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Preface 

 

This cumulative dissertation is based on the articles: 

 

Artelt N, Siegerist F, Ritter AM, Grisk O, Schlüter R, Endlich K, Endlich N. Comparative 

Analysis of Podocyte Foot Process Morphology in Three Species by 3D Super-Resolution 

Microscopy. Front Med (Lausanne). 2018 Oct 30;5:292. doi: 10.3389/fmed.2018.00292.  

 

Artelt N, Ritter AM, Leitermann L, Kliewe F, Schlüter R, Simm S, van den Brandt J, 

Endlich K, Endlich N. The podocyte-specific knockout of palladin in mice with a 129 

genetic background affects podocyte morphology and the expression of palladin 

interacting proteins. PLoS One. 2021 Dec 8;16(12):e0260878.  

doi: 10.1371/journal.pone.0260878.  

 

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

Medicine underlies the copyright regulations of the publisher Frontiers Media S.A.. The article 

published in PLOS ONE underlies the copyright regulations of the publisher Public Library of 

Science.  
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1. Introduction 

 

Chronic kidney disease (CKD) is one of the world’s leading public health problems, but it 

is often under-recognized by clinicians and patients. In 2017, it was ranked as the 12th 

leading cause of death and 1.2 million people died from CKD worldwide [1]. The major 

causes leading to CKD are diabetes, hypertension, obesity, aging and glomerulonephritis 

[1–3]. All of these conditions effect the filtration units of the kidney, the glomeruli. An early 

identification of glomerular dysfunction is needed to prevent disease progression and 

associated morbidity and mortality.   

 

Glomeruli consist of a capillary network supported by a scaffold of mesangial cells. The 

double-walled Bowman´s capsule surrounds the glomerulus and is lined by parietal 

epithelial cells (PECs). Highly specialized postmitotic visceral epithelial cells of the 

glomerulus, the podocytes, are attached to the outside of the capillary loops. Podocytes 

form primary processes from which secondary foot processes originate. These foot 

processes interdigitate with the foot processes of the neighbouring cell (Figure 1B) and 

lead to an almost complete coverage of the glomerular basement membrane (GBM) to 

which the podocyte adheres. The glomerular basement membrane lies between the 

fenestrated capillary endothelium and the podocytes. Together they form the glomerular 

filtration barrier (Figure 1A). Main function is the proper filtration of molecular components 

from the blood according to size, shape and charge. 

Figure 1: Murine structure of the glomerular filtration barrier. (A) Transmission 
electron microscopy image of the glomerular filtration barrier consisting of podocyte foot 
processes (FP), glomerular basement membrane (GBM) and endothelial cells (EC). 
Arrows mark the slit diaphragm between neighboring foot processes. P stands for 
podocyte. (B) TEM image of interdigitating foot processes (FP) of neighboring podocytes. 
Scale bars represents 1 µm. 
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Between interdigitating foot processes only narrow filtration slits, which are bridged by a 

so-called slit diaphragm, remain (Figure 1A, B). The slit diaphragm plays a key role for 

size-selective filtration [4]. Nephrin and podocin are central molecular components of the 

slit diaphragm that anchor the cytoskeleton to the plasma membrane and form flexible, 

spring-like protein bridges that prevent the passage of macromolecules [5–7].  

 

The actin cytoskeleton is the key component of the podocyte foot processes. Together 

with specific actin binding proteins, like the actin filament crosslinking protein α-actinin-4 

it defines cell architecture and structure [8,9]. Mutations in the ACTN4 gen or loss of the 

protein leads to an actin cytoskeleton remodelling and the loss of the interdigitating foot 

processes pattern, called foot process effacement [10–12]. Effacement leads to a 

reduction and breakdown of the glomerular filtration barrier function resulting in a leakage 

of macromolecules (proteinuria) such as albumin in focal segmental glomerulosclerosis 

(FSGS), minimal change disease, and diabetes, among others [9,13]. In conclusion, 

proteins involved in actin filament reorganization are important for podocyte morphology 

and thus normal kidney function. 

 

Palladin, a novel actin-associated phosphoprotein was first described in 2000 by Parast 

and Otey et al. [14]. In rat choriocarcinoma cells the palladin expression increased, when 

they began to assemble stress fibers [14]. Furthermore, the reduction of palladin 

expression in fibroblasts resulted in a complete loss of actin stress fibers and focal 

adhesions, leading to rounding cells [14]. In injured astrocytes and COS-7 cells (african 

green monkey kidney fibroblast-like cells) the overexpression of palladin induced 

formation of robust actin bundles [15,16]. Through its ubiquitous expression in embryonic 

tissues the palladin knockout in mice leads to defects of cranial neural tube closure and  

embryonic lethality around E15.5 [17,18]. These results show that palladin has a crucial 

influence on normal actin cytoskeleton organization, focal adhesions and plays an 

important role as cytoskeletal scaffold.  

 

Different palladin isoforms are generated by alternative splicing and expressed in a tissue- 

and development-specific manner [14,19,20]. These isoforms consist of immunoglobulin 

domains and proline-rich regions. Through these palladin may not only affect actin 
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organization directly via a specific binding site for F-actin [21,22], but also indirectly via 

interaction with actin-associated proteins. The LIM and SH3 protein 1 (Lasp-1) directly 

binds to palladin and is known to play an important role in actin cytoskeleton organization 

and cell motility [19,23,24]. Furthermore, the actin binding protein α-actinin-1 [16], ezrin 

[25], and the vasodilator-stimulated phosphoprotein (VASP), which regulates actin 

polymerization, bind to palladin [26]. Ezrin belongs to the ezrin/radixin/moesin protein 

family, that are direct or indirect cross-linkers between plasma membrane proteins and 

the cytoskeleton [27]. Pdlim2, another palladin binding proteins regulates actin dynamics 

in podocyte foot processes [28,29]. In patients with minimal change nephrotic syndrome 

and membranous nephropathy a reduced expression of Pdlim2 in podocytes was found. 

Moreover, Pdlim2 interacts with two regulators of actin assembly, α-actinin-4 and 

angiomotin-like 1 (Amotl1) [29]. In addition, the anti-aging protein Klotho seems to 

promote the expression of Pdlim2 protein and Pdlim2 transcription level and regulate renal 

inflammation through pdlim2/NF- kB p65 pathway [30]. 

 

Our group showed that palladin is highly expressed in the kidney. Especially podocytes 

exhibit a strong signal for palladin in vivo and in vitro [31]. Studying the role of palladin in 

the morphology and stability of the actin cytoskeleton our group revealed that cultured 

palladin-knockdown (PalldKD) podocytes developed fewer actin-filaments and a higher 

number of small focal adhesions [32]. The expression of synaptopodin and α-actinin-4 

was significantly reduced in these PalldKD podocytes. Moreover, treating PalldKD 

podocytes with inhibitors of actin polymerization revealed an induced disassembly of the 

actin filaments compared to the controls [32]. Additionally, our group showed that the 

expression of palladin is downregulated in patients suffering from diabetic nephropathy 

and FSGS [32]. However, the importance of palladin for renal function as well as for the 

podocytes could not be clarified, since the ubiquitous knockout is intrauterine lethal in 

mice. Therefore, our group generated a podocyte-specific knockout for palladin in 

C57BL/6 mice (PodoPalldBL/6-/-). PodoPalldBL/6-/- mice 6 months of age developed 

glomeruli with a disturbed morphology. Dilatation of the capillary tuft as well as a mild 

podocyte foot process effacement with a reduced nephrin expression could be shown 

[32].  
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Many studies showed that mice with a C57BL/6 genetic background are relatively more 

resistant against kidney damage than mice with a 129 genetic background. Mice with 129 

genetic background seem to be more susceptible to glomerulosclerosis, proteinuria, the 

inducement of chronic kidney disease and other certain renal models [33–36]. Taken 

together, this indicates the important role for the genetic background in which animal 

models are generated. For that reason, we wanted to study the effect of the podocyte-

specific palladin knockout in mice with the more sensitive 129 genetic background 

(PodoPalld129-/-).  

 

 

Aim of the present work 

 

The aim of the present work was to investigate the influence of the actin-associated 

protein palladin on podocytes and thus glomerular function and morphology in 6- and 12-

month old PodoPalld129-/- mice.   

 

First of all, we backcrossed the PodoPalldBL/6-/- mice with the 129 strain to generate the 

PodoPalld129-/- mice. In a second step we analysed the glomerular morphology as well 

as the expression of palladin- and actin-binding proteins in 6 months and 12 months old 

mice more detailed. Moreover, we had a closer look on the glomerular filtration barrier 

and, consequently, the urine of PodoPalld129-/- mice of both ages.  
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2. Material and Methods 

 

2.1 PodoPalld129-/- mice strain 

Detailed information about the generation of the podocyte-specific palladin knockout mice 

with a 129 genetic background (PodoPalld129-/-) is provided in the PLOS ONE 

publication. In brief, PodoPalldBL/6-/- mice having a C57BL/6 genetic background were 

generated using the Cre/loxP system as described priorly by Artelt et al. [32]. Establishing 

the new mouse line these mice were backcrossed 8 times to the 129 (129S2/SvPasCrl) 

genetic background using the “speed congenics” approach [37,38]. For all experiments 6 

months and 12 months old mice with heterozygous Cre-recombinase expression were 

used as the podocyte-specific palladin knockout mice (PodoPalld129-/-) and mice without 

Cre-recombinase expression were used as controls (PodoPalld129+/+) [38] (Figure 2). 

 

Figure 2: Generation of PodoPalld129-/- mice. PodoPalldBL/6-/- mice were backcrossed to 
the 129 background using 129S2/SvPasCrl mice. In the palladin gene of PodoPalld129 mice, 
exon 12 is flanked by loxP sites. To generate PodoPalld129-/- mice, mice were used that 
additionally express the Cre-recombinase under the Nphs2 promoter. The Cre-recombinase cut 
at the loxP sites flanking E12 of the palladin gene which resulted in the palladin KO specifically 
in podocytes. PodoPalld129+/+ mice did not express the Cre-recombinase. 
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Approximately 1 cm was cut from the tail tip of these mice and stored at -20°C. Later, this 

was used to characterize these mice [38]. 

 

2.2 Histology  

Histological processing of kidney sections is described in the underlying publications 

[38,39]. In summary, paraffin sections (4 µm) were stained with PAS and H&E according 

to standard procedures [38]. Immunohistochemistry detecting palladin in mice glomeruli 

and Richardson´s stained semithin sections of mouse kidneys were performed as 

described [38]. Masson-Goldner-trichrome staining was performed as follows: First of all, 

the slides were deparaffinized and rehydrated. After that the slides were incubated in Iron 

hematoxylin solution according to Weigert for 15 min, rinsed in Aqua dest. and incubated 

in running tap water. After 8 min the slides were incubated in Ponceau acid fuchsin for 4 

min, given in acetic acid 1% for 30 sec and incubated in Phosphomolybdic acid Orange 

G for maximum 30 min. We repeated the incubation in acetic acid 1% for 30 sec. The 

slides were then given into Light Green Goldner III for 6 min, rinsed in acetic acid 1% for 

30 sec again and incubated in running tap water for 1 min. At the end the slides were 

dehydrated in ascending ethanol series, cleared in xylene and mounted in Eukitt (Carl 

Roth, Karlsruhe, Germany). All images were obtained using an Olympus BX50 

microscope.  

 

Immunofluorescence staining for nephrin, podocin, ezrin, p-Lasp-1, integrin α8 and Pdlim-

2 was performed using a specific primary antibody that later bound to a fluorescence-

labelled secondary antibody visualizing the proteins [38,39]. For imaging a confocal laser 

scanning microscope (Leica SP5) and a Zeiss Elyra PS.1 system performing 3D 

structured illumination microscopy was used [38,39].  

 

For transmission electron microscopy, ultrathin sections of kidneys embedded in Epon 

812 were prepared and processed accordingly [38]. Images were taken with a Carl Zeiss 

LIBRA® 120 TEM [38]. 
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2.3 Analysis of glomerular morphology  

Richardson’s stained semithin sections of mouse kidneys were used to characterize 

glomerular abnormalities as described in the PLOS ONE publication [38].  

 

In addition, the images were used to quantitatively calculate the ratio of the mesangial 

area per glomerular area to show mesangial changes. These morphometric 

measurements were made with the ImageJ-based open source software package FIJI 

[40]. At least n=3 mice of each group with a total of more than 30 glomeruli were analysed. 

Using TEM images we quantitatively analysed the contacts between podocytes and 

parietal epithelial cells (PEC) in the glomeruli of PodoPalld129 mice. Three animals of 

each group with at least 13 glomeruli were calculated. Using GraphPad Prism 9, two-way 

ANOVA with FDR correction was performed for statistical analysis. Statistically significant 

differences (p<0.05) were symbolized by an asterisk.  

Analysis of the filtration slit density (FSD) were performed using the Podocyte Exact 

Morphology Measurement Procedure (PEMP) of 3D-SIM images as described detailed in 

the underlying article [39]. To support the obtained results, we analysed the with the FSD 

inversely correlated foot process area per glomerular area using the previously generated 

values [38]. 

 

2.4 Urine data 

We collected equal volume of urine from 6 months and 12 months old PodoPalld129 mice 

using a sterile needle. The urinary protein concertation was measured using dip stick 

(Combur10 Test® strip, Roche). Furthermore, the urine was separated by SDS 

electrophoresis and stained using CBB (Coomassie Brilliant Blue). Later all the urine 

samples were used for detailed proteome analysis by LC-MS/MS (in cooperation with the 

Department of Functional Genomics Greifswald).   

 

2.5 qRT-PCR analysis 

As described detailed in the PLOS ONE publication RNA was extracted from isolated 

glomeruli and used for quantitative real-time PCR (qRT-PCR) [38].   



13 
 

3. Results 

 

3.1 Podocyte-specific palladin knockout in PodoPalld129-/- mice 

Since the palladin knockout in mice is lethal [17] and the effect of a knockout depends on 

the genetic background we backcrossed the previously described PodoPalldBL/6-/- mice 

[32] with the more susceptible 129 strain. The podocyte-specific palladin knockout in 6 

and 12 months old mice with a 129 genetic background was confirmed on both RNA and 

protein levels (Figure 3) [38].  

 

 

 

 

 

 

 

 

 

 

 

3.2 Analysis of the glomerular capillary tuft and mesangium 

It was shown that palladin plays an important role for podocyte and glomerular 

morphology in vitro and in PodoPalldBL/6-/- mice [32]. To study the glomerular 

morphology in detail, we performed histological and ultrastructural analysis of 6 month 

and 12 months old PodoPalld129 mice. PodoPalld129-/- mice of both age groups stained 

Figure 3: Confirmation of palladin KO. Immunhistochemistry staining of paraffin kidney 
sections confirmed the podocyte specific palladin KO in PodoPalld129-/- mice 6 months and 12 
months of age. The arrows show the strong palladin expression in podocytes of 
PodoPalld129+/+ mice and the arrowheads the missing signal for palladin in podocytes of 
PodoPalld129-/- mice. Scale bar represents 10 µm. Figure modified from Artelt, Ritter et al. 2021 
[38].  
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with Masson-Goldner-trichrome (MGT; Figure 4A), Periodic Acid Schiff (PAS) and 

Hematoxylin and Eosin (H&E), which showed a marked dilatation of the glomerular 

capillaries [38]. This finding was verified by quantitative analysis of the capillary area per 

glomerular area, supporting that glomeruli of 6 months and 12 months old PodoPalld129-

/- mice have significantly enlarged capillaries compared to the control glomeruli [38]. 

According to these findings, we examined the mesangium since it is known that a 

dilatation of the capillary tuft could be caused by a reduction of the glomerular mesangium. 

Quantitative analysis of the mesangial area per glomerular area revealed that the 

mesangium of PodoPalld129-/- mice was significantly reduced (6 months: 0.54±0.06, 

p<0.05; 12 months: 0.50±0.07, p<0.05; mean±SD) in comparison to the control mice (6 

months: 0.64±0.03, 12 months: 0.60±0.03) (n≥3 animals and >30 glomeruli per group, 

Figure 4B). In addition, we could show a marked reduction of the mesangial marker 

protein integrin α8 in immunofluorescence staining and Western blot analysis [38]. These 

findings let suggest that palladin might have an influence on the mesangium and capillary 

tuft formation.  

Figure 4: Glomeruli of PodoPalld129-/- mice showed dilated capillaries and reduced 
mesangial/glomerular area. (A) The Masson-Goldner-trichrome staining of paraffin kidney 
sections showed dilated capillaries in 6 and 12 months old PodoPalld129-/- mice (asterisks). 
Scale bar represents 10 µm. (B) Quantitative analysis of the mesangial area/glomerular area 
confirmed that PodoPalld129-/- mice of both age groups have significantly more glomeruli with 
reduced mesangium than controls of the same age (mean±SD, *p<0.05; two-way ANOVA with 
FDR correction). 
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3.3 Morphological changes of podocytes in PodoPalld129-/- mice 

Results of the analysis of podocyte morphology in 6 and 12 months old PodoPalld129-/- 

mice compared to the controls are shown in detail in the PLOS ONE publication. In 

summary, we found podocytes in both age groups of PodoPalld129-/- mice that develop 

significantly more morphological deviations such as an enlarged sub-podocyte space, 

autophagosomes and laminar bodies and significantly fewer podocytes with normal 

morphology than the controls [38]. 

In the PLOS ONE publication we could already show regions of podocytes that have close 

contact to parietal epithelial cells in 6 and 12 months old PodoPalld129-/- mice [38]. This 

observation was underlined by quantitative analysis of transmission electron microscopy 

(TEM) sections. We were able to show that podocytes of PodoPalld129-/- mice have 

significantly more contacts to parietal epithelial cells (6 months: 2.19±0.89, p<0.05; 12 

months: 0.83±0.76, ns; mean±SD) than the controls (6 months: 0.75±0.29, 12 months: 

0.32±0.16; mean±SD) (n≥3 animals and >3 glomeruli per group, Figure 5B). Moreover, 

we found podocytes with broadened primary processes in 6 months and 12 months old 

PodoPalld129-/- mice (Figure 5A). 

Figure 5: Podocytes show morphological alterations in PodoPalld129-/- mice. (A) TEM 
images show podocytes with (asterisk) and thickened primary processes (asterisk) in 6 and 12 
months old PodoPalld129-/- mice. Scale bar represents 2 µm. (B) Quantitative analysis 
confirmed that PodoPalld129-/- mice 6 months of age had significantly more contacts between 
podocytes and PECs than controls of the same age. 12 months old PodoPalld129-/- mice 
showed no significant increase compared to the controls (mean±SD, *p<0.05, ns, not significant; 
two-way ANOVA with FDR correction).  
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3.4 Glomerular filtration barrier in PodoPalld129-/- mice 

Because PodoPalld129-/- mice evolved podocytes with morphological alterations we had 

a closer look on the glomerular filtration barrier, especially on the glomerular basement 

membrane (GBM) and podocyte foot processes. In transmission electron microscopy of 

6 and 12 months old PodoPalld129-/- mice we observed glomeruli with a partially 

thickened glomerular basement membrane. Nevertheless, we found this observation 

increasingly in 12 months old PodoPalld129-/- mice (Figure 6B).  

To analyse the slit diaphragm, we performed immunofluorescence stainings. The 

expression of the slit diaphragm proteins nephrin (Figure 6A) and podocin was reduced 

in 6 and 12 months old PodoPalld129-/- mice compared to the controls [38]. Interestingly, 

the mRNA expressions of these proteins showed no significant reduction [38]. In TEM 

and scanning electron microscopy (SEM) analysis, we observed a marked effacement of 

the podocyte food processes corresponding to the reduced slit diaphragm proteins [38]. 

This observation was underlined by the published Podocyte Exact Morphology 

Measurement Procedure (PEMP) that quantifies podocyte foot process morphology on 

nephrin-stained kidney sections by measuring the filtration slit density (FSD) [39]. The 

FSD, which is the length of the filtration slit per marked area, is significantly lower in 

PodoPalld129-/- mice 6 and 12 months of age compared to the controls [39]. In 

accordance to that the quantification of the foot process area, which inversely correlates 

to the FSD verified that PodoPalld129-/- mice 12 months of age showed an increased 

podocyte foot process effacement compared to the PodoPalld129-/-mice 6 months of age 

[38]. Moreover, we observed significantly more effaced podocyte food processes in 12 

months old control mice compared to their 6 months old littermates indicating that not only 

the genotype but also aging affects podocyte foot process morphology [38,39]. 
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3.5 Urine analysis in PodoPalld129-/- mice 

It is known that morphological changes in the glomerular filtration barrier especially 

effaced podocyte foot processes are associated with the presence of proteinuria. Since 

PodoPalld129-/- glomeruli exhibited significantly effaced podocyte foot processes at both 

6 and 12 months of age, we analysed the urine of these mice for the occurrence of 

proteinuria. In dip stick and SDS electrophoresis analysis, we could not detect proteinuria 

or albuminuria in 6 months (Figure 7A) and 12 months old PodoPalld129-/- mice [38]. 

Nevertheless, we analysed the urine of the animals for pathological components by 

proteome analysis. Although proteinuria was not detected, an increase in the urinary 

trefoil factor 1 (Tff1) expression was measured by LC-MS/MS in 6 (+34%) as well as 12 

months old (+118%) PodoPalld129-/- mice compared with the controls (Figure 7B). 

Figure 6: Morphological changes of glomerular filtration barrier components in 
PodoPalld129-/- mice. (A) PodoPalld129-/- mice showed a reduced expression of the slit 
membrane protein nephrin in immunofluorescence stainings compared with the corresponding 
controls. Scale bar represents 20 µm. (B) TEM illustrated a partially thickened GBM (asterisk) in 
PodoPalld129-/- mice. Scale bar represents 1 µm. Figure partially modified from Artelt, Ritter et 
al. 2021 [38].  
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3.6 Expression of palladin- and actin-binding proteins 

We could already show that PodoPalld129-/- mice develop glomeruli with various 

morphological abnormalities. Since the actin-cytoskeleton and actin-binding proteins are 

highly relevant for podocyte morphology we investigate the role of palladin on the 

expression of essential palladin- and actin-binding and interacting proteins like Pdlim2, 

VASP, Lasp-1, ezrin, Amotl1 and Klotho, on protein and RNA levels. Pdlim-2 and 

phosphorylated LASP-1 (pLASP-1) was markedly reduced in immunofluorescence 

stainings of PodoPalld129-/- mice at 6 months and 12 months of age compared to the 

controls, whereas ezrin remained unchanged (Figure 8A) [38]. qRT-PCR and Western 

blot analysis of the 6 months old PodoPalld129-/- mice underlined the significant reduction 

of Pdlim2, while Ezrin and LASP-1 remained unchanged (Figure 8B) [38]. Furthermore, 

the mRNA levels showed a significant downregulation of VASP and upregulation of 

Amotl1 in both age groups [38]. In addition, we examined the mRNA levels of Pdlim2, 

LASP-1 and ezrin in 12 months old PodoPalld129-/- mice. Pdlim2 was significantly 

Figure 7: Urine analysis of PodoPalld129-/- mice. (A) 1 µl sterile mice urine from 6 months 
old PodoPalld129-/- mice and the corresponding controls were separated by gel electrophoresis 
and stained using CBB. No albumin band could be seen at 66 kDA molecular weight in 
PodoPalld129-/-mice 6 months of age. This indicates no increased albuminuria or proteinuria in 
the PodoPalld129-/- mice. A strong signal was shown by the major urinary proteins (MUPs). (B) 
We could detect an increase of trefoil factor 1 (Tff1) in 6 months and stronger in 12 months old 
PodoPalld129-/- mice urine compared to the corresponding controls.  
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reduced in the glomeruli (12 months: 0.89±0.17, p<0.001; mean±SD) whereas Lasp-1 

was unchanged (12 months: 0.97±0.30; mean±SD). However, ezrin was slightly 

downregulated at the age of 12 months (0.92±0.18, p<0.05; mean±SD). The mRNA level 

of the anti-aging protein Klotho is significantly downregulated in 6 months (0.57±0.53, 

p<0.001; mean±SD) as well as 12 months (0.59±0.50, p<0.001; mean±SD) old 

PodoPalld129-/- mice (Figure 8B). 

 

Figure 8:  Protein and mRNA analysis of palladin-interacting proteins in PodoPalld129-/- 
mice. (A) Pdlim2 and pLasp-1 expression is reduced in immunofluorescence stainings of 
PodoPalld129-/- mice compared with corresponding controls. Scale bars represent 20 µm. (B) 
qRT-PCR analysis showed a significant downregulation of Pdlim2 mRNA in 6 months and 12 
months old PodoPalld129-/- glomeruli. There was no significant (ns) difference for the mRNA 
levels of Lasp-1 (both age groups) and ezrin (6 months of age) in PodoPalld129-/- glomeruli 
compared controls, but a slightly downregulation for ezrin at 12 months of age (mean±SD, *p<0.05 
**p<0.01 and ***p<0.001; unpaired Student’s t-test). Figure partially modified from Artelt, Ritter et 
al. 2021 [38]. 
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4. Discussion  

 

The actin cytoskeleton plays a central role for the morphology of podocyte foot processes 

and therefore for the size-selectivity of the filtration barrier. One protein, which we have 

recently identified to play an essential role for the actin cytoskeleton of podocytes is 

palladin, a protein responsible for the crosslinking and the stabilization of actin filaments 

[14,21]. As shown in our recent publication, palladin knockout in PodoPalld129-/- mice 

resulted in disturbed podocyte morphology, foot process effacement, glomerular tuft 

alterations, and influenced expression of palladin- and actin-binding proteins. 

 

Since the genetic background of a mouse strain is highly important for the severity of the 

induced kidney disease, we wanted to study the influence of a palladin knockout on a 

mouse strain described as less resistant against kidney damage, such as mice with a 129 

genetic background. Thus, Hartner and colleagues have nicely shown that 129S mice 

treated with deoxycorticosterone acetate (DOCA) salt are more susceptible to 

hypertension and  glomerulosclerosis associated with albuminuria than C57BL/6 mice 

[34]. This is in agreement with the latest finding that 129S and C57BL/6 strains have 

significant differences in distinct vascular properties [41]. In general, the C57BL/6 mice 

strain is suggested to be relatively robust against all kidney diseases. In our experiments, 

we further focussed on the age-related development of morphological and functional 

alterations in a strain-dependent way. Since it is well known that kidney functions decline 

with age and that there is a correlation between age and worse outcome for most 

glomerular diseases [42–44], we analysed 6 and 12 months old PodoPalld129-/- mice 

compared to the corresponding controls.  

 

We found that PodoPalld129-/- mice showed much more glomeruli with dilated capillaries 

than PodoPalldBL/6-/- mice at 6 month of age [32,38]. Additionally, PodoPalld129-/- mice 

6 and 12 months of age showed a significant increase of the capillary area combined with 

the formation of a dilated capillary tuft compared with the controls. Since mesangial cells 

are essential for the development and maintenance of glomerular tuft morphology [45], 

we studied the mesangial cells in PodoPalld129-/- mice. The PodoPalld129-/- mice 

showed a significant downregulation of integrin α8, a specific marker for mesangial cells 
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[46] indicating that a knockout of palladin in podocytes results in a loss of mesangial cells. 

Quantitative analysis using the ImageJ-based open source software package FIJI 

revealed indeed a significant reduction of the mesangial area in 6 and 12 months old 

PodoPalld129-/- mice compared to the controls. This finding is in agreement with previous 

studies of podocyte-specific VEGF-A knockdown mice that developed mesangiolysis  with 

dilatated capillary loops [47], indicating an important crosstalk between podocytes and 

mesangial cells, as has been already reported for other proteins. Taken this part together, 

we demonstrated that palladin has an indirect effect on capillary loop formation by 

reducing the number of mesangial cells. Kriz previously described that these alterations 

may cause podocytes to be shifted radially and come into contact with parietal epithelial 

cells [48]. In our present study we could observe that as a consequence of capillary tuft 

enlargement PodoPalld129-/- mice 6 months of age developed a significant increased 

number of contacts between podocytes and parietal epithelial cells (PECs) compared to 

controls. This cellular adhesion between podocytes and PECs is the start of tuft adhesion, 

one of the first committed lesions for FSGS [48,49]. Despite this, 12 months old 

PodoPalld129-/- mice showed no significant increase in contact formations, suggesting 

presumed podocyte loss. 

 

Despite glomerular tuft alterations in PodoPalld129-/- mice, we identified more podocytes 

with morphological abnormalities, such as an enlarged sub-podocyte space and cyst 

formation compared to the corresponding controls as well as to podocytes from 

PodoPalldBL/6-/- mice [32,38]. We believe that this is caused by the absence of the 

scaffolding protein palladin, which is highly important for actin cytoskeleton organisation 

as well as for actin polymerization and nucleation [21,32,50]. It was already shown that 

Rcho-1 cells collapse when palladin is absent [14]. Palladin knockout podocytes may 

therefore be more susceptible to mechanical stress because they cannot counteract it, as 

we have recently shown in living zebrafish embryos [32]. Mechanical stress might also be 

responsible for the thickening of the GBM that we observed in PodoPalld129-/- glomeruli 

6 and 12 months of age. In a recent study we have already shown that mechanical 

stretched podocytes produce an increased number of extracellular matrix proteins like 

fibronectin [51].  
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Since it is well known that the morphology of podocyte foot processes is directly linked to 

the size selectivity of the filtration barrier, we wanted to determine whether podocyte foot 

processes are differentially affected by the knockout, depending on age and strain. Beside 

a reduced expression of the slit diaphragm proteins nephrin and podocin in 

PodoPalld129-/- mice, we found that 12 months old PodoPalld129-/- mice showed 

significantly more effaced podocyte foot processes compared to 6 months old littermates. 

However, this was also observed in control animals, indicating that podocyte foot process 

morphology changes in an age-dependent manner. Supporting this, Kos and colleagues 

observed in a non-quantitative manner an age-dependant increase of podocyte foot 

process effacement in Actn4 deficient mice [10].  Interestingly, we found a broadening of 

the primary processes of podocytes in 6 and 12 months old PodoPalld129-/- mice, in 

contrast to controls. Kriz and colleagues hypothesized that broad and flattened primary 

processes are caused by retraction of the foot processes into the primary processes when 

the complete stage of foot process effacement is reached [13]. 

 

Although effacement is accompanied with protein leakage and albuminuria, no 

albuminuria was detectable in the urine of PodoPalld129-/- mice. This could be explained 

by an increased re-absorption of filtered albumin by the proximal tubules, as described by 

Dickson et al. [52]. However, we found that protein expression of Trefoil factor 1 (Tff1) 

was increased in the urine of PodoPalld129-/- mice, especially in mice at 12 months of 

age. This might be a first sign of onset of renal failure and an acute phase of kidney 

disease, as it was reported by Lebherz-Eichinger [53]. 

 

Since the actin cytoskeleton plays a central role for a proper 3D morphology of podocyte 

foot processes, we analysed palladin and actin-binding proteins such as Lasp-1 [19], 

Pdlim2 [28], ezrin [25] and VASP [26]. It has been reported that knockdown of palladin in 

HeLa cells results in loss of Lasp-1 to actin stress fibers. We hypothesized that palladin 

is required to recruit Lasp-1 to actin stress fibers in podocytes [19,38]. In our experiments, 

mRNA expression of Lasp1 was unchanged in PodoPalld129-/- podocytes, however we 

observed a significant reduction of phosphorylated Lasp-1 (pLasp-1) in PodoPalld129-/- 

mice of both ages in contrast to their controls. Recently, it was published that LASP-1, on 

the one hand, is very important for the integrity of the filtration barrier and, on the other 
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hand, its phosphorylation is regulated by angiotensin II (AngII), leading to relocalization 

of F-actin fibers and focal adhesions to lamellipodia in cultured podocytes [54]. This 

underlines the important role of palladin in the localization and function of LASP-1.  

We also studied another actin-binding protein, the vasodilator-stimulated phosphoprotein 

(VASP) for its role on podocyte function. Hohenstein and colleagues have shown that 

kidney injury is more pronounced in VASP-deficient mice, but surprisingly, long-term 

disease progression may be protected [55]. Our results revealed a significant 

downregulation of VASP in PodoPalld129-/- mice of both age groups, suggesting a direct 

effect of palladin on this protein. This might explain the attenuated phenotype of the 

PodoPalld129-/- animals. Ezrin, which is specifically expressed in podocytes [56] 

remained unchanged in PodoPalld129-/- mice at 6 months of age, but a significant 

downregulation was observed in glomeruli at 12 months of age. Since Wasik et al. has 

shown that knockdown of ezrin in cultured mouse podocytes leads to reduction of actin 

stress fibers and cortical actin accumulation at the plasma membrane [57], we 

hypothesize that downregulation of ezrin in PodoPalld129-/- mice will lead to a weakening 

of the actin cytoskeleton in podocytes in an age-dependent manner. This is supported by 

the results of Hugo et al. who observed that after 5/6 nephrectomy, a model for chronic 

kidney disease, ezrin is downregulated during aging [56]. 

Another important binding partner of palladin is Pdlim2. Pdlim2 plays a central role as a 

binding protein for a number of podocyte-essential proteins. As previously shown, Pdlim2 

expression was significantly decreased in patients with glomerulopathies [29]. In 6 and 12 

months old PodoPalld129-/- mice, we also observed significant downregulation of Pdlim2 

protein and mRNA levels. In contrast, Amotl1, a Pdlim2-interacting partner [29], is 

significantly upregulated in PodoPalld129-/- glomeruli, which might be due to 

compensation of reduced Pdlim2 expression, as already reported [38]. Pdlim2 seems to 

be a central protein for podocytes, since a previous study has shown that Pdlim2 

expression is closely linked with the expression of the anti-aging protein Klotho [30]. 

Klotho is significantly reduced in kidneys of patients with chronic renal failure [58]. In line 

with these findings Klotho is significantly downregulated in 6 and 12 months old 

PodoPalld129-/- mice. In vitro and in vivo PAN-induced podocyte injury models showed 

significant downregulation of Klotho and increased podocyte apoptosis [59]. Neyra and 
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Hu postulated that Klotho deficiency may be an early biomarker for chronic kidney disease 

(CKD) and a pathogenic intermediate for CKD development and progression [60]. 

 

All together, we show here that palladin, an actin-binding protein, is essential for the intact 

morphology of the glomerular tuft and podocytes in mice with a 129 genetic background. 

In addition, palladin regulates the expression of important proteins such as Pdlim2, VASP, 

Amotl1 and Klotho.   
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5. Summary  

 

Worldwide, chronic kidney disease is one of the leading public health problems. 

Podocytes, highly specialized postmitotic cells in the filtration unit of the kidney 

glomerulus, are essential for the size selectivity of the filtration barrier. Loss of the 

complex 3D morphology of their interdigitating foot processes, effacement and 

detachment of the cells from the capillaries lead to proteinuria and often loss of kidney 

function.  

Since the morphology of podocyte foot processes is highly dependent on an intact actin 

cytoskeleton and actin-binding proteins, we investigated the role of the actin-binding 

protein palladin in podocytes from mice with a 129 genetic background, that is more 

susceptible to kidney injury. PodoPalld129-/- mice were examined at 6 and 12 months of 

age using immunofluorescence staining, electron and 3D super-resolution microscopy as 

well as qRT-PCR. 

Our analysis of PodoPalld129-/- mice at 6 and 12 months of age showed that podocyte-

specific knockout of palladin results in dilation of the capillary tuft accompanied by loss of 

mesangial cells, indicating the influence of palladin on glomerular tuft formation. Besides, 

we observed morphological abnormalities such as an enlarged sub-podocyte space, cyst 

formations and an increased number of cell-cell contacts between podocytes and parietal 

epithelial cells in PodoPalld129-/- mice compared to controls. Moreover, palladin 

knockout resulted in downregulation of the slit diaphragm protein nephrin as well as an 

age-dependent significant increase in podocyte foot process effacement. Although there 

was a significant change in foot process morphology, we did not detect albuminuria in 

PodoPalld129-/- mice of both age groups. However, we found an increase of trefoil factor 

1 (Tff1) in the urine of the mice, indicating an altered, more permeable filtration barrier.  

Considering that palladin has several binding sites for important actin-binding and 

regulatory proteins, we studied the expression of Lasp-1, Pdlim2, VASP and Klotho in 

dependence on palladin. We found a remarkable reduction in, for example, 

phosphorylated Lasp-1 as well as Klotho, which could influence the morphology of 

podocyte foot processes. 
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Compared with PodoPalldBL/6-/- mice, PodoPalld129-/- mice showed stronger 

glomerular tuft dilation and developed podocytes with increased morphological 

abnormalities, underlining the importance of the genetic background.  

In conclusion, these results demonstrate the essential role of palladin for podocyte 

morphology in mice with a 129 genetic background. 
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