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I. Preface 

This cumulative dissertation is based on the articles: 

Thomasova, D., Ebrahim, M., Fleckinger, K., Li, M., Molnar, J., Popper, B., Liapis, H., 

Kotb, A. M., Siegerist, F., Endlich, N. and Anders, H.-J. MDM2 prevents 

spontaneous tubular epithelial cell death and acute kidney injury. Cell Death Dis. 7: 

e2482, 2016. 

Siegerist, F., Zhou, W., Endlich, K. and Endlich, N. 4D in vivo imaging of glomerular 

barrier function in a zebrafish podocyte injury model. Acta Physiol. (Oxf.), 220: 167-

173, 2017. 

Siegerist, F., Blumenthal, A., Zhou, W., Endlich, K. and Endlich, N. Acute podocyte 

injury is not a stimulus for podocytes to migrate along the glomerular basement 

membrane in zebrafish larvae. Sci. Rep. 7: 43655, 2017. 

 

The articles can be found in the appendix of this work. The article published in Acta 

Physiologica underlies the copyright-regulations of the publisher Wiley-Blackwell. The 

articles published in Cell Death and Disease and Scientific Reports underlie the 

copyright-regulations of the Nature Publishing Group.  
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1. Introduction 

1.1 Background 

In the last decades, chronic kidney disease (CKD) prevalence has risen worldwide. 

As shown by data of the SHIP study, the highest CKD prevalence in Europe was 

found in northeastern Germany with affected 17% of the general population (Brück et 

al., 2016). Major causes for CKD are conditions that lead to loss of glomerular 

function, the filtering units of the kidney (Bertram et al., 2011). In todays developed 

countries, the major causes for CKD are arterial hypertension, diabetes, 

glomerulonephritis and –sclerosis (Romagnani et al., 2017). All disorders have in 

common that they ultimately impair the Achilles heel of renal function, the glomerular 

filtration barrier (GFB). 

 
Figure 1: Transmission electron micrograph of the murine glomerular filtration 
barrier. FP stands for foot processes of podocytes, GBM for glomerular basement 
membrane and EC for endothelial cells. The arrowheads indicate the slit diaphragm 
spanning between neighboring foot processes. 

The GFB is composed of fenestrated endothelial cells, the three-layered glomerular 

basement membrane (GBM) and podocytes which are also referred to as the visceral 

epithelial cells of the glomerulus. Podocytes are attached to the GBM where they 

form long processes (major processes). Major processes are the origin of foot 

processes which interdigitate in a zipper-like fashion bridged by continuous cell-cell 

contacts, referred to as the slit diaphragm composed of various proteins like nephrin, 

NEPH1, FAT1/2 and P-cadherin (Pavenstädt et al., 2003). This highly specialized 

three-dimensional morphology is the prerequisite for proper filtering function of the 

kidney. Injury of the fully differentiated and postmitotic podocytes leads to impairment 
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of the original podocyte structure with loss of foot processes (foot process 

effacement), narrowing of the filtration slits by tight junctions between podocytes, 

formation of sub-podocyte pseudocysts and subsequent loss of podocytes by 

detachment (Kriz et al., 2014). Effaced podocytes are unable to maintain proper 

permselectivity of the glomerular filter, resulting in a condition named nephrotic 

syndrome which is defined as the symptom-tetrade of proteinuria, hypoalbuminemia, 

hyperlipoproteinemia and edema. It has been shown that injury and loss of 

podocytes is followed by the development of glomerulosclerosis and irreversible loss 

of nephron function (Kretzler et al., 1994; Kriz, 1996). Global loss of nephron function 

leads to CKD which eventually progresses to end stage renal disease with the need 

for renal replacement therapy like hemodialysis or kidney transplantation. 

Unfortunately, hemodialysis is associated with elevated mortality and increased 

prevalence for cardiovascular events (Robinson et al., 2014) while transplant kidneys 

are rare and allograft survival is limited. 

 

The zebrafish (Danio rerio), a member of the family of Cyprinidae, is a tropical 

freshwater fish with an adult size of about 5 cm. Zebrafish populate the river Ganges 

in the Himalayan region of India and Pakistan and were first described in 1872 by 

Francis Hamilton. As zebrafish are easy to breed and applicable to genetic 

modifications like morpholino-mediated knockdown (Nasevicius and Ekker, 2000), 

transgenic modifications using Tol2-mediated transgenesis (Kawakami et al., 2016) 

and CRISPR/Cas9 guided genome editing (Hwang et al., 2013), they have become a 

popular model organism since their first presentation to the scientific community by 

George Streisinger and colleagues (Streisinger et al., 1981). Recent studies showed 

that approximately 70% of human genes have an orthologue within the zebrafish 

genome, making it an important tool for genetic studies (Howe et al., 2013). Zebrafish 

develop extra-corporally from fertilized eggs to larvae ready to hatch within 72 hours 

(Kimmel et al., 1995). As described in the article published in Acta Physiologica 

(Siegerist, Zhou et al., 2017), zebrafish larvae develop a filtering glomerulus attached 

to a pair of renal tubules, named the pronephros, at two days past fertilization (dpf) 

(Drummond, 2005). The fully working filtration barrier is established at 3.5 dpf 

(Drummond, 2005; Drummond and Davidson, 2010; Kramer-Zucker et al., 2005). 

Later, the pronephros is replaced by the mesonephros which consists of a few 

hundred nephrons (Kroeger and Wingert, 2014). In contrast to mammals, which 
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develop a third developmental stage of the kidney during ontogenesis 

(metanephros), the mesonephros is the adult kidney in zebrafish (Kroeger and 

Wingert, 2014). 

As larval zebrafish develop extra-corporal and are quite transparent, they have been 

used as a popular model to study organogenesis of vertebrate animals. 

Unfortunately, 24 hours post fertilization zebrafish develop different subsets of 

pigment cells: The yellow xanthophores, silvery iridophores and black melanophores 

(Singh and Nüsslein-Volhard, 2015). For in vivo imaging, aniridophoric and 

amelanistic zebrafish larvae are required because the iridophores and melanophores 

scatter, reflect and absorb the high energetic laser light which leads to decreased 

penetration depth and thermal damage of the larvae. Today there are two strategies 

to produce transparent zebrafish larvae: The first is to treat zebrafish larvae with 1-

phenyl-2-thiourea (PTU) which, besides inhibition of melanogenesis, unfortunately 

has diverse side effects like behavioral changes, impaired morphogenesis and 

increased mortality (Antinucci and Hindges, 2016; Li et al., 2012). The second 

strategy is to cross-breed the desired zebrafish line with the Casper mutant strain 

which does not develop melanophores and iridophores through deleterious mutations 

in the mitfa and roy loci, respectively (White et al., 2008). 

Two-photon microscopy (2-PM) is based on the phenomenon of two-photon 

absorption which was originally theoretically described in a doctoral thesis by 

Goeppert-Mayer (Goeppert-Mayer, 1931). Two-photon absorption is a process where 

a single molecule (e.g. fluorescence protein) absorbs two photons nearly 

simultaneously. This leads to excitation of the fluorescence protein from its ground 

state to a higher electronic state which is twice as high as it would be with single 

photon excitation. Therefore, a pulsed laser working within the near infrared spectrum 

has to be used which leads to increased penetration depth and decreased 

phototoxicity during image acquisition. The technique for 2-PM was first described by 

Denk and colleagues and enabled laser scanning microscopy for in vivo imaging 

(Denk et al., 1990). Combined with transgene, fluorescence protein-expressing 

zebrafish strains, 2-PM allows long term observation of single cells in vivo within a 

developing vertebrate organism and has been used in basic renal research (Endlich 

et al., 2014). 
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As podocytopathies are the culprit of renal filtering function leading to CKD, there is 

an ongoing debate about the regenerative potential of podocytes. However, every 

plausible way of podocyte regeneration would require lateral migration on the GBM 

(Endlich et al., 2017). In the past, it was postulated that podocytes are motile cells 

which migrate along the GBM and, as expression of their migratory phenotype, 

change their branching pattern. Contrary to these earlier theories, our group could 

show that during 23 hours imaging time, pronephric podocytes remained stationary in 

healthy zebrafish larvae and did not change the pattern of their major processes 

(Endlich et al., 2014). 

In 2012 and 2013, two groups applied the nitroreductase (NTR) / metronidazole 

(MTZ) model of targeted cell ablation to podocytes of zebrafish. They expressed the 

Escherichia coli-derived enzyme nfsb fused to a fluorescence protein (mCherry or 

eGFP) under control of the podocyte-specific podocin (nphs2)-promotor (Huang et 

al., 2013; Zhou and Hildebrandt, 2012). The antibiotic MTZ is a prodrug which, when 

applied to the medium of the larvae, is reduced by the NTR. The resulting cytotoxin 

crosslinks genomic DNA which ultimately leads to upregulation of p53 and induction 

of apoptosis (Roos and Kaina, 2006), two pathways that are highly conserved 

between zebrafish and mammals (Negron and Lockshin, 2004). 

1.2 Aim of the present work 

The aim of the present work was to establish a selective podocyte injury model of the 

pronephric kidney in zebrafish and to characterize it using in vivo imaging. 

First, as a proof of principle that 2-PM is applicable for imaging of pronephric damage 

we examined renal morphology of larvae with a morpholino-mediated gene 

knockdown. Second, we aimed to use the NTR/MTZ model of targeted podocyte 

injury to establish a continuously in vivo observable podocyte-specific injury model 

and to characterize its phenotype over 24 hours after induction of podocyte injury. 

We then investigated whether podocytes regain a migratory phenotype after the 

induction of selective podocyte injury and in the absence of continuous cell-cell 

contacts. Additionally, we wanted to establish a new 2-PM-based method to track 

glomerular barrier function using an endogenously expressed and fluorescently 

labeled protein to enable the zebrafish model for rapid analysis of podocyte injury 

and quantification of glomerular barrier function. 
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2. Material and Methods 

2.1 Zebrafish model 

Adult zebrafish were maintained as described earlier (Müller et al., 2011). Larval 

zebrafish were kept at 28.5°C in the dark. The new strains were established by 

cross-breeding of adult fish, selection of larvae for characteristic transgene 

expression by epifluorescence microscopy followed by cross-breeding of the F1 

generation for stable transgene expression in the offspring. A detailed multistep 

breeding scheme of this study is shown in Figure 2. 

 
Figure 2: Multistep breeding scheme of this study. The strains used in this work are 
highlighted in grey. 
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The names, genotypes and sources of supply of the used zebrafish strains are 

shown in Table 1. 

Table 1: Genotypes and sources of supply of strains used in this work 

2.2 In vivo two-photon imaging 

In vivo imaging was performed as described in the underlying publications (Siegerist, 

Blumenthal et al., 2017; Siegerist, Zhou et al., 2017). In brief, we used a LSM710MP 

upright laser scanning microscope system with a 20x 1.4NA water immersion 

objective (Carl Zeiss Microscopy GmbH, Jena, Germany) equipped with a Coherent 

Chameleon TiSa femtosecond laser (Coherent, Santa Clara, CA, USA) for 

multiphoton excitation. For excitation of eGFP, TRITC and HOECHST 33342 the 

laser was tuned to a wavelength of 890 nm and for excitation of mCherry to 760 nm. 

For detection of the fluorescence emission, an external non-descanned-detection 

(NDD) system was used with a three-step filter system. In the first position a 

bandpass 565-610 nm / longpass 555 nm split the emission beam for detection of red 

Name Genotype Source 
wt1b:eGFP Tg(wt1b:eGFP) Dr. Englert, Jena, Germany 

(Bollig et al., 2009) 
nfsb-mCherry Tg(nphs2:Eco.nfsb-mCherry) Dr. Zhou, Ann Arbor, MI, USA; 

(Zhou and Hildebrandt, 2012) 
Casper mitfaw2/w2; roya9/a9 Dr. Strähle, Karlsruhe, 

Germany; (White et al., 2008) 
Cherry Tg(nphs2:Eco.nfsb-mCherry); 

mitfaw2/w2; roya9/a9 
In-house cross-breeding; 
(Siegerist et al., 2016) 

Flipper Tg(fli1a:eGFP); mitfaw2/w2; roya9/a9 In-house crossbreeding 
Chipper Tg(nphs2:Eco.nfsb-mCherry); 

Tg(fli1a:eGFP); mitfaw2/w2; roya9/a9 
In-house cross-breeding;  
(Siegerist, Blumenthal et al., 
2017) 

ET Tg(wt1a:eGFP); mitfaw2/w2; roya9/a9 In-house cross-breeding;  
(Endlich et al., 2014) 

Chet Tg(nphs2:Eco.nfsb-mCherry); 
Tg(wt1a:eGFP), mitfaw2/w2; roya9/a9 

In-house cross-breeding 
(Siegerist, Blumenthal et al., 
2017) 

Cade Tg(fabp10a:gc-eGFP); mitfaw2/w2; 
roya9/a9 

In-house cross-breeding;  
(Kotb et al., 2014) 

BlooP Tg(fabp10a:gc-eGFP); 
Tg(nphs2:Eco.nfsb-mCherry); 
mitfaw2/w2; roya9/a9 

In-house cross-breeding;  
(Siegerist, Zhou et al., 2017) 
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fluorescence, the second filter was a shortpass 485 nm / longpass 490 nm for 

detection of the blue fluorescence and the last was a mirror with a bandpass 500-550 

nm filter for detection of the green emission spectrum. 

Figure 3: Simplified scheme of the 
multiphoton laser scanning system 
used: Fluorophores were excited among 
illumination by the TiSa laser through a 
dichroic mirror. Emission fluorescence 
was split from the beam onto a three step 
filter system with red, blue and green 
channels. 

The anesthetized zebrafish larvae 

were embedded in 0.8% low-melting 

agarose (Biozym) on the cover of a 96-

well plate, fixed by a custom-made 

plate-holder and successively imaged 

in an automatized fashion using the positions function of the Zeiss ZEN 2010 

software. Post-processing of the images was performed using the ImageJ-based 

open source software package FIJI (Schindelin et al., 2012). 

2.3 Nucleic acid isolation, cDNA synthesis, (quantitative) reverse 
transcriptase PCR and genotyping-PCR 

The protocol for the isolation of RNA with subsequent synthesis of complementary 

DNA (cDNA) and both endpoint and quantitative reverse transcriptase PCR are 

described in the underlying Scientific Reports article (Siegerist, Blumenthal et al., 

2017). For isolation of genomic DNA, approximately 30 zebrafish larvae were rinsed 

in E3 medium and euthanized in 2% tricaine (Sigma-Aldrich). The genomic DNA was 

isolated using the innuPREP DNA Mini Kit (AnalytikJena, Jena, Germany) according 

to the manufacturer’s protocol. The isolated DNA samples were stored at -20°C until 

performance of polymerase chain reaction (PCR). 

Primers with a length of 20 base pairs (bp) and a predicted annealing temperature of 

60°C were designed for the nfsb gene (NC_000913.3) using the online-tool Primer-

BLAST (NIH, Bethesda, MD, USA) and produced by Invitrogen (ThermoFisher 

Scientific). The sequences for the detection of the nfsb gene were: 
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3’:TCTCAACGTCGGTAACTTCC; 5’:TCAACGCTGTGATGACCTAC and had a 

predicted amplicon size of 159 bp. 

A PCR master mix was prepared on ice consisting of 1x DreamTaq Green Buffer 

(ThermoFisher Scientific), each 0.2 µM of the 3’ and 5’ primers, 0.2 µM dNTPs, 1.25 

U DreamTaq Polymerase (ThermoFisher Scientific, Waltham, MA, USA) diluted in 

DEPC-treated water. 24 µl of the master mix was mixed with 1 µl DNA template, 

vortexed and spun down by gentle centrifugation. PCR was performed on a 

Mastercycler Gradient Thermocycler (Eppendorf, Hamburg, Germany) with the 

following scheme: 3 minutes initial denaturation at 95°C followed by 34 cycles with 30 

seconds at 95°C, 30 seconds annealing at 60°C and 20 seconds elongation at 72°C. 

After completion of 34 cycles a final elongation was performed for 5 minutes at 72°C 

followed by cooling to 4°C. 

The PCR products were vortexed and loaded on an agarose gel, prepared of 2% LE-

Agarose (Biozym) in 1x Rotiporese TBE buffer (Carl Roth, Karlsruhe, Germany) 

containing 0.1 µg/ml ethidium bromide. Electrophoresis was performed with 120 V for 

approximately 30 minutes. Subsequently, the gel was imaged and photographed on 

a UV gel detection system. 

For initial verification of PCR specificity, the PCR bands (including RT-PCR) were 

cut-out from the gel, purified using the peqGOLD Gel Extraction kit (peqlab, VWR, 

Darmstadt, Germany) and sequenced by LGC Genomics (Berlin, Germany). 

Sequence alignments were performed using the MultAlin online tool (Corpet, 1988) 

using E.coli reference genome templates of NCBI. 

2.4 Histology 

The procedures for immunofluorescence staining and transmission electron 

microscopy are described in the published articles (Siegerist, Blumenthal et al., 2017; 

Siegerist, Zhou et al., 2017). For Technovit 7100 (glycol methyl methacrylate, 

Heraeus Kulzer, Hanau, Germany) embedding, sectioning and PAS staining, the 

zebrafish larvae were euthanized in 2% tricaine and fixed in 2% PFA for 3 hours at 

room temperature under gentle agitation. After that, the larvae were subjected to an 

ascending ethanol series (30%, 50%, 70%, 90%, 96% and twice 100%) for 15 min 

each. After that, embedding was performed according to the manufacturer’s protocol. 
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After polymerization, 3 µm sections were cut on a Leica rotational microtome (Jung 

RM2055, Leica Biosystems, Wetzlar, Germany), mounted on Superfrost slides (Carl 

Roth, Karlsruhe, Germany) and dried at 70°C. For PAS staining, the slides were 

incubated for 15 min in 2% sodium metabisulfite, washed in Aqua dest., followed by 

30 min incubation in 1% periodic acid at 56°C. After rinsing in Aqua dest., the slides 

were incubated for 25 min in Schiff’s reagent, rinsed in tap water and Aqua dest. For 

nuclear counterstaining, the slides were incubated for 15 min in Gill’s haematoxylin, 

rinsed in tap water followed by an ascending ethanol series, clearing in xylene and 

mounting in Eukitt (Carl Roth). For transmission electron microscopy (TEM), epoxy-

resin embedding was performed as described in the underlying article (Siegerist, 

Blumenthal et al., 2017). 

3. Results 

3.1 Application of zebrafish larvae as a model for in vivo imaging 
of kidney disease 

As earlier work showed clear advances of 2-PM for in vivo imaging of glomerular 

dynamic like podocyte morphology and glomerular filtration, we aimed to apply the 

zebrafish model to in vivo imaging of kidney injury. In a first approach we used 

transient, morpholino-mediated knockdown of the negative p53-regulator murine-

double minute 2 (mdm2). As shown before, the knockdown of mdm2 leads to 

podocyte loss and proteinuria in larval zebrafish (Thomasova et al., 2015). 

We now used in vivo 2-PM imaging of pronephric glomeruli of zebrafish larvae which 

were injected with morpholinos directed either against mdm2 alone, mdm2 and p53 

or with a scrambled control sequence. We used the Tg(wt1b:eGFP) strain which 

expresses eGFP under control of the wt1b promotor within the Tübingen AB 

background specifically in podocytes, parietal epithelial cells and proximal tubule 

cells. To prevent pigmentation and enable in vivo 2-PM imaging with the 

Tg(wt1b:eGFP) strain, the larvae were treated with 0.003% PTU dissolved in E3 

medium starting at 24 hours post fertilization. 

By in vivo 2-PM at 4 dpf, we were able to show that the knockdown of mdm2 alone 

leads to development of a significant dilatation of Bowman’s space whereas mdm2 + 
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p53 co-knockdown and control larvae showed a normal glomerular phenotype 

(Thomasova et al., 2016). 

As the results from in vitro and murine knockout experiments showed that mdm2 

absence, besides podocyte apoptosis, leads to loss of proximal tubule cells, we 

investigated the morphology of the proximal tubules by in vivo 2-PM. We noticed that 

the lumen of the proximal tubules was significantly wider in the mdm2 knockdown 

larvae compared to the mdm2 + p53 co-knockdown or the control larvae. As shown 

in the Cell Death and Disease publication, these findings were strengthened by bright 

field-microscopy of paraffin cross sections which also revealed the wider proximal 

tubule lumen in the mdm2 knockdown larvae (Thomasova et al., 2016). 

3.2 Generation and characterization of a transparent podocyte-
specific NTR/MTZ zebrafish strain 

Having showed, that it is possible to image pathological changes of glomerular 

morphology by in vivo 2-PM, we now aimed to use a model for direct imaging of 

podocyte injury. 

In 2012, Zhou and Hildebrandt applied the NTR/MTZ model of targeted cell ablation, 

which has before been used to ablate pancreatic β-cells (Pisharath et al., 2007) in 

larval zebrafish to specifically induce podocyte injury (Zhou and Hildebrandt, 2012). 

To overcome limitations and negative side effects of PTU treatment prior to imaging, 

we generated a transparent Tg(nphs2:Eco.nfsb-mCherry) strain as a podocyte-

specific injury model suitable for in vivo imaging.  

Therefore, we cross-bred the original Tg(nphs2:Eco.nfsb-mCherry) strain (Zhou and 

Hildebrandt, 2012) with the transparent zebrafish strain Casper which lacks 

melanophores and iridophores (White et al., 2008). The offspring were selected for 

transparency and appearance of mCherry fluorescence in the pronephric glomerulus, 

raised to adulthood and named Cherry. The offspring of the F1 generation, which 

stably expressed the transgene, were used for further experiments. 

To confirm the genotype of the Cherry strain, we performed PCR with specific 

primers for the nitroreductase gene (nfsb) with genomic DNA of either Cherry larvae 

or control Tübingen AB wildtype (WT) larvae. The PCR products were separated by 

agarose gel electrophoresis and photographed under UV illumination. Compared to 
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wildtype larvae (WT) only genomic DNA of Cherry larvae produced a distinct band for 

the nfsb gene of the predicted size of 159 bp. The sequence alignment of the 

sequenced PCR product verified the presence of the E. coli derived gene within the 

Cherry strain (Figure 4). 

 
Figure 4: Gel electrophoresis and sequence alignment of the PCR-genotyping 
of the Cherry strain. The upper picture shows the endpoint-PCR product of the 
expected size solely in Cherry larvae. The lower panel shows the alignment of the 
Sanger-sequenced PCR product compared with the E. coli nfsb sequence. The 
forward and reverse primer sequences are highlighted in yellow (for sequences see 
Material and Methods section). 

In the transparent Cherry larvae (3-4 dpf), treatment with 5 mM MTZ for 20 hours was 

followed by podocyte specific cell death in pronephric glomeruli as shown by nuclear 

TdT-mediated dUTP-biotin nick end labeling (TUNEL)-staining of histological cross-

sections (Siegerist, Blumenthal et al., 2017; Siegerist, Zhou et al., 2017). 
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As shown in the paper published in Scientific Reports, application of 5 mM MTZ to 

the medium of Cherry larvae at 3 dpf leads to development of severe pericardial and 

periocular edema within 24 hours (Siegerist, Blumenthal et al., 2017). 

Compared to control, the intraglomerular mCherry fluorescence was significantly 

decreased after 24 hours 5 mM MTZ treatment as exemplarily shown by the in vivo 

2-PM micrograph in Figure 5. Additionally, the mCherry fluorescence accumulated in 

the proximal tubule epithelial cells. 

 
Figure 5: In vivo 2-PM of Cherry larvae (4 dpf) after 24 h either 5 
mM MTZ (right) or 0.1% DMSO (control, left) treatment. The 
arrowheads indicate the position of the proximal tubules. The scale 
bar represents 50 µm. 

3.3 Analysis of the glomerular filtration barrier following MTZ 
treatment 

To analyze the integrity of the GFB following MTZ treatment we performed 

immunofluorescence stainings using cross-sections with specific antibodies targeting 

the slit diaphragm proteins nephrin and podocin. When being compared to control 

treated larvae, the staining patterns of both proteins were significantly weaker in 

cross-sections of MTZ-treated larvae (Siegerist, Blumenthal et al., 2017). These 

results could be verified by both endpoint and quantitative reverse transcriptase PCR 

((q)RT-PCR) which showed a statistically significant decrease in the expression of 

nphs1 (nephrin) and nphs2 (podocin) mRNA transcripts (Siegerist, Blumenthal et al., 

2017). 
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3.4 Adaptation of the NTR/MTZ model to in vivo 2-PM 

As shown in the additional information of the Scientific Reports publication, mCherry 

showed pronounced bleaching effects during 2-PM because of the low excitation 

wavelength for two-photon excitation. Therefore, we established a zebrafish strain 

with additional expression of eGFP in podocytes and parietal epithelial cells. We 

cross-bred the Cherry strain with ET which was earlier established for in vivo 2-PM of 

podocytes (Endlich et al., 2014). This strain expresses eGFP under control of the 

wt1a promotor. We selected the offspring for double fluorescence in the pronephros, 

raised them to adulthood and named the new strain Chet (Siegerist et al., 2017). The 

larvae of the Chet strain developed normally, showed a typical glomerular phenotype 

and a regular, strong linear staining pattern for nephrin as shown in Figure 6. 

 

Figure 6: Nephrin 
immunostaining of a Chet 
larva at 8 dpf. The confocal 
laser scanning micrograph 
shows the normal pronephric 
glomerular phenotype and 
double transgene expression 
of the Chet strain. The 
cytosolic eGFP expression 
under control of the wt1a 
promotor in parietal epithelial 
cells and podocytes is shown 
in green. The red signal 
demonstrates the distribution 
of the nfsb-mCherry fusion 
protein controlled by the 
nphs2 promotor. The magenta 
signal shows the localization 
of an anti-nephrin antibody, 
nuclei are labeled by Hoechst 
33342. The scale bars 
represent 10 µm. 
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As shown in Figure 6, not all podocytes co-expressed nfsb-mCherry and eGFP. 

Therefore, the nfsb-mCherry negative podocytes were MTZ invulnerable and 

survived MTZ treatment. Using this strain we were able to visualize the alterations of 

the glomerular morphology during the induction of podocyte injury over up to 24 

hours. 

3.5 Imaging of glomerular dynamics during early podocyte injury 

To track the morphological alterations following MTZ–induced acute podocyte injury 

in pronephric podocytes, we treated Chet larvae at 4 dpf with MTZ (5 mM) during 

continuous 2-PM imaging. In the early phase we saw a dilatation of Bowman’s space, 

also referred to as Bowman’s space edema. We tracked the detachment of 

podocytes from the GBM and retraction of major processes of remaining, non-

detached podocytes (Siegerist, Blumenthal et al., 2017). 

Additionally, we noticed expanding, non-fluorescent, vacuole-shaped “holes” 

seemingly within the cell bodies of podocytes. By intravenous injection of either 70 or 

2,000 kDa TRITC-labeled dextran mixed with Hoechst 33342 in Chet larvae (4 dpf) 

which were pre-treated with MTZ (5 mM) for three hours, we identified these “holes” 

to be sub-podocyte space pseudocysts. As 

exemplarily shown in Figure 7, 2-PM revealed the 

appearance of parachute-shaped pseudocysts which 

were open to the GBM and showed different 

intensities of TRITC fluorescence. 

Figure 7: 2-PM of sub-podocyte space pseudocysts. 
Formation of sub-podocyte pseudocysts during MTZ 
treatment: Sub-podocyte-space pseudocysts (asterisks) 
can be distinguished with different dextran fluorescence 
intensities. The scale bar represents 10 µm. 

These results were further confirmed by confocal 

laser scanning microscopy of Hoechst 33342-stained 

cryosections, brightfield microscopy of methylene 

blue-stained cross sections and by transmission 

electron microscopy of ultrathin sections. On an 

ultrastructural level, sub-podocyte pseudocysts 

(Figure 8, asterisk) showed a basal opening to the naked GBM (Figure 8, 
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arrowheads). Furthermore, many endosomes could be found in close vicinity to the 

apical membrane of the sub-podocyte space indicating increased endocytosis of 

filtered protein from the sub-podocyte space.  

 
Figure 8: Transmission electron microscopy of sub-
podocyte space pseudocysts and the partially denuded 
GBM. Formation of sub-podocyte pseudocysts during MTZ 
treatment: Numerous pseudocysts of different electron density 
can be seen in the upper overview image. In the magnified 
image, a sub-podocyte space pseudocyst (asterisk) with direct 
connection to the denuded GBM (arrows) is shown. The upper 
scale bar represents 10 µm, the scale bar of the magnification 
represents 1 µm. 

As we saw massive detachment of podocytes we wanted to reveal whether the GBM 

was left denuded after podocytes detached. To elucidate this question, we performed 

three experiments: First, we established a new zebrafish strain with additional 
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expression of eGFP in the endothelial cells under control of the fli1a promotor 

(Chipper). After MTZ treatment, broad areas of the eGFP expressing capillaries were 

seen denuded on their outer aspects (Siegerist, Blumenthal et al., 2017). To verify 

that podocytes were detached and not just invisible due to inactivity of the nphs2 

promotor and subsequent absence of mCherry, we performed histological sectioning 

of Technovit 7100 embedded larvae and PAS staining to label the GBM.  

 
Figure 9: PAS staining of pronephric glomeruli at 4 dpf. NC 
stands for notochord, BS for Bowman’s space, arrowheads indicate 
podocytes, arrows indicate denuded areas of the GBM and scale bar 
represents 10 µm. 

Control treated larvae showed a normal glomerular morphology with podocytes 

(Figure 9, arrowheads) covering the GBM. When the Cherry larvae were treated with 

MTZ (5 mM) for 24 hours, they showed broad areas of the GBM which were not 

continuously covered by cellular processes of podocytes (Figure 9, arrows). 

Additionally, Bowman’s space (Figure 9, BS) was stained more intensively compared 

to the control, due to increased protein casts within Bowman’s space. 

In a third approach, we embedded Cherry larvae after either 24 hours control (0.1% 

DMSO) or MTZ (5 mM) treatment in epoxy (EPON) resin and performed semithin and 
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ultrathin sectioning. Investigation of the methylene blue-stained semithin sections by 

brightfield microscopy and of the ultrathin sections by transmission electron 

microscopy revealed that the GBM was broadly denuded and remaining podocytes 

were massively effaced (Siegerist, Blumenthal et al., 2017). 

3.6 Analysis of podocyte migration along the denuded GBM 

To analyze possible podocyte migration along the naked GBM, we merged false 

colored images of the same glomeruli at different points in time over 24 hours MTZ. 

As shown by the broad overlap of the complete glomeruli there was no significant 

difference between the different points in time indicating a stationary behavior of 

pronephric podocytes. 

In a second approach, we measured the distances between remaining individual 

podocyte cell-bodies over up to 15 hours per larva. As there was no significant 

change of the distances over the observation time as it should be in the case of 

lateral podocyte migration, we concluded that the non-detached podocytes remained 

static on the GBM (Siegerist et al., 2017). 

3.7 Establishment of a zebrafish model for continuous tracking 
of glomerular barrier function 

To better follow the dynamics of the glomerular filtration barrier function, we 

established a new zebrafish strain which possesses eGFP labeled blood plasma and 

nfsb-mCherry in the podocytes. Therefore, we crossed the Cherry strain with Cade 

which expresses the 78 kDa sized eGFP labeled group-specific component (vitamin 

D-binding protein) protein (gc) in the blood plasma synthesized by hepatocytes under 

control of the liver-specific fatty acid binding protein 10a, liver basic promotor 

(fabp10a). The offspring were selected for double fluorescence and reared to 

adulthood. The offspring of the F1 generation were used for experiments. The new 

strain was named BlooP for Blood and Podocytes. In healthy BlooP larvae, the gc-

eGFP was retained in the blood and labeled the vasculature including the glomerular 

capillaries (Figure 10). 
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Figure 10: In vivo 2-PM of the glomerulus of a BlooP larva at 5 dpf. The blood 
plasma is labeled in green by gc-eGFP and the podocytes are labeled in red by 
mCherry. AD indicates the position of the Aorta dorsalis. The insert in B shows 
interdigitating major processes labeled by mCherry on the eGFP-labeled glomerular 
capillary. The scale bars indicate 50 μm in A, 10 μm in the magnification of A and 5 
μm in B. Adapted from (Siegerist et al., 2018). 

To track the function of the glomerular filtration barrier, we measured the 

fluorescence intensity in the Aorta dorsalis (Figure 10, AD.) over 26 hours. By 

following the eGFP fluorescence intensity in the AD and the fluorescence in proximal 

tubules by 2-PM, we could directly follow the integrity of the size selectivity of the 

GFB over 26 hours. 

As a proof of principle, we simultaneously treated up to ten BlooP larvae with 1 mM 

MTZ and continuously imaged them by 2-PM over 26h. For better visualization, we 

reconstructed the datasets as four dimensional movies (4D = 3D over time). Using 
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the above-described model, we showed that eGFP fluorescence rapidly declined to 

0.6% of the baseline intensity after 24h, while simultaneously, fluorescence increased 

within the proximal tubules demonstrating the compromised GFB function. This new 

2-PM based technique was initially described in more detail in the work published in 

Acta Physiologica (Siegerist, Zhou et al., 2017). 

4. Discussion 
For both original nphs2:nfsB strains it was shown that application of MTZ to the 

medium of the larvae was followed by specific cell death of podocytes demonstrated 

either using TUNEL assay (Huang et al., 2013) or immunofluorescence staining of 

active caspase 3 (Zhou and Hildebrandt, 2012). Using TUNEL assay, we could 

replicate those finding for our transparent Cherry strain (Siegerist, Blumenthal et al., 

2017; Siegerist, Zhou et al., 2017). In line with Chen and colleagues who used the 

original Tg(nphs2:Eco.nfsb-mCherry) strain (Chen et al., 2016), we found a strong 

accumulation of mCherry fluorescence in proximal tubule cells after treatment with 

MTZ as demonstrated by in vivo 2-PM micrograph in Figure 5. Most possibly, this 

accumulation is due to endocytosis of mCherry-containing apoptotic bodies deriving 

from detached podocytes from the lumen of the proximal tubules. 

By 2-PM, we found sub-podocyte space pseudocysts developing during MTZ 

treatment. Our finding that different pseudocysts accumulated individual 

concentrations of Dextran as demonstrated by different TRITC-fluorescence 

intensities support the hypothesis that diffusion from the sub-podocyte space is 

restricted and varies under pathologic conditions (Neal et al., 2007). This implies that 

downstream to endothelial cells and the GBM, filtrate compounds like albumin are 

solely restricted by podocytes. From in vivo experiments in rats, there is evidence 

that albumin is either megalin dependently transcytosed from the sub-podocyte 

space into Bowman’s space or that a subset of the subepithelial albumin is 

endocytosed and degraded by lysosomal trafficking (Schießl et al., 2016). Another in 

vitro based work showed that in cultured human podocytes, the major part of 

endocytosed albumin is degraded by lysosomal degradation (Carson et al., 2014). In 

2008, Akilesh and colleagues have shown that podocytes clear the GBM from filtered 

IgG dependent on the expression of the neonatal Fc receptor (FcRn) which is located 

in intracellular vesicles. The inhibition of this process by knockout of FcRn resulted in 
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increased susceptibility for glomerular damage after injection of a nephrotoxic serum 

(Akilesh et al., 2008). 

In this work, we show that prior to podocyte detachment, a stereotypic change of 

podocyte morphology occurs. First, podocyte foot processes are replaced by blunt 

cellular processes lacking a fine interdigitating pattern. Second, the sub-podocyte 

space, the space between podocyte foot processes and Bowman’s spaces (Neal et 

al., 2005) is highly dilated. Finally, podocytes lose grip and detach as vial cells into 

Bowman’s space (Figure 11). Our results are directly in line with the morphological 

sequence which has been proposed before by Kriz and colleagues who used 

evaluation of TEM micrographs from different rat models (Kriz et al., 2014; Kriz and 

Lemley, 2015).  

 
Figure 11: Morphologic sequence of podocyte loss. First, podocyte retract cellular 
processes and lose foot processes, than later form sub-podocyte space pseudocysts 
(asterisk) and ultimately get lost by detachment from the GBM. The pictures are 
modified from the Scientific Reports article (Siegerist, Blumenthal et al., 2017). 

Recently, Brähler and colleagues used intravital 2-PM in murine kidneys to study 

glomerular dynamics in different injury models (Brähler et al., 2016). In their study, 

they visualized podocyte detachment and tracked the behavior of detached but vital 
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podocytes within the renal tubules. In line with our results, no migratory podocyte has 

been captured on the glomerular tuft. 

Until now, the question of possible podocyte regeneration remains unsolved. Mainly 

two sources for podocyte regeneration are discussed: Parietal epithelial cells and 

cells of renin lineage (Appel et al., 2009; Lichtnekert et al., 2016). Work of different 

groups has shown that in patients suffering from focal and segmental 

glomerulosclerosis (FGSG) and experimental glomerular damage, CD44 positive 

parietal epithelial cells are recruited to the glomerular tuft. Whether these activated 

cells contribute to podocyte replenishment or play a role in the pathogenesis of 

sclerotic lesions in glomerulosclerosis remains unclear. 

One prerequisite for podocyte replacement would be the ability of lateral migration 

along the GBM (Endlich et al., 2017). During the development of the pronephros, 

podocytes progenitors have a highly mobile phenotype that is traceable by 2-PM 

which is lost once fully differentiated (Endlich et al., 2014). In the recent study we 

showed, that during podocyte injury and partial denudation of the GBM, mature 

podocytes did not regain their migratory potential (Siegerist, Blumenthal et al., 2017).  

Due to its exceptional regenerative potential, the zebrafish is a popular model 

organism for diverse tissue regeneration studies. It has been shown that adult and 

juvenile zebrafish can regenerate parts of their fins, heart, liver and brain 

(Gemberling et al., 2013; Goessling and Sadler, 2015). Furthermore, zebrafish are 

able to perform adult neonephrogenesis in the mesonephros as shown by 

transplantation studies performed by Diep and colleagues. Additionally, they found 

that nephron progenitor cells are able to build functional nephrons after gentamicin-

induced kidney injury (Diep et al., 2011). Huang and colleagues showed that seven 

days after MTZ washout (12 hours treatment with 5 mM MTZ) the zebrafish 

recovered from edema and showed increased nphs1 and nphs2 transcripts. By BrdU 

incorporation, they describe mitotic activity within the glomerulus (Huang et al., 

2013). Using mesonephric glomeruli of double transgenic (Tg(wt1b:eGFP); 

Tg(nphs2:Eco.nfsb-mCherry)) zebrafish, Zhou and colleagues showed that during 

regeneration after MTZ treatment the distribution of wt1b-expressing cells changed, 

indicating a role of these cells in the post injury response and regeneration (Zhou and 

Hildebrandt, 2012). However, none of these works clearly showed a regenerative 

potential of either pronephric or mesonephric podocytes. If one would assume 
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podocyte-regeneration, the task would be to show how extraglomerular cells migrate 

into the pronephros of zebrafish larvae. 

However, due to the resolution limit of approximately 1 µm we were not able to 

visualize dynamics on the level of foot processes. Such dynamics would be a 

prerequisite for the typical alterations of the podocytic structure anomalies found in 

patients suffering from Minimal Change Disease (MCD). In MCD, ultrastructural 

investigation of patient biopsies reveals massive foot process effacement during 

nephrotic states and normal foot processes after remission (Fogo et al., 2015). A 

second factor which gives a hint for podocyte dynamics on a smaller scale is that 

even after loss of single podocytes by detachment, the GBM is covered by 

extensions of hypertrophic podocytes as naked areas of the GBM are a rare finding 

in ultrastructural investigations of glomerular disease (Kriz et al., 2014). 

To summarize, we have established an in vivo observation technique that allows to 

directly follow the behavior of single podocytes as well as the process of glomerular 

filtration in a living organism by 2-PM. With this high-resolution microscopy technique, 

we have revealed that podocytes do not migrate laterally along the GBM at early time 

points of podocyte disease onset which was hypothesized before (Peti-Peterdi and 

Sipos, 2010). This result is highly relevant for the postulated replacement theory of 

lost podocytes by the mitotic active parietal epithelial cells of Bowman’s capsule 

because this would require lateral migration of podocytes along the GBM if it would 

occur along the parietal-visceral interface of Bowman’s capsule (Endlich et al., 2017). 

In the near future, this established zebrafish model could be used as a drug 

screening platform with both morphological and functional glomerular features as 

readout to screen for compounds that stop or ameliorate progressive podocytopathy. 

  



29 
 

5. Summary (English / German) 

5.1 Summary 

The global prevalence of kidney diseases has been steadily rising over the last 

decades. Today, around 10% of the world population suffers from relevant chronic 

kidney disease. Podocytes are highly specialized and terminally differentiated cells 

residing in the filtering units of the kidneys, the so-called glomeruli. With their 

interdigitating foot-processes, these cells are a crucial part of the renal filtration 

barrier. As podocytes are post-mitotic, injury or loss of these cells results in an 

impairment of the filtration barrier with subsequent loss of global kidney function. 

Therefore, the question whether a relevant amount of podocytes can be regenerated 

and if this regeneration can be influenced is crucial for future therapeutic 

developments. As in vivo microscopic imaging of podocytes in higher animals like 

mice or rats is rather challenging, larval zebrafish have been applied as an animal 

model for podocyte development and kidney filtration. 48 hours post fertilization, 

zebrafish larvae develop a single filtering glomerulus with a similar morphology and 

molecular construction to that in mammals. For evaluation of podocyte morphology 

and filtration, we used transgenic zebrafish strains in which podocytes were labeled 

with fluorescence proteins. Additionally, podocytes expressed the bacterial enzyme 

nitroreductase fused to the fluorescence protein mCherry. In this model, application 

of the antibiotic metronidazole leads to podocyte-specific cell death. Through cross-

breeding we established strains that additionally express an eGFP-labeled protein in 

the blood plasma. Using in vivo two-photon microscopy, we could image podocyte-

loss induced impairments of the glomerular filtration barrier. Additionally, we tracked 

characteristic morphological changes of podocyte morphology including podocyte 

foot process effacement, development of sub-podocyte pseudocysts and finally 

detachment of whole cells from the glomerular basement membrane. These changes 

have been before described histologically in different animal models as well as in 

patient biopsies. Using the in vivo microscopy approach, we could clearly describe 

the temporal sequence of these alterations. Finally, we also tracked individual, non-

detached podocytes over up to 24 hours, and found that these cells were non-

migratory. These results show that early podocyte-regeneration through immigration 

of intra- or extraglomerular cells is unlikely within the first 24 hours of acute 

glomerular injury. 



30 
 

5.2 Zusammenfassung 

In den letzten Jahren stieg die globale Prävalenz von Nierenerkrankungen stetig. 

Heute leiden rund 10% der Weltbevölkerung an relevanter chronischer 

Niereninsuffizienz. Podozyten sind hochspezialisierte, terminal differenzierte Zellen in 

den Filtereinheiten der Niere, den sogenannten Glomeruli. Mit ihren interdigitierenden 

Fußfortsätzen sind diese Zellen ein unverzichtbarer Teil der renalen 

Filtrationsbarriere. Da Podozyten postmitotisch sind, führen Schädigung oder Verlust 

dieser Zellen zum Zusammenbruch der selektiven Filtrationsfunktion der Niere mit 

folgendem globalem Verlust der Nierenfunktion. Daher ist die Frage, ob und wenn ja 

auf welchem Wege Podozyten regeneriert werden können relevant für künftige 

Therapieentwicklungen. Unter anderem da die in vivo Beobachtung von Podozyten in 

höheren Versuchsorganismen schwierig ist wird seit Jahren die Zebrafischlarve als 

beliebter Modellorganismus für die Podozytenentwicklung und Nierenfiltration 

genutzt. 48 Stunden nach der Befruchtung entwickeln Zebrafischlarven ein einzelnes 

filtrierendes Glomerulus mit, im Vergleich zu Säugern, konserviertem histologischen 

und molekularem Aufbau. Zur Evaluation von Podozytenmorphologie und –funktion 

nutzten wir transgene Stämme in denen Podozyten durch Fluoreszenzproteine 

markiert wurden und das Enzym Nitroreduktase exprimierten. Die Applikation des 

Antibiotikums Metronidazol führt dadurch spezifisch zum Zelltod von Podozyten. 

Durch Kreuzungen erzeugten wir Stämme, in denen zusätzlich ein eGFP-markiertes 

Fluoreszenzprotein im Blutplasma als Marker für die Integrität der Filtrationsbarriere 

exprimiert wurde. Durch in vivo Zwei-Photonenmikroskopie konnten wir dadurch den 

Verlust der glomerulären Filtrationsbarriere und die charakteristischen Änderungen 

der podozytären Morphologie in der Podozytenschädigung verfolgen. Diese 

Änderungen umfassten den Verlust der podozytären Verzweigungen, Entwicklung 

subpodozytärer Pseudozysten und Ablösung ganzer Zellen von der glomerulären 

Basalmembran. Diese Veränderungen wurden zuvor histologisch in verschiedenen 

Tiermodellen und auch Patientenbiopsien beschrieben. Durch den in vivo 

Mikroskopischen Ansatz konnten wir diese Veränderungen klar in eine zeitliche 

Abfolge bringen. Zusätzlich verfolgten wir einzelne, verbliebene Podozyten über bis 

zu 24 Stunden und fanden heraus, dass diese Zellen nicht mobil waren. Diese 

Ergebnisse machen eine frühe Podozytenregeneration durch Immigration 

extraglomerulärer Zellen innerhalb der ersten 24 Stunden unwahrscheinlich.  
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