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Preface 

 

This cumulative dissertation is based on the article: 

 

Hansen, K. U. I., Siegerist, F., Daniel, S., Schindler, M., Iervolino, A., Blumenthal, A., Daniel, C., 

Amann, K., Zhou, W., Endlich, K., Endlich, N. Prolonged podocyte depletion in larval zebrafish 

resembles mammalian focal and segmental glomerulosclerosis. The FASEB Journal. 

2020;00:1ς14. https://doi.org/10.1096/fj.20200 0724R 

 

 

 

The article can be found in the appendix of this work. The article underlies the copyright 

regulations of the publisher John Wiley & Sons, Inc.. 
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1. Introduction 

Chronic kidney disease (CKD) does not only lead to an increased all-cause mortality, but is also 

an independent risk factor for cardiovascular disease and a reduced quality of life (1, 2) . With 

a global prevalence of approximately 10%, it is an enormous burden for both healthcare 

systems and affected patients. Causes of CKD include diabetes, hypertension, obesity and 

glomerulonephritis, which all affect the filtering units of the kidney, the glomeruli. Whereas 

optimal control of blood glucose levels and blood pressure slows down progression of diabetic 

and hypertensive kidney disease to some extent, therapeutic options for most forms of 

glomerular diseases are limited until now. In many cases, a glucocorticoid therapy is necessary 

which slows down the progressive loss of renal function, but is accompanied by severe 

metabolic and immunologic side effects that lower the patientΩǎ quality of life enormously. 

Glomerulopathies might also lead to end stage kidney disease, for which the only 

therapeutical options are renal replacement therapies such as dialysis and transplantation, 

each entailing an enormous liability for the patients. For these reasons, the identification of 

new drugs is necessary. This requires suitable animal models, which also allow to study the 

pathogenesis of glomerular diseases.  

In humans, the kidney contains about 1 million distinct units, called nephrons, each composed 

of a so-called glomerulus, which generates a primary urine by filtering the blood plasma; and 

the attached renal tubules, in which the primary urine is modified and, to a great extent, 

reabsorbed. The structure of the glomerular filtration barrier (GFB) is mostly conserved among 

vertebrates (3ς5). It consists of the fenestrated capillary endothelium of the capillary tuft, the 

glomerular basement membrane (GBM) and the highly differentiated, postmitotic visceral 

epithelial cells of the glomerulus, the podocytes, which span the slit diaphragm between their 

interdigitating processes (6). There is plenty of evidence that damage or loss of podocytes is 

an initial cause of many glomerulopathies, for it leads to an impaired GFB function resulting 

in loss of high-molecular weight protein into the urine. Patients often exhibit nephrotic 

syndrome defined by a characteristic tetrade of symptoms which includes proteinuria, 

hypoproteinemia, oedema and hyperlipoproteinemia. 

The morphologic correlate for podocyte injury is a state called foot process effacement; a 

broadening of podocyte foot processes associated with a replacement of the slit diaphragm 

by tight junctions between neighboring podocytes. These structural alterations result in loss 
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of the size selectivity of the GFB. In minimal change disease (MCD), the leading cause for 

nephrotic syndrome in children, it is the only detectable ultrastructural change of the GFB and 

can be reversible (7). However, when proceeding, podocyte injury can result in focal 

segmental glomerulosclerosis (FSGS), a group of histologically defined diseases leading to 

progressive loss of kidney filtering function that are further characterized by activation and 

proliferation of parietal epithelial cells and the formation of sclerotic lesions in the affected 

glomeruli (8).  

In mice and rats, multiple disease models of podocyte injury have been established to better 

understand the pathogenesis of glomerulopathies such as MCD and FSGS. However, due to 

their size and the high costs for husbandry and breeding, rodents are not ideally suitable for 

high-throughput experiments like drug screenings. Therefore, researchers have turned to a 

small teleost from the family of Cyprinidae, the zebrafish (Danio rerio, first described in 1822 

by F. Hamilton), as a model organism for disease modelling (9).  

Stages of kidney development in the organogenesis of vertebrates are highly conserved: 

Mammals develop three distinct kidney progenitors, of which the pronephros is the first and 

disappears later in ontogenesis. The second one, the mesonephros, filters blood temporarily 

and is later involved in the development of the internal genital organs. The final mammalian 

kidney derives from the third kidney progenitor, the metanephros. Teleosts form only two 

distinct kidney progenitors, of which the first, the pronephros, already filters blood, but 

disappears while the second, the mesonephros, develops, which does later give rise to the 

final kidney (10).  

The first filtering kidney in zebrafish, the pronephros, develops within 48 hours past 

fertilization (dpf). In detail, two glomerular predecessors develop from the intermediate 

mesoderm and fuse subsequently to form a single, blood-filtering glomerulus with a GFB that 

shows high morphological and molecular homology to that of mammals (11). 

As discussed in detail in the underlying publication, it has been shown in human as well as 

murine and rat models that injury and loss of podocytes leads to development of glomerular 

sclerosis. Therefore, we hypothesized that podocyte depletion in larval zebrafish would lead 

to a similar histological pattern. A method that enables specific ablation of one cell type is the 

NTR/MTZ system. Its first application in zebrafish was depletion of pancreatic beta cells (12, 

13). Cell-specific expression of a bacterial nitroreductase (NTR) via the Gal4/UAS-System 
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enables activation of the prodrug metronidazole (MTZ), which leads to DNA-damages and 

subsequent apoptosis of the targeted cells (Fig. 1). At the beginning of the previous decade, 

this method has been adapted to zebrafish podocytes (14). 

 

 

Fig. 1 The scheme explains the mechanism of podocyte depletion in the NTR/MTZ model: (1) GAL4 is 
expressed under a podocyte-specific promotor. (2) It binds to a specific recognition sequence 
(upstream activation sequence, UAS), which activates expression of a nitroreductase and mCherry, a 
red fluorescence protein. (3) The nitroreductase activates the prodrug MTZ and turns it into a 
cytotoxin. (4) Activated MTZ causes DNA damage and subsequent apoptosis of the cell. 

 

In 2014, previous work from our group has revealed that podocytes in the pronephros of larval 

zebrafish are stationary cells under healthy conditions (15). In subsequent studies, the 

NTR/MTZ system was used to evaluate the glomerular response to acute podocyte injury for 

up to 24 hours, using a high dose of MTZ (16, 17). It was shown that following podocyte 

depletion, zebrafish larvae developed a proteinuric phenotype, as investigated by in vivo 

imaging of clearance of high-molecular weight protein from the vasculature accompanied by 

development of whole-body-oedema.  

In the present work, we used a low dose of MTZ to deplete only a subset of pronephric 

podocytes to simulate conditions as found at the onset of FSGS in mammals. Our aim was to 

investigate the glomerular response during a prolonged period of time and to estimate the 

suitability of larval zebrafish as a disease model for FSGS. 
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2. Materials and Methods 

2.1 Zebrafish strain, zebrafish breeding and maintenance 

Zebrafish (Danio rerio) were bred and maintained as described in standard protocols (18). 

Larvae were staged as described elsewhere (19). The transparent and transgenic zebrafish 

strain Tg(nphs2:GAL4); Tg(UAS:Eco.nfsb-mCherry); mitfaw2/w2 was used for all experiments.  

 

2.2 Metronidazole treatment 

At 4 dpf, zebrafish larvae were selected for homogenous mCherry-fluorescence in the 

glomerulus and MTZ treatment was started as described in the published work. MTZ was used 

at a concentration of 80 ҡƳƻƭϊƭ-1 in 0.1% DMSO in E3 embryo medium for all experiments and 

was removed after 48 hours of treatment. Larvae treated with 0.1% DMSO in E3-embryo 

medium only were used as vehicle controls. 

 

2.3 Histology 

The procedure of classic histological preparation is described in the underlying publication. In 

brief, larvae were fixed at 6 and 9 dpf, embedded in Technovit® 7100 (Kulzer GmbH, Hanau, 

DŜǊƳŀƴȅύ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ ŀƴŘ п µm sections were made. H&E and 

PAM silver staining according to Jones were performed according to Technovit® 7100 standard 

protocols. PAS staining of plastic sections was performed as follows: Slides were incubated in 

2% sodium metabisulfite for 15 min, rinsed in Aqua dest. and incubated in 1% periodic acid at 

56°C for 30 min. Afterwards, slides were rinsed in Aqua dest. again, followed by 25min 

ƛƴŎǳōŀǘƛƻƴ ƛƴ {ŎƘƛŦŦΩǎ ǊŜŀƎŜƴǘΦ !ŦǘŜǊ ǊƛƴǎƛƴƎ ƛƴ ǘŀǇ water and Aqua dest., slides were incubated 

ƛƴ DƛƭƭΩǎ hematoxylin for 15 min to counterstain cell nuclei. After 10 min of incubation in 

running tap water, slides were dehydrated in ethanol, followed by clearing in xylene and 

mounting in Eukitt (Fluka Analytical, Sigma-Aldrich, Steinheim, Germany). Slides were imaged 

with an Olympus BX50 light microscope, using the 40x, 0.6 NA objective (Olympus, Hamburg, 

Germany). 

Immunofluorescence staining for podocin, collagen1a1, pcna, atp1a1, pax2a and laminin were 

performed, and images were obtained as described in the published work. In brief, the 

respective marker of interest was detected using a specific primary antibody. In a second step, 
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a fluorescence-labeled secondary antibody bound to the primary antibody. Images were 

obtained using a confocal laser scanning microscope. 

Detailed information about the use of human FSGS and healthy control biopsies from the 

University of Erlangen-Nuremberg is provided in the article as well. In brief, 5 µm sections of 

formalin fixed and paraffin embedded material were made and stained for atp1a1 and nephrin 

as described above. 

Procedures for transmission electron microscopy (TEM) are described in the underlying 

publication. Briefly, larvae were fixed in 4% glutaraldehyde, 1% paraformaldehyde, and 1% 

sucrose in 0.1 M HEPES and embedded in EPON 812. Ultrathin sections were collected on 

copper grids ŀƴŘ ŎƻƴǘǊŀǎǘŜŘ ǿƛǘƘ р҈ ǳǊŀƴȅƭ ŀŎŜǘŀǘŜ ŀƴŘ {ŀǘƻΩǎ ƭŜŀŘ ǎǘŀƛƴΦ A Carl Zeiss Libra 

120 TEM was used for imaging.  

 

2.4 Dextran injection 

For anesthesia, tricaine was added to the E3 embryo medium at a concentration of about 0.08 

mg/ml. A microinjector (transjector 5246; Eppendorf AG, Hamburg, Germany) was used to 

inject about 3 nl of 5 mg/ml FITC-conjugated 500 kDa dextran or Alexa Fluor 647-conjugated 

10 kDa dextran (Thermo-Fisher Scientific, Waltham, MA, USA). 

 

2.5 Morphometric measurements and statistical analysis 

Micrographs of H&E-stained plastic sections were used for all morphometric measurements. 

The mean of at least three sections per glomerulus was taken. ImageJ (20) (developer: Wayne 

Rasband, National Institute Institutes of Health, MD, USA) was used for all morphometric 

measurements.  

Methods of statistical analysis are given in the underlying article. In brief, GraphPad prism 

V5.01 was used. Kolmogorov-Smirnov testing was performed to check for Gaussian 

ŘƛǎǘǊƛōǳǘƛƻƴΦ CƻǊ ǎƛƎƴƛŦƛŎŀƴŎŜ ǘŜǎǘƛƴƎ ƻŦ ƴƻǊƳŀƭƭȅ ŘƛǎǘǊƛōǳǘŜŘ ŘŀǘŀΣ {ǘǳŘŜƴǘΩǎ ¢-test was used. 

Mann-Whitney-U-test was used for nonparametric data. P-values lower 0.05 were defined as 

statistically significant. 
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3. Results 

3.1 Survival and phenotype 

As a method to deplete a subset of pronephric podocytes, we used the NTR/MTZ model of 

tissue ablation. Larvae of the transgenic zebrafish strain Tg(nphs2:GAL4); Tg(UAS:Eco.nfsb-

mCherry); mitfaw2/w2 were used for all experiments and treated with MTZ for 48 hours, 

beginning at 4 dpf. In preliminary experiments, MTZ concentrations were titrated to 80 µmol·l-

1, a level at which MTZ-treated larvae survived until 9 dpf. Survival rates were determined, 

and phenotypes were graded in four groups (no oedema; mild, medium and severe oedema) 

as described in the published article. Summarized, 94% of n=275 podocyte-depleted larvae 

survived until 8 dpf, a rate similar to that of larvae treated with 0.1% DMSO in E3 as vehicle 

controls (96% of n=251). At day 9 after fertilisation, 51% of podocyte-depleted larvae died, 

whereas 95% of vehicle-treated controls were still alive.  

65% of MTZ-treated larvae developed oedema of any grade within one day of regeneration 

after MTZ washout. Two days after washout, 69% of podocyte-depleted larvae showed 

medium or severe oedema. 10% of vehicle-treated controls developed oedema of any severity 

or died during the whole period of examination. Wild type controls treated with MTZ or DMSO 

in E3 did not show increased mortality or an altered phenotype. 

 

3.2 Glomerular barrier function 

As a method to investigate glomerular filtration barrier function, we injected FITC-conjugated 

500 kDa and Alexa Fluor 647-conjugated 10 kDa dextran into the caudal vein of larvae directly 

after washout of the MTZ solution as described before (21). As shown in detail in the 

underlying publication, in vivo confocal laser scanning imaging at 19 hours post injection 

revealed a significant decrease of FITC-fluorescence in the blood vessels of podocyte-depleted 

larvae, contrasting an almost unchanged fluorescence intensity in control larvae. 

Accumulation of 10 kDa dextran, indicated by Alexa 647-fluorescence, was found in the tissue 

of both MTZ-treated and control larvae.  

This finding was confirmed using confocal laser scanning microscopy of fixed frozen sections 

obtained after imaging, 20 hours after dextran injection, which revealed an accumulation of 
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FITC-conjugated 500 kDa dextran in the tubules of podocyte-depleted, but not of vehicle-

treated larvae (Fig. 2). 
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Fig. 2 The panel shows cryosections of 7 dpf MTZ-treated and control larvae 20 hours after injection 
of FITC-conjugated 500 kDa dextran and Alexa Fluor 647-conjugated 10 kDa dextran. G = glomerulus, 
V = vein. The tubule is circled by the grey line. The section marked by the white box is shown in detail 
below. The arrowhead highlights dextran accumulation in the tubule. The scale bar represents 25 µm. 

 

Immunofluorescence staining for podocin, an essential component of the GFB, revealed a 

strong reduction in MTZ-treated larvae compared to an unchanged staining pattern in controls 

(Fig. 3). 

 

 

Fig. 3 The panel shows representative micrographs of immunofluorescence staining for podocin at 9 
dpf. G = glomerulus. The scale bar represents 25 µm. 

 

H&E-stained plastic sections revealed a ŘŜǇƻǎƛǘƛƻƴ ƻŦ ŜƻǎƛƴƻǇƘƛƭƛŎ ƳŀǘŜǊƛŀƭ ƛƴ .ƻǿƳŀƴΩǎ {ǇŀŎŜ 

of podocyte-depleted larvae (Fig. 4A)Φ ¢ƻ ǉǳŀƴǘƛŦȅ ƛǘΣ ƎǊŜȅ ǾŀƭǳŜǎ ƻŦ .ƻǿƳŀƴΩǎ {ǇŀŎŜ ǿŜǊŜ 
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determined in brightfield 8 bit-images of H&E-stained glomerular cross sections and, as a 

method to offset variations of slice thickness and staining, normalized to grey values measured 

in the somites. An average of six consecutive sections was analysed. The mean was taken for 

ŜŀŎƘ ƻŦ ƴҐпу ƭŀǊǾŀΦ !ǘ с ŘǇŦΣ .ƻǿƳŀƴΩǎ {ǇŀŎŜ ƎǊŜȅ ǾŀƭǳŜǎ ƛƴ ǇƻŘƻŎȅǘŜ-depleted larvae were 

significantly lower than in controls, indicating a stronger eosin staining. The difference was 

smaller, but still statistically significant at 9 dpf (Fig. 4B). 

 

 

Fig. 4 (A) The panel shows representative micrographs of H&E-stained plastic sections of the glomeruli 
of MTZ-treated and control larvae. The scale bar represents 20 µm. (B) The screenshot on the left 
demonstrates greyscale measurements on an exemplary glomerular cross section (G = glomerulus, S = 
ǎƻƳƛǘŜǎΣ b/ Ґ ƴƻǘƻŎƘƻǊŘύΦ ¢ƘŜ ŀǊŜŀ ƻŦ .ƻǿƳŀƴΩǎ {ǇŀŎŜΣ ƛƴ ǿƘƛŎƘ ƳŜŀǎǳǊŜƳŜƴǘǎ ǿŜǊŜ ǘŀƪŜƴΣ ƛǎ ƳŀǊƪŜŘ 
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red. The orange circles mark the reference area in the somites. The graph shows results of 
measurements on n=48 larvae. Values for BowmaƴΩǎ {ǇŀŎŜ ŀǊŜ ƭƻǿŜǊ ƛƴ a¢½-treated glomeruli. 

 

Results of ultrastructural analysis of the GFB by TEM at 9 dpf are shown in detail in the 

published article. Contrasting a regular podocyte morphology with intact foot processes and 

slit diaphragm, a normal three-layered GBM and intact capillary endothelial cells in vehicle 

controls, remaining podocytes after MTZ treatment showed broad foot process effacement 

and, in some cases, sealed cell-cell contacts. Subpodocyte space pseudocysts were frequently 

observed after partial podocyte depletion. The capillary endothelium showed signs of injury 

such as loss of fenestration and bulked cytoplasm. 

 

3.3 Morphological changes of the glomerulus 

Previous studies that approached morphologic changes of the glomerulus in human FSGS have 

shown an increase in the glomerular tuft area and the whole glomerular area compared to 

healthy controls, that was absent in patients with minimal change disease. Furthermore, an 

increase in mesangial cell number has been described in FSGS, although there were no 

statistically significant changes in cell density (mesangial cell number normalized to 

glomerular tuft area) (22, 23). To assess and quantify adaptive changes of glomerular 

morphology following podocyte depletion in zebrafish larvae, we determined the area of the 

capillary tuft, the whole glomerular area and the number of cell nuclei per capillary tuft in 

H&E-stained glomerular cross sections of n=48 larvae. Capillary tuft area was measured in an 

average of six H&E-stained glomerular cross sections per larva and the maximum value was 

taken. At 6 dpf, there was no significant difference between podocyte-depleted and control 

larvae (mean area of capillary tufts: 2286 µm2 after podocyte depletion versus 2043 µm2 in 

controls, n=24). After three days of regeneration, mean capillary tuft area in MTZ-treated 

larvae increased to 3183 µm2, whereas in controls, it decreased to 1491 µm2 (n=24, p=0.0017) 

(Fig. 5A). Whole glomerular area was measured analogously. As shown in Fig. 5B, it was slightly 

increased at 6 dpf (mean area 3010 µm2 after podocyte depletion versus 2502 µm2 in controls, 

n=24), but the difference was not statistically significant. At 9 dpf, it was strongly increased to 

4117 µm2 after podocyte depletion versus 1792 µm2 in control larvae (n=24, p=0.0004). There 

ǿŀǎ ŀƭǎƻ ŀƴ ŜȄǘŜƴǎƛƻƴ ƻŦ .ƻǿƳŀƴΩǎ {ǇŀŎŜΣ ŀǎ ǎƘƻǿƴ in detail in the published article. To 
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measure the number of cell nuclei per µm2, cell nuclei were counted manually as shown in Fig. 

5C and were divided by the glomerular tuft area. Our analysis revealed that the numbers of 

cell nuclei per µm2 were reduced in podocyte-depleted larvae directly after MTZ-washout and 

did not recover during three days of regeneration (Fig. 5C). In contrast, absolute cell numbers 

in the capillary tuft were reduced at 6 dpf, but reached a level similar to controls at 9 dpf. 

Absolute numbers of podocytes determined by transmission electron microscopy remained 

reduced, as shown in detail in the underlying publication.  

 

 

Fig. 5 (A) The screenshot on the left demonstrates how capillary tuft area was measured in H&E-stained 
plastic sections (G = glomerulus, S = somites, NC = notochord). (B) The screenshot demonstrates 
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measurement of the whole glomerular area. (C) The screenshot demonstrates, how glomerular cell 
density was measured. Each nucleus is marked with a blue dot. The area of the capillary tuft is marked 
red. The respective graphs show results of morphometric measurements on n = 48 larvae. 

 

 

3.4 Examination of parietal epithelial cell and proximal tubule phenotypes 

Besides the morphological changes described in 3.3, we noticed an increased height of the 

parietal epithelial cell layer in glomeruli of podocyte-depleted larvae. Evaluation of H&E-

stained glomerular cross sections revealed an enormous increase in height during three days 

of regeneration after MTZ washout (Fig. 6A). TEM did as well reveal an increase in cell height 

of the parietal epithelial cell layer. Furthermore, in about a third of MTZ-treated larvae, those 

showing severe oedema, cells on the glomerular tuft did not show the typical appearance of 

podocytes with major processes and either intact or effaced foot processes; but a cuboidal, 

microvillous phenotype (Fig. 6B).  

To investigate whether parietal epithelial cells were proliferating in 9 dpf podocyte-depleted 

larvae, we performed immunostaining for pcna (proliferating cell nuclear antigen), a marker 

of DNA synthesis that is found in proliferating cells. We noticed pcna-positive cells in the 

parietal epithelial cell layer of MTZ-treated larvae, whereas in vehicle controls, there was no 

pcna-positivity detectable in the parietal epithelial cells (Fig. 6C). This finding confirms parietal 

epithelial cell proliferation after podocyte depletion.  
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Fig. 6 (A) The screenshot demonstrates on an exemplary micrograph of an H&E-stained glomerular 
cross section how parietal epithelial cell height was measured using ImageJ. P = podocyte nucleus, C = 
ŎŀǇƛƭƭŀǊȅΣ .{ Ґ .ƻǿƳŀƴΩǎ {ǇŀŎŜΦ The graph shows results for parietal epithelial cell height measured at 
a representative section of the parietal epithelial cell layer in n = 48 larvae. (B) The figure shows TEM 
micrographs of larvae collected at 9 dpf. Whereas controls show an unchanged glomerular morphology 
with a flat parietal epithelial cell layer, MTZ-treated larvae exhibit an increased height of PECs and 
cuboidal cells on the glomerular tuft. In each image, the nuclei of two parietal epithelial cells are 
marked with a white asterisk. The black arrowheads indicate intraglomerular neutrophils. Both 
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micrographs are on the same scale, scale bar represents 10 µm. GBM is highlighted in yellow. (C) The 
panel shows representative micrographs of immunofluorescence staining for pcna in larvae collected 
at 9 ŘǇŦΦ D Ґ ƎƭƻƳŜǊǳƭǳǎΣ .{ Ґ .ƻǿƳŀƴΩǎ {ǇŀŎŜΣ b/ Ґ ƴƻǘƻŎƘƻǊŘ. White arrowheads indicate pcna-
positive cells in the parietal epithelial cell layer. The scale bar represents 20 µm. 

 

To investigate the origin of the proliferating cells, we stained for pax2a, a marker of parietal 

epithelial cells and cells of the proximal tubular neck segment in zebrafish, and for atp1a1 

(Na+-K+-ATPase subunit alpha 1), which is expressed in the proximal tubule, but neither in the 

glomerulus nor in parietal epithelial cells of the mammalian kidney and the zebrafish 

pronephros under healthy conditions, as shown in detail in the published article. Whereas 

expression of pax2a was only found in the tubule and in PECs and atp1a1 expression was 

restricted to the tubule under healthy conditions, a co-expression of both markers was found 

in the parietal epithelial cell layer and on the glomerular capillaries of podocyte-depleted 

larvae.  

Analysis of atp1a1 expression in human FSGS biopsies via immunofluorescence staining led to 

similar results, as shown in the underlying publication. 

 

3.5 Formation of viscero-parietal adhesions 

In human FSGS, it is a characteristic finding that activated PECs form adhesions between the 

parietal epithelial cell layer and the GBM. In accordance with that, we found parieto-visceral 

adhesions in our model, as shown in detail in the underlying publication. In H&E-stained plastic 

sections, we observed large cells forming bridges between the parietal epithelial cell layer and 

the GBM in some cases. In TEM, adhesions presented as electron dense cell-cell contacts 

between parietal and visceral cuboidal cells. 

 

3.6 Extracellular matrix deposition 

Since progressive scarring of the glomerulus is a hallmark of podocytopathies like FSGS in 

humans, we hypothesized that podocyte depletion might lead to glomerular extracellular 

matrix deposition in zebrafish larvae as well. To investigate this, we ǇŜǊŦƻǊƳŜŘ aŀǎǎƻƴΩǎ 

trichrome stain on paraffin sections and plastic sections and PAM silver staining according to 

Jones on plastic sections in a first approach, since these stainings are the histological standard 
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methods to detect deposition of extracellular matrix components. Trichrome staining did not 

lead to evaluable results. PAM silver staining showed a slight thickening of the GBM, as shown 

in detail in the published article, but staining was not specific enough to enable a 

quantification. In human FSGS, an overexpression of collagen I has been shown (24), so we 

performed immunostaining for collagen I on paraffin sections of larvae collected at 9 dpf. As 

shown in detail in Supplemental Figure 4 of the underlying publication, we could not detect 

collagen I in the glomerulus of MTZ-treated or control larvae. PAS staining did as well lead to 

negative results for extracellular matrix deposition after podocyte-depletion, as shown in Fig. 

7. 

 

 

 

Fig. 7 PAS-staining of larvae collected at 9dpf. There are no differences regarding the pattern of 
extracellular matrix between MTZ- and vehicle-treated glomeruli. Scale bar represents 20 µm. 

 

Nevertheless, an accumulation of laminin could be detected via immunofluorescence staining. 

Due to the higher specificity of this method compared to classic histology, it enabled a 

quantification of extracellular matrix deposition by measuring GBM width. As shown in the 

underlying publication, there was a statistically significant increase in MTZ-treated larvae 

compared to controls at 9 dpf. 
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3.7 Immigration of immunocompetent cells 

In H&E-stained sections, we observed cells with a lobate nucleus, probably neutrophils, and 

larger cells with a higher amount of cytoplasm and a horseshoe-shaped nucleus, presumably 

monocytes or macrophages, in glomeruli of severely injured podocyte-depleted larvae.  

TEM revealed that in vehicle-treated controls and, to a lesser extent, in MTZ-treated larvae, 

the interstitium surrounding the glomerulus contained cells with a lobate nucleus and the flat 

electron-dense granules of zebrafish neutrophils (25, 26). Whereas these cells were absent 

within undamaged glomeruli, they could be observed in the capillary tuft and in the parietal 

epithelial cell layer of the most severely harmed podocyte-depleted larvae (Fig. 6B) 

 

4. Discussion 

By using MTZ at a dosage that leads to an oedematous phenotype within 24 hours after 

washout, but not to death within three days of regeneration; we enabled evaluation of the 

glomerular response to podocyte depletion within the Tg(nphs2:GAL4); Tg(UAS:Eco.nfsb-

mCherry); mitfaw2/w2 zebrafish strain during an increased period of time, complementing 

previous studies.  

Our finding of an impaired GFB function, as it is indicated by reduced podocyte numbers, 

podocyte foot process effacement and reduced staining for podocin as a common podocyte 

marker fits with previous findings within the NTR/MTZ model, as discussed in detail in the 

underlying published work. The findings of subpodocyte space pseudocysts and sealed cell-

cell contacts between remaining podocytes after partial depletion do as well confirm previous 

findings, as they provide further evidence for the assumption that injured podocytes detach 

from the GBM in clusters (16, 27). Anyway, whereas areas of denuded GBM have been 

demonstrated in previous works in a more rapid approach of acute podocyte detachment (16), 

neither H&E staining nor TEM did reveal areas of denuded GBM after three days of 

regeneration following podocyte depletion, although podocyte numbers remained reduced. 

Taken together, these findings make hypertrophy of remaining podocytes, as it has been 

described before (28), a likely mechanism to compensate for partial podocyte loss after 

application of low-dose MTZ.  
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This fits enlargement of the capillary tuft. One might argue whether the underlying factor of 

the increased tuft size is retardation of development, precisely a delay in the proceeding 

fusion of the two glomerular precursors, but this seems unlikely regarding the fact that mean 

capillary tufts size of podocyte-depleted larvae at 9 dpf is significantly higher than that of 

control larvae at 6 dpf. The possibility of glomerular inflammation will be discussed below. 

Development of oedema in combination with an impaired GFB does clearly indicate a 

proteinuric phenotype, which was confirmed by an increased clearance of intravascular 500 

kDa-Dextran, as discussed in detail in the published article. Therefore, it seems most likely that 

ŜƻǎƛƴƻǇƘƛƭƛŎ ǎǘŀƛƴƛƴƎ ƻŦ .ƻǿƳŀƴΩǎ space in podocyte-depleted larvae results from deposition 

of protein casts. After three days of regeneration, eosinophilic depositions are reduced. The 

underlying factor might be hypoproteinaemia. 

Almost all of the MTZ-treated larvae showed the hallmarks of proteinuria mentioned above, 

nevertheless, the severity varied among the individuals. In barely half of the glomeruli 

analysed by TEM, podocytes were clearly identifiable by their foot processes, although they 

were broadly effaced in most cases. In a third of the analysed glomeruli, mostly found in larvae 

that showed severe oedema, visceral epithelial cells displayed a more tubule-like phenotype. 

The other glomeruli displayed a phenotype in between these two.  

It seems possible that the glomerular response to podocyte injury depends on the severity of 

the underlying injury: Whereas hypertrophy might sufficiently compensate for podocyte loss 

in cases of minor glomerular damage, major defects could require other mechanisms like 

proliferation of PECs or proximal-tubule-like cells, as discussed below.  

On the other hand, many authors propose that recruitment of PECs or proximal tubule cells 

to the glomerular tuft is a disease-promoting factor, since PECs have been shown to contribute 

to sclerotic lesions, as discussed in detail in the underlying article. Therefore, it might not be 

a consequence, but the reason for the higher severity of the oedematous phenotype in larvae 

that show cuboidal cells on the glomerular tuft. 

To clarify the origin of the cuboidal cells and the pcna-positive, thus proliferating cells in the 

parietal epithelial cell layer, we immunostained for pax2a and atp1a1. As discussed in detail 

in the underlying publication, a co-expression of both markers was found in the glomerulus 

after podocyte depletion, but not under baseline conditions. The finding of atp1a1-positive 
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cells on the glomerular tuft was not restricted to podocyte-depleted zebrafish larvae, but was 

as well found in biopsies of human kidneys with FSGS.  

This fits very well with recent findings by Kuppe et al.. The authors propose proximal-tubule-

like cuboidal PECs to proliferate and form sclerotic lesions in mice with FSGS (29). 

In our model, we could not surely detect glomerular scarring using classic histological methods 

like methenamine silver stain according to Jones and PAS stain. Presumably, due to the small 

size of the larvae at 9 dpf, increased deposition of extracellular matrix is not as easily 

detectable as in human or murine tissue and methods with a higher sensitivity are needed. By 

immunofluorescence staining for laminin and by measuring GBM width in micrographs, we 

clearly observed a thickening of the GBM. However, immunofluorescence staining for collagen 

I was negative in the glomeruli of MTZ-treated as well as control larvae. Therefore, it seems 

likely that collagen I is generally not a component of sclerotic lesions formed in reaction to 

kidney injury in larval zebrafish.  

Little is known about the underlying pathways of PEC activation in response to podocyte 

injury. A brief overview of previous studies that address this topic is given in the published 

article. In how far an inflammatory response is involved in the development of cellular and 

sclerotic lesions in the glomerulus, is, to date, mostly unclear. We have found some evidence 

for immigration of immunocompetent cells. A nonspecific indication is the increase of cell 

numbers in the glomerulus during three days of regeneration after MTZ treatment. In the 

glomeruli of MTZ-treated larvae, we observed cells with a lobate nucleus and flat electron-

dense granules, which are pathognomonic for neutrophils. Cells with a horseshoe-shaped 

nucleus might be monocytes or macrophages or immature neutrophils (26), but to proof this, 

further experiments are needed. The role of phagocytic cells in our model remains unclear, 

but it seems likely that they clear away the remnants of apoptotic podocytes.  

Taken together, we have shown that podocyte-depleted zebrafish larvae feature human FSGS 

in important characteristics, which makes them an eligible model organism for further 

investigation of the pathogenesis of FSGS and for drug screenings. Our findings and findings 

of other groups indicate that response mechanisms to podocyte depletion exist that are 

conserved among vertebrates.  
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5. Summary 

80% of chronic kidney diseases are caused by the loss and the damage of a differentiated and 

postmitotic cell type, the podocytes. The size-selectivity of the blood filtration barrier is highly 

dependent on the complex interdigitation of the podocyte foot processes as well as of the slit 

membrane which is spanned in between. Changes of this specific morphology as well as a 

detachment of podocytes lead to the clinical hallmark of a nephrotic syndrome e.g. 

proteinuria and oedema formation.  

Since specific drugs or therapies are usually not available, patients are often dependent on 

dialysis and transplantation. Therefore, intensive studies are necessary to understand the 

pathogenesis of glomerulopathies as well as to identify specific drugs. In the past, it was 

already demonstrated that the zebrafish is an ideal model to study kidney function and to 

screen for drugs, since the larvae quickly develop a simple glomerulus that is comparable to 

the glomeruli of mice, rat and human. 

In the present work, a zebrafish model was established to study a specific glomerulopathy 

named focal segmental glomerulosclerosis (FSGS). FSGS is mainly characterized by histology 

of the glomeruli which shows segmental scar formation and matrix deposition due to an 

activation of parietal epithelial cells (PEC) ƭƛƴƛƴƎ ǘƘŜ .ƻǿƳŀƴΩǎ ŎŀǇǎǳƭŜΦ CƻǊ ǘƘƛǎ ǇǳǊǇƻǎŜΣ we 

used the nitroreductase/metronidazole (NTR/MTZ) system, in which a cytotoxic agent is 

exclusively generated in podocytes by the enzyme NTR resulting in apoptosis of cells. Firstly, 

the parameters for development of an FSGS-like disease were evaluated and the glomerular 

response to podocyte depletion was examined during three days after the induction of 

podocyte damage. Using classic histological techniques, immunofluorescence staining and 

transmission electron microscopy, it was possible to demonstrate that zebrafish larvae 

phenocopy human FSGS in important characteristics after partial podocyte depletion. 

Secondly, by intravascular injection of fluorescence-labeled high molecular weight dextran, 

we found that the filtration barrier became leaky. Moreover, we identified a severe podocyte 

foot process effacement, formation of subpodocyte space pseudocysts and loss of the slit 

membrane protein podocin. Morphometrical, histological and ultrastructural analysis 

revealed an enlargement of the glomerulus, proliferation of cuboidal PECs and 

intraglomerular deposition of extracellular matrix components, all typical hallmarks of FSGS. 

Further, we observed adhesions between the parietal and the visceral glomerular cell layer 
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forming sclerotic lesions. However, it remains still unclear whether an inflammatory response 

is involved in the development of sclerotic lesions. Our microscopic analysis provided some 

evidence for immigration of immunocompetent cells like neutrophils, presumably due to 

induction of apoptosis in our model. 

Taken together, in the present work a zebrafish model was established with characteristics of 

mammals FSGS which will be useful for pathomechanism studies as well as for drug screening. 
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