development and function 
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Conclusions and Future perspectives 

The glomerular screen 

 The mammalian glomerular tuft is composed of three cells types; endothelia, 
podocytes, and mesangial cells. These cells are organized into a filtration barrier that 
is composed of fenestrated endothelial cells, the podocyte layer with their slit 
diaphragm junctions, and an intervening GBM. The organization of these cell types 
into the tripartite structure is necessary for the selective barrier function of the 
glomerular filtration unit. Mutations in several slit diaphragm proteins, including 
Nephrin, lead to CNF with the accompanying proteinuria, leakage of high molecular 
weight proteins into the filtrate (Beltcheva et al., 2001, Kestila et al., 1998). 
Ultrastructurally, the zebrafish pronephric glomerulus has similarly organized 
fenestrated endothelial cells, a GBM, and podocytes with their interdigitated foot 
processes and slit diaphragms. The zebrafish pronephric glomerulus requires Nephrin, 
Podocin, and CD2AP for the organization of the glomerular filtration barrier 
(Hentschel et al., 2007, Kramer-Zucker et al., 2005). These structural and functional 
similarities, in addition to the expression of common molecular markers of 
differentiation, between the zebrafish and mammalian glomerulus establish the 
relevance of the zebrafish pronephros in elucidating pathogenesis of human 
glomerular diseases.       
 When I started this study, the number of podocyte molecular markers was limited 
to wt1. In the course of this study we cloned and confirmed the expression of nephrin, 
podocin, lmx1b, wt1 homolog, and renin by WISH in the developing zebrafish 
pronephros. These genes are expressed during metanephric glomerulogenesis and 
have crucial roles in the development and maintenance of a functional glomerular 
filtration barrier and homeostasis.  
 The passage of fluorescently labeled dextrans has been used before in the zebrafish 
glomerulus to study the maturation and functional integrity of the glomerular 
filtration barrier (Drummond et al., 1998, Kramer-Zucker et al., 2005, Majumdar and 
Drummond, 2000). However, this is the first study which couples large-scale gene-
inactivation with an in vivo glomerular permeability assay carried out in a vertebrate 
system. This screen in the zebrafish is quite fast and economical while an equivalent 
screen in mice would be both time and resource intensive.   
 The glomerular screen identified ralgps, rabgef1, rapgef2, and crb2b as important 
regulators of the filtration barrier. Ralgps, rabgef1, and rapgef2 are guanine 
nucleotide exchange factors (GEFs) that play important roles in cells: Ralgps is 
involved in the regulation of exocyst function, rabgef1 is involved in endocytic 
membrane trafficking and fusion, and rapgef2 regulates integrin and cadherin 
mediated cell contacts. The glomerular phenotypes stress the importance of vesicular 
targeting, trafficking, and fusion in the glomerulus. The exact roles of ralgps, 
rabgef1, rapgef2, in the glomerulus are unknown and it is necessary to explore them 
further so as to elucidate possible links to known human diseases and possible disease 
mechanisms. 
 The finding of crb2b, a known epithelial cell polarity protein, is the first report of a 
Crb protein in the podocytes. Whether Crb2b also forms a polarity complex with 
zebrafish Pals1, Nagie oko (Nok) and PatJ in the in vivo context of the podocyte 
needs further exploration. However, nok mutations have been reported to lead to 
profound retinal patterning defects (Wei and Malicki, 2002) and zebrafish PAR3, 
Pard3, is necessary for retinal lamination (Wei et al., 2004). If in the zebrafish 
podocyte crb2b forms the CRB complex and interacts with the PAR complex, this 
reveals an unexplored pathway of podocyte polarity regulation and maintenance. The 
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presence of such apical junctional complexes would implicate a role for the Rho-
family of small GTPases - Rho, Rac, and Cdc42 - (Fukata et al., 2003) in the 
regulation of polarity in the podocytes. This might be through directly regulating 
actin cytoskeleton and adhesion (Fukata and Kaibuchi, 2001, Hall, 1998) or through 
second messenger activation of the signaling cascade to the cytoskeleton by 
Phosphatidylinositol 3,4,5-triphosphate (reviewed in (Fukata et al., 2003). Consistent 
with this, our results suggest that Crb2b is required for the correct trafficking of 
Nephrin to the basolateral surface of podocytes during slit diaphragm formation. 
Furthermore, our results coincide with reports from other groups, which implicate the 
aPKC/PAR6/PAR3 complex in foot process formation and slit diaphragm assembly 
(Hirose et al., 2009, Huber et al., 2009). Together our studies suggest that foot 
process arborization is coupled to the overall developmental program of apical basal 
differentiation through the involvement of multi-protein polarity complexes. 
 There are a number of questions remaining in our study. It will be necessary to 
confirm the crb2b MO phenotype with genetic loss of function mutations in crb2b in 
zebrafish. One of the challenges we faced was to determine the subcellular location of 
Crb2b protein and to this end an antibody that would work in immunoelectron 
microscopy will have to be developed. The molecular context within which Crb 
proteins function in podocytes will need further exploration. Crb2b and Nephrin may 
exist in a common multi-protein complex and this complex may be important for 
Nephrin targeting. Whether Crb2b associates with Nephrin and thereby ferries it to 
the forming slits is yet another issue which may be resolved with protein co-
immunoprecipitation experiments.   
 The zebrafish is a fresh-water vertebrate while human beings are land mammals. 
The zebrafish lives in a hypotonic environment and the osmoregulatory pressure to 
maintain homeostasis is on avoiding dilution of the blood plasma. This is achieved by 
the production of a lot of urine, which inevitably leads loss of salts. The zebrafish 
compensates this by active transport to regain lost salts. Mammals on the other hand 
have variable osmoregulatory needs imposed by both nutrition and the environment. 
The mammalian excretory system needs to be able to both concentrate and dilute 
urine. This level of relative sophistication implies that there may be specific 
adaptations so as to match the specific functional needs of zebrafish and mammals.   
 

In vivo function of angiomotin    

 At the beginning of this study the in vivo role for angiomotin in the developing 
vasculature was not known. Angiomotin is important in the context of pathological 
angiogenesis; in cancer, retinal complications, and ischaemic heart disease. A newly 
defined complex, Amot/Patj/Syx (Ernkvist et al., 2009), has been found to control 
RhoA GTPase activity in migrating endothelial cells. Knock down of either of the 
two zebrafish syx genes (syx-a or syx-b) gave a phenotype similar to the amot 
phenotype in the developing zebrafish vasculature in our studies. The phenotype we 
observed in our study is due to misregulated RhoA GTPase activity in the developing 
zebrafish vasculature. What is interesting in our in vivo data is that there is angiogenic 
sprouting and initial migration in the amotKD, which was also true for the syx 
knockdown study. Is this initial migration amot independent? If so, what molecular 
players are involved in the early vessel migration? Which are the molecular players 
involved in the switch to amot regulated migration? Getting answers to these 
questions will require a combination of input from several zebrafish vascular mutants 
with the trunk vasculature as readout.  



 

 21 

 

Pericytes  

 Pericytes are very important cells associated with ECs and it is surprising that the 
existence of these in the zebrafish was not established earlier. However, the 
confirmation of the existence of pericytes in the zebrafish places other known 
zebrafish vascular data into a context. The endothelium specific receptor tyrosine 
kinases tie-1 and tie-2 zebrafish homologues are well characterized (Lyons et al., 
1998). Tie-1 and tie-2 expression in the developing and mature vasculature is similar 
to that of flk1, with the exception that tie-1 and tie-2 are also expressed in the ISVs. In 
mammalian vasculature, angiopoietins, the ligands for the tie receptors are secreted 
by pericytes (Gaengel et al., 2009). The knockdown phenotypes seen in pdgfrb MO 
phenocopy those seen in the Pdgfrb knockout mouse and argue for a conserved 
function for Pdgfrb signaling in pericyte recruitment and maturation of the glomerular 
tuft into well formed capillary loops.  
 The developmental origin of pericytes is not known and the zebrafish might be a 
good system to explore this lineage question. To do this it will be important to 
generate a transgenic line expressing a fluorescent marker like GFP under the pdgfrb 
promoter. The transgenic line, combined with live fluorescence imaging, will provide 
a way of visualizing pericyte/endothelial interactions in vivo. Within the glomerulus, 
these transgenic lines may be useful for studying both mesangial/endothelial and 
mesangial/podocyte interactions. Perhaps one could directly inject modulators of 
pericyte contractility into the bloodstream to test the role of mesangial cells in 
controlling glomerular filtration rate by live imaging blood flow in the glomerular 
capillaries. 
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