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A General Introduction to Acute Renal Failure and Recovery

Acute renal failure (ARF) is an important clinical problem with a high mortality and morbid-

ity. It affects 5% of hospitalized patients and has a mortality rate of approximately 50%1. 

One of the primary causes of ARF is ischemia/reperfusion (I/R), a drop in blood flow lead-

ing to inadequate supply of oxygen and nutrients to renal tissue which can be caused by, 

amongst others, surgery, organ transplantation and shock1. This initiates a complex and 

interrelated sequence of events that result in (sub)-lethal injury of renal cells. Although the 

kidney has the ability to recover completely, injury that is too severe can lead to chronic 

renal failure setting patients up for a life of weekly dialysis treatment1;2. Current therapy is 

limited to supportive measures and preventive strategies, none of which have been defi-

nitely shown to alter mortality 3;4. Therefore fundamental insights into cellular and molecu-

lar biology of I/R induced renal injury are necessary to develop effective therapies that can 

prevent or reduce renal injury and thereby improve the quality of life of the patients.

Cell adhesions are important structures for cell function and are implicated in efficient and 

proper tissue and organ function. In this thesis the role of cell adhesion signaling during 

I/R-induced renal injury is studied. Therefore the different types of cell adhesion will be 

described before going into the pathophysiology of renal injury. In addition the molecular 

and cellular mechanisms of renal failure will be discussed. The focus of this introductory 

chapter is on the cell-extracellular matrix (ECM) interactions known as focal adhesions 

(FAs). Primarily the non-receptor protein tyrosine kinase, focal adhesion kinase (FAK) will 

be described, since FAK, an important component of the FAs, is involved in many signal-

ing pathways implicated in renal I/R process and recovery of renal tissue.

Kidney physiology

The kidney has two functions, to rid the body of waste materials either ingested or pro-

duced by the metabolism and to control volume and composition of body fluids. The kid-

neys perform their important functions by filtering the plasma and removing substances 

from the filtrate at variable rate, depending on the needs of the body. Ultimately the kid-

neys clear unwanted substances from the filtrate by excreting them in urine while returning 

substances that are needed back in the bloodstream.

When the kidneys are bisected from top till bottom there are three major regions that can 

be identified, the outer cortex, the inner medulla and the papilla (Fig. 1A). Each human kid-

ney consists of approximately one million nephrons which together form the functional unit 

of the kidney. Each nephron consists of a glomerulus, through which fluid is filtered from 

the blood and a long tubule in which the filtered fluid is converted into urine. The filtered 

fluid flows from the glomerulus into the Bowmans’s capsule and then into the proximal tu-
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bule. From the proximal tubule, fluid flows into the loop of Henle and via the macula densa 

it enters the distal tubule followed by the connecting tubule and the cortical collecting tu-

bule that leads to the collecting ducts (Fig. 1B). A nephron can be considered as a series 

of functionally distinct segments each having unique permeability characteristics and fluid 

and solute transport capabilities. These specific characteristics are determined by the 

cyto-architecture of the epithelial cells and the manner in which the cells interact with each 

other and the ECM. These cell adhesions are involved in the restriction of permeability, 

establishment of epithelial cell polarity and normal transport and filtration of substances 

across the cell barrier 5.

Cell adhesions in the kidney

Most cell types, including the proximal tubular epithelial cells, require cell-cell and cell-

ECM adhesion for proper cellular signaling and tissue function. Adherens and tight junc-

tions mediate cell-cell adhesion, whereas cell adhesions to the ECM are known as FAs.

The tight junctions are also referred to as occluding junctions or zonula occludens. They 

are located near the apical surface at the lateral plasma membrane of the cell (Fig. 2) and 

act as a seal between cells that regulates diffusion of ions and solutes across the cell 

boundaries6;7. They also prevent lateral diffusion of plasma membrane proteins and lipids 

between the apical and basal-lateral plasma membrane domains and thus maintaining 

epithelial cell polarity. Occludin and ZO-1 are integral membrane proteins that interact 

with each other and anchor the junctional complex to the cytoskeletal elements of the 

Figure 1. Illustration of a cross section of kidney and nephron. The kidney can be divided into three 
major regions i.e. cortex, medulla and papilla (A). The human kidney consists of approximately one mil-
lion nephrons. A nephron contains a glomerulus, proximal tubule, descending and ascending thin limb, 
distal tubule and collecting duct (B).
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neighboring cells6;7. The tension of the actin cytoskeleton pulling on the tight junction is 

implicated in the regulation of paracellular permeability6;8 (Fig. 3).

The adherens junctions, also termed zonula adherens, are calcium dependent adhesion 

complexes located basal to the tight junctions9;10 (Fig. 2). Cadherin cell-cell adhesion mol-

ecules organize a plaque structure that contains a variety of membrane-cytoskeletal pro-

teins that link to the actin cytoskeleton and signal transduction proteins including growth 

factor receptors and several tyrosine kinases. Cadherins (e.g. epithelial E-cadherin, 

neural N-cadherin, placental P-cadherin and kidney K-cadherin) are transmembrane 

proteins with a single transmembrane-spanning region, an extracellular domain and an 

intracellular domain11;12.. The extracellular domains of cadherins of two adjacent cells 

bind, linking the cells in a zipperlike way13;14. Intracellular, cadherins interact with the ac-

tin cytoskeleton via catenins (e.g. α-catenin, -catenin, plakoglobin and p120 catenin)13.  

Stability of the adherens junctions is regulated by for example tyrosine phosphorylation 

of the proteins located at the junction15 (Fig. 3).

FAs are the closest contact between the cell and the ECM (Fig. 2). The formation of FAs 

is mediated by the integrin family of heterodimeric receptors. Integrins are composed of 

α and  subunits. There are 16 different α and 8 different  subunits that heterodimerize 

into at least 25 different receptors16;17. The heterodimers subsequently function as cel-

lular receptors for ECM glycoproteins like fibronectin, laminin and collagen17-19. Integrins 

cluster upon interaction with their extracellular ligand providing binding places at their 

cytoplasmic tail for cytoskeletal, scaffolding and signaling molecules which leads to the 

Figure 2. Schematic illustration of tubular epithelial cell adhesion. Renal tubules are consist of a 
single layer of epithelial cells (A). These epithelial cells are attached to each other via tight junctions 
and adherens junctions. Cell- extracellular matrix adhesion is mediated by focal adhesions. All cell 
adhesion complexes contain an number of structural and signaling molecules and are linked to the 
F-actin cytoskeleton (B).
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formation of FAs17-19. Signal transduction via FAs is implicated in many cellular processes 

like proliferation, migration, stress, survival and F-actin cytoskeleton organization20;21. The 

formation and remodeling of FAs is a dynamic process under regulation of protein tyrosine 

kinases. Recruitment of proteins like FAK and paxillin to the FAs precedes their tyrosine 

phosphorylation22;23. Thus, phosphorylation of these FA proteins and subsequent signal-

ing happens primarily at these adhesion sites (Fig. 3)

Renal injury

Diseases of the kidney are among the most important causes of death and disability in 

many countries around the world. Most kidney diseases can be divided into two main 

categories: (1) ARF in which the kidney abruptly stops working entirely but may eventually 

recover normal function, and (2) chronic renal failure, in which progressive loss of function 

of nephrons gradually decreases kidney function. Chronic renal failure can easily occur 

when renal tissue is unable to completely recover after ARF24-26.The causes of ARF can 

be divided into three main categories: pre-renal, intra-renal acute and post-renal ARF. 

Abnormalities that originate within the kidney and that abruptly diminish urine output fall 

into the category of intra-renal acute renal failure. This thesis will focus on intra-renal ARF, 

which has emerged as the most common and serious subtype in hospitalized patients. 

The most common causes of intra-renal ARF are I/R and poisons, toxins and medications 

that destroy the tubular epithelial cells 24-26. 

ARF can lead to retention of extracellular fluid of water, waste products and electrolytes 

Figure 3. Cell-cell and cell-ECM adhesion complexes. The tight junctions consist of the transmem-
brane protein claudin and ZO-1 proteins that are connected to the F-actin cytoskeleton. The adherens 
junctions contain cadherins, which link two cells in a zipper-like way, and catenins that link the complex 
to the F-actin cytoskeleton (A). The cell-ECM interactions, FAs are formed by integrins and FA proteins 
like, FAK, Src and vinculin, talin, paxillin that can link the complex to the F-actin cytoskeleton (B).
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in the blood. When the injury is severe excessive retention of potassium (hyperkalemia) 

can be fatal. Patients can develop metabolic acidosis because of the inability to excrete 

hydrogen ions, which is also lethal.  In the most severe cases of ARF, complete anuria 

occurs. Incomplete restoration of kidney tissue and therefore renal function can lead to 

chronic acute renal failure and ultimately death24-26. 

I/R-induced renal injury and repair

During the initiating period of ischemia the most global effects of ATP depletion and failure 

of perfusion occur 2. During the following postischemic phase, reperfusion allows both 

additional injury and recovery. After an ischemic insult total blood flow returns to normal 

conditions except in the outer medullary region, the so called outer stripe of the outer me-

dulla (OSOM). This region has high energy demands and is marginally oxygenated under 

normal conditions, after ischemia the blood flow will be only 10% of normal flow27. The 

reduced blood flow and hypoxic conditions lead to ATP depletion and deprivation of vital 

nutrients in the nephron segments of the OSOM region. The S3 segment of the proximal 

tubule resides in this region and is extremely susceptible to I/R injury and ATP depletion 

because of their low glycolytic capacity to generate ATP under conditions of impaired 

oxidative phosphorylation24;27;28.

Upon an I/R insult, depletion of ATP in renal cells activates many systems that directly 

cause disruption of the cytoskeleton and cell polarity and cell death or indirectly via ac-

tivating other cellular systems such as endothelial cells and leukocytes resulting in gen-

eral tubulointerstitial damage29. Hypoxia causes shut down of the Na+, K+-ATPase ac-

tivity, subsequently the sodium concentration increases in the cells causing the Na+,H+ 

and Na+/Ca2+ exchanger to pump out excessive sodium. Consequence is that intra-

cellular pH decreases and intracellular calcium increases. Free intracellular calcium 

but also calcium-independent pathways can activate cysteine proteases like calpains 

and caspases, phospholipase A and nitric oxidase synthases that can break down the  

cytoskeleton or cytoskeleton binding proteins, damage cellular proteins and 

membranes29;30. Cell-cell and cell-ECM proteins are redistributed and many proteins are 

dephosphorylated31;32. Ischemia results in rapid loss of cytoskeletal integrity and cell po-

larity with mislocalization of adhesion molecules and other membrane molecules like Na+, 

K+-ATPase. The apical actin network is disrupted early after ischemia. The brush border 

of the proximal tubule cells disappears with shedding and internalization of the apical 

membrane proteins and blebbing of the apical membrane33. Mislocalization of adhesion 

molecules can lead to detachment of the tubular cells from the ECM and each other result-

ing in viable cells in the urine of patients and laboratory animals following ARF34-36. Denu-

dation of the epithelial lining of the tubules can result in a decrease in glomerular filtrate 
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rate, a hallmark of ARF37. The overall processes of cellular injury, cell detachment and 

associated stress signaling lead to release of cytokines and other inflammatory mediators 

and recruitment of leukocytes and macrophages to the site of injury. This can contribute 

both to more cellular injury but also to the repair process38.

Although both apoptosis and necrosis are prominent features of ischemic acute renal 

failure, much of the injury relevant to failure of organ function is sublethal. Recovery relies 

on a sequence of events that include epithelial cell spreading and possibly migration to 

cover exposed areas of the basement membrane, cell dedifferentiation and proliferation to 

restore cell number, followed by differentiation which results in restoration of the functional 

integrity of the kidney30;39 (Fig. 4). 

Figure 4. Working model of the proximal tubule during I/R-induced injury and repair. In the early 
phase of I/R the F-actin cytoskeleton is disrupted causing brush border loss. Furthermore signaling 
and adhesion proteins are dephosphorylated and often mislocalized which can lead to cell detachment 
(A). In addition these changes can lead to cell death by either necrosis or apoptosis (B). Remaining or 
sublethally injured cells recover during the late reperfusion phase. Proteins are rephosphorylated and 
dedifferentiation, migration and proliferation processes restore epithelial lining (C). Cells differentiate 
and restore their polarity (D) resulting in the restoration of the functionality of the proximal tubule (E).
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Stress pathway activation during I/R 

I/R injury or simulated I/R in vitro results in the activation of several cellular stress path-

ways, including mitogen-activated protein kinase (MAPK) and NFκB pathways and an in-

flammatory response that leads to the infiltration of immune cells in the damaged area38.

The MAPK family kinases are serine-threonine protein kinases that mediate the response 

of cells to a wide variety of physiological and stress-related stimuli including I/R, reactive 

oxygen species and ATP depletion and convert the extracellular signal to intracellular 

signals that control the expression of genes. MAPKs have been implicated in post-I/R cell 

survival, necrosis and apoptosis15;40. Members of the MAPK family are p38, extracellular 

signal-regulated kinases (ERKs) and c-Jun NH2-terminal kinases (JNKs). MAPK kinases 

are known to localize at the FAs possibly implicating them in cell-ECM signaling during 

renal injury. JNK transduces signals to the nucleus in response to cellular stresses and is 

found markedly increased in activity in the proximal and tubular cells after I/R injury41;42. In-

hibition of JNK activity during ischemia seems to ameliorate renal injury43. Another MAPK 

kinase activated after renal injury is p38. Activation of p38, just as the activation of JNK, 

may contribute to apoptosis by phosphorylation of various transcription factors or cellular 

proteins. Inhibition of p38 activity prevented apoptosis in vitro after simulated ischemia44;45. 

ERKs are activated downstream of tyrosine kinase receptors46 and known to be activated 

after renal injury. The ERK pathway is known to play a role in cell survival signaling. Al-

though there is some evidence suggesting that activation of ERK may contribute to injury 

and apoptotic cell death after renal injury47, the precise role of ERK activation during I/R 

induced renal injury remains to be established.  

The transcription factor NFκB can both induce and repress gene expression by binding 

to κB elements in the enhancers or promoters. NFκB exists in an inactive form in the 

cytoplasm due to binding to the inhibitory protein IκB48;49. NFκB signaling can be acti-

vated by many stimuli including ischemia and reactive oxygen species produced during 

reperfusion48;49. Activation of NFκB  typically involves phosphorylation of IκB by IκB kinase 

complex which results in IκB degradation. This releases NFκB and allows it to translocate 

to the nucleus. Genes regulated by NFκB include those controlling apoptosis, cell adhe-

sion, proliferation, immune-response, inflammation, the cellular stress-response and tis-

sue remodeling48;49. The outcome of NFκB activation depends on the nature and cellular 

context of its induction48;49. Inhibition of NFκB during I/R by NFκB decoy oligodeoxynucle-

otides is reported to be renoprotective50. During renal I/R NFκB activation and signaling is 

involved in the production of cytokines like TNFα and IL-1 causing upregulation of chemok-

ines that are chemotactic and immunomodulatory to leukocytes. Furthermore NFκB can 

stimulate the expression of monocyte chemoattractant protein-1 and intercellular adhe-

sion molecule-1 resulting in the infiltration of macrophages45;51. Importantly focal adhe-
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sion kinase (FAK) is necessary for activation of NFκB in different cell types52-54. Whether 

FAK-mediated signaling is also involved in NFκB activation and immune response after 

renal I/R is yet unclear. 

Cell-ECM signaling during renal injury

As described previously renal cell injury induced by I/R or chemical anoxia is associated 

with loss of cell-ECM interactions and reorganization of the F-actin cytoskeleton. These 

changes can eventually lead to detachment of viable and dead cells and loss of renal tu-

bular function. However these changes also have an effect on the following recovery after 

the insult. In this section we discuss the most important findings that implicate cell-ECM 

interactions and cytoskeletal organization in I/R induced renal cell injury and recovery.

During ischemia in vivo or ATP depletion in vitro many cytoskeleton-associated com-

ponents are either denatured or form large macromolecular aggregates55;56.  In isolated 

proximal tubule cells, primary cultures of proximal tubule cells and cultures of epithelial 

cell lines, ATP depletion causes fragmentation of microvillar actin, dissociation of cortical 

actin and disassembly of basal stress fibers33;57;58. The basal F-actin network plays an 

integral part in cell-ECM adhesion and actin stress fibers are an important component 

of the basal F-actin network in renal tubular epithelial cells. Disruption of the basal actin 

network during ischemia or ATP depletion alters cell-ECM interaction33;57;58. The F-actin 

stress fibers are connected to FAs and are crucial for cell-ECM adhesion because the 

actin cytoskeleton stabilizes these adhesions by anchoring to the cytosolic domain of 

integrins. Using an in vitro oxidative stress model, Gailit etal. demonstrated as one of the 

first, redistribution of the integrin adhesion molecules59. They showed that the α3-integrin 

subunit relocalizes from the basolateral membrane to the apical membrane; providing 

evidence for FA disruption caused by renal oxidative stress in vitro59. Zuk etal. found a few 

years later using a unilateral I/R rat model that the ß1-integrin subunit translocates from 

the basolateral to the lateral membranes of tubules in the S3 segment of the proximal tu-

bule, but not the apical membrane. During reperfusion more fibronectin was found which 

coincided with an increase in ß1 integrins predominantly located basally60. Preventing ß1-

integrins from deactivation during I/R with HUTS-21 antibody, that recognizes an activa-

tion dependent epitope of ß1 integrins, preserves renal function61. These findings suggest 

a role for cell-ECM adhesions in both the initial injury phase (ischemia) and the following 

phase of reperfusion injury and recovery. However, although these studies show that the 

integrin mediated adhesion is perturbed during renal injury both in vivo and in vitro, only 

very little studies show how these pertubations may affect downstream FA formation and 

adhesion related signaling. The role of FAK, an important member and regulator of the 

FAs, is not well understood as well. 
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Focal Adhesion Kinase (FAK)

FAK is a non-receptor protein tyrosine kinase discovered in 1992 as a substrate of the 

Src family kinases62;63. It acts both as a scaffolding protein and a kinase at the FAs and is 

implicated in many signaling pathways involved in cell adhesion, cell spreading, prolifera-

tion, cytoskeleton organization and cellular stress. 

FAK structure

FAK is comprised of several regions crucial for its function: the amino (N)-terminal domain 

that mediates interaction with membrane proteins, a centrally located kinase domain, 

three proline rich regions and a carboxyl (C)-terminal with the focal adhesion targeting 

(FAT) domain (Fig. 5).

The N-terminus is composed of an autophosphorylation site, tyrosine residue 397 (Y397), 

and a FERM domain named after its homology with band 4.1 and ezrin, radixin, moesin 

family proteins64. The FERM domain interacts with the ß-subunit integrins as well as some 

growth factor receptors (EGFR, PDGFR) 47;65. The FERM domain also interacts with the 

kinase domain thereby inhibiting the function of the kinase domain47;65;66. Clustering of 

integrins enables binding of the FERM domain to the ß-integrin subunits. Subsequently 

Figure 5. Structural features of FAK. FAK consists of a FERM domain at the N-terminus, a centrally 
located kinase domain, a FAT domain at the C-terminus and three proline rich regions. The FERM do-
main binds to integrins and growth factor receptors as well as its own kinase domain. The FAT domain 
is necessary for focal adhesion targeting directly or via binding partners paxillin and talin. The tyrosine 
phosphorylation sites provide binding sites as well. PY397 binds Src kinase but also Grb7 and p85 
unit of PI3kinase and PY925 binds Grb2. PY407 is involved in negative regulation of FAK activity and 
PY576 and PY577 located in the kinase domain are necessary for full kinase activity.
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FAK unfolds releasing the kinase domain allowing autophosphorylation and activation67. 

The C-terminus contains the FAT domain that is able to directly interact with the integrins 

but also provides binding sites for scaffolding and cytoskeleton binding proteins paxil-

lin and talin that can recruit FAK to the integrins68. The FAT domain also interacts with 

p190RhoGEF, a Rho specific GDP/GTP exchange factor further involving FAK in cytoskel-

etal organization. Between the kinase domain and the FAT domain reside the proline rich 

domains that interact with SH3 domain containing proteins like p130CAS, GRAF (GTPase 

regulator) and ASAP1 (Arf-GAP). FAK localization and activition can be regulated by dif-

ferent mechanisms including dephosphorylation by phosphatases, inhibition by proteins 

like FIP200 but also interaction with other proteins and kinases like Src69;70.

FAK activation, phosphorylation and regulation

Alluded to the above, clustering of integrins causes a conformational change in FAK that 

alters the interaction of the FERM domain with the kinase domain. FAK is autophospho-

rylated on tyrosine 397 providing a high affinity binding site for Src kinase47;71. Src is re-

cruited to tyrosine phosphorylated residue 397 where it phosphorylates Y576/Y577 in the 

kinase domain thereby increasing kinase activity of FAK72;73. The FAK-Src signaling com-

plex can phosphorylate paxillin bound to FAK as well as talin, and the CAS family proteins. 

Other tyrosine residues of FAK that are phosphorylated by Src are Y407, Y861 and Y925 

and provide binding places for many SH2 domain containing proteins74. 

Tyrosine phosphorylation of FAK and the recruitment of other FA proteins to FAK results 

in the formation and turnover of the focal adhesions. The downstream signaling from FAK 

depends on its tyrosine phosphorylation status and the binding of specific proteins.  PY397 

binds besides Src several other signaling proteins including the p85 subunit of phospho-

inositide 3 (PI3)-kinase, Grb7 and PLCγ75-77. PI3-kinase is activated after interaction with 

PY397, this leads to activation of the PKB/Akt survival pathway. Binding of Grb7 leads to 

migration signaling and is involved in adhesion. PY925 provides a binding place for Grb2 

and mSOS (Ras GTP exchange factor) linking FAK to the Ras and MAPK pathway69;78. 

FAK phosphorylation at Y861 facilitates SH3 domain-mediated binding of p130Cas to the 

C-terminal proline-rich domains of FAK79. Tyrosine phosphorylated P130CAS, paxillin and 

FAK are involved in migration and spreading of cells. Phosphorylation of Y925 is associat-

ed with integrin adhesion and E-cadherin deregulation during Src-induced epithelial-mes-

enchymal transition80 and with Erk activation69;78. Phosphorylation of Y925 also causes 

FAK loss from the FAs81. Phosphorylation of Y407 negatively regulates the enzymatic 

activity of FAK and supresses cell adhesion, spreading, proliferation and migration82. 
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FAK activation and phosphorylation during acute renal failure 

Phosphorylation of proteins on their tyrosine residues by protein tyrosine kinases plays an 

important role in the regulation of cellular signaling processes. Only a few studies describe 

renal injury-induced integrin redistribution in the context of altered phosphorylation of FA-

associated proteins and altered downstream FA signaling. In previous studies by van de 

Water etal. It was shown that treatment of renal cells with nephrotoxicants like dichloro-

vinylcysteine (DCVC) caused loss of cell-ECM contacts which was preceded by tyrosine 

dephosphorylation of FAK and dissociation of FAK from the FAs83. In addition, inactivation 

of FAK kinase activity using dominant negative acting deletion mutants delayed formation 

of FAs and potentiated the onset of apoptosis caused by DCVC84. Furthermore, in vitro 

studies by Weinberg etal. showed reversible dephosphorylation of known FA proteins 

like FAK and paxillin during hypoxia in freshly isolated rabbit proximal tubules85. Liu etal. 

report that cytoskeleton associated proteins vinculin, paxillin and talin decrease during 

chemical anoxia in vitro86. However none of these results are supported by in vivo data. 

Therefore the relevance of the data as well as the implications for the understanding of 

the role of cell-ECM adhesion during I/R remain elusive due to a lack of in vivo data. Many 

questions remain and should be studied to come to a full understanding of the molecular 

and cellular mechanisms of ARF and the role of cell-ECM adhesions in this process.

Conditional genetic mouse models for renal failure

Transgenic technologies in mice have become invaluable experimental tools to identify 

the in vivo function of proteins. However, the conventional knockout approach, gene dis-

ruption by homologous recombination in embryonic stem cells, produces animals in which 

all cells have been affected. This can result in embryonic lethality and because genes 

are generally expressed in more than one cell type the knockout phenotype can be to 

complex to use for functional studies of the protein of interest in a specific tissue or organ 

because its pathology can be confounded by other organs or neighboring cells. 

To overcome these limitations conditional gene targeting techniques have been devel-

oped allowing gene inactivation under specific conditions. The Cre recombinase/loxP sys-

tem is most widely used to obtain an inducible tissue specific knockout mouse model87. 

For this two mouse lines are necessary. One mouse line has the gene of interest flanked 

by two loxP sites. LoxP sites are short sequences of 34 bp containing two 13-bp inverted 

repeats flanking an 8-bp asymmetric spacer. The second mouse line expresses Cre re-

combinase driven by a core promoter of a tissue-specific gene. Cre recombinase can de-

lete the gene of interest by recombination of the two LoxP sites, thereby excising (part of 

the) gene residing between the sites. Crossing these two lines generates offspring where 
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the gene of interest is removed only in the tissue where the promoter that drives Cre is 

active.  An advantage of the Cre/loxP system is that it is possible to determine the moment 

of gene inactivation, making it possible to delay that moment to adulthood, by using an 

inducible variant of Cre recombinase. In the tamoxifen-inducible system developed by Feil 

etal. and Inra etal. the Cre gene is fused to a mutant form of the ligand binding domain 

of the estrogen receptor (ER)88;89. These mutant form is insensitive to the natural ligand 

(17ß-estradiol) at normal physiological conditions but responsive to the synthetic estrogen 

antagonist tamoxifen (TAM) or 4-hydroxy-tamoxifen (4-OHT)88-91. In the absence of TAM 

or 4-OHT the Cre-ER hybrid protein (Cre-ERT2) is sequestered in the cytoplasm of the 

cell and Cre-mediated recombination is prevented because this happens in the nucleus. 

Binding of the estrogen antagonist permits Cre-ERT2 translocation to the nucleus allowing 

temporally controlled inactivation of the floxed target gene by excision.

To study the function of FAK in I/R-induced injury we used a proximal tubule specific 

inducible FAK knockout mouse model for several reasons. We chose an inducible FAK 

knockout model because, (1) homozygous FAK knockout mice die after gastrulation 

around embryonic day 8.5 (E8.5) with severe mesodermal effects92;93. (2) Previous stud-

ies show that tissue specific deletion of FAK in keratinocytes or neurons does not result in 

embryonic or perinatal lethality. This prompted us to use the Cre/LoxP system to knockout 

FAK in kidney tissue. Furthermore (3) we wanted to investigate the role of FAK during I/R-

induced renal injury in adult mice. Therefore we preferred an inducible knockout system 

where we could knockout FAK just before subjecting the kidneys to injury to prevent or 

reduce the contribution of developmental defects or compensatory signaling pathways 

that may affect induced injury or recovery. A requirement for the knockout model is a cell 

specific recombination because the kidney consists of many different cell types and the 

primary site of injury is the PTCs. 

For our in vivo models we used a proximal tubule specific inducible Cre-recombinase 

mouse line γGT-Cre-ERT2  (Dworniczak etal. 2007) which is crossed with mice where  the 

second kinase domain exon of FAK is flanked by 2 loxP sites (FAKloxP/loxP)  (Beggs etal. 

2003) to obtain an inducible proximal tubular cell specific fak  knockout mouse (FAKloxP/

loxP//γGT-Cre-ERT2)94;95. Disruption of this exon following cre-mediated recombination re-

sults in premature translational stop codon resulting in ablation of FAK protein expres-

sion94. In the proximal tubule specific inducible Cre-recombinase mouse line transcription 

of the Cre-ERT2 gene is driven by the truncated promoter of the mouse γ-glutamyl trans-

peptidase type II (γGT) gene. Cre mediated recombination is inducible by TAM or 4-OHT 

and restricted to the renal cells of the S3 segments of the proximal tubules95. 

We also used the Cre/LoxP technique to conditionally knockout FAK in vitro. We isolated 

renal cells from FAKloxP/loxP//Rosa-Cre-ERT2 mice. Because the Rosa-promoter is ubiqui-
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tously active, addition of 4-OHT results in the recombination of the fak gene in all cells.

To study the role of FAK during I/R we used well established in vivo and in vitro ap-

proaches. In vivo we used a unilateral I/R method by subjecting rats or mice to renal artery 

clamping or renal pedicle clamping respectively, followed by reperfusion. In vitro we chose 

to subject mouse primary renal cells to chemical anoxia, using a glycolysis inhibitor, 2-de-

oxyglucose, and an inhibitor of the respiratory chain, antimycin A. This approach results 

in rapid but reversible ATP depletion. 

Aim and outline of the thesis

The elucidation of the molecular and cellular mechanisms of ischemic ARF are very im-

portant in finding new strategies to reduce or prevent renal injury. Several studies show 

perturbations in cell-ECM adhesions by changes in integrin localization during I/R in vivo, 

however the potential presence of FAs and subsequent signaling remain not well studied 

especially under in vivo conditions. FAK is an important FA protein with a tyrosine kinase 

as well as a scaffolding function. Likewise it is involved in many downstream signaling 

pathways leading to very distinct biological processes. However these downstream path-

ways have not been well studied in context of renal failure. Therefore the general goal of 

the work presented in this thesis was to investigate the role of FAK and FA signaling 

during I/R.

In chapter 2 a unilateral renal I/R rat model was used to, firstly show the presence of ty-

rosine phosphorylated protein rich focal adhesions in vivo. Secondly to show that  FAs and 

the F-actin network are disrupted directly after ischemia and rebuild during reperfusion. 

This process depends on tyrosine phosphorylation. FAK phosphorylation occured on dif-

ferent tyrosine residues during the reperfusion, implicating a role for FAK in activating 

different signaling pathways, during the course of the reperfusion process.

The MAPK kinase family member ERK is activated directly after ischemia. ERK is known 

to be involved in FA signaling but the role of ERK phosphorylation during I/R has not been 

investigated in light of FA disruption.  Therefore in chapter 3 the role of ERK signaling 

pathway during I/R induced renal injury in vivo was studied using a pharmacological in-

hibitor of MEK, U0126. Inhibition of ERK prevented the changes in FA protein phosphory-

lation after ischemia and diminished renal injury.

Establishing the presence of FAs in renal tubular cells and the altered FAK phospho-

rylation during I/R led to the question what role FAK plays during I/R. Therefore in 

chapter 4 we used an inducible proximal tubule cell specific FAK knockout model to 

further investigate the role of FAK in I/R-induced injury and repair. We show that PTC 

specific FAK knockout mice are significantly less susceptible to unilateral I/R induced 
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injury compared to their wildtype littermates as is shown by histopathological mark-

ers and a well known biomarker of I/R induced renal injury, kidney injury molecule-1 

(KIM-1). This coincides with less infiltration of immune cells into the injured tissue.  

Studies on how FAK is involved in the stress signaling during renal cell injury and re-

covery are limited. In chapter 5 we studied FAK signaling under normal and simulated 

I/R in vitro in primary cultured mouse renal cells. Conditional knockout of FAK was used 

to study the role of FAK. Under normal circumstances FAK knockout renal cells show 

no major differences in morphology, proliferation and migration. However FAK knock-

out cells have increased FA size, aberrantly formed stress fibers and impaired spread-

ing. During recovery from chemical-induced ATP depletion, FAK deleted cells show im-

paired recovery of the FAs and stress fibers. Concluding, in chapter 6, the results of the 

studies described in this thesis and their implications for future research are discussed. 
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