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Abstract	
Kidney disease is an escalating global health problem, for which the formulation of therapeutic approaches using stem cells has received increasing research attention. The complexity of kidney anatomy and function, which includes the diversity of renal cell types, poses formidable challenges in the identification of methods to generate replacement structures. Recent work using the zebrafish has revealed their high capacity to regenerate the integral working units of the kidney, known as nephrons, following acute injury. Here, we discuss these findings and explore the ways that zebrafish can be further utilized to gain a deeper molecular appreciation of renal stem cell biology, which may uncover important clues for regenerative medicine.
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Core tip: The emergence of regeneration-based options for kidney disease has the potential to reduce the growing worldwide health burden of these heterogenous conditions. Research into the mechanisms of renal regeneration in lower vertebrates like the zebrafish may provide knowledge about fundamental principles that could be useful for cellular reprogramming or endogenous modulation of kidney cells in humans. 
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INTRODUCTION
Kidneys are organs that are responsible for filtering metabolic products and maintaining fluid homeostasis in the body. The functional subunit of the kidney is the nephron, which is composed of different segments of epithelial cells that can be characterized by their expression profile of unique solute transporters[1,2]. Each human kidney contains approximately 1 million nephrons that are situated in an arborized fashion around a centralized collecting duct system (Figure 1). The nephron segments constitute three major functional regions within each nephron, and these regions act as a blood filter, a tubule that reabsorbs and secretes solutes, and a duct that fine-tunes water and electrolyte levels (Figure 1).  
In the event of injury, the mammalian nephron has limited potential for self-repair[3]. After a nephron dies, fibrosis occurs which can cause a chain reaction of additional nephron stress and death, which eventually decreases organ functionality[4-6]. This is the case in acute kidney injury (AKI), chronic kidney disease (CKD), and end stage renal disease (ESRD) as the kidney suffers an initial injury, advanced fibrosis, and total loss of function, respectively[7-10]. Finding treatments for these conditions is no easy task for regenerative medicine due to the intricate architecture of the kidney and its rich diversity of cell types[11-14]. This has caused researchers to look for answers to renal regeneration queries in less obvious places[15,16]. One of those places is in the zebrafish, a vertebrate model organism with the uncanny ability to regenerate entire nephrons throughout its lifetime[17].  

THE ZEBRAFISH: A MODEL FOR KIDNEY RESEARCH
Danio rerio, commonly known as zebrafish, are small, tropical freshwater fish that have been used in biological research since the 1960’s[18,19] (Figure 2). They spawn large clutches of transparent eggs that allow the growing embryo to be studied non-invasively in vivo and phenotypically sorted[20]. They are also logistically favorable for experimental studies as they undergo rapid development ex utero, and the adults can be kept in high densities, which is space and cost effective[20-22]. Most importantly, modern molecular technology is applicable to experiments with zebrafish and extensive genetic mapping has shown they exhibit considerable conservation with other higher vertebrates, including humans[21,22]. 
It is no surprise that since zebrafish are an excellent animal model they have also been utilized in studying the kidney[23-25]. To date, zebrafish have been used to advance our knowledge of renal development as well as aspects of several kidney disease phenotypes[26-32]. In particular, mutagenesis screens in zebrafish have been used to identify genes that cause kidney malformations, which led to the discovery of ciliogenesis genes that cause renal cyst formation when disrupted[33-38]. Zebrafish have also been useful in chemical screens, such as the application of candidate and market-based pharmaceuticals to embryos, to examine influences to nephrogenesis and identify methods to alter disease states[39-41]. 
These various avenues of research have significance because of the fundamental similarities in the development and morphology of zebrafish nephrons compared to their mammalian counterparts. The embryonic zebrafish renal progenitor cell field is derived from the intermediate mesoderm, as in mammals[42,43], and gives rise to the first kidney iteration known as the pronephros[34]. The mesenchymal renal progenitors can be identified during ontogeny based on their gene expression profile using whole mount in situ hybridization (WISH) with markers such as lhx1a, osr1, pax2, and pax8[34,44-48]. Analogous to other vertebrates, these precursors in zebrafish are arranged in bilateral stripes[34]. These renal progenitors undergo convergence and extension movements during late somitogenesis to form a pronephros composed of two nephrons, which involves a mesenchymal to epithelial transition to form the tubule and duct regions of the nephron[49,50]. The nephrons become fully functional after morphogenesis of the blood filter during the first few days of development[51-57]. Approximately 11-13 days after fertilization, clusters of basophilic cells appear on the pronephros that give rise to additional nephrons that make up a more advanced kidney, the mesonephros[58]. Mesonephros formation continues through the larval stages, with the penultimate organ becoming comprised of several hundred nephrons in total that are centralized into a single adult organ located on the dorsal wall of the abdominal cavity[59]. The mesonephros is the most mature kidney the zebrafish will have, unlike higher vertebrates that include reptiles, birds and mammals who undergo an additional stage of kidney development to make the metanephros, an elaborate kidney form comprised of thousands to millions of nephrons in different species[60]. Another interesting distinction is that the pronephros in higher vertebrates is a vestigial kidney that exists for only a short time during ontogeny[60]. Despite these differences, it has been shown that the segment pattern in the nephrons of the zebrafish pronephros[61] and mesonephros[62-64] is remarkably similar to the segment pattern in nephrons of other vertebrates, supporting the notion that nephron composition is the evolutionary link across species with diverse forms that inhabit a wide range of environments[60]. This has spurred a number of segmentation studies utilizing the zebrafish pronephros[65-70], which further suggest nephrogenesis mechanisms have been conserved during evolution[60]. The zebrafish pronephros and mesonephros are therefore useful for studying developmental and regenerative pathways. 

WHY USE ZEBRAFISH TO STUDY RENAL REGENERATION?
[bookmark: _GoBack]It has been known for the last 25 years that some fish are capable of robust renal regeneration. Two phenomena have been observed: (1) replacement of epithelial populations within existing nephrons; and (2) the formation of new nephrons, also known as neonephrogenesis, during adult growth or in response to catastrophic organ damage[15]. The latter phenomenon was first observed when goldfish that had been treated with the nephrotoxin hexachlorobutadiene formed new nephrons after several weeks[15,71-73]. This was observed by an increase in DNA replication, as indicated by the incorporation of the nucleotide analog bromodeoxyuridine (BrdU), followed by an increase in the percentage of volume of the kidneys of injured goldfish[15,71-73]. By comparison in mammals, if the basement membrane of the nephron remains intact, renal regeneration occurs by just the first phenomenon listed above, in which the formation of a wave of flattened mesenchymal cells that differentiate into the required specialized epithelia[15]. Thus, mammals only exhibit nephron genesis during gestation and early post-natal stages (the latter being a trait which varies across species), and never form new nephrons during adulthood[14,15]. However, both of these forms of renal regeneration have now been reported in a variety of other fish that include the zebrafish, catfish, trout, medaka and tilapia[15,62,63,74-76]. 
Amongst these possible animal models, the advancement of sophisticated genetic tools and methodologies in the zebrafish offers a particularly appealing avenue to delineate the mechanisms of renal regeneration events[77,78]. Indeed, a bevy of recent studies have provided an initial molecular framework to track and decipher such phenomena[78,79]. For example, in zebrafish new nephrons first appear as clusters of renal progenitors near existing mesonephros tubules[62,63]. These clusters express early markers of renal development such as lhx1a, pax2a, wt1b and pax8, which suggests that developmental pathways mirror pathways of regeneration[62,63,79]. These clusters then expand into S-shaped bodies that mature into nephrons that fuse with preexisting nephrons[62,63,79]. Understanding the molecular attributes of these cells is an attractive option to identify cell features that could allow for similar events to be induced in humans. In the following sections we further explore the utility of zebrafish for regeneration research in different renal cell types. 

REGENERATION STUDIES IN THE NEPHRON BLOOD FILTER
The first segment in the nephron is the blood filter, a structure also known as the renal corpuscle[77] (Figure 1A). The main components of the corpuscle are the glomerulus, a ball of capillaries that contain circulating blood, which is surrounded by a space where the filtrate is collected known as Bowman’s capsule that enables liquid to be passed into the proximal tubule of the nephron[77] (Figure 1A). The integrity of the blood filter remains relatively constant in humans despite clinical observations that cells from this structure can be detected in the urine of healthy individuals[80]. Though long-term homeostasis has been largely attributed to hypertrophy of resident blood filter cells[80-82], there has also been a series of investigations into the regenerative nature of these cell types.   
One of the cell types that make up the glomerulus are podocytes. Podocytes are crucial for the effectiveness of the glomerulus because they form an intricate sieve network with their unique cellular protrusions known as foot processes that wrap around the capillary bundle[77]. Low numbers of podocyte cells are a common cause and effect of glomerular diseases[80,81]. Whether podocytes can be replaced in the mature mammalian metanephros has received substantial research attention. One theory was that another glomerular cell type called parietal epithelial cells (PECs) act as a progenitor to replace lost podocytes[83-86]. This was suggested after observations in studies that PECs were positive for stem-cell markers CD24 and CD133, showed the capacity for self-renewal and directed differentiation in culture, contributed to damaged tubules and restored kidney function in SCID mice, and contributed to damaged glomeruli, tubules and restored kidney function in mice with adriamycin nephropathy[83-85]. It was also posed that PECs, acting as progenitors that over-proliferate after injury, could be the cause of glomerular lesions and scars[86]. This theory lost traction after a subsequent study showed that adult mice with genetically labeled PECs did not produce genetically labeled podocytes in the context of injury[87]. These studies highlight that there is still much to be learned about the mechanisms behind glomerular disease and injury in mammals.
Contrary to the mammalian system, there are multiple studies that have shown that zebrafish are able to generate new podocytes. Zhou and Hildebrandt[88] (2012) created a conditional podocyte ablation transgenic line to observe podocyte regeneration. This line was created by inserting a bacterial nitroreductase (NTR) gene into the genome, which encodes a product that is converted into a cytotoxin when the drug metronidazole is added to the system. To induce podocyte-specific ablation, the NTR was subcloned downstream of the promoter for the gene podocin, and to visualize NTR+ podocytes, they were also engineered to simultaneously co-express the red fluorescent protein mCherry. This made the cytotoxic damage podocyte specific and allowed the injury to be viewed efficiently. A novel method of measuring proteinuria was also utilized in this study by marking vitamin D-binding protein (a similar protein to mammalian albumin which is how proteinuria is typically measured) with green fluorescent protein. After metronidazole treatment, there was evident edema, apoptosis and proteinuria in both the embryonic pronephros and adult mesonephros. In addition, the expression level of wt1b, which marks the developing nephron[62], increased and extended into the Bowman’s capsule. Huang et al[89] (2013) independently created a similar NTR-podocyte line and also reported observations of podocyte repair after injury as seen by a recovery in the expression levels of podocyte markers podocin and nephrin. Collectively, this indicates that there could be podocyte-specific repair processes that occur in zebrafish. This gives hope to the notion that parallel processes might exist in the adult mammalian kidney, or could be exacerbated with the appropriate stimuli, though such possibilities have yet to be discovered. 

REGENERATION OF THE NEPHRON TUBULE
The most extensive portion of the nephron is the tubule, which is composed of numerous discrete epithelial segments[1,2]. After the blood has been filtered by the glomerulus, the resulting filtrate is passed through the segments of the tubule[1,2]. These segments are uniquely identified by their expression profiles of distinct solute transporters that function to reabsorb and/or secrete molecules during urine production[2]. The epithelial cells of the tubule are sensitive to chemical damage, particularly in the proximal segments that perform bulk reabsorption of amino acids and sugars[78] (Figure 1B). Administering the antibiotic gentamicin in zebrafish embryos creates tubule damage that mimics AKI in humans, but leads to embryonic lethality[90]. In analogous studies performed in the zebrafish mesonephros, gentamicin injury was shown to cause a significant drop in expression of the proximal tubule marker slc20a1a in existing nephrons and a decrease in kidney functionality as indicated by an inability to uptake dextran[63,79]. However, the expression of slc20a1a is returned to near normal levels after 15 d post injection[63,79], while the reabsorptive functionality is broadly restored after approximately 3 wk[79]. Since these reports, laser ablation is another method of targeted injury that has also been used in zebrafish larvae to study renal regeneration. The laser ablation methodology provides the benefit of injuring a small region within the nephron tubule, which can be non-invasively imaged in real time to capture regenerative events[91-93]. 
While it is clear that regeneration occurs in the pre-existing nephron tubules of both the zebrafish mesonephros and the pronephros, the source of these cells has not been resolved (Figure 1B). Based on parallel studies in mammals, it is likely that intratubular cells replenish damaged regions, however the cellular mechanism remains controversial[14]. The two competing models are currently the dedifferentiation model and the progenitor model[14]. In the dedifferentiation model, neighboring cells that are left intact in a damaged tubule undergo an epithelial to mesenchymal transformation (EMT) to become immature, replicating cells that can replace the lost cells. After a sufficient number of cells have been produced, the mesenchymal cells then convert into differentiated epithelial cells to reconstitute the nephron. The alternative theory is that a residential, self-sustaining group of stem cells is responsible for replacing damaged epithelial cells. 
In contrast to the controversy about the mechanics of nephron epithelial regeneration, the process of neonephrogenesis has been attributed to renal progenitors within the adult kidney organ[62,63]. A study by Zhou et al[62] (2010) first characterized the process of neonephrogenesis after gentamicin-induced AKI in adult zebrafish. They found that wt1b expression increased as soon as 48 h after injury followed by the appearance of wt1b aggregates within 4 d that gave rise to new nephrons. In a subsequent study, Diep et al[63] (2011) provided evidence for the extensive proliferative potential of these amazing renal progenitors in zebrafish. A transplantation assay was conducted by moving whole-kidney marrow cells expressing either red or green fluorescent protein into fish that had been injected with gentamicin. They found that 100% of recipient fish had grown fluorescent, donor-derived nephrons within three weeks after transplantation. Evidence that these nephrons were functional came from dextran uptake assays in which the nephrons were shown to be capable of absorbing sugar moieties circulating in the bloodstream. Interestingly, when an equal number of red fluorescent and green fluorescent donor cells were transplanted into an injured fish, mosaic nephrons containing both cell types were found which demonstrated that more than one nephron progenitor can contribute to the formation of a single nephron. When cells from these donor-derived nephrons were transplanted into a second and third fish, the progenitor cells showed continued proliferative potential. 
Another major aim of the Diep et al[63] (2011) study involved the characterization of cellular aggregates that give rise to nephron tubules. In injected fish, there were multiple types of aggregates that formed from three to four fluorescent donor cells. Some were groups of 10-30 cells that were positive for the renal progenitor marker lhx1a and others were larger aggregates that expressed wt1b. These aggregates were positive for the expression of early acting renal markers and negative for mature nephron markers. Furthermore, only cells expressing the lhx1a reporter, when transplanted in aggregate form, had the potential to form new nephrons. These cells were found to have express six2a and wt1a, similar to mammalian cells that possess nephrogenic potential during metanephros development. Overall, these and other studies suggested that wt1b is a marker for developing nephrons, and that lhx1a is a marker for renal progenitor cells[62,63]. Future studies are needed to uncover the origins and developmental regulation of these potent renal progenitors in the zebrafish.

INNOVATIVE APPROACHES IN ZEBRAFISH: UTILITY OF CHEMICAL GENETICS
The knowledge that has been gained about renal regeneration in zebrafish has been shown to be useful and translatable to experiments using the mammalian model. A study by de Groh et al[40] (2009) used zebrafish embryos to screen thousands of commercially available pharmaceuticals to see how they impacted the renal progenitor field. The expression of markers pax2a, pax8, and lhx1a were examined in drug treated 14-h-old embryos using WISH and Tg:(lhx1a:GFP) transgenic embryos. It was found that histone deactylase inhibitor PTBA increases the number of cells expressing lhx1a, pax2, and pax8. Although there was significant edema and curvature in drug treated embryos at 48 hpf, the expression of cdh17 appeared to be thicker, which marks the entire nephron. Furthermore, the expression of segment markers wt1a, slc4a4, slc12a1 were also increased. This indicated that increasing the number of renal progenitors could lead to an increase in the number of differentiated cells in the nephron.
A follow-up to this study by Consentino et al[41] (2013) administered PTBA analog m4PTB to adult zebrafish after gentamicin-induced injury. Using the nucleotide 5-ethynyl-2’deoxyuridine (EdU) to assess the proliferation index, the authors found that proliferation was increased in chemically injured fish treated with m4PTB compared to fish that had been chemically injured alone. Treatment with m4PTB also caused increased survival after gentamicin injections. m4PTB was also administered to mice with induced moderate ischemia-reperfusion (IR) induced AKI. This compound improved renal function and recovery in IR-AKI mice as indicated by a decrease in levels of serum creatine and markers for renal fibrosis. There was also a decrease in the number of cells in arrest, which indicates an activation of cells participating in repair. 
A more recent study by Chiba et al[94] (2015) is another example of how chemical genetic studies in the zebrafish kidney are translatable to the mammalian model. In this study, the group first used transgenic retinoic reporter zebrafish and mice to establish that retinoic acid (RA) signaling increases in response to kidney injury as visualized by an elevation of fluorescently labeled RA expressing cells compared to controls. They found that this was most likely due to an increase of RA-synthesizing macrophages that are recruited to the tubules in the first few days after injury. Inhibiting RA signaling before and after injury increased the extremity of injury and reduced the effectiveness of repair mechanisms. The activation of RA signaling in mice using the compound all-trans-RA reduced levels of serum creatinine, M1 macrophage expression and fibrosis. These studies are proof-of-concept that compounds that improve renal regeneration and repair in zebrafish could also be useful to mammals.

CONCLUSION
Kidney diseases continue to be a considerable medical problem in our society with few avenues of treatment. Regenerative medicine aims to expand these avenues by directing the human body to repair itself. As zebrafish are already masters at regeneration in the kidney, understanding the mechanisms behind these processes may hold the key to understanding it in humans. 
Moving forward, there are several essential areas of research. One major aspect of zebrafish kidney regeneration to study is the developmental origin of the renal progenitors that drive neonephrogenesis. Several reports have now provided substantial support to the notion that there is a residential pool of renal progenitors that exists in the mature kidney, which are likely to be self-renewing[62,63,79], but their developmental origins are obscure. Genetic fate mapping is necessary to appreciate where these cells arise and to help understand their self-renewal capacity[95]. Future studies that ascertain the molecular features of these cells may be needed to support genetic fate mapping with existing markers, such as lhx1a. 
Studies are also needed to understand the source(s) of epithelial regeneration in damaged nephrons. In the nephrology field, this has only been addressed in mammals, which has indicated that intratubular populations are vital. As discussed in this review, whether the intratubular source is a resident stem/progenitor cell or is a dedifferentiated cell will be important to establish[96]. To further complicate this debate, the complexity of the nephron may allow for a scenario where both sources of regeneration are possible[97]. 
In sum, future studies need to better characterize the cellular basis of nephron repair and nephron neogenesis, and the zebrafish model provides a genetically tractable model to pursue these topics. Recently, a transgenic zebrafish line has been created by Wang et al[98] (2014) that utilizes green fluorescent protein to specifically identify cells of the proximal tubule. This is an important advance for understanding what factors impact nephrogenesis in this segment during development and regeneration. Additional tools and transgenic lines such as this are needed to advance our ability to visualize renal regeneration, as they could be combined with chemical genetics to identify signals that modulate regeneration and the development of renal progenitors during embryogenesis[99]. Processes that are happening in regeneration that we cannot “see” must also be evaluated, such as renal cell signaling, gene activation, and cell fate decisions. Another mystery of kidney health that needs to be investigated in all vertebrates is why some subjects advance from initial injury to chronic conditions and even death while others fully recover. Factors that limit regenerative potential in humans may include genetic background, ethnicity, overall health, and age. While ongoing research in the reprogramming field shows promise for creating alternative sources of replacement kidney cells[100], clues from the zebrafish show promise for defining additional factors to advance renal regenerative therapies in the years to come.
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Figure 1 Kidney form, function, and regeneration. The mammalian metanephros is composed of upwards of hundreds of thousands of small, functional subunits known as nephrons. There are three main components of the nephron: the blood filter (red), the tubule (light grey) and the collecting duct (dark grey). The unique cell types in these nephron regions have variable roles in function, injury response, and regeneration. A: (1) The healthy blood filter contains intact podocytes (green) attached to capillaries to enhance the process of blood filtration. Parietal epithelial cells or PECs (purple) that line the Bowman’s capsule do not function in filtration; (2) After an initial physical or chemical insult, podocyte death occurs (black). This leads to a decrease in filtration selectivity and damage to other structures of the blood filter; (3) Upon podocyte death, scar formation can transpire, which obscures filtration Excessive scar tissue creates a fibrotic matrix that can render the blood filter useless and destroy the remainder of the nephron; B: If epithelial cells of the tubule become damaged, there are two hypothesized pathways of repair. In the dedifferentiation model, a neighboring epithelial cell senses the damage and undergoes a temporary transition to a proliferating mesenchymal cell to repopulate the tubule epithelia. The stem cell model asserts that a residential pool of self-renewing stem cells exists in the tubule to create proliferating mesenchymal progeny for upkeep and repair.
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Figure 2 The zebrafish kidney in the embryo and adult. A, B: Live image of an embryonic zebrafish at 24 h post fertilization (hpf) and at the adult stage, respectively; C: Illustration of a zebrafish at the 24 hpf stage, with the location of the embryonic kidney, the pronephros, indicated in purple; D: Illustration of an adult zebrafish with the location of the mature kidney, the mesonephros, indicated in purple; E, F: Whole mount in situ hybridization performed on the zebrafish embryo and adult kidney, respectively, to mark the expression of the tubule and duct marker gene cadherin17 (cdh17); G: Histology of a healthy adult zebrafish kidney, stained with periodic-acid Schiff to observe nephron structures. D: Distal tubule; P: Proximal tubule; RC: Renal corpuscle. 
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