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SUMMARY

During development, vertebrates form a progression of up to three different kidneys that are

comprised of functional units termed nephrons. Nephron composition is highly conserved across

species, and an increasing appreciation of the similarities between zebrafish and mammalian

nephron cell types has positioned the zebrafish as a relevant genetic system for nephrogenesis

studies. A key component of the nephron blood filter is a specialized epithelial cell known as the

podocyte. Podocyte research is of the utmost importance as a vast majority of renal diseases

initiate with the dysfunction or loss of podocytes, resulting in a condition known as proteinuria

that causes nephron degeneration and eventually leads to kidney failure. Understanding how

podocytes develop during organogenesis may elucidate new ways to promote nephron health by

stimulating podocyte replacement in kidney disease patients. In this review, we discuss how the

zebrafish model can be used to study kidney development, and how zebrafish research has

provided new insights into podocyte lineage specification and differentiation. Further, we discuss

the recent discovery of podocyte regeneration in adult zebrafish, and explore how continued basic

research using zebrafish can provide important knowledge about podocyte genesis in embryonic

and adult environments.
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INTRODUCTION

Overview of Vertebrate Kidney Composition and Development

The kidney is an important excretory and regulatory organ that is essential for animal life.

The vertebrate kidney, in particular, is quite complex in its anatomical composition and

contains a diverse cellular population. In humans, for example, the kidney is comprised of

more than 20 different epithelial and mesenchymal cell types (Reilly, et al., 2007). During

embryogenesis, the renal lineages derive from the intermediate mesoderm (IM) and can be

divided broadly into parenchymal (functional) and stromal (supporting) cells (McCampbell

and Wingert, 2012). Cooperation between these cell types enables the kidney to perform
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sophisticated physiological functions that include blood filtration, nitrogenous waste

excretion, reabsorption of metabolites, regulation of acid-base levels, maintenance of

osmotic balance, and the secretion of hormones (Reilly, et al., 2007).

Vertebrates sequentially make as many as three different renal structures during

development: the pronephros, mesonephros and metanephros (Saxen, 1987). Each kidney is

subsequently more intricate, and once formed the previous structure is degraded or in some

cases partially remodeled to help fashion other genitourinary structures (Saxen, 1987).

Despite the architectural variations among kidneys, they are composed of excretory units

termed nephrons (Saxen, 1987; Dressler, 2006; Wingert and Davidson, 2008). Nephrons

cleanse the blood by gathering metabolic waste, and modify the solutions they collect to

regulate water and electrolyte balance. Nephrons are tissue pipes constructed from epithelial

cells, and typically have three major parts: a blood filter, a tubule, and a duct (Figure 1).

During nephrogenesis, renal progenitors are patterned to form these parts, which are further

organized into segments with cells that have unique ultrastructures, gene expression profiles

and functional roles (Reilly et al., 2007; Wingert and Davidson, 2008). When plasma is

gathered from the bloodstream by the filter, it enters the proximal end of the tubule and

flows distally, during which time this filtrate is modified via active reabsorption and

secretion of solutes by the tubular epithelium, then passes through a collecting duct where

final refinements of electrolytes occurs. Nephrons reabsorb salts and other nutrients such as

amino acids needed by the organism to maintain life, as the filter does not discriminate

between essential materials and unwanted metabolic by-products. Nephron segment

composition and organization have been conserved among vertebrates, likely due to the

importance of these functions (Figure 1) (Reimschuessel, 2001). The molecular basis for

segment patterning is not well understood (Constantini and Kopan, 2010; Little and

McMahon, 2012), but ongoing research using animal models continues to provide new

insights into nephrogenesis. Here, we address the utility of the zebrafish model to study the

formation of a critical cell type, the podocyte, which is located at the blood filter.

Anatomy of the Nephron Blood Filter and the Role of Podocytes in Kidney Disease

The nephron blood filter, also known as the renal corpuscle, connects the vascular and

excretory systems (Figure 2A). Each blood filter is comprised of a capsule (Bowman’s

capsule or capsula glomeruli) made up of parietal epithelial cells that surround a structure

known as the glomerulus. The glomerulus is composed of vascular endothelial cells,

mesangial cells, and podocytes (Figure 2A) (Mundel and Kriz, 1995; Kriz and Kaissling,

2007). At the glomerulus, the filtration sieve for the blood has three layers: the fenestrated

endothelium, an intervening trilaminar glomerular basement membrane (GBM), and the

podocytes (Reilly et al., 2007). Fluid from the circulation passes through the fenestrated cell

membrane of the endothelial cells, across the GBM and then through the podocyte network

by moving through the spaces between neighboring cells. Podocytes have extensive cell

extensions known as foot processes which adhere to the GBM and interdigitate with the foot

processes of adjacent podocytes. Foot processes are connected via junctional complexes

known as slit diaphragms. Slit diaphrams are comprised of elaborate assemblies of adhesion

proteins (e.g. Nephrin, Fat1) located at the cell surface that connect with underlying adaptor

proteins (e.g. Podocin, CD2AP) and cytoskeletal associated proteins (e.g. Synaptopodin, α-
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Actinin 4), which link to the cytoskeleton (Deen, 2004; Patrakka and Tryggvason, 2010).

The slit diaphragm has a filtration space that is 25–60 nm wide, which creates a barrier that

impedes the passage of circulating macromolecules the size of albumin or larger (e.g. larger

than approximately 70 kDa), but permits the passage of molecules including amino acids,

sugars, and electrolytes that are recovered by the activities of the downstream tubular cells

(Rodewald and Karnowsky, 1974; Ryan, 1981; Wartiovaara et al., 2004; Ha, 2013). Thus,

the sieve is a selective mesh that keeps circulating cells and large protein complexes in the

bloodstream while channeling a liquid filtrate with small molecules into the nephron.

Both the podocytes and the GBM are essential for the proper function and integrity of the

sieve. For example, perturbations that lead to foot process effacement from the GBM can

cause the loss of podocytes. If rare podocytes are dislodged and excreted in healthy

individuals, residual podocytes hypertrophy to fill the unoccupied GBM (Kriz 2012).

Reestablishment of the glomerular barrier is essential to keep high molecular weight

compounds and cells from entering the nephron and causing damage. Genetic or

environmental defects that more broadly disrupt podocytes or the production of GBM

components lead to chronic renal problems due to subsequent alterations and/or damage to

the renal corpuscle and tubule cells (Chiang and Inagi, 2010; Chen and Miner, 2012;

Leeuwis, et al., 2010). Clinically, this is evidenced by proteinuria, or the presence of

proteins in the urine. Such glomerular disruptions can lead to maladaptive responses, in

which local epithelia proliferate and form cellular lesions within the capsule (Smeets and

Moeller, 2012). Glomerular scars can block filtrate entry into the tubule, trigger

inflammation, and lead to nephron degeneration (Figure 2B) (Kriz and LeHir, 2005).

Unfortunately, there are no clinical methods to heal podocyte damage, and the progressive

loss of nephrons leads to end stage renal disease (ESRD), where the majority of kidney

function fails. Typically, ESRD is diagnosed when patients have lost 85–90% of their renal

function. At present, the treatments for kidney failure are dialysis or organ transplant. These

renal replacement therapy (RRT) interventions are life saving but still associated with high

mortality rates. Further, they necessitate long-term medical care and thus have high

socioeconomic burdens for patients and their families. Additionally, the availability of RRT

is limited across the world, being initiated in less than 25% of patients with renal failure in

developing countries (Ortiz, et al., 2014). Therefore, the identification of effective and cost-

effective ways to implement treatments for the underlying causes of glomerular disorders,

such as to promote podocyte regeneration, has been the subject of intense research focus.

While knowledge about podocyte formation has significant implications, the molecular and

genetic pathways that orchestrate this process are only somewhat understood. In recent years

there have been marked advancements in knowledge about podocyte development, some

emerging from zebrafish studies, though many mechanistic aspects have yet to be uncovered

(Quaggin and Kreidberg, 2008). For example, how podocytes are specified during renal

development has remained largely a black box. Interestingly, some findings have suggested

that podocyte stem cells may exist in mammals (Li and Wingert, 2013). The hypothesis of

podocyte stem cells provided an attractive explanation to account for podocyte loss over the

long-term (rather than compensation by hypertrophy alone), and was suggested to explain

the origin of glomerular scars—with the idea being that scars emerge when podocyte stem/
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progenitor cells exhibit uncontrolled behavior (Lasagni and Romagnani, 2010). However,

data obtained from murine genetic fate mapping studies now reputes the notion of podocyte

regeneration from a stem cell pool in the adult mouse (Berger, et al., 2014). Interestingly,

other vertebrates like zebrafish can regenerate podocytes during adulthood (Zhou and

Hildebrandt, 2012; Huang, et al., 2013a). In this review, we provide an overview of the

approaches that enable nephrology research with zebrafish, discuss how zebrafish genetic

studies have provided insights into podocyte development during embryogenesis, and

explore how zebrafish are being used to study podocyte regeneration.

THE ZEBRAFISH MODEL AND APPLICATIONS FOR KIDNEY RESEARCH

Zebrafish are a genetically tractable system to study vertebrate development and
regeneration

Zebrafish are small freshwater teleosts first used for toxicology studies (Laale, 1977) that

have since become a widespread biomedical research model (Lieschke and Currie, 2007)

due to both their genetic tractability (Driever, et al., 1996; Haffter, et al., 1996; Haffter and

Nüsslein-Volhard, 1996) and high degree of genetic conservation with humans (Howe, et

al., 2013). Zebrafish have many characteristics that have promoted their popular scientific

use (Lieschke and Currie, 2007; Santoriello and Zon, 2012; Pickart and Klee, 2014).

Zebrafish can be kept in minimal space, which decreases the cost of maintenance of these

animals. Additionally, they have large clutch sizes and can reproduce frequently, increasing

the rate of experimentation. The external fertilization of their embryos allows for easy

visualization of development, which is further enhanced because the embryos and larvae are

largely transparent. This translucency is ideal for analysis of gene and protein expression by

methods such as in situ hybridization and immunofluorescence, as well as the direct

visualization of tissues in transgenic strains. Another key feature of zebrafish is that the

majority of organs are formed by 24–72 hours post fertilization (hpf) (Kimmel et al., 1995).

This rapid embryogenesis expedites research pursuits, increasing the rate at which data may

be obtained as compared to other vertebrates.

To date, numerous genetic and molecular tools have been adapted from other model

organisms or devised specifically for zebrafish experimentation. Organized community

efforts have centralized information and many reagents are available through the Zebrafish

Model Organism Database (ZFIN) and the Zebrafish International Resource Center (ZIRC)

(Bradford, et al., 2011). Some of the most predominant methods used to gain information

are through the use of forward and reverse genetic approaches (Lawson and Wolfe, 2011),

as well as chemical genetics (Lessman, 2011). Large-scale forward diploid genetic screens

have led to the identification of many mutants that recapitulate human congenital disorders

(Driever, et al., 1996; Haffter et al., 1996; Amsterdam and Hopkins, 2006), and alternate

strategies such as those using haploids enable moderate genome coverage in small-scale

screening efforts (Kroeger, et al., 2014). While the identification of chemically-induced

genetic lesions by positional cloning with meiotic mapping has historically been laborious

(Zhou and Zon, 2011), the advent of next-generation sequencing technologies have enabled

whole-genome sequencing (WGS) and whole-exome sequencing (WES) (Gupta et al., 2010;

Bowen et al., 2012; Leshchiner et al., 2012; Obholzer, et al., 2012; Voz et al., 2012;
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Kettleborough, et al., 2013; Ryan et al., 2013). Mutants identified through forward or

reverse screens have been further studied by implementing chemical screens to rescue or

exacerbate the phenotype (Peterson, et al., 2010; Peterson and Fishman, 2011).

Genes of interest can also be further studied using gene knockdown technologies, of which

several have been developed in zebrafish. Of these, morpholino technology has been the

most widely used and is relatively successful, though still hindered by off-target and other

secondary effects. Morpholinos are antisense oligonucleotides that inhibit protein production

by blocking translation or inhibiting splicing of RNA targets, and can also be used to block

other RNA targets such as microRNAs (Nasevicius and Ekker, 2000; Lan, et al., 2011).

They are typically microinjected into the 1–2 cell stage embryos and can continue to

knockdown the target for several days. Additionally, morpholino experiments have also

been performed in adults using electroporation to facilitate cell uptake (Thummel et al.,

2006; Thummel et al., 2008) and there are modified in vivo morpholinos that can circumvent

the need for electroporation into the target tissue (Moulton and Jiang, 2009; Kim et al.,

2010; Chablais, et al., 2010).

Recent advances in genome editing have provided a bevy of new avenues for reverse

genetics in zebrafish, whereby one can selectively introduce mutations into a chromosomal

target of interest and generate stable mutant lines for study. These tools include zinc finger

nucleases, transcription activator-like effect nucleases (TALENs), and CRISPR-Cas based

RNA-guided endonucleases (Gaj, et al., 2013; Auer and Del Bene, 2014; Cheng and

Wingert, 2014). Each method involves the microinjection of engineered materials into the 1-

cell stage embryo to introduce heritable genetic changes during embryogenesis. Zinc finger

nuclease technology induces DNA cleavage in a sequence-specific fashion, but creation of

the reagents can be laborious (Meng, et al., 2008; Urnov et al., 2011). In contrast, TALENs

and CRISPR-Cas techniques enable relatively straightforward creation of genome editing

tools (Li et al., 2011).

Conversely to gene knockdown, overexpression of genes can also be implemented in the

zebrafish model system by injecting mRNAs into early embryos. Among other experiments,

this technique is of extreme importance as it can accomplish a rescue in mutant or

knockdown lines. Rescues are integral in validating positional cloning studies and

confirming the specificity of knockdown reagents like morpholinos. Alternatively, global or

localized overexpression can be performed using transgenics with the desired combinations

of ubiquitous or tissue specific promoters, or controlled temporally with heat shock

inducible promoters (Scheer and Campos-Ortega, 1999). Other inducible systems include

the Cre-lox, Mifepristone-LexPR and the Gal4-UAS systems, which can control genes

spatially and/or temporally (Suster et al., 2009a; Emelyanov and Parinov, 2008; Mosimann

and Zon, 2011; Scott et al., 2007).

The ability to create transgenic lines has also been critically important in zebrafish for

lineage analysis, cell labeling and other manipulations. Transgenic animals that have

genetically incorporated fluorescent markers allows for visual tracking of the labeled

tissue(s). In fact, the optical clarity of the embryo and larvae increase the visibility of low

levels of fluorescence compared to other vertebrates. Transgenesis in zebrafish was
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revolutionized with the tol2 transposon system (Suster et al., 2009a) and BAC transgenesis

using tol2, the latter of which has circumvented the challenges of working with lengthy

promoter sequences (Suster et al., 2009b). Additionally, transgenics are now used to

perform targeted cell, tissue, or organ ablation by creating strains that express bacterial

nitroreductase (NTR), which in the presence of the prodrug metrodinazole (Mtz) produces a

cytotoxic compound that triggers cell death (Curado, et al., 2007, 2008). Taken together,

these techniques have created a diverse molecular toolkit for zebrafish developmental and

regenerative studies, and been increasingly employed for nephrology studies.

Kidney research using the zebrafish: a prime model for podocyte biology

The zebrafish model can be used to study nephrogenesis both during development and adult

life (Gerlach and Wingert, 2013; Cheng and Wingert, 2014; Cheng, et al., 2014; Li, et al.,

2014; Marra and Wingert, 2014), as well as to study the regeneration of renal cell types

(Johnson, et al., 2011; McCampbell and Wingert, 2014). Zebrafish utilize a pronephros for

renal activity during embryonic and early larval stages, followed by a mesonephros that

functions during late larval and adult stages (Drummond, et al., 1998; Drummond, 2003;

Drummond, 2005). Unlike higher vertebrates, zebrafish do not develop the third

metanephric kidney. Nevertheless, nephrons in both zebrafish kidney forms possess a

similar segmental organization as other vertebrates (Figure 1) (Wingert et al., 2007; Diep, et

al., 2011; McCampbell, et al., 2014). These broad similarities include a blood filter

comprised of podocytes, a tubule with a series of proximal and distal segment domains, and

a terminal duct, as further discussed in the following paragraphs (Figure 1).

Zebrafish form a simple pronephros composed of a pair of nephrons by 24 hpf, and the

nephrons begin to function by 48 hpf (Figure 1B) (Kimmel et al., 1995; Drummond, et al.,

1998). At the rostral end of the zebrafish is a single glomerulus, containing podocytes,

where these nephrons meet. Following the common glomerulus, each nephron contains the

following segments: a neck (N), proximal convoluted tubule (PCT), proximal straight tubule

(PST), distal early (DE), corpuscle of Stannius (CS), distal late (DL), pronephric duct (PD),

and terminates at the cloaca (Wingert et al., 2007). The pronephric nephrons mirror the

archetypal segment composition present in mammals, though some differences have been

appreciated. One difference is the absence of a thin limb segment in zebrafish (Wingert et

al., 2007). The thin limb is involved in water reabsorption in mammals (Reilly, et al., 2007)

and is held to be unnecessary in zebrafish as they are fresh water organisms with no need to

conserve water or concentrate urine (Wingert and Davidson, 2008). Further, a neck segment

is not found in nephrons of all mammals (e.g. humans) but it is present in some species (e.g.

rabbits) (Reilly, et al., 2007). Finally, the CS is unique to bony fishes and regulates calcium

and phosphate levels (Krishnamurthy, 1976; Bonga and Pang, 1992; Butler et al., 2003;

Schein, et al., 2012), though it has been speculated that there may be an evolutionary link

between the CS and the mammalian macula densa (Wingert and Davidson, 2008).

The zebrafish pronephros is functional for the first several weeks of larval life, and over this

time a mesonephros is constructed. The mesonephros assembles gradually, as clusters of

renal progenitors located near the pronephros undergo proliferation and morphogenesis to

make more nephrons (Zhou et al., 2010; Diep et al., 2011). During the early stages of
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mesonephros development, the new nephrons emerge in close proximity to the pronephros

and form connections to one of these original nephrons (Zhou et al., 2010; Diep et al.,

2011). Over time, the nephron networks become increasingly elaborate as more units are

added. Ultimately, the mesonephric kidney will contain several hundred nephrons, and

persists as the adult kidney (Zhou et al., 2010; Diep et al., 2011). Mesonephric nephrons

have a similar segmental organization as the pronephros, with glomeruli composed of

podocytes and tubules that contain proximal and distal segments (Figure 1C) (Zhou et al.,

2010; Diep et al., 2011; Gerlach, et al., 2011; McCampbell, et al., 2014). Generation of the

mesonephric nephrons activate genes that are used in pronephros ontogeny (Zhou et al.,

2010; Diep et al., 2011), though overall this is an under-scrutinized topic.

Interestingly, nephrogenesis occurs throughout the life of the zebrafish, likely due to the

continued growth of the organism and the subsequent necessity to meet a higher demand for

waste excretion (Zhou et al., 2010; Diep et al., 2011; Davidson, 2011; McCampbell and

Wingert, 2014). Further, zebrafish undergo nephron epithelial regeneration and de novo

nephron formation, termed neonephrogenesis, after experiencing kidney damage (Zhou et

al., 2010; Diep et al., 2011). Numerous fish species, including goldfish, dogfish, skate, and

medaka, likewise can regenerate damaged nephrons and undergo neonephrogenesis

(Hentschel, 1988; Reimschuessel, et al., 1990; Reimschuessel and Williams, 1995; Augusto,

et al., 1996; Salice, et al., 2001; Reimschuessel 2001; Elger, et al., 2003; Watanabe, et al.,

2009). These capabilities are not present in higher vertebrates, whose response to acute

kidney damage is limited to tubule epithelial regeneration, and upon chronic damage

undergo scar formation that can lead to advancing nephron loss and end stage renal disease

(Li and Wingert, 2013). Several damage paradigms are used in model organisms to better

understand kidney tissue changes (McCampbell and Wingert, 2014). A common method

used in fish is intraperitoneal injection of the aminoglycoside antibiotic gentamicin sulfate,

which is a nephrotoxicant that causes proximal tubule cell death (Reimschuessel 2001;

McCampbell and Wingert, 2014). More recently, transgenic injury models have been

developed to selectively ablate podocytes using the NTR-Mtz system to study regeneration

of this cell type throughout the zebrafish lifespan (Zhou and Hildebrandt, 2012; Huang et

al., 2013a).

Given the consequences of podocyte health for overall renal function, understanding

podocyte genesis in development and regeneration has vital importance. One significant

feature common to the zebrafish pronephric and mesonephric kidney is the conservation of

podocyte ultrastructure and gene expression characteristics with higher vertebrates including

humans (Drummond, 2003; Kramer-Zucker, et al., 2005a; Ebarasi, et al., 2011). For

example, zebrafish podocytes show extended foot processes with interdigitating foot

processes in embryonic and adult nephrons based on transmission electron micrograph

studies (Drummond, et al., 1998; Zhou and Hildenbrandt, 2012; Huang, et al., 2013a).

Creation of the podocyte-specific reporter zebrafish line Tg(podocin:GFP) enabled 3-

dimensional ultrastructural analysis based on scanning electron micrograph visualization of

pronephric podocytes, which further emphasized their similarities with mammals (He, et al.,

2011). Further, the podocytes sit on a trilaminar GBM with opposing capillary endothelial

cells (Drummond, et al., 1998; Zhou and Hildenbrandt, 2012; Huang, et al., 2013a). Gene
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expression is conserved with other vertebrates during podocyte lineage development, with

the expression of similar transcription factors in progenitors (e.g. wt1a, pax2a) (Drummond,

et al., 1998), and later the expression of genes that encode slit diaphragm components as

podocytes differentiate (e.g. nephrin, podocin) (Kramer-Zucker, et al., 2005a; Zhou and

Hildenbrandt, 2012; Huang, et al., 2013a).

The simplicity of the zebrafish pronephros and its rapid development over the first two days

of embryonic life have facilitated research using this kidney to delineate mechanisms of

podocyte formation (Gerlach and Wingert, 2013) and study the genetic regulation of the

glomerular filtration barrier (Hentschel, et al., 2007; Hanke, et al., 2013). As mentioned,

transgenic models are now available to study podocyte regeneration in both embryonic and

adult zebrafish. In the subsequent sections, we narrow the focus of this review to discuss

what is known about podocyte formation during zebrafish pronephros development, and

then the new models of inducible podocyte damage and regeneration.

DEVELOPMENT OF THE PODOCYTE LINEAGE IN THE ZEBRAFISH

PRONEPHROS

Podocyte progenitor specification and early differentiation

The pronephros, including the podocyte lineage, forms over the first day of development

from bilateral stripes of renal progenitors that emerge from the intermediate mesoderm

(Drummond 2003; Gerlach and Wingert, 2013). By the conclusion of embryonic

gastrulation and the onset of somitogenesis (at ~10 hpf), the renal progenitors are

distinguished by the expression of several transcription factors, among them pax2a, pax8,

and lhx1a (Krauss, et al., 1991; Toyama and Dawid, 1997; Drummond, et al., 1998; Picker,

et al., 2002; Swanhart, et al., 2010). A rostral region of the renal progenitor field expresses

the Wilms tumor-1 gene paralog wt1a, though wt1a transcripts are not specific to renal

progenitors and instead are found in a broad domain of the anterior trunk (Figure 3)

(Drummond, et al., 1998; Serluca and Fishman, 2001; Bollig et al., 2006; Wingert, et al.,

2007). A subset of the wt1a-expressing cells located next to somite 3 are fated to become the

podocyte progenitors (Bollig et al., 2006; O’Brien, et al., 2011). By the 15 somite stage, the

podocyte progenitors are specifically demarcated by expression of a second Wilms paralog,

wt1b (Bollig et al., 2006), and also express pax2a, lhx1a, and the Notch effector hey1

(O’Brien, et al., 2011). By 24 hpf, the podocytes begin to express genes that encode

components necessary to build the slit diaphragm, such as nephrin (Kramer-Zucker, et al.,

2005a; O’Brien, et al., 2011). The podocytes mature and undergo morphogenesis over the

next day of development to make the glomerulus, which begins blood filtration at ~48–50

hpf (discussed in a subsequent section).

wt1a and wt1b—Based on morpholino knockdown studies, wt1a is essential for normal

podocyte specification in the zebrafish pronephros, but the roles of wt1b are somewhat less

clear. Knockdown of wt1a leads to defective glomerulus development (Hsu, et al., 2003;

Perner et al., 2007; O’Brien, et al., 2011). In the absence of wt1a activity, the number of

podocytes that form is reduced. Expression of wt1a is necessary for the expression of

numerous podocyte genes. For example, the podocyte progenitors in wt1a morphant
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embryos show weak expression of wt1b transcripts, but they do not proceed in

differentiation, failing to express slit diaphragm components like nephrin, podocin, and

podocalyxin (Hsu, et al., 2003; Perner et al., 2007; O’Brien, et al., 2011).

Thus far, the molecular changes that result from wt1b knockdown have been sparsely

characterized. In contrast to wt1a, wt1b function is dispensable for the expression of

podocyte genes surveyed to date although this list is rather short (Perner et al., 2007;

O’Brien, et al., 2011). wt1b knockdown has been associated with pronephric cyst formation

and renal failure in approximately 70% of morphants (Perner et al., 2007). As this was not

linked with overt changes in podocyte specification or the expression of podocin or nephrin

transcripts, alterations in subsequent maturation events might underlie the knockdown

phenotype (Perner et al., 2007). However, dual wt1a/wt1b knockdown has been reported to

result in similar outcomes as wt1a knockdown alone, providing contradictory data that

suggest the role(s) of wt1b are redundant with wt1a (O’Brien, et al., 2011). Given the

limitations of morpholino-based investigations, further studies are needed to clarify the

activities of wt1b during pronephric development and this analysis may be best served by

utilizing genome-editing based approaches.

Regulation of wt1a expression by retinoic acid (RA)—The emergence of podocyte

progenitors that express wt1a and wt1b is reliant on normal RA signaling in the embryo. RA

is a secreted morphogen that is well known to exert dose dependent effects on the patterning

of many developing tissues and organs, where RA levels are controlled by the sources of RA

biosynthesis and degradation (Duester, 2008). During zebrafish pronephros development,

RA is required broadly to define proximal segment identities along the renal progenitor field

(Wingert et al, 2007; Wingert and Davidson, 2011). Chemical genetics experiments in

which RA biosynthesis was blocked by treating embryos with an inhibitor of aldehyde

dehydrogenase (aldh) enzymes, known as diethylaminobenzaldehyde (DEAB), led to the

formation of pronephros tubules that lacked podocytes (Wingert et al, 2007; Wingert and

Davidson, 2011). Further, defects in aldh1a2 expression, either via morpholino knockdown

or in aldh1a2 genetic mutants, is associated with a reduction in podocytes that can be

rescued by exogenous RA treatment (Wingert et al, 2007; Wingert and Davidson, 2011).

The major source of RA that patterns the renal progenitors is the adjacent paraxial

mesoderm that gives rise to the embryonic somites. Knockdown of tbx16, a T-box

transcription factor required for normal paraxial mesoderm formation (Amacher, et al.,

2002; Morley, et al., 2009), dramatically reduces aldh1a2 expression in the somites and is

associated with reduced podocytes (Wingert and Davidson, 2011). While this tbx16

knockdown analysis links pronephros patterning to normal paraxial mesoderm development,

other sources of RA could still be involved in renal progenitor specification and patterning

(Wingert and Davidson, 2011). Importantly, the effects of RA occur early in development,

similar to the developmental period when tbx16 is active, and the effects are dose-sensitive

(Wingert et al, 2007; Wingert and Davidson, 2011).

Further research has provided strong evidence that RA is directly responsible for the level of

wt1a expression in the pronephros (Bollig et al., 2009). RA signaling occurs when RA binds

to heterodimers of the retinoic acid receptor (RAR) and retinoic X receptor (RXR)
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transcription factors (Duester, 2008). Analysis of the upstream region of wt1a in zebrafish

revealed the presence of an enhancer that contains a predicted RXR heterodimer binding site

(Bollig et al., 2009). In addition, this enhancer is conserved at the human Wt1 locus (Bollig

et al., 2009). Through in vitro electrophoretic mobility shift assays, both the zebrafish wt1a

and human Wt1 enhancers could bind RAR/RXR proteins (Bollig et al., 2009). Finally, this

enhancer was found to control zebrafish pronephric wt1a expression in vivo based on

experiments in which transgenic wt1a:GFP reporter fish were treated with exogenous RA

(Bollig et al., 2009). Taken together, these data show the importance of RA in the

specification of podocytes, and strongly suggest that RA promotes podocyte formation by

activation of wt1a expression in the zebrafish pronephros. The conservation of the retinoid

binding sites in the human Wt1 enhancer suggests that RA could regulate Wt1, though

further studies are needed to address if and when such a mechanism operates during

mammalian renal development.

Interactions between wt1a, foxc1a and Notch signaling—There have been some

molecular insights into the mechanism by which wt1a, in turn, regulates podocyte formation

and the expression of target genes like podocin and nephrin in the zebrafish pronephros

(Miceli, et al., 2014). Researchers uncovered physical interactions in vitro between zebrafish

wt1a, foxc1a, the NICD intracellular domain of Notch1, and the Notch effector rbpj,

suggesting that these proteins form a transcriptional complex that controls a podocyte-

specific gene regulatory network (O’Brien et al., 2011). In support of this, single

knockdown of wt1a, foxc1a or rbpj only reduced the number of wt1b-expressing podocytes,

but dual knockdown combinations were sufficient to entirely abrogate podocyte formation

(O’Brien et al., 2011). These data suggest that combinatorial interactions between these

factors direct podocyte development in zebrafish (O’Brien et al., 2011).

Additionally, the researchers used biochemical assays to address whether these findings

represented conserved podocyte regulatory networks, as developmental studies of the

Xenopus pronephros and the mouse metanephros have provided genetic evidence that

podocyte formation is reliant on the homologs of Wt1, FoxC1/2, and Notch signaling

(Cheng and Kopan, 2005; Takemoto et al., 2006; White, et al., 2010). The ability of

different in vitro combinations and dosages of mammalian Wt1, FoxC2, and NICD1 to

induce podocyte genes was evaluated by transfecting NIH3T3 cells with a number of

luciferase reporter constructs and plasmids containing the various factors (O’Brien et al.,

2011). They found that the combined activity of Wt1/FoxC2/NICD caused high Hey1

transcription, while Wt1/Foxc1a activity triggered Podocalyxin (O’Brien et al., 2011).

Taken together, these findings suggest that there is broad conservation of the gene

regulatory networks that control podocyte development. This is an intriguing area for future

study, as it may lend insight into molecular disruptions that cause podocyte deficiency.

Downstream of wt1a: the role of osr1—In addition to the factors discussed above, the

zinc-finger transcription factor odd skipped related 1 (osr1) is also expressed in the

intermediate mesoderm and is required for normal development of both the podocytes and

proximal tubule in the zebrafish pronephros, with no apparent role in distal pronephros

development (Tena et al., 2007; Mudumana et al., 2008). Knockdown of osr1 is associated
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with the formation of podocytes that express wt1a transcripts, but fail to express nephrin by

24 hpf (Mudumana et al., 2008). Further, osr1 knockdown leads to a proximal reduction of

lhx1a at the 4 somite stage and proximal reduction of pax2a at 24 hpf (Tena et al., 2007).

These changes suggest that osr1 might regulate podocyte and/or proximal tubule

development by controlling expression of lhx1a and pax2a in renal progenitors.

Concomitant overexpression of pax2a is capable of rescuing proximal tubule formation in

osr1 morphants, suggesting that osr1 normally acts to induce or maintain pax2a expression

in renal progenitors (Mudumana et al., 2008). In a recent study, overexpression of lhx1a in

osr1 morphants was found to rescue nephrin expression in podocytes, demonstrating that

osr1 plays a key role in mediating podocyte differentiation downstream of wt1a (Tomar, et

al., 2014).

Delineation of the podocyte lineage: relationships to the neck segment and the interrenal
gland

As previously mentioned, podocytes express the paralogs wt1a and wt1b. It is thought that

overlap of these markers is indicative of a podocyte progenitor cell (Bollig et al., 2006;

O’Brien, et al., 2011). Within the renal progenitor field, pax2a expression initially overlaps

with wt1a/wt1b expressing cells then becomes restricted to the neck segment (O’Brien, et

al., 2011). Furthermore, as the fish develops to between 20 and 22 hpf, expression of some

of the wt1a field overlaps with expression of the nuclear receptor marker nr5a1a (Figure 3)

(Hsu et al., 2003). This population of cells will give rise to the interrenal gland, forming a

single group of cells at the midline positioned posterior to the podocytes between 22 and 30

hpf (Figure 3) (Hsu et al., 2003; Liu, 2007). The zebrafish interrenal gland is an endocrine

organ that is responsible for synthesis and secretion of steroids and is akin to the mammalian

adrenal gland (Hsu et al., 2003; Liu, 2007). It is noteworthy that the interrenal and adrenal

glands not only have similarities in function, but are also both tightly associated with kidney

tissues. The molecular circuitry that regulates the spatiotemporal dynamics of wt1a, pax2a

and nr5a1a expression is crucial for the precise emergence of the respective podocyte, neck

and interrenal gland lineages, as further described below.

Role of pax2a in suppressing podocyte formation in the pronephros, and
pax2a regulation by ponzr1—There is genetic evidence that the transcription factor

pax2a is essential for restricting podocyte formation in the renal progenitor field. In no

isthmus (noi) zebrafish that have loss of function mutations in pax2a, the absence of normal

pax2a expression is associated with ectopic wt1a transcripts in the neck region (Majumdar et

al., 2000). In addition, later in development these mutant cells lose epithelial markers and

show expression of vegfaa, indicative of maturing podocytes (Majumdar et al., 2000). These

findings suggest that pax2a inhibits expression of podocyte factors in the renal progenitors

that will adopt the neck segment identity (Majumdar, et al., 2000).

The precise control of pax2a expression in podocyte progenitors is also vital, as further

experimentation has shown that pax2a downregulation is required for normal glomerulus

formation (Bedell et al., 2012). This regulation, at least in part, is accomplished by the gene

product encoded by plac8 onzin related protein 1 (ponzr1), which belongs to a chordate-

specific gene family (Bedell et al., 2012). ponzr1 can function in vivo as a transcription
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factor or cofactor based on activator/repressor overexpression tests in zebrafish embryos

(Bedell et al., 2012). Knockdown of ponzr1 during zebrafish embryogenesis leads to

expanded pax2a expression in podocyte progenitors and disrupted glomerular development,

in which the central glomerulus fails to form (Bedell et al., 2012). This suggests that one

role of ponzr1 is to mediate the domain of pax2a expression in renal progenitors to promote

normal podocyte formation.

The intriguing relationship between the pronephros podocyte lineage and the
interrenal organ—As mentioned, the interrenal progenitor field was shown as

overlapping regions of wt1a and nr5a1a (Hsu et al., 2003). Interestingly, data also suggests

that podocyte and interrenal progenitors are regulated in such a way that cells of one fate

come at the expense of the cells from the other. Research has shown an increase in interrenal

progenitors in both wt1a and rbpja/b morphants, with an exacerbated increase in double

morphants (O’Brien et al., 2011). In addition, double-deficiency of wt1a and foxc1a led to

an abrogation of interrenal progenitors (O’Brien et al., 2011). These data indicate there is an

extremely complex interplay between all these proteins correlating with the balance of

podocyte and interrenal progenitors (O’Brien et al., 2011). Fate mapping studies are needed

to resolve the relationship between these lineages during normal development and in the

context of genetic disruptions that alter the formation of these cell types.

Podocyte midline migration and vascular recruitment to assemble the glomerulus: precise
coordination of blood flow and nephron fluid flow

The zebrafish pronephric glomerulus is formed after the bilateral podocyte clusters migrate

to the midline, recruit vasculature, and form one composite glomerulus with these capillary

endothelial cells (Drummond, 2003; Gerlach and Wingert, 2014). This process is relatively

rapid, occurring over the second day of development such that by approximately 48–50 hpf,

the pronephros begins to filter the blood (Figure 3) (Drummond, et al., 1998).

Initially, during development of the body plan, the renal progenitors undergo convergence

related movements that situate them bilaterally (Lam, et al., 2009). Recently termed the

pronephric glomerular primordia (PGP), the podocyte progenitors move toward the midline

between 10 and 24 hpf (Huang, et al., 2013), which is reliant on midline signals (Liu, et al.,

2000; Majumdar and Drummond, 2000). Subsequent to convergence-based migratory

movements, the podocytes complete the journey to the midline between 24 hpf and 36 hpf

(Huang, et al., 2013b). By histology, they appear as epithelial vesicles that undergo

progressive morphogenesis between 40 hpf and 48 hpf to intermingle with endothelial cells

(Drummond, et al., 1998; Ichimura, et al., 2012a). Interestingly, the embryonic heartbeat

becomes synchronous at approximately 24 hpf, and impaired cardiovascular function leads

to bilateral glomeruli, demonstrating that blood flow is required for glomerular development

(Serluca, et al., 2002; Ichimura, et al., 2012b). Maturing podocytes secrete vegfaa, which

recruits vascular endothelial cells (Majumdar and Drummond, 2000; Serluca et al., 2002).

While podocyte maturation is coordinated with vascular recruitment, this maturation is not

reliant on the presence of endothelial cells, as cloche mutants that are unable to develop

endothelia form podocytes that are able to form foot processes (Majumdar and Drummond,

1999).
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Further, the proper establishment of fluid flow within the nephron tubule, accomplished by

the formation and function of motile cilia on tubular epithelial cells, is essential for

maintaining normal fluid homeostasis and the rate of fluid movement across the glomerulus.

Disruption of cilia-driven fluid flow leads to pronephric cyst formation, in which fluid

accumulates adjacent to the glomerulus, thus affecting the ability of the nephrons to excrete

fluid (Kramer-Zucker, et al., 2005b).

Podocyte terminal differentiation/maturation: establishment of foot processes & the slit
diaphragm

Podocytes undergo terminal differentiation subsequent to their midline congregation and

assembly of the glomerulus (Kramer-Zucker, et al., 2005a). As previously mentioned,

pronephric podocyte progenitors begin to express transcripts that encode slit diaphragm

components beginning as early as 24 hpf, such as nephrin and podocalyxin (Kramer-Zucker,

et al., 2005a; O’Brien et al., 2011; Ichimura, et al., 2013a). Over the next day of

development, podocyte gene expression profile is further altered, with the expression of

additional slit diaphragm components, such as podocin and integrinα3 at 36 hpf (O’Brien et

al., 2011). These observations suggest that the production of slit-diaphragm components is

initiated prior to the start of blood filtration.

However, although blood filtration can be detected by 48–50 hpf, the slit diaphragm

becomes increasingly refined over the next several days of development, and there is

ongoing expression of slit diaphragm genes (e.g. nephrin) (Ichimura, et al., 2013b). Analysis

of podocyte morphology using transmission electron microscopy (TEM) has revealed that

spreading and elaboration of foot processes between 72–96 hpf, with fine interdigitations

present by 96 hpf (Kramer-Zucker, et al., 2005a). Renal clearance, or the ability of nephrons

to excrete fluid, can be assessed by vascular injection of visible molecules, such as

fluorescent FITC-inulin (Hentschel, et al., 2005; Rider, et al., 2012). The actual size-

selectivity, or barrier function, of the slit diaphragm can be actually measured based on

clearance of high molecular weight fluorescently labeled molecules (Drummond, et al.,

2003; Kramer-Zucker, et al., 2005; Hentschel, et al., 2007; Hanke, et al., 2013). At 72 hpf,

the zebrafish glomerulus is relatively leaky, consistent with the rare appearance of slit-

diaphragms by TEM: 70 kilodalton (kDa) rhodamine-dextran or 68 kDa Alexa-BSA can

pass through the glomerular filter and enter the tubule, where it is endocytosed by proximal

tubule cells (Kramer-Zucker, et al., 2005a). After 72 hpf, this leakiness is diminished. The

use of larger molecules has been utilized to discern glomerular leakage: by 84 hpf, 500 kDA

FITC-dextran is retained in the vascular system and only rarely can pass into the tubule, and

leakiness of this molecule into the tubule has been implemented to measure glomerular

integrity (Kramer-Zucker, et al., 2005a).

Functional comparisons between slit diaphragm components have provided compelling

evidence that protein activities are highly conserved between the zebrafish pronephros and

mammalian metanephros (Fukuyo, et al., 2014). Due to the conservation of podocyte

structure and function between zebrafish and mammals, there have been many studies using

the zebrafish pronephros to test whether particular genes encode essential components of the

filtration barrier (Hentschel, et al., 2007; Kirsch, et al., 2013; Hanke, et al., 2013), such as
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the Neph/nephrin immunoglobulin domain-containing family members, e.g. nephrin and

Neph1-3 (Neumann-Haefelin, et al., 2010; Wang, et al., 2012; Arif, et al., 2014). Through

such studies, the zebrafish has become a useful model for several podocyte-specific diseases

which arise from defects in proteins needed to maintain a selective slit diaphragm in mature

podocytes (also see Swanhart et al., 2011 for an extensive listing of zebrafish renal disease

genetic models).

Further, the zebrafish pronephros has been useful for the characterization of proteins that are

present in podocytes but have unknown roles in their physiology. The function of such genes

expressed in podocytes has been interrogated extensively using zebrafish morpholino

studies. This work has identified essential roles for a bevy of factors needed to establish or

maintain foot processes based on the observations of foot process effacement subsequent to

gene knockdown. For example, cytoskeletal components that alter actin dynamics have

dramatic influences on foot process attachment to the GBM, as shown by loss-of-function

studies of LAT3 (a sodium-independent neutral L-amino acid transporter) (Sekine, et al.,

2009), cofilin-1 (an actin depolymerizing factor) (Ashworth, et al., 2010, or most recently

anillin (an F-actin binding protein) (Gbadegesin, et al., 2014). Disruptions of several myosin

genes have also been studied with morpholino knockdown strategies using the zebrafish

pronephros, and identified critical roles for several in podocyte morphogenesis, including

MYH9 (non-muscle myosin heavy chain IIA) (Müller et al., 2011), and the unconventional

class I myosins Myo1c (Arif, et al., 2013) and Myo1e (Mao, et al., 2013). Additionally, the

gene Glcci1 (glucocorticoid-induced transcript 1), which encodes a protein that localizes to

the cytoplasm of mammalian podocytes in mature glomeruli, was studied with knockdowns

in developing zebrafish to ascertain its potential role(s). The researchers found that Glcci1

activity is needed to maintain the filtration barrier and prevent foot effacement (Nishibori, et

al., 2011).

A systematic screen using zebrafish morpholino injections has also been performed to

knockdown candidate glomerular factors annotated in GlomBase, a transcript bioinformatics

database generated from the sequencing of cDNAs isolated from newborn and adult mouse

glomeruli (Ebarasi et al., 2009). In this approach, the researchers used zebrafish for an in

vivo functional screen in which they performed glomerular filtration assays with 500 kDa

FITC-dextran on morphant embryos to assess filtration barrier integrity (Ebarasi et al.,

2009). They discovered several relevant genes and through their analysis of the gene crb2b,

a member of the Crumbs family of polarity factors, demonstrating that podocyte

differentiation is reliant on proper cell polarity (Ebarasi et al., 2009). In an independent

study, the vertebrate tight junction protein and immunoglobulin superfamily member CAR

(coxsackie and adenovirus receptor) was shown to be essential for elaboration of foot

process architecture during podocyte differentiation (Raschperger, et al., 2008).

Furthermore, the interaction of podocytes with the basement membrane has been examined

through genetic knockdown of P4H-TM (prolyl 4-hydroxylase transmembrane), which can

catalyze the hydroxylation of collagens (Hyvärinen, et al., 2010). Elimination of P4H-TM

expression in zebrafish embryos was associated with a fragmented GBM, podocytes with

abnormally shaped foot processes, and proteinuria (Hyvärinen, et al., 2010).
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In addition to these studies, a growing list of reports have implemented the zebrafish model

for knockdown studies to evaluate the roles of genes mutated in human patients with renal

dysfunctions associated with proteinuria or the nephrotic syndrome (the constellation of

proteinuria, hypoalbuminemia, and edema). To date, these include studies of human PLCE1

(phospholipase C epsilon) (Hinkes, et al., 2006), COQ6 (coenzyme Q10 biosynthesis

monooxygenase 6) (Heerings, et al., 2011), ADCK4 (aarF domain containing kinase 4)

(Ashraf, et al., 2013), and ARHGDIA (Gee, et al., 2013). In each case, positional cloning or

homozygosity mapping with affected human patient samples was combined with in vivo

functional assessment of the identified gene candidate by performing knockdown of the

zebrafish orthologue.

In sum, these studies highlight the utility of zebrafish to efficiently and rapidly explore the

functional roles of podocyte-expressed genes in an in vivo setting that does not require the

time or expense of mammalian genetics. Continued implementation of in vivo functional

studies with the zebrafish pronephros is poised to make valuable ongoing contributions to

the understanding of slit barrier establishment and maintenance, and the pathologies

associated with glomerular defects.

PODOCYTE DEVELOPMENT DURING MESONEPHROS FORMATION

There have been limited research studies to date characterizing the process of zebrafish

mesonephros development. Further, the signals that induce clusters of renal progenitors

located near the pronephros to begin nephrogenesis are not known. However, the limited

studies that have been published used the transgenic reporters Tg(wt1b:EGFP) or

Tg(lhx1a:EGFP) to visualize renal progenitors, and have documented a number of

similarities during nephrogenesis of the larval mesonephros and neonephrogenesis after

injury in the adult mesonephros (Zhou et al., 2010; Diep et al., 2011).

In larval zebrafish, both of these reporters mark clusters of renal progenitors that appear in

close proximity to the pronephros by approximately 12–14 days post fertilization (dpf).

When each cluster of renal progenitors proliferates during mesonephros development, it

undergoes morphogenesis to form an elongated nephron tubule (Zhou et al., 2010; Diep et

al., 2011). Interestingly, the transgenic reporter Tg(wt1b:EGFP) initially marks the entire

renal progenitor cluster, but during elongation becomes restricted in expression to the site of

the future glomerulus (Zhou et al., 2010; Diep et al., 2011). The detection of the

Tg(wt1b:EGFP) reporter in putative podocyte precursors during mesonephric nephron

formation is consistent with a recapitulation of embryonic nephron formation. While this

suggests that nephrogenesis involves similar pathways in embryonic and adult zebrafish

kidney development, further work is needed to determine if the molecular mechanisms are

in fact recapitulated later in life.

Advances in imaging technologies proffer a new opportunity to investigate mesonephros

processes. In a recent report from Endlich, et al., (2014) two-photon microscopy was applied

to the study of podocyte dynamics in the zebrafish embryo. The researchers explored

whether podocytes in the zebrafish pronephros were motile by imaging Tg(wt1a:EGFP) fish

between 5–7 dpf (Endlich, et al., 2014). Within the nephrology field, podocyte motility has
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been controversial, and one challenge has been the accurate visualization of foot processes

in living samples. In this case, the authors were able to combine in vivo analysis and

increase their resolving power for foot processes with their two-photon approach. While the

authors demonstrate that pronephric podocytes were not migratory and had stable

arrangements of foot processes over the duration of imaging (for example, over ~ 1 day)

(Endlich, et al., 2014), the applications of this technique are not limited to the pronephros.

Future use of these and other next generation imaging approaches provides exciting new

opportunities to explore renal progenitor development in the mesonephros.

REGENERATION OF PODOCYTES IN THE MESONEPHROS

Renal progenitors in the zebrafish mesonephros can produce new nephrons that include
podocytes

Zebrafish have the incredible ability to generate new functional nephrons throughout their

lifetime, a process often referred to as neonephrogenesis. Neonephrogenesis involves

production of both a blood filter and tubule (Zhou et al., 2010; Diep et al., 2011), though the

extent of cell types that are made is still under scrutiny by many labs. The ability to undergo

neonephrogenesis after embryonic development has been lost in higher vertebrates, therefore

an interesting area of research is determining how the zebrafish have maintained this ability

later in life. It is especially compelling that the zebrafish can generate new nephrons after

almost all nephrons are destroyed (Zhou et al., 2010; Diep et al., 2011).

Not surprisingly, the renal progenitor cells that produce nephrons during the regeneration

response express transcription factor genes such as pax2a, wt1b, and lhx1a that are

expressed in pronephros renal progenitors (Zhou et al., 2010; Diep et al., 2011). Further, the

aforementioned polarized domain of the Tg(wt1b:EGFP) reporter in elongating nephrons

(discussed above) is also seen in adult zebrafish during neonephrogenesis, where the

proximal area of new nephrons show fluorescence, consistent with the location of the newly

formed glomerulus (Zhou et al., 2010; Diep et al., 2011). This data implies that

regeneration-triggered neonephrogenesis responses in the adult mesonephros use similar

transcription factors and signaling pathways as the initial generation of the pronephros and

mesonephros, suggesting that regeneration recapitulates development in this case.

Additional research into the cells that express these developmental genes after adult kidney

injury has shown that clusters of lhx1a+ cells can be transplanted into adult recipients (Diep

et al., 2011). Further, the cells successfully produce new nephrons at sites away from the

transplantation procedure, suggesting the possibility that the renal progenitors have features

of (or are in fact) migratory mesenchymal stem cells. As the new nephrons elongate, they

eventually integrate normally into the pre-existing nephrons of recipient kidneys (Diep et

al., 2011). This revelation suggests that within these lhx1a+ clusters, there are renal

progenitor cells that enable the regeneration of the entire nephron, including glomerular and

tubular cell types, in the zebrafish kidney (Diep et al., 2011). What is more intriguing is that

transplantation of lhx1a+/wt1b+ cells does not elicit this regeneration response, as nephrons

are not formed. This suggests activation of wt1b may change the potential of these renal

progenitor cells, possibly causing a differentiation event precluding these cells from

becoming new nephrons (Diep et al., 2011). In addition, it has been shown that
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transplantation of single lhx1a+ cell cannot generate new nephrons, suggesting there is

interplay between groups of lhx1a+ cells, allowing them to direct neonephrogenesis in the

regenerating adult kidney (Diep et al., 2011).

Podocyte-specific regeneration models in zebrafish

While neonephrogenesis occurs in nephrons of zebrafish that have sustained damage, to

tease apart if and how the organizational units of the nephron can individually regenerate,

researchers have begun to employ transgenic models that enable inducible, targeted cell

ablation in the kidney. Such systems can be engineered by placing the bacterial NTR gene

under the control of a tissue-specific promoter, and then using this construct to establish a

stable transgenic zebrafish line (Curado, et al., 2007; Curado et al., 2008). At the desired

time point, the prodrug, Mtz, is added to the fish water (Curado, et al., 2007; Curado et al.,

2008). This prodrug is then converted into a cytotoxin by the bacterial NTR, crosslinking

DNA and inducing cell death (Curado, et al., 2007; Curado et al., 2008, Pisharath et al.,

2007).

Two independent studies have recently used this system to ablate podocytes in adult and

larval zebrafish (Zhou and Hildebrandt, 2012; Huang et al., 2013a). In these experiments,

the podocyte-specific enhancer of the gene podocin was cloned upstream of the bacterial

NTR gene. In each case, the researches cloned a fluorescent reporter downstream of NTR,

so as to visualize the cells with NTR gene activity. In addition, the fluorescent reporter was

used to visualize cell number in Mtz treated fish. The treated fish showed a decrease in the

number of fluorescent cells indicating the NTR-Mtz system had ablated these podocin

expressing podocytes. This cell death was verified by caspase-3 or TUNEL staining in these

experiments, which was identified as a dose-dependent effect. Additionally, in both studies

fish with compromised podocytes incur severe pericardial edema, as well as fluid buildup in

other tissues (Zhou and Hildebrandt, 2012; Huang et al., 2013a).

Zhou and Hildebrandt experimented further by cloning the Vitamin-D binding protein

(VDBP) and GFP downstream of a liver-specific promoter, which is similar to the

mammalian albumin protein, less GFP, and the site of its generation (Zhou and Hildebrandt,

2012). Albumin is a large protein inhibited from entering the tubule by functional podocytes,

however in kidneys with damaged podocytes this protein recapitulates proteinuria by

entering the proximal convoluted tubule. The results showed that in Mtz treated zebrafish,

VDBP was in the proximal tubule, indicating severe podocyte damage. In addition, they

developed an ELISA assay to identify the relative quantity of GFP in the water, indicating

the VDBP had been excreted as a waste product from the kidney. The researchers detected

significantly more GFP in the water of Mtz treated fish, compared to control fish, and

showed that this system worked in both zebrafish embryos and adult fish (Zhou and

Hildebrandt, 2012). Overall, these experiments indicate that podocytes are being ablated,

causing proteinuria. Thus, this system is a valuable new tool to study the factors that

regulate proteinuria, which is relevant to many kidney diseases.

Huang and colleagues (2013a) reported similar success with their NTR-Mtz system in

zebrafish larvae, validating that podocytes are ablated by decreased fluorescence, as well as

an absence of nephrin transcripts as assayed by in situ hybridization. In addition, they
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performed electron microscopy to evaluate the disruption of foot processes, which are a

strong indicator of podocyte dysfunction. After washout of Mtz, podocyte integrity and

function were eventually restored, signifying a regenerative response. Their results

demonstrate that four days after washout, the podocytes have regained a significant number

of foot processes with slit diaphragm re-establishment. Seven days after washout, foot

processes were repaired and slit diaphragms were formed, indicating returned functionality.

In addition to electron microscopy, expression of the transgenic line incorporating NTR-

GFP under the podocin reporter returns, as well as podocin and nephrin transcripts as

analyzed by in situ hybridization. A small group of cells also incorporated BrdU, and re-

expressed GFP, indicating podocyte proliferation after Mtz washout (Huang et al., 2013a).

These data indicate that podocyte replenishment is possible in zebrafish, though whether

podocytes are emerging from podocyte stem/progenitors or through the proliferation of pre-

existing podocytes has yet to be determined.

These two manuscripts use an important genetic tool for research in the adult zebrafish

kidney, as the system can be temporally and spatially regulated, in addition to being washed

out after a certain period. The techniques allow for ablation of specific cells during a time

course, thus researchers can follow the events of regeneration in real-time. In addition,

through these experiments, it is clearly evident that podocytes can repopulate the glomerulus

after injury, however the mechanism is currently unknown. This line of investigation is of

extreme importance, as loss of podocyte function is a hallmark of many kidney diseases.

CONCLUSIONS

The zebrafish is a very useful model system to study developmental regenerative biology.

Zebrafish have high genetic conservation with other vertebrates, which predicts the high

likelihood that discoveries will be applicable to higher vertebrates, including humans. As

explored in this review, zebrafish are an excellent model for studies of the molecular basis

of nephrogenesis in embryonic and adult contexts. Here we have discussed how zebrafish

have emerged as a useful model system for podocyte studies and have high potential for

further developmental and regenerative research on this renal cell type. While numerous

major questions still remain, the zebrafish is poised to address many of these and thus

uncover some valuable answers.

Our knowledge about the genetic pathways that lead to glomerular dysfunction remains

incomplete. Podocytes are essential cells for normal glomerular function (Wiggins, 2007;

Patrakka and Tryggvason, 2009). There are many human diseases caused by dysfunctional

podocytes such as minimal change disease, membranous nephropathy, classic focal

segmental glomerulosclerosis (FSGS), cellular/collapsing FSGS, and diabetic nephropathy

to name a few (Shankland, 2006). These diseases and others can lead to podocyte

effacement, which effects slit diaphragm function, a change in podocyte number (usually a

loss), or both, ultimately ending in proteinuria (Shankland, 2006). Ongoing systems biology

work continues to identify relevant genetic loci in human disease patients (e.g. Pattaro, et

al., 2012) and to identify podocyte-expressed genes (e.g. He, et al., 2007; Hartwig, et al.,

2010; Lindenmeyer, et al. 2010). Using techniques described in this review, it is possible to

investigate the functions of newly identified genes using the simple zebrafish pronephros for
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gain and loss of function interrogations. Such studies may reveal crucial insights applicable

to the in vitro production of podocytes, such as by directed differentiation of induced

pluripotent stem cells (Song, et al., 2012). In addition, the zebrafish provides a rather unique

opportunity to perform in vivo small molecule screens—in this case, to identify podocyte-

specific drugs for such disease models (Poureetezadi and Wingert, 2013; Poureetezadi, et

al., 2014). These approaches can provide a powerful complement to ongoing investigations

with cultured mammalian podocytes (Reiser, et al., 2010).

There is also a wide horizon of research to explore regarding the kidney regeneration

response elicited by the zebrafish after damage. For example, scientists are still trying to

identify bona fide stem cells in the kidney, specifically in the glomerulus. If these cells are

identified, it would be of vast interest to find their location within the kidney. Proposed stem

cells have included parietal epithelial cells (PECs), as these cells have some characteristics

of stem cells (Lasagni and Romagnani, 2010; Sagrinati et al., 2006; Lazzeri et al., 2007). In

mice, these cells express CD24 and CD133, but do not express podocalyxin, however

podocyte precursors express all three. This is suggestive that the PEC has not yet

differentiated enough to become a podocyte precursor, and may exhibit more stem-like

qualities (Sagrinati et al., 2006). Further experiments showed that a subset of purified PECs

can be grown in culture, self-renew, and generate clones with characteristics of developing

nephrons (Sagrinati et al., 2006). It has also been shown that PECs line the Bowman’s

capsule and migrate into the glomerular tuft to differentiate into podocytes during mouse

embryonic kidney development (Appel et al., 2009). Finally, PECs divide at low frequency,

express some stem cell markers, and can differentiate into several cell types (Pabst and

Sterzel, 1983; Vogetseder et al., 2005; Sagrinati et al., 2006; Lazzeri et al., 2007). However,

despite these studies, recent genetic fate mapping work in the mouse has revealed that PECs

produce podocytes in juvenile mice, but not in adult mice (Berger, et al., 2014). This recent

finding suggests that podocyte regeneration does not normally occur by proliferation of PEC

progenitors in mammals. It remains to be seen whether signals that trigger podocyte

replacement in other species, like zebrafish, could elicit podocyte regeneration in mammals.

The first step will be the elucidation of signaling pathways that are necessary and sufficient

to drive this process in zebrafish, as this will provide a place to begin testing whether similar

behaviors might be elicited in the complex kidney of higher vertebrates.

Looking forward, zebrafish research can provide valuable insights into the molecular

mechanisms that regulate podocyte regeneration. In addition to the points already discussed,

determining the stem cell niche could lead identification of other genes that, when mutated,

cause kidney defects. Understanding these topics may reveal targets that are sufficient to

activating these regeneration pathways in humans with renal disorders, so as to attenuate

their symptoms or possibly even cure their disease. The zebrafish provides a great model

system for these advancements, along with future experiments to aid in our understanding of

renal function and nephron regeneration.
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FIGURE 1. Nephron segmental anatomy is conserved among vertebrates
(A) Schematic of a mammalian metanephros with (A′) a linear diagram of nephron

segments. (B) Schematic of a zebrafish embryo with lateral location of the pronephros

indicated, and with (B′) a linear diagram of the nephron segments. The zebrafish embryo is

approximately 4 mm long (tip to tail) by 5 dpf, and continues to utilize the pronephros as the

fish grows. (C) Schematic of a zebrafish adult with dorsal location of the mesonephros, and

with (C′) a diagram depicting the arborized arrangements of nephrons with common duct

exitways. The adult zebrafish is typically 4–5 cm in length (tip to tail). Analogous nephron

segments are color-coded, with the vasculature (red ball), podocytes (dark green), neck

(light green), proximal tubule segments (orange, yellow), intermediate tubule segments

(gray), distal tubule segments (light blue, dark blue, purple) with intervening macula densa

(mammals) or corpuscle of Stannius (fish) (red), and finally the duct (black). [Reprinted

from Transl Res, 163(2), McCampbell K, Wingert RA, New Tides: using zebrafish to study

renal regeneration, Pages No. 109–122, Copyright 2014, with permission from Elsevier.]
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FIGURE 2. Composition of the nephron blood filter
(A) Healthy blood filter with intact glomerular components. Inset depicts nephron outline

and boxed area enlarged in panel. (B) Maladaptive response to podocyte attrition, in which

activated parietal epithelial cells proliferate and fill the capsule, impeding flow to the

nephron tubule and leading to nephron atrophy. [Figure adapted from Clin Transl Med, 2(1),

Li Y, Wingert RA, Regenerative medicine for the kidney: stem cell prospects and

challenges, Pages 1–16, doi: 10.1186/2001-1326-2-11, Copyright 2013, permission through

the creative commons license.]
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FIGURE 3. Zebrafish podocyte lineage specification and glomerular development
(A) The zebrafish pronephros contains podocytes (dark green) at the rostral-most position.

(B) Developmental timecourse of the cell populations that develop in proximity to

podocytes. Gene expression of wt1a (light purple) is broad, while wt1b transcripts (dark

green) are restricted next to somite (s) three, and interrenal precursors marked by nr5a1a

transcripts (dark purple) are interspersed in this region. The neck (light green) is located

caudal to the podocytes, followed by the proximal convoluted tubule (PCT, orange). Cell

movements between the 20 somite stage to 48 hours post fertilization (hpf) lead to formation

of a single glomerulus (G) with central capillary nexus (red). The interrenal gland (IR) (dark

purple) is situated just caudal to the glomerulus. [Figure adapted from Wiley Interdiscip Rev

Dev Biol, 2, Gerlach G, Wingert RA, Kidney organogenesis in the zebrafish: Insights into

vertebrate nephrogenesis and regeneration, Pages 559–585, Copyright 2013, with author

permission].
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