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In acute renal failure (ARF) the kidneys are unable to perform their 

excretory function, which is characterized by a decrease in glomerular 

filtration rate and an increase in metabolic waste products in the blood. In 

the intensive care units ARF is often associated with multiple organ 

dysfunction or failure and the necessity for renal support therapies is 

associated with increased morbidity and mortality rates. A comparative 

study between a number of worldwide multicenter studies, in which renal 

replacement therapy was used as criteria for ARF, demonstrated an overall 

ARF incidence of 4% with a mortality rate of 60%.
1
 

 However, incidence and mortality rates of ARF have been shown to 

vary over a wide range,
1
 due to lack of consensus criteria for the definition 

of ARF.
2
 Recently, consensus has been reached and ARF has been defined 

and classified in the RIFLE criteria. According to these criteria patients are 

classified with increasing severity as patients at risk (R), with injury (I), 

failure (F), sustained loss (L) or with end stage (E) renal dysfunction.
3
 The 

severity grades are based on changes in serum creatinine and urine output, 

the worst of the two criteria determines the patients RIFLE class.  

 A recent review by Bellomo,
4
 in which ICU ARF patient 

characteristics from the last 30 years were compared, demonstrated that 

incidence and mortality rates have not changed much, suggesting that little 

therapeutic progress has been made over the years. However, as the author 

stated, these numbers are misleading since patient characteristics have 

changed significantly over the years. Nowadays patients are older, have 

multiple comorbidities and develop ARF associated with interventions that 

were not possible 30 years ago. When patient outcomes are corrected for the 

severity of the illness, it is clear that therapy has become more effective and 

survival rate has increased. Unfortunately, current ARF treatment is mainly 

supportive and involves mechanical ventilation, administration of 

vasoactive drugs and renal replacement therapies. In this thesis, molecular 

mechanisms leading to ARF and the potential of new drug interventions are 

investigated.  

 

ARF: mechanisms 

There are three major categories of events that can cause ARF; decreased 

renal blood flow (prerenal), renal parenchymal injury (intrinsic) and 
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obstructed urine flow (post-renal). Prerenal events represent 40-70%, 

intrinsic 10-50% and post-renal 10% of all ARF cases.
5
  

 Ischemia-reperfusion. Prolonged renal ischemia decreases the 

oxygen tension in the kidneys, for preservation of organ function, 

reperfusion should be restored as quickly and optimal as possible. However, 

vascular dysfunction following I/R often hampers reperfusion. The 

individual segments of the nephron differ in the capacity to withstand 

hypoxia and especially the proximal tubules are sensitive to ischemic acute 

tubular necrosis (ATN).
6
 I/R leads to vasoconstriction and inability of the 

renal vasculature to maintain adequate organ perfusion, leading to a 

continuation of tissue hypoxia aggravating organ injury. Important in the 

regulation of vascular function is the family of Rho GTPases. The Rho 

GTPases, are highly conserved throughout evolution and serve as molecular 

switches controlling essential cellular processes like morphogenesis, 

polarity, movement, cell adhesion and cell division.
7
 Rho has at least three 

major effectors, Rho kinase, Citron kinase and mDia that are involved in 

actin/myosin assembly. There are two types of Rho kinase, however, their 

individual roles are hard to distinguish from each other. Rho kinase 

mediates cellular contraction, proliferation, migration, and regulates 

molecules that stimulate the proces of inflammation. Rho/Rho kinase might 

play an important role in decreased renal perfusion following I/R resulting 

in the generation of reactive oxygen species, cellular apoptosis, leukocyte 

infiltration and subsequent inflammatory response. 

 Endotoxemia. Another cause of prerenal ARF, is the presence of 

bacteria or bacterial products in the blood resulting in a systemic 

inflammatory response to fight these pathogens (sepsis). Septic ARF occurs 

more often when disease severity increases, 19 % in moderate sepsis, 23 % 

in severe sepsis and 51 % in septic shock.
8
 The response to sepsis can be 

diverse and is determined by pathogen virulence, infection size, underlying 

illness, age and even the genetic background of the patient.
9;10

 Several 

mechanisms can lead to renal hypoperfusion during sepsis, like 

vasodilatation due to large amounts of nitric oxide (NO) produced by 

inducible NO synthase but also volume depletion by inappropriate 

diuresis.
5;8

 In an attempt to maintain arterial filling and organ perfusion in 

sepsis cardiac output and vasopressin release is increased.
10

 In sepsis, renal 

perfusion does not appear to decrease in the first 24 hours,
11

 however in the 
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first hours of sepsis regional alterations in renal perfusion have been 

described.
12

 Also, the upregulation of inflammatory markers on the 

microvascular endothelium or a decrease in anti-inflammatory mediators 

can induce leukocyte adhesion, subsequently hindering blood delivery.
13

     

 

Aim and outline of this thesis 

Hypoperfusion of the kidney in ARF, despite appropriate support therapies, 

is a major cause of renal injury and ATN. In the present thesis the 

mechanisms leading to hypoperfusion and ARF either induced by I/R or 

endotoxemia were investigated. The focus was on the regulation of 

(micro)vascular function in I/R and on the regulation of tubular function in 

an endotoxemia study. I/R was induced by clamping both renal arteries and 

endotoxemia was induced by an intravenous infusion of Escherichia coli 

endotoxin in male Wistar rats. Kidney injury has systemic effects that are 

often neglected in experimental design.
14

 Therefore, not only renal 

functional parameters but also hemodynamic variables were monitored 

during the in vivo experiments. These experiments were combined with in 

vitro vascular reactivity experiments, protein analysis and 3D-digital 

imaging analysis of kidney sections and renal arteries. The specific aims are 

summarized for each chapter. 

 Chapter 2 reviews our current understanding of the molecular 

mechanisms contributing to the development of ischemic ARF and one of 

the subjects we describe in this review is the functional importance of the F-

actin cytoskeleton. In chapter 3 we hypothesized that the F-actin 

cytoskeleton in the renal microcirculation should show signs of I/R injury 

deleterious to endothelial function. In order to test our hypothesis we 

developed 3D-digital imaging analysis techniques to investigate the 

integrity of the renal microvascular F-actin cytoskeleton in kidney 

cryosections after I/R.  

 One of the causes of renal dysfunction in ARF is decreased nitric 

oxide (NO)-dependent vasodilatation and decreased perfusion. In chapter 4 

we tested the hypothesis that a Rho kinase inhibitor could prevent a 

decrease in renal perfusion by protecting endothelial nitric oxide synthase 

(eNOS) activity following I/R. A Rho kinase inhibitor was given prior to the 

ischemic period and the effect on renal blood flow, vascular reactivity and 

eNOS/vasodilator-stimulated phosphoprotein (VASP) phosphorylation was 
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investigated. In chapter 5 we investigated the hypothesis that eNOS activity 

is associated with its intracellular localization at the Golgi complex. 

Therefore, we determined the role of Rho kinase in the regulation of eNOS 

localization at the Golgi complex and Golgi complex morphology in renal 

arteries after I/R. In addition, we also investigated whether Rho kinase-

regulated eNOS activity is involved in microvascular leukocyte 

accumulation.  Chapter 6 deals with vascular dysfunction in renal I/R due 

to the generation of reactive oxygen species (ROS) in the arterial 

endothelium. In this study, the cyclooxygenase (COX)-inhibitor diclofenac 

was used to investigate the hypothesis that Rho kinase-dependent decreased 

eNOS activity was associated with COX-derived ROS production. 

 In chapter 7 of this thesis an endotoxin induced ARF animal model 

was used. In this model we investigated systemic hypoperfusion due to 

increased dilute urine ouput, which we described as a non-oliguric urinary 

concentration deficiency. The hypothesis was that inappropriate diuresis in 

endotoxemia was the result of diminished vasopressin V2-receptor 

signalling that might be overcome with a high dose of the V2-receptor 

agonist desmopressin.  

Finally, the thesis is concluded with chapter 8, which involves a general 

discussion and summary in which our findings are evaluated, generating an 

integrative and broader perspective on the pathophysiology of ARF.  
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ABSTRACT 

 

Acute renal failure (ARF) necessitating renal replacement therapy is a 

common problem associated with high morbidity and mortality in the criti-

cally ill. Hypotension, followed by resuscitation, is the most common etiolo-

gic factor, mimicked by ischemia/reperfusion (I/R) in animal models. Alt-

hough knowledge of the pathophysiology of ARF in the course of this 

condition is increasingly detailed, the intracellular and molecular 

mechanisms leading to ARF are still incompletely understood. This review 

aims at describing the role of cellular events and signals, including collapse 

of the cytoskeleton, mitochondrial and nuclear changes, in mediating cell 

dysfunction, programmed cell death (apoptosis), necrosis and others. Insight 

into the common molecular pathways in the various elements of the kidney, 

such as vascular endothelium and smooth muscle and tubular epithelium 

leading to cell damage upon I/R or endotoxemia will, hopefully, open new 

therapeutic modalities, to mitigate the development of ARF after 

hypotensive episodes and to promote repair and resumption of renal 

function, once ARF has developed.  
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Introduction. 

Depending on definitions, acute renal dysfunction or failure (ARF) compli-

cates the disease course of about 15-20% of critically ill patients in an 

intensive care unit and independently contributes to morbidity and mortali-

ty, which approaches 60%, even when modern renal replacement techniques 

are applied.
1
 Common etiologic factors include hypotension, shock, 

transplantation and vascular/cardiac surgery. These conditions can be 

mimicked in the laboratory by ischemia/reperfusion (I/R) or 

hypoxia/reoxygenation.
1,2

 Improved understanding of the mechanisms of 

ARF in the course of these conditions could help to design new therapies 

and improve prognosis. Although knowledge on the mechanisms of ARF 

has accumulated in the last decades, the cellular and molecular signals that 

mediate ARF are only partially understood. We will describe those signals 

at the structural levels of renal I/R injury. The repair processes after I/R 

ARF, including gene expression and growth factors utilized for prevention 

or therapy have been summarized elsewhere and will not be fully covered 

here.
3-6

 First, however, a summary is given on the pathophysiology of ARF 

following I/R. 

 

Pathophysiology. 

The key manifestation of ARF, is a rapidly decreasing glomerular filtration 

rate (GFR). The following mechanisms contribute to the low GFR: a fall in 

renal blood flow and insufficient fall in the pre- to postcapillary (pre- and 

postglomerular) hydrostatic pressure ratio, detachment of tubular cells from 

the basal membrane into the tubular lumen, followed by luminal obstruction 

with an increased back pressure for filtration across the capsule of Bowman 

and the glomerular membrane.
7,8

 Finally, backleak of glomerular ultrafiltrate 

across the tubular epithelium because of the high luminal pressure and 

increased permeability, contributes to the decline in (measured) GFR, even 

if perfusion is (incompletely) restored during reperfusion after ischemia.
7,8

 

Nevertheless, the tubular obstruction theory has been challenged in the 

human kidney developing ARF after transplantation, suggesting that 

afferent vasoconstriction contributes more to filtration failure than a high 

back pressure.
9
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Vascular endothelium and smooth muscle. 

Renal hypoperfusion in shock states during hypovolemia is often associated 

with inappropriate and selective renal vasoconstriction, partly attributed to 

activation of the sympathetic nervous system, and other vasoconstricting 

mediators, including thromboxane, leukotrienes, the renin-angiotensin II-

aldosteron system and endothelin, which is a powerful renal vasoconstrictor 

and can be blocked by antagonists to improve renal function following 

I/R.
9,10

 When intrarenal vasodilator mechanisms, including endothelial 

constitutive NO synthase (eNOS)-derived NO, mainly in the afferent 

arteriole, are overwhelmed,
11,12

 renal vasoconstriction leads to ischemia, 

which is only partially reversed during reperfusion. The injured kidney may 

reabsorb less sodium and water;
13

 this results in a negative feedback to the 

renin-angiotensin system at the macula densa and activation of 

tubuloglomerular feedback, causing mainly afferent vasoconstriction, 

contributing to a fall in GFR and tubular hypoperfusion, as suggested in 

ARF in the human renal allograft.
9
 Caveolae and their proteins (caveolin-1) 

are invaginations of the plasma membrane and the caveolins have regulatory 

functions in cell signalling, including eNOS activity. Caveolin-1 is over 

expressed in endothelium (and tubules) of I/R kidneys, suggesting a role in 

ARF pathogenesis.
14

 Indeed, blood flow in peritubular capillaries 

originating from efferent glomerular arterioles may be severely 

compromised for a long time after I/R and this may be associated with 

endothelial damage, swelling and upregulation of endothelin and E-selectin 

(receptors).
15

 The damage to peritubular capillaries may only slowly and 

incompletely resolve after I/R. After an ischemic insult, marked regional 

blood flow alterations may occur. The outer medullary region is marginally 

oxygenated under normal conditions and has high-energy demands. The 

blood flow to outer medullary or cortico-medullary junction region remains 

about 10% of normal during reperfusion after ischemia. The 

microvasculature in this region becomes congested due to interstitial 

oedema, red blood cell trapping, leukocyte adherence and extravasation.  

 A fall in efferent to afferent glomerular arteriolar tone ratio or 

afferent vasoconstriction may reduce GFR. Indeed, the afferent and efferent 

glomerular arterioles have, even under normal circumstances, different 

responsiveness to sympathetic nerve endings and circulating vasoactive 

substances. Their vessel wall properties and thus local responses to 
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endothelium-dependent and independent stimuli may differ also. 

Vasoconstriction (or less endothelium-dependent vasodilator responses) of 

afferent arterioles to glomeruli may be instrumental for an I/R-induced fall 

in GFR. Indeed, the normal preferential efferent vasoconstrictor responses 

to angiotensin II in attempts to maintain glomerular filtration during a fall in 

perfusion could fail some time after I/R, upregulation of inducible NO 

synthase (iNOS) and generation of counteracting and vasodilating NO, and 

this may, in turn, partly explain the, often observed, greater fall in filtration 

than in perfusion and the more than normal dependency of filtration on 

arterial blood pressure, after I/R.    

 Local changes in the vessel walls in the kidneys may contribute to 

selective renal ischemia. In fact, studies suggest that the renal vasculature 

may be more sensitive to (endothelial) damage and related vascular 

dysfunction than other arteries, after I/R. The endothelium-dependent 

relaxation to acetylcholine has been shown to be less effective in defending 

against vasoconstriction of the renal artery after I/R, and this may be 

associated, at least in part, with impaired NO production by eNOS following 

endothelial dysfunction or downregulation, in part by increased NO 

production.
12,16-18

 Indeed, I/R in the kidney may upregulate iNOS, and the 

NO release may help to restore postischemic blood flow by dilating vessels 

and inhibiting neutrophil-endothelial upregulations and interactions.
12,16,18

 

On the other hand, large quantities of NO may, in the presence of large 

amounts of reactive oxygen species (ROS), generate the cytotoxic 

peroxynitrite, that may also harm underlying cells and structures.
12,19,20

 

While eNOS-derived NO may be protective, iNOS induction may be 

harmful, so that blockade of iNOS may ameliorate I/R-induced 

ARF.
11,12,16,17,20-22,27

 

 Vascular endothelial and smooth muscle cells may be damaged by 

ischemia and the resultant inflammatory reaction in the tissue and the 

diminished viability may in turn contribute to vascular dysfunction. 

Transplantation of endothelial cells may partly overcome this defect.
15

  

  Like other cells, both endothelial and vascular smooth muscle cells 

have a dynamic cytoskeleton. It appeared that disorganisation/disarray of the 

filaments with clumping occurred in the vessel walls, depending on duration 

and severity of I/R, but the changes were potentially reversible upon 

reperfusion.
23,24

 It remains to be evaluated how these actin cytoskeletal 
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changes interrelate with changes in eNOS, NO generation and vascular 

reactivity (of endothelium and smooth muscle) of renal arteries/arterioles. 

However, the actin cytoskeleton of the renal microvascular endothelium is 

essential for regulating permeability barrier function.
24

 Actin degradation of 

the endothelial cells of the peritubular capillaries mediates loss of cell-cell 

adhesion regulated by the adherens junction vascular endothelial (VE)-

cadherin. Internalisation of VE-cadherin is associated with an increase in 

vascular permeability resulting in interstitial oedema or backleak of 

glomerular ultrafiltrate.
24

 The Rho/Rho kinase system, which may be 

involved in the actine polymerization of the cytoskeleton (see below), may 

also be involved in myosin light chain phosphatase-induced 

phosphorylation, so that Rho-kinase inhibition blunts renal 

vasoconstriction.
25

 

 

Tubules. 

Renal tubular cells are highly polarized epithelial cells, with an apical and a 

basolateral side, having different biochemical compositions. The apical 

domain has microvilli extending into the tubular lumen with F-actin 

filaments that connect to the actin cytoskeleton within the cytoplasm of the 

cell, bundled together by villin. The basolateral domain of the cell has 

distinct proteins and phospholipids. It interacts with the extracellular matrix 

via integrins and focal adhesion complexes.
27

 The tight junction separates 

the apical and basolateral surfaces of the cell. Cells are linked one to another 

both at the tight junction and at the adherens junction, which contains E-

cadherin.
7
 The cortical actin network associates with the Na

+
/K

+
 ATPase, 

localized at the basolateral side of the cell and critical for Na
+
 reabsorption 

from the tubular lumen and transport into the interstitium.
26

 Epithelial cell 

polarity is thus important for the regulating function of the tubules; the 

ability to move ions, solutes and water is dependent on the presence of a 

functional distinct apical and basolateral membrane, intact cell-cell adhesion 

and cell-matrix attachment.
26-28

  

 The actin cytoskeleton is not only important in maintaining cell 

shape but also has a large number of anchoring proteins, which are involved 

in cellular signalling.
26

 In proximal tubule epithelial cells, for instance, the 

interaction of the actin cytoskeleton with the cellular membrane is 

associated with cell polarity.
26

 The actin cytoskeleton is a dynamic structure 
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characterized by an equilibrium between F-actin filaments and G-actin 

monomers. Actin moves constantly from one pool to the other and its 

movements are regulated by a number of proteins, including the Rho family 

of GTPases, actin-depolymerizing factor, capping proteins, and gelsolin. 

The microvillar actin filaments are linked to the surface membrane of the 

cell by myosin 1 and ezrin and end within a terminal web, the actin network 

within the cell.
29

 An important regulator of the actin cytoskeleton and 

maintenance of cell polarity is the family of Rho GTPases. The Rho 

GTPases function as molecular switches by cycling between an active GTP- 

and inactive GDP-bound conformation.
30

 RhoA is involved in the assembly 

of actin fibers, focal adhesion sites and cell contraction. RhoA acts by the 

downstream effector Rho kinase (ROCK). Rho kinase mediates actin 

assembly via activation of LIM-kinase (LIMK) and LIMK inactivates 

cofilin.
31

 Cofilin is an actin-depolymerizing factor (ADF) which activity is 

closely regulated by LIMK.
29,32

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ischemia/reperfusion. The normal renal tubular epithelial cell architecture 

progressively changes during I/R, with resulting loss of renal function.
33

 

After I/R tubular injury, renal tubular epithelial cells are shed into the 

tubular lumen and can be recovered in the urine; this is likely due to 

disruption of cell-matrix and cell-cell interactions, involving integrins as 

Figure 1. 

The different phases of ischemia-reperfusion injury, including changes in the F-actin 

cytoskeleton and apoptosis in proximal tubular cells after ischemia-reperfusion in the 

rat. A: Sham. B: 1 hour of ischemia and 1 hour of reperfusion. C: 1 hour of ischemia and 

6 hours of reperfusion. F-actin was visualized by rhodamine-phalloidin staining (red). 

TUNEL staining was used to locate apoptotic cells (green nuclei). Nuclei were 

counterstained by DAPI (blue). Bar: 10 µm. See appendix for collor illustration. 

 

A B C
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well as the focal adhesion complexes.
27,34-36

 In fact, a basolateral-apical 

redistribution and loss of integrins and integrin receptors are held 

responsible for detachment of tubular cells from the basement membrane 

and subsequent aggregation in tubular lumina.
35

 Cell rounding and gaps in 

the tight junctions that maintain the integrity of the proximal tubule, also 

contribute to shedding, which, in turn, increases the number of cells that 

must be regenerated.
36

 Diminished cell-cell interactions results in increased 

paracellular permeability. “Cellular debris” released into the tubular lumen 

contributes to cast formation, tubular obstruction, and thereby to increased 

tubular pressures and a reduction in GFR. Blocking integrin receptors may 

help to ameliorate I/R-induced ARF, by ameliorating intraluminal 

aggregation.
34

 Sloughed or damaged, but sometimes still viable cells leave 

behind a denuded basement membrane;
35

 increased tubular fluid then leaks 

back into the peritubular capillaries. Furthermore, tubular cell swelling in 

the confined space of the outer medulla mechanically decreases medullary 

blood flow, and further contributes to ischemia and tubular injury.  

 Although it is controversial which segment of the tubule is most 

affected in I/R ARF, the proximal tubules, and in particular the S3 

segments, may be more afflicted than the distal tubules and the medullary 

thick ascending limb.
37

 This is may due to the higher permeability to water 

of the proximal tubule than the distal one, to the higher fluidity of the 

membrane, and to its low metabolic reserve. While the proximal tubule 

more rapidly develops necrosis following I/R, the distal tubule may respond 

by rapid cell fragmentation associated with selective signals of apoptosis 

and induction of growth response genes. 

 

The actin cytoskeleton. A number of sub-lethal injuries involving the actin 

cytoskeleton and loss of cell polarity have been described following renal 

I/R, both in animal models and in human renal allografts.
7
 Collapse of the 

actin cytoskeleton during I/R is an early sign of morphological injury and is 

apparent by a degradation of the apical microvillous brush border (Fig 1 and 

2). A decrease in cellular ATP indeed leads to a rapid disruption and 

aggregation of the actin cytoskeleton.
38

 Brief ischemic periods lead to fusion 

and loss of apical brushborder microvilli, as well as disruption of the 

terminal web; longer ischemic periodes result in shedding of microvilli into 

the tubular lumen and loss of integrity of the actin cytoskeleton. 
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Furthermore, junctional complexes are disrupted following acute renal 

injury, leading to increased paracellular permeability due to loss of the 

“gate” function as well as loss of cell polarity due to loss of the “fence” 

function.
7,39

 Actin degradation of the proximal tubular epithelial cells 

mediates loss of cell-cell adhesion regulated by the adherens junctions E-

cadherin.
7,40

 

 During ATP depletion, Na
+
-K

+
-ATPase function and tight junction 

integrity, associated with the cytoskeleton, are lost.
26

 Disruption of the 

cortical actin cytoskeleton also leads to redistribution of the Na
+
/K

+
-ATPase 

from the basolateral surface to the apical membrane of the proximal tubular 

cell, and this alters Na
+
 handling by impairing the ability of the proximal 

tubule to reabsorb Na
+
, even though the pump may partially retain its 

function.
13

 A compromised Na
+
-K

+
-ATPase function finally results in 

increasing concentrations of NaCl and water in de cells leading to cell 

swelling.  

 Some of the cytoskeletal changes are mediated by Rho GTPases. 

ATP depletion during ischemia inactivates the Rho GTPase RhoA.
41

 A 

decreased RhoA activity during ischemia inactivates LIMK and therefore 

activates cofilin by dephosphorylation. Cofilin translocates to the apical 

microvilli of the tubule cells where it participates in the depolymerization of 

F-actin.
32

 Microinjection of LLC-PK proximal tubule epithelial cells with 

constitutively active RhoA prevented actin depolymerization during ATP 

depletion.
42

 Reactivation of RhoA during reperfusion is essential for 

recovery of the actin cytoskeleton.
42

 The aminoacid glycine may protect the 

cell membrane and cytoskeleton from ATP depletion.
38,43

 

 

Mitochondria. The kidney consumes large amounts of oxygen for oxidative 

phosphorylation and ATP synthesis needed for renal tubular transport 

processes.
19,44

 Small amounts of ROS are formed during physiological renal 

oxidative metabolism. However, large amounts of ROS are formed after I/R, 

particularly in proximal tubular cells.
18,19

 Mitochondrial injury and 

dysfunction after I/R participates in inducing apoptosis through multiple 

routes, including ROS generation, altered intracellular Ca
2+

 fluxes, altered 

permeability of membrane transition pore openings (MPTP) and release of 

cytochrome C, and Bcl-2 family members. Ischemic renal injury is 

associated with a marked increase in the expression of the anti-apoptotic 
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Bcl-2 family of proteins Bcl-2 and Bcl-XL, and the pro-apoptotic proteins 

Bax/Bak in distal tubular and moderate increases in proximal tubular 

cells.
45-47

 The marked upregulation of the anti-apoptotic proteins in the 

distal tubules may tip the balance in favour of cell survival, and this balance 

may be involved in the resistance to ischemic necrosis. Proximal tubules 

subjected to ATP depletion induced by hypoxic injury or impaired oxidative 

phosphorylation are shown to translocate Bax from the cytosol to the 

mitochondria. Bax may form pores in the mitochondrial outer membrane 

causing the release of cytochrome c from the mitochondria and activates 

pro-apoptotic pathways.
5,45

 

 

Necrosis and apoptosis. Apoptotic and necrotic forms of cell death coexist 

in ischemic renal tissues, as elaborated in some recent reviews.
48-50

 The 

relative contribution of the two types of cell death after I/R depends on the 

severity of the injury (Fig 1 and 2). The forms of cell death form a 

continuum and similar mechanisms may be involved. The elucidation of 

various apoptotic pathways and the identification of the vast array of 

molecules that regulate apoptosis provide new opportunities for 

investigating the mechanisms by which apoptotic cell death occurs in renal 

I/R and possible interventions aiming at the prevention of cell death. 

Apoptosis is a form of programmed cell death characterized by chromatine 

condensation, loss of microvilli, breakdown of cell junctions and 

desmosomes; then disruption of nucleus and fragmentation, with blebbing 

off of cell surface protuberances around condensed cytosol and some 

nuclear fragments, thus generating spherical “apoptotic bodies”, which are 

rapidly cleared by phagocytosis. The DNA double strand is cut, by an 

endopeptidase activated by intracellular Ca
2+

, in fragments of about 185 

base pairs, which show a characteristic 'ladder' pattern on electrophoresis.
48-

50
 

 Necrosis can be mediated by passive as well as active mechanisms. 

Cellular hypoxia resulting from decreased blood flow leads to a variety of 

effects, including a breakdown in cellular energy metabolism, generation of 

ROS, increase in free cytosolic Ca
2+

, and activation of phospholipases, 

proteases and endonucleases.
48

 Recent evidence indicates that active 

mechanisms such as activation of poly ADP-ribose polymerase (PARP, see 

below) play an important role in necrotic cell death after renal ischemia. 
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Several other factors contribute to necrotic cell 

death, including growth factor deprivation, loss 

of cell-cell and cell-matrix interactions, 

cytotoxic stimuli, and cell death receptor 

activation, and these factors are also suggested 

to trigger apoptosis in renal I/R. Normal cell-

cell contact via cadherins prevents apoptosis of 

proximal tubular cells, while apoptosis can 

result from disruption of the normal cellular 

environment, through loss of cell-cell and cell-

matrix interactions. The severity of the injury 

and the degree of cellular ATP and/or GTP 

depletion play crucial roles in determining the 

mode of cell death.
49

 Whereas reduction of 

cellular ATP concentrations resulted in 

necrosis, depletion of GTP induces apoptosis, 

unless prevented by guanosine 

supplementation.
47,50,51

  

 Ischemia leads to a rapid decrease in the 

level of the adenine nucleotide pool (ATP, ADP 

and AMP), following mitochondrial 

dysfunction and impaired oxidative 

phosphorylation.
44

 The rate of depletion of ATP 

is dependent on the severity and duration of the 

blood flow deprivation and the metabolic 

demand. ATP depletion leads to disruption in 

the microvillous actin, the cytoskeletal 

meshwork and the cortical actin of the proximal 

tubular cell. 

 

 

 

 

 

 

 

Figure 2.    

TUNEL staining was used to locate apoptotic cells (green 

nuclei). F-actin was visualized by rhodamine-phalloidin 

staining (red) after ischemia/reperfusion in the rat (45 

minutes of ischemia and 24 hours of reperfusion). The 

figure represents a composition of 20 mounted 

microscope images. Bar: 150 µm. It is shown that the 

outer medualla contains the most apoptotic tubular cells. 

See appendix for collor illustration. 
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Renal proximal tubular cells undergo an increase in free cytosolic ionized 

Ca
2+

 concentration during hypoxic injury.
43

A role for Ca
2+

 in mediating 

injury is further substantiated by the findings that removal of extracellular 

Ca
2+

 and chelation of intracellular Ca
2+

 protects the cells from hypoxic 

injury. Overloading of Ca
2+

 in mitochondria results in uncoupling of 

oxidative phosphorylation and subsequent reduction in ATP synthesis and 

increased production of superoxides. A rise in Ca
2+

 contributes to activation 

of calcium–dependent proteases (cysteine protease calpain and meprin are 

the most studied),
52

 phospholipases (PLA2 is the most important, and its 

activation causes membrane phospholipid breakdown and release of 

arachidonic acid derivates and platelet activating factor during ischemic 

injury) and endonucleases.
48

  

 I/R in the kidney is associated with generation of ROS in 

parenchymal cells such as proximal tubules and endothelium, following 

activation of xanthine oxidase.
19

 The other sources of production of ROS 

include the impaired mitochondrial electron transport chain (see above), and 

the cyclooxygenases and lipoxygenases.
19

 Superoxides can react with basal 

NO to inhibit vasodilatation and with induced NO to form the toxic 

peroxynitrite.
12,20

 Also, iNOS may be expressed in tubuli, after I/R, and may 

contribute to their damage, in spite of potential positive effects on nearby 

blood vessels.
12,20-22

 Hence, release of iNOS-derived NO may be a two-

edged sword with beneficial and harmful aspects, depending on localisation, 

produced amount, presence of ROS, and others.
12,20,21

 Selective inhibition of 

iNOS-derived NO may be beneficial, however.
20,22

 ROS have been 

implicated in mediating ischemic renal injury by peroxidation of lipid 

membranes, protein denaturation and DNA strand breaks.
19,48,49

 The amount 

of ROS produced correlates with the duration of the ischemic period and the 

number of apoptotic cells depends on the amount of ROS generated.
19,20,46

 

Blocking the release of ROS or enhancing the defence against oxidative 

stress (by scavengers such as tempol) may ameliorate ARF following I/R.
19

 

The massive DNA damage associated with renal ischemia leads to excessive 

activation of the DNA repair enzyme PARP.
22,37,53

 This excessive activation 

results in the depletion of its substrate, NAD, and subsequently of ATP, 

leading to cell dysfunction and eventual cell death. PARP expression is 

enhanced in renal proximal tubular cells beginning at 6-12h after I/R 

injury.
22,37,53

 Inhibition of PARP using benzamide or analogues may protect 
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renal proximal tubular cells from oxidant injury and necrotic death and 

thereby attenuate renal dysfunction and accelerate recovery after I/R.
37,53

 

Specific inhibition of tyrosine kinase may have a similar effect. 

 The increased levels of intracellular Ca
2+

 and the phospholipid 

hydrolysis products in renal tubular cells after I/R provide a suitable 

environment for protein kinase (PK) C activation. The PKC family of 

serine-threonine kinases, which can be activated by Ca
2+

, phosphatidyl 

serines and diacylglycerol, transduces a myriad of signals by activating G 

protein-coupled receptors and tyrosine kinases (receptors). PKC isoforms 

are induced and activated during postischemic injury and may protect the 

cells from oxidant injury and subsequent death.
54

 The mechanisms are yet to 

be unravelled, however. Recent reports indicate a role for PKC (and PKA) 

in ischemic preconditioning and heat shock protein (HSP)–induced renal 

protection.
55,56

 Otherwise, preconditioning refers to survival-promoting cell 

signals, triggered by previous (ischemic) stress and adenosine A1 and 2a 

(receptors),
56

 and including modulation of some of the following factors.
57

 

Intracellular signals that are linked to apoptosis further include the p38 

mitogen-activated protein (MAP) kinase and other members of the family, 

including stress-activated protein kinase (SAPK) and c-Jun N-terminal 

kinase (JNK). p38 MAPK is involved in a number of cell signals leading to 

activation of nuclear factor (NF)κB.
58

 SAPK also transduces signals to the 

nucleus in response to cellular stresses such as inflammatory cytokines, 

ischemia, ATP depletion, heat shock, and toxic stress. SAPK activity is 

markedly increased in the proximal and distal tubules after I/R. Inhibition of 

SAPK activity during ischemia ameliorates renal failure.
59

 Extracellular 

regulated kinases, ERKs, are another class of the MAPK family involved in 

mitogenic response and cellular differentiation. ERK is also activated post-

renal injury, mainly in thick ascending limbs in the inner stripe of the outer 

medulla.
59

 JNK activation can be modulated by the coexpression of ERKs, 

and activation of the latter during ischemia may protect the (distal tubular) 

cells from the injurious effects of JNK activation.
57,59

 

 Fas is the best characterized TNF-α receptor that can trigger 

apoptosis in various cells including (distal) renal tubular epithelial cells. 

Indeed, renal cells may express proinflammatory factors after I/R (see 

below). ATP depletion or exposure to inflammatory mediators such as 

interferon (INF)-gamma and lipopolysaccharide lead to upregulation of Fas 
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receptors and increased sensitivity of renal tubular epithelial cells to pro-

apoptotic signals.
60

 Mice deficient for Fas are protected from ischemic renal 

injury; this strongly suggests an involvement of Fas-FasL system in renal 

ischemia. Apoptosis may thus be triggered by binding of FasL or TNF-α to 

their respective receptors, which leads to oligomerization of the receptors 

and activation of caspases-1, -3, -8 and -9, a family of cysteine proteases, 

which can be inhibited by melatonin, among others.
5,52,60-63

 The p53 gene 

activates both the Bax/Bak and Fas-route of apoptosis.
47

 Another pro-

apoptotic signalling pathway (of TNF-α) includes ceramide and 

sphingosine.
64

 

 Most normal cells constitutively express the machinery necessary for 

apoptosis but are prevented from undergoing apoptosis by the presence of 

growth and survival factors. It has been suggested that the survival 

mechanism may allow the cells to produce growth factors that may aid in 

the protection and/or regeneration of the distal tubules by an autocrine 

mechanism and of the more vulnerable proximal tubules by a paracrine 

mechanism.
6,46,65

 A number of growth factors, including hepatocyte growth 

factor (HGF), epidermal growth factor (EGF), transforming growth factor 

(TGF-ß), insulin-like growth factor (IGF-1) and vascular endothelial growth 

factor (VEGF), are expressed after I/R and function as anti-apoptotic factors 

for tubular cells.
6,65

 Among the various growth factors, HGF is one of the 

most potent renotropic growth factors.
3,65

 After I/R, the expression of the 

HGF receptor is exclusively induced in the kidneys.
6,65

 HGF, when 

administered in its peptide form, is rapidly removed from blood circulation 

by the liver and has a very short half-life. Hence, it is difficult to maintain 

sustainable levels in the blood. Recently, it was shown that intravenous 

administration of a naked plasmid encoding the HGF gene results in 

expression for up to 6 days in the kidney and mitigates renal injury, necrosis 

and apoptosis, and accelerates recovery after I/R.
65

 Other protecting 

substances include the TGF bone morphogenetic protein-7 (BMP-7), 

hypoxia-inducible factor (HIF) and HSP72, but these latter factors are only 

expressed after previous stress or ischemic episodes, thereby rendering the 

cells relatively resistant to subsequent I/R injury.
21,55,66,67
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Adhesion molecules and inflammation. 

I/R may evoke an inflammatory response, within minutes, that results in 

rolling, sticking and infiltration of activated neutrophils from the blood 

stream, to (peritubular) endothelium and (outer medullar) tissues, which, 

together with tubular obstruction, may limit a rapid return of renal blood 

flow and a rise in filtration during reperfusion.
68-71

 Attenuating or blocking 

of this secondary neutrophilic inflammatory response, or blocking of 

proteolytic enzymes such as elastase, may thus ameliorate ARF after I/R or 

speed up its recovery.
19,63,70

 Indeed, I/R oxidative stress and injury can lead 

to increased expression of the adhesion molecules, such as intercellular 

adhesion molecule-1 (ICAM-1), a powerful neutrophil chemoattractant, and 

the selectins involved in neutrophil rolling and sticking to endothelium, such 

as the L- E- and P-selectins, on the cell surface of neutrophils, endothelial 

cells and platelets, respectively.
68,72,73

 ICAM-1 deficient mice are resistant 

to I/R-induced ARF.
68,69

 P-selectin release from the endothelial Weibel-

Palade bodies occurs within minutes and blocking is protective against I/R-

induced ARF.
72,74

 In chimeric mouse expressing platelet or endothelial P-

selectin, only mice with platelet P-selectin expression showed massive 

neutrophil infiltration comparable to the wild-type mice, after renal I/R.
74

 

This indicates that platelets have an important role in neutrophil recruitment 

during I/R. T-lymphocytes may also play a role in inflammatory renal I/R 

injury, possibly via ICAM-1 and neutrophil attraction. Integrins, like CD 11 

and CD18 are molecules on neutrophils that become expressed upon 

stimulation and help in adherence and infiltration.
69

 Blockade of the 

neutrophilic integrin family of adhesion molecules mitigates inflammatory 

tissue injury after renal I/R.
69

 Adenosine, released during ischemia, may 

inhibit expression of adhesion molecules and neutrophil activation and 

stimulation of specific adenosine receptors attenuates neutrophil-mediated 

inflammation and injury after renal I/R.
73

 It can be conceived that 

cytoskeletal alterations in addition to endothelial adherence may be involved 

in the transmigration of neutrophils, for instance, via loosened intercellular 

junctions, so that inhibition of cytoskeleton disorganisation during I/R could 

attenuate subsequent neutrophilic inflammation. After the neutrophilic 

infiltration, a monocytic infiltrate may become apparent up to 24 h after 

renal I/R.
72
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 In addition to the toxic effects of ROS and proteolytic enzymes 

released by activated neutrophils, activation of the complement system, 

generation of anaphylatoxins in the kidney and adherence of the membrane 

attack complex to injured cells, may play a, partly neutrophil-independent, 

role in tissue injury after I/R.
75-77

 In fact, the complement membrane attack 

complex may help degrading the cytoskeleton and activating intracellular 

phospholipases. Other factors, upstream from adhesion molecules and 

neutrophils, which may mediate inflammatory injury after renal I/R, include 

activation of coagulation and (mainly proximal tubular) expression and 

activation of cytokines such as TNF-α, IL-1, -2, -8, -10 and -18 released by 

caspase-1, of platelet activating factor (PAF) released by PLA2, and of 

iNOS and PARP with overproduction of cytotoxic NO and peroxynitri-

te.
62,68,71,76,78

 Some of these pro-inflammatory factors help to attract 

neutrophils. Members of the TNF-α family of receptors including CD95 

(Fas), TNF receptor (R)-1 and CD27 and they have been implicated in the 

pathogenesis of ARF.
79

 TNF-α is a mediator of inflammation, which 

interacts with TNFR-1 or TNFR-2 to exert biological effects. The 

production of TNF-α post-renal injury is triggered by the locally produced 

ROS, which activates the transcription factor NF-κB through p38 MAP 

kinase, so that scavenging ROS inhibits this pathway.
58,79

 Inhibition of p38 

MAP kinase using specific inhibitors suppresses the expression of IL-1ß and 

TNF-α and reduced apoptotic cell death in animal models of ischemic renal 

injury. α-Melanocyte stimulating hormone is another anti-inflammatory 

molecule that ameliorates renal I/R injury.
13

 

Inflammatory tissue injury may contribute to apoptotic cell loss, but 

apoptosis may also accelerate the inflammatory response, thereby further 

contributing to ARF.
50,61

 Hence, the common final pathway of I/R injury 

may lead via inflammation to apoptosis, and modulation of this 

inflammatory/apoptotic response may help to prevent or ameliorate vascular 

changes and ARF after I/R.
50,61

  

 

Conclusion.  

The intracellular and molecular mechanisms that play a role in the 

pathophysiology of ARF after I/R, may differ between the structural 

elements of the kidneys. Nevertheless, some of the key factors may be 

targets for measures or compounds to be developed, to prevent or treat ARF. 
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ABSTRACT 

 

Damaged and/or dysfunctional microvascular endothelium has been 

implicated in the pathogenesis of ischemic acute renal failure (ARF). 

Rapidly occurring changes in the endothelial F-actin cytoskeleton as 

observed in vitro might be responsible, but have been proven difficult to 

measure accurately in situ. Therefore, the purpose of this study was to 

examine several methods of digital image analysis in order to quantify the 

alterations of endothelial F-actin after renal ischemia and reperfusion (I/R), 

and to relate these to deterioration of renal function. 

Frozen sections of Sham and I/R rat kidneys were fixed in 4% 

formaldehyde and stained with rhodamine-phalloïdin. Microvascular 

structures were captured using a 3i Marianas™ digital imaging fluorescence 

microscope workstation. Images were analyzed using 3i SlideBook™ 

software, employing several masking techniques and line-scans. 

Digital image analysis demonstrated a decrease in the mean intensity 

of rhodamine-phalloïdin fluorescence after I/R from 1030 ± 187 to 735 ± 

121 a.u. (arbitrary units, mean ± SD, n = 7). The number of F-actin 

fragments per pixel increased from (15.8 ± 4.9) x 10
-5

 to (20.7 ± 3.5) x 10
-5

 

(n = 7), indicating cytoskeletal fragmentation. In addition, line-scan analysis 

demonstrated a disturbed spatial orientation of the F-actin cytoskeleton after 

I/R. Finally, the loss of F-actin correlated with a rise in plasma creatinine.  

The methods of digital image analysis described in the present study 

demonstrate that renal I/R induces profound changes in the F-actin 

cytoskeletal structure of microvascular endothelial cells, implicating an 

injured and dysfunctional microvascular endothelium, which may contribute 

to acute renal failure (ARF). 
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INTRODUCTION 

 

Renal ischemic injury is a leading cause of acute renal failure (ARF), a 

condition associated with major in-hospital morbidity and mortality despite 

preventive and supportive measures.
1
 In animal models of ARF, a 

pronounced decrease in blood flow in the already marginally oxygenated 

outer medullary region of the kidney is observed after ischemia and 

reperfusion (I/R), resulting in progressive injury of the tubular epithelium.
2-4

 

Congestion of the renal microcirculation in this region points to a causative 

role for an injured and dysfunctional microvascular endothelium in the 

pathogenesis of this “no reflow phenomenon”.
5, 6

 

In renal I/R, dramatic alterations in the F-actin (filamentous actin) 

cytoskeleton of tubular epithelial cells occur rapidly and impair cell-cell and 

cell-matrix adhesion.
7
 With regard to renal endothelial cells, F-actin 

degradation might cause the observed loss of polarity in the expression of 

integrins,
8
 with consequent cell detachment from the underlying basement 

membrane, offering steric hindrance to blood flow,
9,10

 Furthermore, 

adherens junctions, localized at sites of cell-cell contact, are highly 

dependent on an intact F-actin cytoskeleton.
11

 When the actin cytoskeleton 

is disrupted, a loss of adherens junction integrity will lead to microvascular 

hyperpermeability.
12

 Indeed, inhibition of mitochondrial and glycolytic ATP 

synthesis in various types of endothelial cells in vitro has been shown to 

rapidly induce changes in F-actin cytoskeletal structure, including disruption 

of the cortical F-actin band, appearance of F-actin aggregates throughout the 

cell body
13,14

 and the formation of intercellular gaps causing an increase in 

macromolecule permeability.
15

  

Degradation of the endothelial F-actin cytoskeleton hence could 

contribute to endothelial injury and dysfunction after I/R.
4
 Demonstrating 

this degradation in renal I/R, however, has been hampered by difficulties in 

visualising the kidney’s microvasculature and limited to a qualitative or 

semi-quantitative approach.
5
 Nevertheless, the objective demonstration of a 

disintegrated endothelial F-actin cytoskeleton is desirable to understand its 

potentially deleterious role in early stage ischemic ARF. 

Therefore, in the present study we used advanced digital imaging 

fluorescence microscopy to capture the microvascular endothelium in 

postischemic rat kidneys. Digital analysis of the images of the endothelial F-
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actin cytoskeleton using masking techniques
16

 and line-scans
17

 was 

performed in order to quantify F-actin depolymerisation, fragmentation and 

spatial orientation. Finally, we also tried to relate F-actin cytoskeletal 

changes to alterations in renal function after I/R. 

 

MATERIALS AND METHODS 

 

Animal model and surgical procedure 

The experiments described in this study conform to the Guide for the Care and Use of 

Laboratory Animals published by the US National Institutes of Health (NIH Publication 

NO. 85-23, revised 1996), and all procedures were approved by the local ethics committee 

for animal experiments. A total of 14 rats was used, 7 for both the Sham and the I/R group. 

Male Wistar rats weighing 300 to 380 g (Harlan, Horst, the Netherlands) had access to tap 

water ad libitium and received a standard diet. Rats were anesthesized with pentobarbital 

(i.p. 60mg/kg) and ketamine HCl (i.m. 70 mg/kg) and received a pentobarbital maintenance 

dose (i.p. 15 mg/kg) every 30 minutes. The animals were placed in a supine position on a 

heating pad that maintained rectal temperature at 37 °C. A midline incision was made and 

bilateral renal ischemia was induced by ligating the renal arteries close to their origin from 

the aorta for 60 min, followed by 60 min of reperfusion. After reperfusion, blood was 

drawn for the determination of creatinine using a Modular Analytics Unit (Roche 

diagnostics). Sham surgery consisted of an identical procedure with the exception of the 

occlusion of the renal arteries.  

 

Fluorescence staining 

Kidneys were frozen in liquid N2 and cut into 10 µm cryosections. Sections were fixed in 

4% formaldehyde (Sigma-Aldrich) containing phosphate-buffered saline (PBS) and washed 

three times in PBS with 0.05% Tween (PBST, Sigma-Aldrich) for 5 min. The sections were 

incubated for 30 min in the selective F-actin stain rhodamine-phalloïdin (Molecular Probes) 

at a dilution of 1:60 and the glycocalyx stain Alexa fluor 488-conjugated wheat germ 

agglutinin (WGA, Molecular Probes) at a dilution of 1:30 in PBS. In separate experiments, 

instead of WGA, the endothelial-selective glycocalyx stain lectin (FITC-conjugate, Sigma-

Aldrich) was used at a dilution of 1:100 in PBS. After staining, sections were rinsed two 

times in PBST and one time in PBS, respectively. Finally, the sections were mounted on a 

standard glass slide using Vectashield™ mounting medium (Vector Laboratories) 

containing DAPI nuclear stain and sealed using a cover slip and colourless nail polish. 
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Image acquisition, processing and analysis 

Kidney sections were examined with a Zeiss Axiovert 200M Marianas™ inverted 

microscope, equipped with a motorised stage (stepper-motor z-axis increments: 0.1 µm), 

and a turret of four epi-fluorescence cubes (FITC, Cy-5, Cy-3, AMCA as well as a DIC 

brightfield cube). A cooled CCD camera (Cooke Sensicam SVGA [Cooke Co., Tonawanda, 

NY], 1280x1024 pixels) recorded images with true 16-bit capability. The camera is linear 

over its full dynamic range (up to intensities of over 4000) while dark/background currents 

(estimated by the intensity outside the cells) is typically <100. Exposures, objective, 

montage and pixel binning were automatically recorded with each image stored in memory 

(Dell Dimension workstation: 1.7 Xenon dual processor, 2GB RAM). The microscope, 

camera and data processing were controlled by SlideBook™ software (SlideBook™ 

version 4.0.8.1 [Intelligent Imaging Innovations, Denver, CO]). All microscopy was 

performed with a custom 10X or 40X air lens (Zeiss). The motorised filter cubes allowed 

acquisition of one composite image (on all 4 different fluorescent wavelengths) within 2 

seconds. The data acquisition protocol included optical planes to obtain 3-D definition. 

Moreover, the software used is fully equipped to acquire, process (several deconvolution 

modes) and display true 3-D data and was used throughout the experiments. 

One kidney section per rat was imaged. In each section, five or six microvascular 

structures in the outer medullary region were located (Fig. 1) and 3-D stacks of seven 

images were acquired, starting from the widest in-focus microvessel diameter in the Z-axis 

and travelling three planes up and three planes down at 0.5 µm intervals, respectively. 

Kidney sections of Sham and I/R treated rats were imaged in a paired fashion, using equal 

exposure times. Stacks of images were deconvolved using the constrained iterative 

approach (Figs. 2A and D). Finally, digital image analysis was performed using 

SlideBook™ software. All measurements were made at equal Z-levels in the stacks. 

 

Masking of microvessel segments 

Regions of interest in optical sections of the renal microvasculature were selected in a 

process termed masking, a mask being a binary overlay on an optical section. Masks of 

segments of microvessels were created by manually selecting WGA-negative endothelium 

(Figs. 2B and E). In this way, the operator was blinded for rhodamine-phalloïdin 

fluorescence. Manual selection was preferred to thresholds (see below) for WGA 

fluorescence because of better appreciation of microvascular anatomical outlines. The mean 

intensity of fluorescence (MIF) of rhodamine-phalloïdin within these masks was computed 

as well as the total mask area. 
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Masking of the F-actin cytoskeleton 

In order to quantify the integrity of the F-actin cytoskeleton, a threshold intensity was 

imposed on the masks of microvessel segments. All rhodamine-phalloïdin derived 

fluorescent signal above the threshold was included in a new mask (Figs. 2C and F). The 

value for this threshold intensity was placed at 300 arbitrary units (a.u., as used by the 

SlideBook™ software) above the baseline fluorescence intensity of rhodamine-phalloïdin 

in the endothelial cytoplasm of the individual vessel, as determined in the line-scans 

described below. The value of 300 a.u. was chosen to exclude areas of low intensity 

rhodamine-phalloïdin, thus predominantly including cortical F-actin structures in the mask. 

The individual fragments in this mask were gated to a minimal area of 100 pixels 

and then counted. The ratio of the number of fragments and the area of the microvessel 

segment was used as a measure of F-actin cytoskeletal fragmentation. The areas of the 

individual mask-fragments were computed. 

The thresholds were deliberately related to each vessel’s individual baseline of 

rhodamine-phalloïdin fluorescence intensity. Using identical thresholds for all Sham and 

I/R vessels would have yielded apparent alterations in F-actin cytoskeletal fragmentation 

solely attributable to the global decrease in intensity of rhodamine-phalloïdin fluorescence 

after I/R. However, as our main objective was to determine the integrity of the remaining F-

actin structures, it was decided to employ a threshold corrected for this decrease in 

fluorescence intensity. 

 

Line-scans 

Lines, along which the intensity of rhodamine-phalloïdin fluorescence was measured, were 

drawn within the microvascular endothelium (n = 6). This was performed while the 

operator was blinded for rhodamine-phalloïdin fluorescence. In order to quantify the spatial 

orientation of the F-actin cytoskeleton, two sets of line-scans were performed, the first 

perpendicular and the second parallel to the longitudinal axis of the microvessel (Figs 3A 

and B). We will refer to these types of line-scans as perpendicular and longitudinal, 

respectively. To allow comparison between the two types of line-scans, the former were 

drawn within the vessel edges, thus excluding the F-actin band adjoining the vessel’s 

basement membrane. 

In the resulting fluorescence intensity profiles, we determined the number of peaks 

above the baseline (Figs. 3C and D). The latter was determined by measuring the 

rhodamine-phalloïdin fluorescence intensity in the cytoplasmic area of the microvascular 

endothelial cells. A peak was defined as a top value in the profile of rhodamine-phalloïdin 

fluorescence intensity with a minimum of 400 a.u. above the baseline. Two neighbouring 
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top values were considered two separate peaks only when the profile in between reached 

200 a.u. or less above the baseline, or when the distance between the neighbouring top 

values was 5 µm or more. 

 

Statistical analysis 

Observations were compared using Mann Whitney U test. The Spearman correlation 

coefficient was used. Results from the different types of line-scans were compared using 

Kruskal-Wallis one-way analysis of variance with Dunn’s multiple comparison post hoc 

test. Results are expressed as means ± SD. A P < 0.05 was considered statistically 

significant. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 

Localisation of microvascular endothelium by selective staining with lectin (green). A: 

composition of 14 images of a kidney section of a Sham treated rat. The transition from 

cortex (left) to medulla (right) is marked by an arcuate artery. White rectangle indicates 

position of panel B in A. B: magnification of white rectangle in A in which vasa recta 

(arrows) can clearly be seen running through the renal outer medullary region. C: 

Comparable image (area and magnification) of an I/R kidney section. Note the swollen 

lumina of the tubuli. Rhodamine-phalloïdin (red) was used to stain F-actin, lectin (green) 

for staining vasa recta, and DAPI (blue) for counterstaining nuclei. Endothelial F-actin in 

these images is not clearly visible because of the co-localization with the high-intensity 

lectin fluorescence. Bar = 150 µm. See appendix for collor illustration.  
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RESULTS 

 

The microvascular structures were considered to be vasa recta by anatomical 

localisation and size. Lectin-staining confirmed that the imaged structures 

were indeed microvascular endothelium (Fig. 1). The average vessel 

diameters were 18.3 ± 1.9 µm for Sham and 20.2 ± 2.8 µm for I/R (P = 

0.17). 

F-actin structures in the microvasculature of Sham rats were 

predominantly organized in peripheral (cortical) bands marking the edges of 

individual endothelial cells (Fig. 2A). I/R visually appeared to cause a 

breakdown of this peripheral band and a dispersion of F-actin aggregates 

throughout the cell (Fig. 2D). 

 

F-actin quantification 

I/R caused a decrease in the mean intensity of rhodamine-phalloïdin 

fluorescence (MIF). The MIF dropped from 1030 ± 187 in Sham to 735 ± 

121 a.u. in I/R (Table 1), as computed in masks of microvessel segments 

(Figs. 2B and E). Note that not only the MIF, but also the baseline intensity 

decreased after I/R (Table 2). 

 

Fragmentation of the F-actin cytoskeleton 

The masking method employing the threshold value of 300 a.u. above the 

baseline intensity of rhodamine-phalloïdin fluorescence in the individual 

vessel (Figs. 2C and F) yielded an increase in the number of mask-

fragments per area after I/R from (15.8 ± 4.9) x 10
-5

 to (20.7 ± 3.5) x 10
-5

 

fragments per pixel (Table 1). The area of the individual mask-fragments 

decreased after I/R, although not statistically significant (Table 1). 

 

Spatial orientation of the F-actin cytoskeleton 

In each vessel, six perpendicular and three longitudinal line-scans were 

performed (Fig. 3). The baseline rhodamine-phalloïdin fluorescence 

intensity was decreased after I/R from 699 ± 219 to 440 ± 109 a.u. Per 

vessel, the number of peaks in the intensity profiles was corrected for the 

absolute length of the line-scans, resulting in a density of peaks expressed as 

the number of peaks per µm. Perpendicular and longitudinal line-scans were 

processed separately (Table 2). 
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In the Sham group, perpendicular line-scans yielded higher densities of 

peaks than longitudinal line-scans, (14.6 ± 1.9) x 10
-2

 and (10.3 ± 2.1) x 10
-2

 

peaks per µm, respectively (Table 2). This difference is caused by the 

longitudinal orientation of F-actin structures in the microvasculature. After 

Figure 2 

Fluorescence microscopy and masking of microvascular endothelium in kidneys of Sham 

(A-C) and I/R (D-F) rats. The images presented are acquired in another animal than that 

used for Fig. 1. A and D: Deconvolved images without mask. Sham: A cortical band of 

F-actin lies centrally in the vessel where endothelial cells adjoin. Vessel edge is indicated 

by arrow. I/R: Clumps of F-actin are dispersed throughout the cytoplasm and cortical 

bands of F-actin surrounding endothelial nuclei are no longer present. B and E: Masks 

(bright blue) of microvessel segments were drawn, excluding tubular epithelium and 

interstitial cells. C and F: Masks of rhodamine-phalloïdin fluorescent signal (red) were 

created using a threshold intensity as explained in the text. Note the fragmented nature of 

the mask after I/R. Epithelial membranes were stained with WGA (green) and DAPI was 

used as a counterstain for nuclei (blue). Bar = 10 µm. See appendix for collor illustration. 
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I/R, these densities no longer differed significantly, indicating loss of this 

longitudinal orientation. 

 

Functional correlate of F-actin alterations 

Both mean and baseline intensity of rhodamine-phalloïdin fluorescence 

inversely correlated with plasma creatinine (Spearman correlation 

coefficient r = -0.54 and r = -0.63, respectively; P < 0.05).  
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Figure 3 

Perpendicular (a-b) and longitudinal (c-d) line-scans in the renal microvasculature 

(A and B) as well as their corresponding profiles of rhodamine-phalloïdin 

fluorescence intensity (C and D). Note that the baseline intensity, as indicated in D, 

is higher in the Sham (continuous line) than in the I/R group (dashed line). 

Rhodamine-phalloïdin (red) was used to stain F-actin, epithelial membranes were 

stained with WGA (green) and DAPI was used as a counterstain for nuclei (blue). 

Bar = 10 µm.. See appendix for color illustration. 
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Data generated by masking analysis of F-actin 

n = 7 Sham I/R P 

Mean Intensity 1030 ± 187 735 ± 121 < 0.01 

Mask-

fragments/pixel 

15.8 ± 4.9 x 10
-5

 20.7 ± 3.5 x 10
-5

 < 0.05 

Mask-fragment 

Area 

3286 ± 1421 1802 ± 1018 0.13 

 

 

 

 

 

 

Data generated by line-scans of F-actin 

n = 6 Sham I/R P 

Baseline 

Intensity 

699 ± 219 440 ± 109 < 0.02 

PL Peaks/µm 14.6 ± 1.9 x 10
-2

 13.7 ± 1.8 x 10
-2

 

LL Peaks/µm 10.3 ± 2.1 x 10
-2

 11.3 ± 1.6 x 10
-2

  

 

 

 

 

 

 

DISCUSSION 

 

In the present study, we investigated alterations in the F-actin cytoskeleton 

of renal microvascular endothelium after I/R and explored methods of 

digital image analysis to quantify these changes. Mean and baseline 

intensities of rhodamine-phalloïdin fluorescence were diminished after I/R, 

indicating global depolymerization of the actin cytoskeleton. In addition, we 

found that I/R resulted in an increased number of F-actin fragments of 

# n.s. 

Table 1 

Mean intensity of rhodamine-phalloïdin fluorescence is expressed in arbitrary units 

(a.u.). Area is expressed in pixels. 

 

Table 2 

Rhodamine-phalloïdin fluorescence intensity is expressed in arbitrary units (a.u.). PL 

and LL are perpendicular and longitudinal line-scans, respectively. #
P < 0.05; n.s. = 

non-significant. 
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unchanged overall size. Furthermore, the original orientation of the F-actin 

cytoskeleton in the direction of blood flow was disturbed after I/R, as 

concluded from the densities of peaks derived from the different types of 

line-scans. 

Interestingly, our visual observations of a disrupted peripheral band 

and dispersion of the remaining F-actin after I/R are similar to those in vitro 

after mitochondrial and glycolytic inhibition of endothelial cell 

metabolism.
13,14

 Nevertheless, our in vivo finding of a decrease in the 

concentration of microvascular F-actin, as approximated by the mean 

intensity of rhodamine-phalloïdin fluorescence,
18

 contrasts with the 

polymerisation of actin monomers found in ATP depleted or oxidatively 

stressed endothelium.
19,20

 Comparisons with cell culture studies, however, 

are difficult because of the many insults capable of damaging the actin 

cytoskeleton in renal I/R.
21

 The visual observation of F-actin cytoskeletal 

fragmentation in vitro
14

 is confirmed and quantified in vivo in our method of 

selectively masking F-actin structures. 

Plotting rhodamine-phalloïdin fluorescence intensity along different 

sets of line-scans proved useful in quantifying the spatial orientation of the 

F-actin cytoskeleton. The greater density of peaks in perpendicular as 

opposed to longitudinal line-scans in Sham rats is caused by the principally 

longitudinal orientation of the F-actin bundles in the microvascular 

endothelium, i.e. parallel to the direction of blood flow and perpendicular to 

the direction of endothelial stretch caused by the intravascular pressure.
17,22

 

The loss of longitudinal orientation occurring after I/R further supports our 

observations of F-actin cytoskeletal disintegration. 

In summary, the methods of digital image analysis described in this 

study demonstrate that renal I/R induces profound changes in the F-actin 

cytoskeletal structure of microvascular endothelial cells in situ. This might 

cause capillary hyperpermeability
12

 and endothelial cell detachment, 

resulting in impaired reperfusion of the renal microvasculature,
9
 thus 

aggravating renal parenchymal damage after I/R. This in turn diminishes 

glomerular filtration rate,
4
 leading to a rise in plasma creatinine, an event 

demonstrated here to correlate with our strongest indicators of endothelial 

F-actin cytoskeletal damage. Furthermore, collapse of the F-actin 

cytoskeleton is thought to represent a critical and sufficient event in the 

molecular pathways leading to apoptosis of endothelial cells.
23

 Finally, 
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injury to the microvascular endothelium in the acute phase of ischemic ARF 

could result in the observed loss of microvessels in the outer medullary 

region, with concomitant functional defects and incomplete recovery – or 

even deterioration – of renal function on the long term.
24
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ABSTRACT 

 

Renal ischemia-reperfusion (I/R) results in vascular dysfunction 

characterized by a reduced endothelium-dependent vasodilatation and 

subsequently impaired blood flow. In this study we investigated the role of 

Rho kinase in endothelial nitric oxide synthase (eNOS)-mediated regulation 

of renal blood flow and vasomotor tone in renal I/R.  

Male Wistar rats were subjected to 60 minutes bilateral clamping of 

the renal arteries or sham procedure. One hour before clamping, the Rho 

kinase inhibitor Y27632 (1 mg/kg) was intravenously infused. After I/R 

renal blood flow was measured using fluorescent microspheres. I/R resulted 

in a 62% decrease in renal blood flow. In contrast, the blood flow decrease 

in the group treated with the Rho kinase inhibitor (YI/R) was prevented. 

Endothelium-dependent vasodilatation of renal arcuate arteries to 

acetylcholine (ACh) was measured ex vivo in a pressure myograph. These 

experiments demonstrated that the in vivo treatment with the Rho kinase 

inhibitor prevented the decrease in NO-mediated vasodilator response. In 

addition, after I/R renal interlobar arteries showed a decrease in 

phosphorylated eNOS and vasodilator-stimulated phosphoprotein, a marker 

for bioactive NO, which was attenuated by in vivo Rho kinase inhibition. 

These findings indicate that in vivo inhibition of Rho kinase in renal I/R 

preserves renal blood flow by improving eNOS function.  
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INTRODUCTION 

 

In the critically ill, acute renal failure (ARF) requiring renal replacement 

therapy is associated with high morbidity and mortality. ARF is believed to 

frequently result from ischemia/reperfusion (I/R), as occurring in the course 

of shock, renal transplantation or cardiovascular surgery. I/R leads to renal 

vascular dysfunction and subsequent impairment of blood flow, further 

increasing initial renal injury.
1,2

 A variety of mechanisms may play a role, 

including increased constriction to neurohumoral agonists or failure to 

respond to physiological vasodilators.          

Vasomotor tone is strongly affected by endothelial nitric oxide 

synthase (eNOS) derived nitric oxide (NO).
3
 Decreased eNOS function is 

one of the hallmarks of endothelial dysfunction associated with ARF.
4
 

Higher levels of eNOS expression after reperfusion are associated with 

enhanced recovery after renal transplantation
5
 and increased eNOS activity 

induced by ischemic preconditioning has also been shown to protect kidneys 

from I/R,
6
 indicating an important role for eNOS in renal I/R. 

Downregulation of eNOS in cultured endothelial cells exposed to hypoxia 

seemed to be associated with increased activity of Rho kinase and could be 

reversed by inhibition of RhoA or Rho kinase.
7
 Rho kinase is one of the 

downstream mediators of the small G-protein RhoA, which controls a wide 

variety of signal transduction pathways.
8,9

 Gene transfer of constitutively 

active Rho/ Rho kinase mutants was shown to inhibit eNOS 

phosphorylation in cultured endothelial cells,
10

 whereas inhibition of Rho 

kinase demonstrated an increase in NO release in cultured endothelial cells.
9
 

Renal I/R has been demonstrated to increase expression of RhoA mRNA 

and protein level during the ischemic phase
11

 that decreases again upon 

reperfusion.  Interestingly, a recent study has shown that inhibition of Rho 

kinase protects against renal I/R injury both in pre- and postischemic 

treatment as demonstrated by improved renal function and histology 

scores.
12

 The mechanism of protection, however, is still not understood and 

may relate to effects of Rho kinase on the vasculature.  

Our hypothesis is that in vivo inhibition of Rho kinase improves 

renal blood flow by preserving eNOS activity in the renal vasculature in I/R. 

We therefore evaluated the effect of Rho kinase inhibition on renal blood 

flow and renal function. Also, we determined the amount of endothelium-
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dependent vasodilation and the phosphorylation level of eNOS and 

vasodilator-stimulated phosphoprotein (VASP), a marker for bioactive NO, 

in the renal vasculature after I/R. 

 

MATERIALS AND METHODS 

 

Animal model 

The investigation conforms to the Guide for the Care and Use of Laboratory Animals 

published by the US National Institutes of Health (NIH Publication N0. 85-23, revised 

1996), and the local ethics committee for animal experiments approved procedures. Male 

Wistar rats (337±35 g) (total n= 66) (Harlan, Horst, the Netherlands) were housed under 

standard conditions and were randomly divided in a sham (n=13), I/R (n=17) and Rho 

kinase inhibitor treated sham (Ysham, n=10), I/R (YI/R, n=16). Rats were anaesthetized 

with pentobarbital (i.p. 60 mg/kg) and ketamine HCL (i.m. 70 mg/kg) with a pentobarbital 

maintenance dose  (30 minutes/ i.p. 15 mg/kg pentobarbital). The rats were placed in a 

supine position on a heating pad maintaining body temperature at 37 °C. An intraperitoneal 

(i.p.) catheter was placed to administer pentobarbital. The trachea was intubated with 

polyethylene tubing to facilitate breathing. The animals received 75 IU/kg heparin 

intravenously (Leo Pharmaceutical Products, Weesp, The Netherlands) to prevent catheter 

clotting. The Rho kinase inhibitor Y27632 (Tocris Cookson, Bristol, UK) at a total dose of 

1 mg/kg13 or placebo (normal saline) was infused in a period of 15 minutes through a right 

jugular vein catheter one hour before clamping of the renal arteries. N
G-nitro-L-arginine 

methyl esther (L-NAME) was given 30 minutes before the end of the experiment to YI/R 

(n=5) and I/R rats (n=5) (after 30 minutes of reperfusion) at a dose of 10 mg/kg in normal 

saline. 

 

Systemic hemodynamic measurements  

The right jugular vein, right carotid artery and left femoral artery were cannulated with 

polyethylene tubing. The right jugular vein catheter and the left femoral artery catheter 

were connected to pressure transducers. Central venous pressure (CVP), mean arterial 

pressure (MAP) and heart rate (HR) were continuously monitored during the experiment. 

An acetone stripped pulmonary artery (PA) catheter leaving only the thermistor was placed 

in the thoracic aorta via the right femoral artery. Cardiac output (CO) (Cardiac Output 

Computer 9520A, Edwards Lifesciences, Irvine, CA, U.S.A.) was obtained every 30 

minutes using the thermodilution method, 200 µl of saline was injected via the right jugular 

vein catheter as described previously14. Blood flow was measured at the end of the 
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experiment, after one hour of reperfusion, using FluoSpheres® polystyrene micropheres 

(15 µm scarlet fluorescent (645/680, Molecular probes Europe, Leiden, the Netherlands). 

The renal blood flow of left and right kidney was calculated using a reference blood sample 

as previously described in detail15 and is expressed as a mean renal blood flow. The left and 

right triceps muscle blood flow was used to assess microsphere distribution.  

 

Renal functional parameters 

Blood was collected before the ischemic period and at the end of the experiment. Urine was 

collected until the ischemic period and from the ischemic period till the end of the 

experiment. The samples were analyzed for sodium, creatinine and urea. Samples were 

analyzed using Modular analytics (Roche diagnostics, Mannheim, Germany). The samples 

taken before the ischemic period (data not shown) had comparable functional parameters. 

In rats with preserved urinary production, the creatinine clearance (CrCl) and the fractional 

sodium excretion (FENa) were calculated.  

 

Vasoreactivity experiments 

Immediately after the experiment, renal arcuate arteries were isolated (N= 6-8/group) and 

mounted in a pressure myograph. The mean arterial diameter was not different between 

groups (109.9 ± 3.9 µm). Diameters of arteries in response to various stimuli under 37 °C 

were measured as previously described.16 MOPS buffer was used (in mM: 145 NaCl, 5 

KCL, 2 CaCl, 1 MgSO4, 1 NaH2PO4, 3 MOPS, 2 pyruvaat, 10 glucose, 0.02 EDTA, pH 

7.4) to fill the arteriole and pressure column. The organ chamber was filled with Krebs 

buffer (in mM: 110 NaCl, 5 KCL, 2.5 CaCl, 1 MgSO4, 1 KH2PO4, 10 glucose, 0.02 EDTA, 

24 NaHCO3, gassed with 95% air and 5% CO2, pH 7.4). Vascular smooth muscle 

contractile function was studied by performing a cumulative concentration-response curve 

to determine the norepinephrine (NE) sensitivity. As a measure for the NE sensitivity we 

determined the –Log EC50 value, this is the NE concentration at which the artery is 

constricted for 50%. This NE constriction level was used to test the endothelium-dependent 

vasodilatation response as determined with acetylcholine (ACh). The arteries were exposed 

to different concentrations of ACh; L-NAME was incubated at 100 µmol/l, 1 h before 

another ACh response curve was obtained. Diameter changes were recorded until steady 

state was reached. Dilations are expressed as a percentage of basal diameter (dia) = 

[(diaACh-diaNE)/(diabas-diaNE)] x100. 
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Western Blotting 

Interlobar renal arteries of I/R, I/R treated with the Rho kinase inhibitor (YI/R) and control 

rats were immediately after the experiment isolated from the renal tissue and placed in 

phosphate buffered saline (PBS) with phosphatase inhibitors (1 mM NaF and 50 mM 

Na3VO4), frozen in liquid nitrogen and stored at – 80 °C overnight. Arterial segments were 

homogenized in ice-cold lysisbuffer (in mM: 20 Tris-HCl pH8.0, 150 NaCl, 90 KCl, 2 

EDTA/NaOH ph 8.0, 0.5% Nonidet-P4, 0.5% Triton X-100, 1 NaF, 50 Na3VO4 and 1:100 

protease inhibitor cocktail). Samples were centrifuged at 3600, 4 °C for 15 min. The 

supernatant was separated by SDS-PAGE. Detection of p-eNOS ser1177/eNOS (BD 

Transduction Laboratories/Santa Cruz Biotechnology) and p-VASP/VASP (Santa Cruz 

Biotechnology) was performed. Tubulin (Cytoskeleton) detection was performed to 

determine whether the analyzed protein levels were changed in comparison to a household 

protein. Samples were applied in duplicate series and the blot was cut, so that all proteins 

could be detected in the same sample. As secondary antibody was used 1:1000, horseradish 

peroxidase-conjugated anti-rabbit or anti-mouse (DAKOCytomation). Horseradish 

peroxidase was detected using ECL+ plus Western blotting detection system (Amersham 

Biosciences). Relative density was determined using a CCD camera (Fuji Science Imaging 

Systems) and AIDA Image Analyzer software (Isotopenmeßgeräte GmbH, Staubenhardt, 

Germany). Samples densities were expressed as a ratio between phosphorylated and total 

protein levels, whereby the I/R and YI/R samples were expressed relative to the ratio of the 

control samples, which was set to 1. A total of four experiments in total were analyzed. 

 

Statistical analysis 

Data are expressed as mean ± sem. Differences in ACh responses were tested with a 

repeated-measures ANOVA, when differences where statistically significant a post hoc 

Tukey test was performed. To compare differences in the arteriolar Ach response with and 

without L-NAME a two-way repeated measures ANOVA was done, and when differences 

where statistically significant, followed by a paired samples t-test. Comparisons among 

treatment groups were performed with one-way ANOVA and when differences where 

statistically significant, a post hoc Tukey test was performed. Differences in relative density 

of western blots was tested with a Student t-test. Differences were considered statistically 

significant at P<0.05. 
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Plasma Sham IR Y Sham Y IR 

     

Sodium,      

(mmol/L) 

139.6 ± 0.9 139.9 ± 1.2 138.5 ± 0.7 139.0 ± 0.7 

Creatinine, 

(µmol/L) 

44.5 ± 2.0 100.1 ± 3.2* 43.0 ± 1.8 95.3 ± 2.6* 

Urea, 

(mmol/L) 

7.2 ± 0.4 11.2 ± 0.3* 7.0 ± 0.6 11.1 ± 0.3* 

 
 
 
 
 
 

RESULTS 
 

Systemic hemodynamics variables during renal I/R 

Hemodynamic variables were measured to study the acute effects of Rho 

kinase inhibition during renal I/R in vivo. There was a significant rise in 

MAP during clamping of the renal arteries in both the I/R group and the IR 

group treated with the Rho kinase inhibitor (YI/R) (Fig. 1A). This increase 

in MAP was transient and restored during reperfusion. The CO of the I/R 

group decreased during reperfusion (Fig. 1B). In addition, a decrease in 

venous pressure (VP) was observed in the I/R group (Fig. 1C). This 

decrease in CO and VP was not observed in the YI/R group. There was no 

difference in heart frequency (HF) among groups (data not shown).  

 

Renal function in renal I/R  

Rats subjected to one hour of renal I/R showed a marked deterioration of 

renal function, as demonstrated in Tables 1 and 2. The I/R group showed 

increased levels of blood urea nitrogen and plasma creatinine concentrations 

in comparison to the sham group. Urine analysis demonstrated in the I/R 

group a decrease in creatinine and urea clearance and an increase in 

fractional sodium excretion (FENa). The Rho kinase inhibitor did not 

influence renal functional parameters at 1 h of reperfusion. The only 

observed difference between the two groups was the urine production, since  

Table I  

Blood renal function parameters measured in I/R with Rho kinase inhibition. Values are 

mean ± SEM. I/R, ischemia- reperfusion. Blood analysis was measured 1 h after I/R. The 

groups treated with the Rho kinase inhibitor are indicated with Y (n=8). * P < 0.001 both 

the IR as the YIR group vs. the sham and Ysham group. 
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Urine  Sham  IR Y Sham  Y IR 

                                                                                                             

Production 

(%) 

100      (13/13) 35         (6/17) 100      (10/10) 69        (11/16) 

Production 

(ml) 

0.8 ± 0.1 8 0.6 ± 0.2 6 0.7 ± 0.1 8 0.4 ± 0.2 8 

Sodium 

(mmol/L) 

91 ± 12 8 123 ± 23 6 76 ± 9 8 113 ± 23 5 

Creatinine 

(mmol/L) 

8.3 ± 0.6 8 1.0 ± 0.3* 6 10.6 ± 1.4 8 1.5 ± 0.4* 6 

Urea 

(mmol/L) 

699 ± 66 8 72 ± 17* 6 666 ± 43 8 110 ± 44* 5 

CrCl  

(ml/min) 

1.3 ± 0.1 8 0.0 ± 0.0* 6 1.4 ± 0.2 8 0.0 ± 0.0* 6 

FENa 

 (%) 

0.4 ± 0.1 8 14.7 ± 4.1* 6 0.3 ± 0.1 8 11.6 ± 2.5* 4 

 

 

 

 

 

in the I/R group fewer rats produced urine than in the YI/R group. The YI/R 

group produced urine more often, albeit at a slightly less amount than the 

I/R group, which gave some difficulty in analyzing all the parameters as 

indicated by the number of urinary analyses. 

 

Renal blood flow following I/R 

I/R induced a strong decrease in renal blood flow compared to the sham 

group (Fig.2). Infusion of the Rho kinase inhibitor before the ischemic 

period maintained renal blood flow in the YI/R group at a level comparable 

to that in the sham group. The renal blood flow in the Ysham group was not 

different from that in the sham group. To determine the role of NO in the 

YI/R group we used L-NAME, a NO synthase (NOS) inhibitor. When NOS 

was inhibited by L-NAME in the YI/R group, the blood flow was 

comparable to the I/R group. NOS inhibition in the I/R group did not 

influence renal blood flow. 

Table 2  

Urinary renal function parameters measured in I/R with Rho kinase inhibition. 

Values are mean ± SEM. n, no of rats; CLCr, creatinine clearance; FENa, fractional; 

excretion of sodium. Shown is analysis of urine collected during I/R. * P < 0.001 both the 

IR as the YIR group vs. the sham and Ysham group. 
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Figure 1 

Hemodynamic variables measured during the experiment from Sham, ischemia-

reperfusion (I/R) and Rho kinase inhibitor (Y27632)-treated groups (YI/R, Ysham; 

n=8). Values are means ± SEM. A: Mean arterial blood pressure (MAP). *P < 0.037 

both I/R and YI/R vs. sham and Ysham. B: Cardiac output (CO). *P < 0.023 vs. other 

groups. C: venous pressure (VP). *P < 0.032 vs. other groups.  

 



Rho kinase and eNOS activity 

 60

 

Sham IR

YSham YIR

IR
 L

-N
A
M

E

YIR
 L

-N
A
M

E

0

1

2

3

4

5

6

7

*
*

*

B
lo

o
d

 f
lo

w
 (

m
l/

m
in

/g
)

 
 

 

 

 

 

Vascular effects of norepinephrine and acetylcholine after I/R 

To determine the contractile function of the renal arcuate arteries after I/R 

we made a cumulative concentration-response curve of norepinephrine (NE) 

(Fig 3). The I/R group demonstrated, with an –log EC50 value of 6.5 ± 0.1 a 

statistically significant lower sensitivity to NE induced vasoconstriction 

than the YI/R (6.8 ± 0.1), sham (7.1 ± 0.1) or Ysham (7.0± 0.1) group. The 

–logEC50 value was used to preconstrict the arteries, and the endothelium-

dependent vasodilator response was tested with a cumulative concentration-

response curve of ACh ex vivo in a pressure myograph. While the sham 

group demonstrated a dilation of > 50%, the maximum ACh-dependent 

vasodilator response after I/R decreased to 10% (Fig 4A). In vivo inhibition 

of Rho kinase before the ischemic period preserved the ACh response, since 

the arterioles of the YI/R group demonstrated 40% ACh-dependent 

vasodilatation. Inhibition of NOS with L-NAME in the YI/R arterioles 

showed that the increase in ACh-induced endothelium-dependent 

vasodilatation was mediated by NO (Fig 4B).  

Figure 2 

Mean renal blood flow after 1 h of reperfusion (ml·min-1·g-1) in sham, I/R, YI/R and 

Ysham groups (n=5). Values are means ± SEM. N
G-nitro-L-arginine methyl esther (L-

NAME) was used to block nitric oxide synthase (NOS). *P < 0.001 vs. sham, Ysham and 

YI/R.  
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VASP and eNOS phosphorylation in renal arteries following I/R  

To determine whether the reduced NO-dependent vasodilator response 

corresponds to a reduction in eNOS activity, p-eNOS levels were measured 

as shown in Fig 5 A and B. After I/R, p-eNOS levels decreased, which 

could be prevented by inhibition of Rho kinase in vivo. p-VASP was used to 

assess the amount of bioactive NO 
17, 18

. The level of p-VASP in renal 

interlobar arteries was decreased after I/R (Fig 5 C and D). Inhibition of 

Rho kinase prevented this decrease in p-VASP levels. Tubulin detection was 

used to determine the amount of total protein and there was no indication 

that there was a difference in total protein levels after one hour of 

reperfusion (data not shown). 

 

 

 

 

 

Figure 3 

Concentration-response curve to norepinephrine (NE) of isolated renal arcuate arterioles. 

Sham (n=7), I/R (n=8), Ysham (n=6) and YI/R (n=8) groups. Values are means ± SEM. 

The groups treated with the Rho kinase inhibitor (Y27632) are indicated with Y. The – log 

EC50 value of the I/R group was statistically different  (*P < 0.05) from the other groups.  
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Figure 4 

Concentration-response curves to acetylcholine (ACh) of isolated renal arcuate 

arterioles. A: ACh responses were tested in a pressure myograph after 50% 

preconstriction with NE in Sham (n=7), I/R (n=8), Ysham (n=6) and YI/R (n=8). 

Values are means ± SEM. *P < 0.029, I/R vs. YI/R, **P < 0.005, I/R vs. sham and 

Ysham. B:  ACh response of renal arcuate arterioles from the Y/IR group was tested 

in the presence of NOS inhibitor L-NAME (n=5), *P < 0.03.  
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DISCUSSION 

 

In the present study, we have shown that in vivo inhibition of Rho kinase in 

renal I/R is able to restore renal perfusion by preventing a decreased eNOS 

function.  

We demonstrated that the Rho kinase inhibitor Y-27632 had a 

significant influence on the hemodynamic variables measured in renal I/R. 

During bilateral clamping of the renal arteries, MAP increased, which can 

be explained by the release of vasoactive substances by the injured kidneys. 

Rho kinase inhibition in vivo was not able to prevent an increase in MAP 

during bilateral clamping of the renal arteries, indicating that there was 

apparently no effect on the vasoconstrictor properties of the vascular bed. 

Most interestingly, inhibition of Rho kinase prevented a decrease in VP and 

CO during the reperfusion phase. A decrease in CO in renal I/R has been 

observed previously
14

 and has been attributed to an increase in vascular 

resistance. The renal function parameters did not indicate an acute 

Figure 5 

Western blots (A and C) and corresponding densitometric analyses expressed as a ratio 

relative to the sham group [B (*P < 0.023; n=4) and D (*P < 0.019; n=3)] showing 

phosphorylation (p) levels of endothelial nitric oxide (eNOS) and of vasodilatory-

stimulated phosphoprotein (VASP) in renal interlobar arteries of control, I/R YIR rats. 

Values are means ± SEM. 
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protective effect of the Rho kinase inhibitor. Since the protective effect of 

Rho kinase inhibition at a larger time scale has been reported
12

, we assume 

that one hour of reperfusion is not enough for the kidneys to recover from 

I/R, independent of Rho kinase inhibition. The only observed difference 

between the I/R and YI/R group is that the rats in the YI/R group produced 

urine more often. This observation could be the result of improved 

microvascular perfusion of the kidney.  

I/R reduced renal blood flow to <50% on reperfusion in comparison 

to the sham group, in accordance with the literature
14

. The Rho kinase 

inhibitor was able to maintain renal blood flow after I/R to a level 

comparable to the sham group. In vivo inhibition of NOS in the YI/R group 

was able to reduce renal perfusion to I/R levels, indicating that the increase 

in perfusion mediated by the Rho kinase inhibitor is probably NO 

dependent.  

The vascular smooth muscle contractile function was determined ex 

vivo by examining the sensitivity to NE-induced contraction. The I/R group 

demonstrates a decreased sensitivity to NE that was absent in the group 

treated with the Rho kinase inhibitor. The decrease in sensitivity to NE has 

been described previously by Conger et al
19

 and has been attributed to a 

vascular smooth muscle defect. Activated Rho kinase has been described to 

stimulate vascular smooth muscle cell contraction by inactivating myosin 

phosphatase and subsequently increasing myosin light chain 

phosphorylation
20 

and inactivation of Rho kinase could lead to a decrease in 

vascular tone. In our experiments, both in vitro as in vivo, there was no 

indication that the arteries had lost vasomotor tone. Multiple kinases are 

involved in the regulation of vascular smooth muscle contractility
21

 and it 

seems that counter regulatory mechanisms are present to compensate for the 

loss of Rho kinase activity. The renal arcuate arteries also demonstrated a 

decreased endothelium-dependent vasodilator response to Ach, which has 

been demonstrated before.
19

 Interestingly, the Ach response was normal in 

the arteries obtained from the animals treated with the Rho kinase inhibitor, 

and when we exposed the YI/R arteries to a NOS inhibitor, the Ach 

response decreased to a level comparable to the I/R arteries. These results 

are in agreement with the blood flow data and show that the NO-mediated 

vasodilatation was improved by treatment with the Rho kinase inhibitor. 



                                                                                                                                   Chapter 4  

      65

To determine whether the functional observations are supported by 

differences in eNOS protein activity, we performed western blot analysis on 

renal interlobar arteries. p-eNOS levels were decreased in the I/R group 

while the YI/R showed levels similar to control. However, NO can be 

scavenged by superoxide making NO unavailable for vasorelaxation.
18

 

Therefore, protein analysis was performed to determine the amount of not 

only p-eNOS but also p-VASP levels in the renal interlobar arteries. In our 

experiments VASP is also significantly more phosphorylated in the YI/R 

group than in the I/R group, indicating that more functional NO is produced. 

From these data we concluded that activation of Rho kinase during renal I/R 

leads to an inactivation of eNOS, that less NO is formed and that this may 

lead to a decrease in vasorelaxation and subsequent reduction in blood flow.   

  Rho proteins are able to modulate the actin cytoskeleton.
8, 22

 and a 

link between Rho proteins, the actin cytoskeleton and eNOS regulation has 

been described. Laufs et al.
23

 prevented actin cytoskeleton changes, by using 

a Rho protein inhibitor or a cytoskeleton depolymerizer, which leads to 

increased eNOS expression and activity mediated by an increase in eNOS 

mRNA half-life. These findings are supported by data published by other 

groups;
7,10, 24

 however, these observations do not correspond with the data 

obtained in our study, since there was no indication of a decrease in eNOS 

protein. Wolfrum et al.
9
 demonstrated in human endothelial cells an acute 

effect of Rho kinase on Akt and eNOS activity, which was dependent on 

PI3K activity. A study published by Luo et al.
25

 demonstrated that Akt 

signal transduction has a role in ACh induced eNOS phosphorylation 

resulting in an increased arterial diameter and blood flow. In our 

experiments we found a significant decrease in Akt phosphorylation 

(unpublished data) in the renal arcuate arteries; however, the experiments of 

Luo et al.
25

 demonstrated that a dominant negative mutant of Akt decreased 

ACh-dependent vasodilatation about 15%. Also, Luo et al. found no effect 

of a dominant negative mutant of Akt on basal blood flow in the femoral 

artery. In our experiments we have found a difference of 40% ACh-

dependent vasodilatation and a strong effect on blood flow, indicating that 

the acute effects of Rho kinase inhibition in our experiments are probably 

not mediated by Akt but could be the result of other vascular effects of Rho 

kinase.
20
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In conclusion, Rho kinase inhibition in renal I/R resulted in an 

increase in renal blood flow and NO-mediated ACh response in renal 

arteries, associated with an increase in p-eNOS and p-VASP in renal 

arterioles after I/R. These findings indicate that in vivo inhibition of Rho 

kinase preserves renal blood flow by maintaining eNOS function. Since a 

Rho kinase inhibitor is available for human application in Japan the 

possibility of targeting Rho kinase for therapeutic benefits in I/R and 

investigating its potential in clinical trails might be an important step in 

future research. 
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ABSTRACT 

 

In the present study the cellular mechanism(s) underlying the previously 

reported Rho kinase-dependent regulation of eNOS activity in renal I/R 

were investigated. We hypothesized that changes in eNOS activity 

following I/R are associated with Rho kinase-dependent alterations in eNOS 

distribution, Golgi complex morphology and microvascular leukocyte 

accumulation. Male Wistar rats were subjected to 60 minutes bilateral 

clamping of the renal arteries or sham procedure. The Rho kinase inhibitor 

(1 mg/kg Y27632) was intravenously infused one hour before clamping and 

the NOS inhibitor (10 mg/kg N
G
-nitro-L-arginine methyl esther) during 

reperfusion. Microspheres were used to determine renal blood flow and 

renal arcuate arteries were dissected to determine endothelium-dependent 

vasodilatation. 3D digital imaging microscopy analysis was used to 

determine eNOS distribution and Golgi complex morphology in arterial 

endothelium and microvascular leukocyte accumulation in kidney sections. 

Our data demonstrate that decreased vasodilatation and blood flow is 

associated with decreased eNOS localisation at the Golgi complex and 

reduced Golgi complex volume in the endothelium of renal arteries. 

Furthermore, we demonstrate that microvascular leukocyte accumulation in 

the corticomedullary junction and medulla of the kidney is the result of Rho 

kinase-dependent decreased eNOS activity. This is the first study 

demonstrating that a Rho kinase-dependent diminished eNOS activity 

following I/R is associated with a decreased Golgi complex volume and a 

redistribution of eNOS in renal arterial endothelium, and that the capacity of 

Rho kinase to regulate eNOS activity is an important factor in microvascular 

leukocyte accumulation. 
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INTRODUCTION 

 

Renal ischemia-reperfusion (I/R) is characterized by impaired endothelium-

dependent vasodilatation and microvascular leukocyte accumulation, which 

contribute to the development of hypoperfusion, injury and, ultimately, 

acute kidney failure.
1-6 

We have previously demonstrated that Rho kinase 

inhibition prevents a decrease in endothelium-dependent vasodilatation by 

regulation of endothelial nitric oxide synthase (eNOS) activity in renal I/R.
1
 

In addition, both Rho kinase and eNOS have individually been described to 

play an important role in endothelial adhesion of leukocytes.
5;7;8

 

Nevertheless, the mechanism of Rho kinase-dependent regulation of eNOS 

activity in these processess has not yet been investigated. 

In response to various stimuli, eNOS is released from the plasma 

membrane into the cytosol and is rapidly transported to the Golgi complex.
9-

12
 In fact, eNOS containing vesicles continuously shuttle between the 

plasma membrane and the Golgi complex, where eNOS is modified by 

various enzymes, a necessity for proper eNOS localization and activity.
10

 

The Golgi complex itself is also very dynamic and changes shape in 

response to specific cellular conditions, like mitosis, migration and 

apoptosis.
13;14

 Interestingly, Rho kinase has recently been described to play 

a role in Golgi complex fragmentation in apoptotic PC12 cells.
15

 However, 

the precise relationship between Rho kinase-dependent regulation of eNOS 

activity, alterations in Golgi complex morphology and their possible 

contribution to microvascular leukocyte accumulation following renal I/R 

still remains to be established.  

Therefore, we hypothesized that diminished NO-mediated 

vasodilatation and blood flow following I/R in the kidney is associated with 

eNOS redistribution, altered Golgi complex morphology and leukocyte 

accumulation, and that these processes are mediated by Rho kinase.  

 

 

MATERIALS AND METHODS 

 

Animal model. 

The investigation conforms to the Guide for the Care and Use of Laboratory Animals 

published by the US National Institutes of Health (NIH Publication N0. 85-23, revised 
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1996), and the local ethics committee for animal experiments approved procedures. Male 

Wistar rats (300-400 g) (total n=34) (Harlan, Horst, the Netherlands) were housed under 

standard conditions and were randomly divided in a sham (n=6), I/R (60 minutes of 

ischemia followed by 60 minutes of reperfusion; n=6), Rho kinase inhibitor treated sham 

(Y-sham, n=6) as well as I/R group (Y-I/R, n=6), respectively. Rats were anaesthetized 

with pentobarbital (i.p. 60 mg/kg) and ketamine HCL (i.m. 70 mg/kg), an intraperitoneal 

(i.p.) catheter was placed to administer a pentobarbital maintenance dose (i.p. 15 mg/kg/30 

min). The rats were placed in a supine position on a heating pad maintaining body 

temperature at 37 °C. The trachea was intubated with polyethylene tubing to facilitate 

breathing. The animals received 75 IU/kg heparin intravenously (Leo Pharmaceutical 

Products, Weesp, The Netherlands) to prevent catheter clotting. The Rho kinase inhibitor 

Y27632 (Tocris Cookson, Bristol, UK) at a total dose of 1 mg/kg or placebo (normal saline) 

was infused in 15 minutes through a right jugular vein catheter one hour before clamping of 

the renal arteries. N
G-nitro-L-arginine methyl esther (L-NAME) was given 30 minutes 

before the end of the experiment to Y-I/R (n=5) and I/R rats (n=5) (after 30 minutes of 

reperfusion) at a dose of 10 mg/kg in normal saline. Blood flow was measured at the end of 

the experiment using FluoSpheres® polystyrene micropheres (15 µm scarlet fluorescent 

645/680, Molecular Probes Europe, Leiden, The Netherlands) as previously described in 

detail.16 The renal blood flow of left and right kidney is expressed as mean renal blood 

flow. The left and right triceps muscle blood flow was used to determine microsphere 

distribution (data not shown).  

 

Vasoreactivity experiments. 

Arcuate arteries were isolated from sham, I/R, Y-sham and Y-I/R  rat kidneys (n= 6 for 

each group) and mounted in a pressure myograph. The mean arterial diameter was not 

different between groups (110 ± 4.0 µm). Diameters of arteries in response to various 

stimuli at 37 °C were measured. MOPS buffer was used (in mM; 145 NaCl, 5 KCL, 2 

CaCl, 1 MgSO4, 1 NaH2PO4, 3 MOPS, 2 pyruvaat, 10 glucose, 0.02 EDTA, pH 7.4) to fill 

the arteriole and pressure column (75 mm Hg). The organ chamber was filled with Krebs 

buffer (in mM; 110 NaCl, 5 KCL, 2.5 CaCl, 1 MgSO4, 1 KH2PO4, 10 glucose, 0.02 EDTA, 

24 NaHCO3, gassed with 95% air and 5% CO2, pH 7.4). Arteries were preconstricted with 

noradrenaline (Sigma-Aldrich, St. Louis, MO, USA) to 50% of the passive diameter, 

acetylcholine (ACh) was used to test the maximal dose-dependent vasodilatation as 

previously described.1 Diameter changes were measured when steady state was reached. 

Dilatations are expressed as a percentage of basal diameter (diabas) which is the vessel 

diameter before noradrenaline (NE) is given; vasodilatation (%) = [(diaACh-diaNE)/(diabas-
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diaNE)] x100. Finally, at the end of these experiments maximal passive diameter was 

determined using administration of 1 µM papaverine.   

 

Immunofluorescent staining. 

Renal lobar arteries were isolated (n= 4, for each group), mounted in a pressure myograph 

in order to fixate the arteries in 2% formaldehyde (Sigma-Aldrich)/MOPS buffer and to 

perfuse them with 0.5 %Triton (Sigma-Aldrich, St. Louis, MO, USA) for permeabilization 

of the endothelial cell membranes. Arteries were cut open longitudinally and pinned to a 

silicone-coated petridish for staining. Aspecific binding was blocked by a 30-minute 

incubation with phosphate-buffered saline (PBS) 5% goat serum (DakoCytomation, 

Glostrup, Denmark). The Golgi membrane protein antibody GM130 (BD Biosciences, San 

Jose, CA, USA) and eNOS (NOS3, Santa Cruz, CA, USA) antibody were incubated 1:100 

in PBS/5% goat serum overnight at 4ºC and washed three times in PBS with 0.05% Tween 

(PBST, Sigma-Aldrich) for 5 min. Thereafter, a one-hour incubation with Alexa Fluor 488 

conjugated goat anti-rabbit (Molecular Probes) and FITC goat anti-mouse (Jackson 

ImmunoResearch, West Grove, PA, USA) in PBS/5% goat serum; as negative control a 

section without primary antibody was used. After staining, sections were rinsed three times 

in PBST. Finally, the sections were mounted on a standard glass slide using Vectashield™ 

mounting medium (Vector Laboratories, Burlingame, CA, USA) containing DAPI nuclear 

stain and sealed using a cover slip and colourless nail polish. 

For leukocyte staining kidney cryosections (6 µm) (n=5, for each group) were 

fixed in acetone/methanol (70/30%) (Merck, Whitehouse Station, NJ, USA). Aspecific 

binding was blocked by a 30-minute incubation with PBS 5% goat serum. Common 

leukocyte antigen CD45 (BD Biosciences) was incubated for two hours in PBS/5% goat 

serum, washed three times in PBST for 5 min followed by a one-hour incubation with 

rhodamine-conjugated wheat germ agglutinin (WGA, Molecular Probes) and Alexa Fluor 

488-conjugated goat anti-rabbit in PBS/5% goat serum; as negative control a section 

without primary antibody was used. After staining, sections were rinsed three times in 

PBST, covered with Vectashield™ and sealed using a cover slip and colourless nail polish. 

 

3D digital image acquisition, processing and analysis. 

Arterial and kidney sections were examined with a Zeiss Axiovert 200M Marianas™ 

inverted microscope. Microscope, camera characteristics and software are described 

previously in detail.17 The arterial endothelium was imaged with a 63X oil lens (Zeiss 

Goettingen, Germany) and 3D stacks were acquired at 0.1 µm plane intervals. Finally, 

digital image analysis was performed using SlideBook™ software (version 4.1.0.9). In 
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order to quantify the distribution of eNOS and Golgi structures, all fluorescent signal above 

a threshold was included in a 3D mask. The value of this threshold intensity was set at 25% 

of total fluorescence intensity (arbitrary units (a.u.), as used by the SlideBook™ software 

(Intelligent Imaging Innovations, Denver, CO, USA)). The value of 25% of total 

fluorescence intensity was chosen to exclude areas of low intensity background staining. 

Masks were created for eNOS and the Golgi complex, and a combination mask was 

generated of eNOS and Golgi complex mask objects that co-localized. Mask objects within 

the mask were gated to a minimum of 1 micron. From the mask objects, mean volume 

(µm3), mean major axis length (µm), mean fluorescence intensity (I, arbitrary units) and 

sum intensity (V•I) were computed. The mask volume of eNOS and Golgi complex present 

in the combination mask is expressed as a percentage of the individual eNOS and Golgi 

complex mask volumes.  

 Kidney sections stained for CD45 were imaged in a montage taken with a 10X air 

lens (Zeiss) from cortex to medulla. All CD45 cells were counted and expressed as average 

number/field for the cortex, corticomedullary junction or the medulla of the kidney.   

 

Statistical analysis. 

Differences between the four subgroups at a certain time point were tested with the 

Kruskal-Wallis one-way analysis of variance. Differences between two groups were tested 

with the Mann-Whitney U test. A value of P < 0.05 was considered statistically significant. 

Data are expressed as mean and standard error of the mean. 

 

 

RESULTS 

 

Renal blood flow and vascular function.  

I/R induced a strong decrease in renal blood flow in comparison to the sham 

group. This corresponded to a strong decrease in endothelium-dependent 

vasodilatation after ACh stimulation (Table 1). Infusion of the Rho kinase 

inhibitor before the ischemic period maintained renal blood flow and 

endothelium-dependent vasodilatation in the YI/R group at a level 

comparable to that of the sham group.  

 

eNOS localization  and Golgi complex morphology in renal arteries.  

Immunofluorescent staining of eNOS and Golgi complex in renal arteries 

subjected to I/R demonstrated an altered Golgi complex morphology and 
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different distribution pattern of eNOS in comparison to sham arteries 

(Figure 1). In the arteries of the sham group, eNOS is dispersed over the 

entire length of the cell with an intense eNOS staining at the Golgi complex 

(Fig. 1, middle panels). In the I/R arteries, however, eNOS is redistributed 

in cytoplasmic areas and displayed less co-localization with the Golgi 

complex (Fig. 1, lower panels). Not only eNOS localization was changed in 

I/R but also the Golgi complex morphology. In I/R, Golgi complex volume 

decreased, in comparison to endothelial cells of sham or Y-I/R arteries (Fig. 

1, upper and lower panels).  

3D digital image microscopy analysis of eNOS demonstrated no 

significant difference in eNOS volume or intensity, or in the major axis 

length of the eNOS mask objects between the groups (Table 2). The mask 

objects of the Golgi complex in I/R arteries, however, had a significantly 

lower volume and smaller major axis length, than the mask objects of the 

Golgi complex in sham arteries. At the same time, the mask objects of the 

total Golgi complex, as indicated by volume x intensity (V•I), were not 

different between the groups. The decrease in Golgi complex volume was 

apparently compensated by an increase in intensity. A third mask, including 

only the objects from both the eNOS and Golgi complex mask, showed that 

the object volume in this combination mask is smaller in I/R arteries and has 

a shorter major axis length than in sham arteries (Table 2). In particular the 

 Sham I/R Y-sham  
 

Y-IR  

     

ACh  (%) 57.2 ± 7.7 15.3 ± 6.3* 62.6 ± 7.8 46.7 ± 8.3 

Blood Flow  
(ml/min/g) 

5.7 ± 0.9 3.3 ± 0.4* 6.6 ± 0.6 5.0 ± 0.5 

 

Table 1 

Endothelium-dependent vasodilatation of renal arcuate arteries, determined by the 

maximal acetylcholine (ACh) response and renal blood flow of sham, I/R, Y-sham and Y-

I/R groups. Values are means ± SEM (n=6); *P < 0.05 vs. sham, I/R and Y-I/R group. 
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volume of eNOS objects in this combination mask in comparison to the 

objects in the total eNOS mask was decreased in the I/R group, whereas the 

volume of Golgi complex objects in the combination mask remained 

unaltered between the groups, indicating a decreased co-localization of 

eNOS with the Golgi complex. These results demonstrate that I/R changes  

Golgi Mask 

 
Volume         
(µm3) 

Major Axis Length      
(µm) 

Golgi Intensity 
(arbitrary units)  

Total Golgi 
(V•I/1000) 

Sham 

 

       197 ± 27 2.57 ± 0.12 719 ± 185 142 ± 26 

I/R 99 ± 12*   2.07 ± 0.13*      1311 ± 288 130 ± 39 

Y-IR        171 ± 11 2.81 ± 0.13        673 ± 127 115 ± 28 

     

eNOS mask 

 
Volume 

(µm3) 

Major Axis Length      
(µm) 

eNOS Intensity (I) 
(arbitrary units) 

Total eNOS 
(V•I/1000) 

Sham 

 

393 ± 42 3.12 ± 0.17 1201 ± 157 472 ± 79 

I/R 334 ± 49 3.20 ± 0.34       1056 ± 84 353 ± 34 

Y-IR 389 ± 13 3.07 ± 0.14   963 ± 241 374 ± 95 

     

Combination Mask 

 
Volume  

(µm3) 

Major Axis Length      
(µm) 

eNOS volume    
(%) 

Golgi volume    
(%) 

Sham 

 

      150 ± 8 2.44 ± 0.12 35.8 ± 2.9 73.1 ± 7.5 

I/R         63 ± 11*   1.93 ± 0.18*  18.9 ± 2.4*   65.5 ± 10.7 

Y-IR       127 ± 5 2.73 ± 0.13 32.6 ± 0.7 75.0 ± 4.3 

      

 

Table 2 

Quantitative analysis of 3D Golgi/eNOS stacks from renal lobular arterial endothelium of 

sham, I/R and Y-I/R groups. Values are means ± SEM (n=4); *P < 0.05 vs. sham and Y-

I/R group. 
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Golgi complex morphology and that there is less eNOS present at the Golgi 

complex following I/R.When the I/R group was treated with the Rho kinase 

inhibitor, eNOS distribution and Golgi complex morphology was again 

comparable to the sham group (Table 2). 

 

eNOS 

overlay 

Golgi 

            Sham                      I/R             Y-IR 

 

Figure 1 

Intracellular localization of eNOS and Golgi in renal lobular arterial endothelium of 

sham, I/R and Y-I/R. Immunofluorescent staining of Golgi (top panels, green channel), 

eNOS (middle panels, red channel) and their overlays with high-mag inserts (bottom 

panels, yellow color indicates Golgi/eNOS co-localization) in sham (left panels), I/R

(middle panels) and Y-I/R (right panels) arterial endothelium. In all panels endothelial 

nuclei are depicted on the blue channel  (bar = 5 µM). Note the decrease in Golgi 

volume and its diminished co-localization with eNOS in I/R compared to sham and Y-

I/R (see lower panels with high-mag inserts). See appendix for collor illustration. 
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Leukocyte accumulation in the renal microcirculation. 

Kidney section montages were used to investigate the number and 

localization of leukocytes accumulating in the renal microcirculation in I/R 

(Figure 2A/B). Figure 2C displays accumulated leukocytes in a peritubular 

capillary between two tubular structures exposed to I/R, which is the main 

location of accumulation in combination with the glomeruli. The leukocytes 

are monocytic as well as polymorphonuclear cells, identifiable by the shape 

of the nucleus. The results show increased leukocyte counts in the medulla 

and corticomedullary area in I/R (Figure 3). Treatment with the Rho kinase 

inhibitor decreased the number of leukocytes to values comparable to the 

sham group. To determine whether this effect was the result of improved 

eNOS function, the number of leukocytes was also measured in a Y-I/R 

group treated with a NOS inhibitor. NOS inhibition in the Y-I/R group 

increased the amount of leukocytes in the medulla and corticomedullary 

area of the kidney comparable to what was found in the I/R group, 

indicating that decreased eNOS function is responsible for leukocyte 

accumulation in the renal microcirculation in the first hour after ischemia 

(Figure 3). 

 

 

DISCUSSION 

 

In the present study, we investigated the cellular mechanism(s) underlying 

the previously reported Rho kinase-dependent regulation of eNOS activity 

in renal I/R. In particular, we investigated the possible relationship between 

Rho kinase-dependent regulation of eNOS distribution, alterations in Golgi 

complex morphology and microvascular leukocyte accumulation. While 

acute effects of Rho kinase on eNOS activity have been reported before,
1;18

 

this is the first study demonstrating that decreased eNOS activity following 

I/R may be associated with a Rho kinase-dependent intracellular 

redistribution of eNOS and a decrease in Golgi complex volume in renal 

arteries. In addition, our data show that the capacity of Rho kinase to 

regulate eNOS activity is an important factor in leukocyte accumulation in 

the renal microcirculation following I/R. 
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Rho kinase-dependent regulation of eNOS activity and Golgi complex 

morphology following renal I/R 

Endothelium-dependent vasodilatation and renal blood flow in these 

experiments were comparable to our previously reported results.
1
 In that 

study, we demonstrated that a decreased renal blood flow and ACh-

mediated vasodilatation following I/R are the result of Rho kinase-

dependent decreased eNOS activity. In the present study, we found that in 

I/R arteries less eNOS was present at the Golgi complex, which is indicative 

of intracellular eNOS redistribution. It has been shown that in response to a 

vasodilatory stimulus, eNOS translocates from the cell membrane to the 

Golgi complex before the onset of vasodilatation.
19

 Also, redistribution of 

eNOS to the cellular cytoplasm is associated with uncoupling of eNOS,
20

 

decreased bioactive NO, and an increase in vasoconstriction.
19

 This loss of 

eNOS activity could be due to loss of eNOS localization at the Golgi 

complex resulting in defective modification of eNOS, inhibiting proper 

intracellular protein transport and, subsequently, inactivation of eNOS.
10;19

 

Therefore, our results indicate that due to intracellular eNOS redistribution 

following I/R less bioactive eNOS is available for vasodilatation of renal 

arteries, which is obviated when animals are treated with a Rho kinase 

inhibitor. 

In our experiments, we have not only seen a redistribution of eNOS 

following I/R but we have also demonstrated that the Golgi complex 

becomes smaller in volume, which could be due to collapse of the ribbon-

like cisternae structure.
14

 Loss of cisternae structure, vesicle clustering and 

fragmentation of the Golgi complex has been described to occur during 

apoptosis.
13-15

 Interestingly, in agreement with our finding that Rho kinase 

inhibition maintained Golgi complex morphology in arterial endothelium 

following I/R, Orlando et al. have recently demonstrated that constitutively 

active Rho kinase changed Golgi complex morphology.
15

 The organization 

and morphology of membranous organelles like the Golgi complex is 

dependent on the integrity of the F-actin cytoskeleton,
21

 and it is known that 

disruption of the F-actin cytoskeleton with depolymerizing drugs has 

profound effects on the morphology of the Golgi complex.
22;23

 Additionally, 

polymerization of the F-actin cytoskeleton has been shown to inhibit eNOS 

activity.
24;25

 However, in the arterial endothelium of the arteries used in this 

study we did not observe morphological changes of the F-actin cytoskeleton 
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Figure 2 

Leukocyte distribution in sham 

and I/R rat kidneys. Kidney 

sections were stained for 

leukocytes (CD45, green 

channel), membranes (WGA, red 

channel) and nuclei (DAPI, blue 

channel). A: Montage of 16 sham-

images (white rectangle indicates 

one 10X microscopy field). B: 

Montage of 16 I/R-images (white 

lines indicate transition between 

cortex, corticomedullary junction 

as well as in the medulla). C: 

High magnification image of 

accumulated leukocytes in the 

renal microcirculation following 

I/R (see arrows). This image was 

taken in the corticomedullary 

junction (bar = 10 µm). See 

appendix for collor illustration. 
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 (unpublished data). Nevertheless, we cannot exclude the possibility that 

(other) organizational changes are involved.
26;27

 Furthermore, in addition to 

the F-actin cytoskeleton and its associated proteins there are other 

modulators of Golgi morphology, e.g., the microtubule-associated 

cytoskeleton, Golgi matrix proteins and proteins regulating intracellular 

trafficking.
13

   

 

Rho kinase-dependent regulation of eNOS activity and leukocyte adhesion 

following renal I/R 

Extravascular recruitment of leukocytes is a multi-step process that involves 

tethering, rolling, adhesion and, finally, transmigration across the 

endothelium. Increased leukocyte accumulation in the renal 

microvasculature might contribute to increased vascular resistance and 

subsequently decreased renal blood flow. Braide et al.
6
 have demonstrated 

in isolated rat kidneys that perfusion of leukocytes under low flow 

conditions increases vascular resistance with 20%. In our experiments we 

found a decrease in flow of more than 50%. However, the experiments of 

Braide et al.
6
 were performed in normoxic kidneys and so far it remains to 

be investigated what the effect would be in an I/R kidney, with reduced 

eNOS activity, where a decrease in vasodilatation and increased leukocyte 

adhesion play an important role. It is likely therefore that in kidneys with a 

compromised eNOS function, the increase in vascular resistance by 

adhering leukocytes is more than 20%. Rho kinase inhibition has been 

described to have strong anti-inflammatory properties in vitro cell culture 

studies
8
 as well as in vivo,

7;28;29
 which has been attributed to inhibition of 

cytokine release,
7;29

 although the exact mechanism was not resolved. Our 

present study demonstrates that Rho kinase inhibition prevented leukocyte 

accumulation in the renal microcirculation following I/R due to its effects 

on eNOS activity, since a NOS inhibitor completely inhibited the effect of 

the Rho kinase inhibitor. Our findings are in agreement with a recent study 

by Gaskin et al. in which they demonstrated that NO-donors prevented 

postischemic leukocyte rolling and adhesion in the mouse intestine.
30

 NO 

has also been described to decrease cytokine-induced activation of 

endothelial cells and to prevent subsequent expression of adhesion 

molecules and cytokines release.
31
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Figure 3 

Quantitative analysis of leukocyte-accumulation in the cortex (A), corticomedullary 

junction (cor/med) (B) and medulla (C) of the rat kidney in sham, I/R, Y-sham (YS) 

and Y-I/R groups. Y-I/R group treated with the NOS-inhibitor L-NAME is indicated 

by Y-I/RL. Values are means ± SE (n=5); * P < 0.05 and ** P < 0.01 vs. sham, Y-

sham and Y-I/R group. 
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In conclusion, our data provide novel information regarding the role 

of Rho kinase in the regulation of vascular eNOS function following renal 

I/R. Rho kinase-mediated decreased NO-dependent vasodilatation and blood 

flow following I/R in the kidney is associated with altered eNOS 

distribution, decreased Golgi complex volume and microvascular leukocyte 

accumulation. Therefore, inhibition of Rho kinase might be a therapeutic 

strategy in patients with ischemic acute renal failure. 
 

 

REFERENCES 

 

1. Versteilen AM, Korstjens IJ, Musters RJ, Groeneveld AB, Sipkema P. Rho kinase 

regulates renal blood flow by modulating eNOS activity in ischemia-reperfusion of the 

rat kidney. Am J Physiol Renal Physiol. 2006;291:F606-F611. 

2.  Ysebaert DK, De Greef KE, Vercauteren SR, Ghielli M, Verpooten GA, Eyskens 

EJ, De Broe ME. Identification and kinetics of leukocytes after severe 

ischaemia/reperfusion renal injury. Nephrol Dial Transplant. 2000;15:1562-1574. 

3.  Heinzelmann M, Mercer-Jones MA, Passmore JC. Neutrophils and renal failure. 

Am J Kidney Dis.  1999;34:384-399. 

4. Conger JD, Weil JV. Abnormal vascular function following ischemia-reperfusion 

injury. J Investig Med. 1995;43:431-442. 

5. Kubes P, Suzuki M, Granger DN. Nitric oxide: an endogenous modulator of 

leukocyte adhesion. Proc Natl Acad Sci U S A. 1991;88:4651-4655. 

6.  Braide M, Blixt A, Bagge U. Leukocyte effects on the vascular resistance and 

glomerular filtration of the isolated rat kidney at normal and low flow states. Circ 

Shock. 1986;20:71-80. 

7.  Thorlacius K, Slotta JE, Laschke MW, Wang Y, Menger MD, Jeppsson B, 

Thorlacius H. Protective effect of fasudil, a Rho-kinase inhibitor, on chemokine 

expression, leukocyte recruitment, and hepatocellular apoptosis in septic liver injury. J 

Leukoc Biol. 2006;79:923-931. 

8.  Honing H, Van Den Berg TK, Van Der Pol SM, Dijkstra CD, Van Der Kammen 

RA, Collard JG, De Vries HE. RhoA activation promotes transendothelial migration 

of monocytes via ROCK. J Leukoc Biol. 2004;75:523-528.  



Rho kinase, eNOS, Golgi and leukocytes 

 84

9.  Govers R, Rabelink TJ. Cellular regulation of endothelial nitric oxide synthase. Am J 

Physiol Renal Physiol.  2001;280:F193-F206. 

10. Fernandez-Hernando C, Fukata M, Bernatchez PN, Fukata Y, Lin MI, Bredt DS, 

Sessa WC. Identification of Golgi-localized acyl transferases that palmitoylate and 

regulate endothelial nitric oxide synthase. J Cell Biol. 2006;174:369-377. 

11.  Jin ZG. Where is endothelial nitric oxide synthase more critical: plasma membrane or 

Golgi? Arterioscler Thromb Vasc Biol. 2006;26:959-961. 

12. Zhang Q, Church JE, Jagnandan D, Catravas JD, Sessa WC, Fulton D. Functional 

relevance of Golgi- and plasma membrane-localized endothelial NO synthase in 

reconstituted endothelial cells. Arterioscler Thromb Vasc Biol. 2006;26:1015-1021. 

13. Gonatas NK, Stieber A, Gonatas JO. Fragmentation of the Golgi apparatus in 

neurodegenerative diseases and cell death. J Neurol Sci. 2006;246:21-30. 

14. Hicks SW, Machamer CE. Golgi structure in stress sensing and apoptosis. Biochim 

Biophys Acta. 2005;1744:406-414. 

15.  Orlando KA, Pittman RN. Rho kinase regulates phagocytosis, surface expression of 

GlcNAc, and Golgi fragmentation of apoptotic PC12 cells. Exp Cell Res. 

2006;312:3298-311. 

16. Raab S, Thein E, Harris AG, Messmer K. A new sample-processing unit for the 

fluorescent microsphere method. Am J Physiol. 1999;276:H1801-H1806. 

17.  Leemreis JR, Versteilen AM, Sipkema P, Groeneveld AB, Musters RJ. Digital 

image analysis of cytoskeletal F-actin disintegration in renal microvascular 

endothelium following ischemia/reperfusion. Cytometry A. 2006;69:973-978. 

18. Shin HK, Salomone S, Potts EM, Lee SW, Millican E, Noma K, Huang PL, Boas 

DA, Liao JK, Moskowitz MA, Ayata C. Rho-kinase inhibition acutely augments 

blood flow in focal cerebral ischemia via endothelial mechanisms. J Cereb Blood Flow 

Metab. 2006. Epub 

19.  Sanchez FA, Savalia NB, Duran RG, Lal BK, Boric MP, Duran WN. Functional 

significance of differential eNOS translocation. Am J Physiol Heart Circ Physiol. 

2006;291:H1058-H1064. 

20.  Fleming I, Mohamed A, Galle J, Turchanowa L, Brandes RP, Fisslthaler B, Busse 

R. Oxidized low-density lipoprotein increases superoxide production by endothelial 

nitric oxide synthase by inhibiting PKCalpha. Cardiovasc Res. 2005;65:897-906. 

21. Allan VJ, Thompson HM, McNiven MA. Motoring around the Golgi. Nat Cell Biol. 

2002;4:E236-E242. 

22.  Egea G, Lazaro-Dieguez F, Vilella M. Actin dynamics at the Golgi complex in 

mammalian cells. Curr Opin Cell Biol. 2006;18:168-178. 



                                                                                                                                   Chapter 5  

      85

23.  Lazaro-Dieguez F, Jimenez N, Barth H, Koster AJ, Renau-Piqueras J, Lopis JL, 

Burger KN, Egea G. Actin filaments are involved in the maintenance of Golgi 

cisternae morphology and intra-Golgi pH. Cell Motil Cytoskeleton. 2006;63:778-791. 

24.  Kondrikov D, Han HR, Block ER, Su Y. Growth and density-dependent regulation 

of NO synthase by the actin cytoskeleton in pulmonary artery endothelial cells. Am J 

Physiol Lung Cell Mol Physiol. 2006;290:L41-L50. 

25.  Zhu Y, Liao HL, Niu XL, Yuan Y, Lin T, Verna L, Stemerman MB. Low density 

lipoprotein induces eNOS translocation to membrane caveolae: the role of RhoA 

activation and stress fiber formation. Biochim Biophys Acta. 2003;1635:117-126. 

26.  Ridley AJ. Rho GTPases and actin dynamics in membrane protrusions and vesicle 

trafficking. Trends Cell Biol. 2006;16:522-529. 

27.  Camera P, da Silva JS, Griffiths G, Giuffrida MG, Ferrara L, Schubert V, 

Imarisio S, Silengo L, Dotti CG, Di Cunto F. Citron-N is a neuronal Rho-associated 

protein involved in Golgi organization through actin cytoskeleton regulation. Nat Cell 

Biol. 2003;5:1071-1078. 

28.  Teraishi K, Kurata H, Nakajima A, Takaoka M, Matsumura Y. Preventive effect 

of Y-27632, a selective Rho-kinase inhibitor, on ischemia/reperfusion-induced acute 

renal failure in rats. Eur J Pharmacol. 2004;505:205-211. 

29.  Kawaguchi A, Ohmori M, Fujimura A. Partial protective effect of Y-27632, a Rho 

kinase inhibitor, against hepatic ischemia-reperfusion injury in rats. Eur J Pharmacol. 

2004;493:167-171. 

30. Gaskin FS, Kamada K, Yusof M, Korthuis RJ. 5'-AMP-activated protein kinase 

activation prevents postischemic leukocyte-endothelial cell adhesive interactions. Am J 

Physiol Heart Circ Physiol. 2006. Epub 

31. De Caterina R, Libby P, Peng HB, Thannickal VJ, Rajavashisth TB, Gimbrone 

MA, Jr., Shin WS, Liao JK. Nitric oxide decreases cytokine-induced endothelial 

activation. Nitric oxide selectively reduces endothelial expression of adhesion 

molecules and proinflammatory cytokines. J Clin Invest. 1995;96:60-68. 

 

 

 

 

 

 

 

 



Rho kinase, eNOS, Golgi and leukocytes 

 86

 

 

 



 

 

 

                                                Chapter 6 
 

In vivo and in vitro vascular effects of 
cyclooxygenase and Rho kinase inhibition 
in ischemia-reperfusion of the rat kidney. 
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ABSTRACT 

Decreased endothelium-dependent vasodilation in renal I/R might be 

caused, in part, by Rho kinase activation and cyclooxygenase (COX)-

derived reactive oxygen species (ROS) may be involved. In this study, we 

investigated whether COX and ROS in arterial endothelium following renal 

I/R play a role in the Rho kinase-mediated decrease in endothelium-

dependent vasodilation. Male Wistar rats were subjected to 60 minutes of 

bilateral clamping of the renal arteries or sham procedure and treated with 

the COX inhibitor diclofenac (10 mg/kg) and/or with the Rho kinase 

inhibitor Y27632 (1 mg/kg). Renal blood flow was measured by means of 

fluorescent microspheres and ROS production in the arterial endothelium 

was determined by means of dihydroethidium staining of kidney 

cryosections. Renal arteries were dissected and endothelium-dependent 

vasodilation was determined with an acetylcholine-response curve in the 

absence or presence of diclofenac (10 µM). COX inhibition showed no 

effect on in vivo renal blood flow and ROS production, but improved 

endothelium-dependent vasodilation following I/R, in vitro. In contrast, the 

Rho kinase inhibitor increased renal blood flow in vivo, reduced ROS 

production and improved endothelium-dependent vasodilation following 

I/R, with or without diclofenac. Nevertheless, the disparate changes in ROS 

and endothelium-dependent vasodilation among treatment groups suggest 

that the latter was relatively independent of ROS. These results suggest that 

COX is not involved in Rho kinase activation, its downstream ROS 

production and the resultant decrease in blood flow and endothelium-

dependent vasodilation following IR in the rat kidney. 
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INTRODUCTION 

In renal ischemia-reperfusion (I/R), increased formation of reactive oxygen 

species (ROS) contributes to hypoperfusion, cellular injury and subsequent 

organ failure.
1-3

 ROS can react with nitric oxide (NO), inhibiting its 

bioactivity.
4,5

 The endothelium may produce cyclooxygenase (COX)-

dependent contracting factors such as ROS during hypoxia and 

hypoperfusion.
6-9

 COX inhibition has been shown to increase renal blood 

flow in rats, for instance after I/R, perhaps by improving endothelium (NO)-

dependent vasodilation.
10,11

 COX-derived ROS may increase vascular 

smooth muscle contraction through activation of Rho kinase.
12,13 

Inhibition 

of Rho kinase in I/R-induced renal failure has shown to be protective
14 

and
 

recently, we have demonstrated that Rho kinase inhibition increased 

endothelium-dependent vasodilation and blood flow in renal I/R. 
15 

In the 

present study, we investigated the hypothesis that COX and ROS in arterial 

endothelium are involved in a Rho kinase-mediated decrease in 

endothelium-dependent vasodilation and blood flow following renal I/R. 

 

 

MATERIALS AND METHODS 

 

Animal model 

The investigation conforms to the Guide for the Care and Use of Laboratory Animals 

published by the US National Institutes of Health (NIH Publication N0. 85-23, revised 

1996), and the local ethics committee for animal experiments approved procedures. Male 

Wistar rats (300-400g) (n=28) (Harlan, Horst, the Netherlands) were housed under standard 

conditions and were randomly divided over the groups. Rats were anaesthetized with 

pentobarbital (i.p. 60 mg/kg) and ketamine HCL (i.m. 70 mg/kg), an intraperitoneal (i.p.) 

catheter was used to administer a pentobarbital maintenance dose (15 mg/kg pentobarbital 

i.p./30 minutes). The rats were placed in a supine position on a heating pad maintaining 

body temperature at 37 °C. The trachea was intubated with polyethylene tubing to facilitate 

breathing. The animals received 75 IU/kg heparin intravenously (Leo Pharmaceutical 

Products) to prevent catheter clotting. I/R was applied by bilateral clamping of the renal 

arteries for one hour. The Rho kinase inhibitor Y27632 (Tocris Cookson, Bristol, UK) at a 

total dose of 1 mg/kg or placebo (normal saline) was infused (in a period of 15 minutes) 

through a right jugular vein catheter one hour before clamping of the renal arteries. The 

COX-inhibitor diclofenac (Sigma) at a total dose of 10 mg/kg or placebo (saline) was 
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infused one hour before clamping (pre-I/R) (in a period of 15 minutes) or during the entire 

period of reperfusion (post-I/R). In one group both Y27632 and diclofenac were infused. 

 

Renal blood flow measurements 

Blood flow was measured at the end of the experiment using FluoSpheres® polystyrene 

micropheres (15 µm scarlet fluorescent (645/680, Molecular probes Europe, Leiden, the 

Netherlands). The blood flow of left and right kidney was calculated using a reference 

blood sample as previously described in detail16 and is expressed as a mean renal blood 

flow. The left and right triceps muscle blood flow was used to determine microsphere 

distribution (data not shown).  

 

Immunofluorescent dihydroethidium (DHE) staining and image analysis 

Kidney cryosections (10 µm) were incubated with dihydroethidium (DHE) (Calbiochem) in 

phosphate buffered saline for 30 min at 37ºC, to evaluate the presence of ROS.17 As a 

negative control slides were incubated with the ROS scavenger, N-2-

Mercaptopropionylglycine 0.05 M (Sigma), ten minutes before and during incubation with 

DHE to determine the background signal. Kidney sections were examined with a Zeiss 

Axiovert 200M Marianas™ inverted microscope, from each section three images were 

taken of arteries with a clearly present lumen in each image. Microscopy was performed 

with a 40X air lens (Zeiss). A cooled CCD camera (Cooke Sensicam SVGA [Cooke Co., 

Tonawanda, NY], 1280x1024 pixels) recorded images with true 16-bit capability. The 

microscope, camera and data processing were controlled by SlideBook™ software 

(SlideBook™ version 4.0.8.1 [Intelligent Imaging Innovations, Denver, USA]). In the 

images, regions of interest (the arterial endothelium) were selected by a technique called 

masking previously described in detail.18 Three masks were generated, one by manually 

selecting the area on the inner side of the lamina elastica indicated by green auto-

fluorescence (Fig 2A), representing the endothelium, the second by automated selection of 

DHE fluorescence above background, indicating DHE positive nuclei and a third mask, 

which is the combination of mask one and two, indicating all DHE positive nuclei in the 

endothelium. Slidebook software was used to determine the mean fluorescence intensity of 

the third mask in arbitrary units (au).  
 

 

Vasoreactivity experiments 

To exclude the influence of systemic effects and to determine direct vascular effects of 

diclofenac renal arcuate arteries were isolated, mounted in a pressure myograph and treated 
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 ex vivo with diclofenac (Y27632 was given only in vivo). The mean arterial diameter 

(112.5 ± 11.3 µm) did not differ between groups. Diameters of arteries in response to 

various stimuli at 37 °C were measured as previously described.15 MOPS buffer was used 

(in mM; 145 NaCl, 5 KCL, 2 CaCl, 1 MgSO4, 1 NaH2PO4, 3 MOPS, 2 pyruvaat, 10 

glucose, 0.02 EDTA, pH 7.4) to fill the arteriole and pressure column (75 mm Hg). The 

organ chamber was filled with Krebs buffer (in mM; 110 NaCl, 5 KCL, 2.5 CaCl, 1 

MgSO4, 1 KH2PO4, 10 glucose, 0.02 EDTA, 24 NaHCO3, gassed with 95% air and 5% 

CO2, pH 7.4). Vascular smooth muscle contractile function was studied by performing a 

cumulative concentration-response curve to determine the norepinephrine (NE) sensitivity. 

As a measure for the NE sensitivity we determined the –Log EC50 value, i.e. the NE 

concentration at which the artery is constricted for 50%. This NE constriction level was 

used to test the endothelium-dependent vasodilatation response to acetylcholine (ACh). 

Renal arcuate arteries were exposed to different concentrations of ACh; diclofenac (10 

µmol/l) treatment was started one hour before obtaining another ACh response curve and 

remained present during the rest of the experiment. After the last ACh response was 

obtained, 1 mM sodium nitroprusside (Merck) was used to determine maximal vasodilation. 

Diameter changes were recorded until steady state was reached. Dilations are expressed as 

a percentage of the vessel diameter at the start of the experiment (diabas); vasodilatation (%) 

= [(diaACh-diaNE)/(diabas-diaNE)] x100. 

 

Statistical analysis 

There were up to 9 experimental groups: sham (with Y and/or D), I/R, I/R with pre- and 

post-I/R diclofenac (I/RD), I/R with Y27632 (YI/R) and I/R with Y and D (YI/RD) 

Comparisons among treatment groups were performed with the Kruskal-Wallis one-way 

analysis of variance. Differences between two groups were tested with the Mann-Whitney 

U test. A value of P < 0.05 was considered statistically significant. Data are expressed as 

mean and SEM. 

 

 

RESULTS 

 

Renal blood flow following I/R 

I/R decreased renal blood flow and neither pre-I/R (data not shown) nor 

post-I/R treatment with diclofenac increased renal blood flow (Figure 1). In 

contrast, the Rho kinase inhibitor increased renal blood flow following I/R, 

and this effect was not influenced by diclofenac. Blood flow in the Ysham 

group was comparable to the sham group (data not shown).  
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I/R induced ROS production in renal arterial endothelium  

The concentration of ROS was increased in arterial endothelium following 

I/R and treatment with diclofenac did not decrease it (P = 0.31) (Figure 2). 

However, less ROS were generated in the arterial endothelium of the YI/R 

group as compared to the I/R group. In YI/R, diclofenac, also, did not 

influence ROS (P = 0.10). The ROS concentration in the Ysham group was 

comparable to the sham group (data not shown).  

 

Vasoreactivity of renal I/R arteries in vitro 

Renal arcuate arteries demonstrated reduced sensitivity to NE-induced 

vasoconstriction following I/R as indicated by the mean –Log EC50 (sham: 

7.11, I/R: 6.43, P < 0.05), which was not influenced by diclofenac (shamD: 

7.17, I/RD: 6.57). Endothelium-dependent vasodilation, as indicated by the 

ACh response, decreased (P = 0.03) in the I/R group (Figure 3A). The ACh 

response was improved after incubation with diclofenac. Diclofenac also  

 

Figure 1 

Mean renal blood flow after 1 h of reperfusion in sham (n = 5), I/R (n = 5), I/R receiving 

diclofenac (D) during reperfusion (n = 3), I/R treated with a Rho kinase inhibitor (Y) (n = 

5) and YI/R receiving diclofenac during reperfusion (D) (n = 3). Values are means ± SEM 

(*P < 0.05 versus sham, #P < 0.05 versus I/R). 
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tended to increase the ACh response in the sham group. The I/R arteries 

from animals treated with the Rho kinase inhibitor, which already have an 

improved ACh response in comparison to the I/R group, also showed a 

tendency to enhanced vasodilation in the presence of diclofenac (Figure 

3B). The Ysham group did not show increased vasodilation in response to 

ACh in the presence of diclofenac. However, the NO-donor sodium 

nitroprusside was also not able to increase the NO-dependent vasodilation in 

the Ysham arteries, indicating that maximal vasodilation had been reached 

(data not shown).  

 

 

DISCUSSION 

 

We investigated the role of COX and ROS in arterial endothelium following 

renal I/R and involvement in Rho kinase-mediated decrease in endothelium- 

A 

Sham IR
IR

D
 

YIR

YIR
D
 

0

100

200

300

400

500

600

*

#

#

B

A
rb

it
ra

ry
 U

n
it

s

A 

Figure 2 

Example of DHE fluorescence (red) in sham arteriole after 1 hour of reperfusion (A). 

The lamina elastica is indicated by green autofluorescence, bar = 25 µm. B: 

Quantification of DHE fluorescence indicating ROS within the endothelium of renal 

arterioles in sham (n = 8), I/R (n = 8) and I/R receiving diclofenac (D) during 

reperfusion (n = 4), I/R treated with a Rho kinase inhibitor (Y) (n = 5) and YI/R 

receiving diclofenac (D) during reperfusion (n = 3). Values are means ± SEM (*P < 

0.05 versus sham, #P < 0.05 versus I/R). See appendix for collor illustration. 
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Figure 3 

Concentration-response curve to acetylcholine (ACh) of isolated renal arcuate arteries. 

ACh responses were tested during 50% NE preconstriction before and during 

diclofenac (D) incubation. A: Renal arteries from Sham (n = 6) and I/R (n = 6). B: 

Renal arteries from rats treated in vivo with the Rho kinase inhibitor (Y) (sham n = 3, 

YI/R n = 2). Values are means ± SEM   (*P < 0.05). 
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dependent vasodilation and perfusion. Our study demonstrates that COX 

inhibition in vivo did not decrease the concentration of ROS in the arterial 

endothelium or that it increased blood flow following I/R. However, in vitro 

COX-inhibition improved endothelium-dependent vasodilation. This is in 

contrast to the results obtained with I/R animals treated with the Rho kinase 

inhibitor, since after treatment with the Rho kinase inhibitor in vivo ROS 

concentrations in the arterial endothelium were decreased, and blood flow 

was increased, with or without the COX-inhibiter diclofenac. In vitro, 

diclofenac tended to increase endothelium-dependent vasodilation, as 

determined with the ACh-response curve, in the YI/R group. Taken 

together, the data suggest that COX and its downstream mediator ROS are 

not involved in the activation of Rho kinase following I/R and the resultant 

decrease in endothelium-dependent vasodilation and blood flow following 

I/R. 

The COX pathway has been described to generate ROS
7
 and 

diclofenac has been shown to increase ACh-dependent vasodilation in vitro 

by inhibition of a ROS-derived endothelium-dependent contracting factor.
9
 

However, ROS production in our experiments was not influenced by COX 

inhibition, indicating that a different ROS source than COX might be 

involved. In addition, Myers et al
5
 have demonstrated that inhibition of ROS 

production with superoxide dismutase increased NO production and blood 

flow in IR kidneys. 

The ACh response in renal arteries is mainly NO-dependent
19

 and 

endothelium-dependent vasodilation as measured in a pressure myograph 

correlates with blood flow to the kidney in vivo.
15

 In vitro, COX-inhibition 

has been described to increase NO-release
20

, and more specifically, 

diclofenac increased ACh-induced vasodilatation in renal arteries
9
, as in our 

experiments. However, the vasodilatory effect of diclofenac in our 

experiments was not observed in vivo, in contrast to the observations made 

with celecoxib used by Knight et al.
10

 Diclofenac has a half-live of 1-2 

hours and was therefore used as pre-I/R or as post-I/R treatment in vivo. 

Both treatments gave similar result, suggesting lack of effect rather than 

insufficient dosing. From these results we may conclude that the 

vasodilatory effect of diclofenac in vitro was not the major factor involved 

in the control of blood flow in vivo.  
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The current results on the effect of Rho kinase inhibition on renal 

blood flow and endothelium-dependent vasodilation following renal I/R 

confirm our previous study
15

 and suggest that these effects are independent 

of the COX-signaling pathway, since there was no interaction. However, 

Rho kinase decreased the production of ROS in arterial endothelium. This 

finding is supported by a study in which a Rho kinase inhibitor suppressed 

angiotensin II-induced superoxide anion production in thoracic aortas by 

inhibition of NAD(P)H oxidase activity.
21

 Our experiments suggest that 

endothelial ROS formation in renal I/R is at least in part Rho kinase-

dependent. Nevertheless, the disparate changes in ROS and endothelium-

dependent vasodilation among treatment groups suggest that the latter was 

relatively independent of ROS. 

In conclusion, our results suggest that COX is not involved in Rho 

kinase activation, its downstream ROS production and the resultant decrease 

in blood flow and endothelium-dependent vasodilation following I/R in the 

rat kidney. 
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ABSTRACT 

 

Acute renal failure during human sepsis is often non-oliguric. To study the 

underlying mechanisms, renal function was assessed in endotoxemic and 

control male Wistar rats, during and after saline loading and treatment with 

the selective V2 receptor agonist desmopressin. Escherichia coli endotoxin 

(dose, 8 mg/kg) was administered from time (t) = 0 to t = 60 min; saline 

loading (rate, 5 ml/100 g per hour) was administered from t = 0 to t = 120 

min. Thereafter, half of each group received desmopressin (dose, 10 µg) for 

1 h. The inner medullary (IM) osmolality, hematocrit, plasma and urinary 

concentrations of sodium, potassium, urea and osmolality were measured; 

then, aquaporin-2 (AQP2) immunohistochemistry was performed. Plasma 

vasopressin concentrations were measured at t = 180 minutes. Saline 

loading increased urine volume in all rats. In the endotoxic group, mean 

arterial pressure decreased when saline loading was stopped. Despite 

increased hematocrit and vasopressin levels (>16 pg/ml), the endotoxin 

group had a low IM osmolality (mean ± SEM, 412 ± 0.04 mOsm/kg H2O) in 

comparison to the control group (mean ± SEM, 1,094 ± 0.17 mOsm/kg 

H2O) and was not able to either decrease urine volume or raise urine 

osmolality. Desmopressin treatment in endotoxin-treated rats maintained 

mean arterial pressure, increased sodium reabsorption, IM osmolality, and 

urine osmolality, and decreased urine flow. The AQP2 intensity decreased 

in the endotoxin group, and the apical localization disappeared; both were 

not affected by desmopressin. Our results indicate that endotoxemia in rats 

acutely diminishes renal urinary concentration capacity and is associated 

with decreased IM osmolality and diminished apical AQP2 localization. 

These findings may help to explain non-oliguric acute renal failure in 

human septic shock. 
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INTRODUCTION 

 

Septic shock in the critically ill is often accompanied by acute renal failure 

(ARF). ARF can be non-oliguric or even polyuric in about one third of 

patients, thereby attenuating the effect of fluid loading (the first step in the 

treatment of septic shock) and ultimately complicating prognosis.
1-5

 

Treatment with arginine-vasopressin (AVP) and analogs, which is gaining 

popularity in the management of human septic shock, does not decrease 

urine flow following stimulation of V2 receptors but may even increase it. 

This may be associated with a rise in mean arterial pressure (MAP) upon 

stimulation of V1 receptors, resulting in improved renal perfusion, function 

and pressure-induced diuresis. 
6-10,28,29

  

 Non-oliguric renal dysfunction and reduced sodium reabsorption are 

also observed during endotoxic shock in rats.
11-15

 During a 1-h intravenous 

endotoxin infusion in rats, urine flow rate decreases, whereas 2 to 3 h later 

dilute urine flow resumes.
11,12,14,15

 Arginine vasopressin may rise during 

endotoxic shock, presumably related to nonosmotic stimuli, and 

inappropriately decrease after 4 to 6 h, possibly because of exhausted 

reserve.
11,14,16

 On the long term, a diminished renal AVP response may 

relate to V2 receptor down-regulation;
17

 however, this does not explain acute 

concentration defects. Water reabsorption is regulated by aquaporin-2 

(AQP2) channels in collecting duct cells, which are inserted in the apical 

side of the cell upon V2 receptor activation by AVP.
10,18-20

 The V2 receptor 

also stimulates sodium reabsorption by activating the epithelial sodium 

channel.
10,18

 Reabsorption of solutes is important for maintaining the 

medullary osmolar gradient in the tip of the renal papilla.
21

 In turn, the 

gradient is the driving force for AVP/AQP2-mediated water reabsorption. 

Vasopressin treatment and V1 and V2 receptor stimulation of animals in 

endotoxic or septic shock results, as in humans, in increased blood pressure, 

renal blood flow rate and in diminished antidiuresis.
22,23

 The observations 

suggest a renal concentration defect during endotoxic shock caused by a 

decreased response to AVP, an AVP deficiency or combinations, brought 

about by cytokines, among others.
17,24

 Long-term changes in AQP2 level 

during endotoxin shock are controversial.
11,17

  

 In the present study, we investigated the molecular mechanism of the 

acute renal concentration defect during endotoxemia in the rat, during and 
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after saline fluid loading. Our hypothesis is that during endotoxic shock in 

rats, a V2 receptor signaling defect in AQP2 insertion into the apical 

membrane acutely contributes to nonoliguria, in combination with a 

decreased medullary osmotic gradient. We tested this by selective and 

strong stimulation of the V2 receptor with desmopressin. 

 

 

MATERIALS AND METHODS 

 

Animal model 

The experiments were performed in accordance with the principles for research with 

experimental animals (Helsinki Declaration) and approved by the local ethics committee for 

animal experiments. Male Wistar rats (weight, 250-350g; N = 24; Harlan, Horst, the 

Netherlands) were housed under standard conditions. The rats were anesthetized with 

pentobarbital (dose, 50 mg/kg i.p.) and placed in supine position on a heating pad to 

maintain the body temperature at 37 °C. An intraperitoneal catheter was placed to 

administer a maintenance dose of pentobarbital (15 mg/kg i.p. each 30 min). All wounds 

were treated with local administration of lidocaine (concentration, 2%). The trachea was 

intubated with polyethylene tubing to facilitate breathing. The animals were randomly 

assigned to 2 groups: (1) a group (n = 12) receiving Escherichia coli endotoxin 0127.B8 

(dose, 8 mg/kg; Sigma) at an infusion rate of 0.2 mI/100 g per hour from time (t) = 0 to t = 

60 min (n = 12), and (2) a time-matched control group (n = 12). The control group received 

a saline infusion of 0.2 mI/100 g per hour from t = 0 to t = 60 min instead of endotoxin. All 

rats received saline loading (rate, 5 mI/100 g per hour) from t = 0 to t = 120 min to prevent 

hypovolemia and hypotension in the endotoxin group.  From t = 120 min onward, saline 

loading was stopped and desmopressin or saline (control) infusion was started. In both the 

endotoxin and control group, 6 of 12 animals received an infusion of 10 µg desmopressin 

([deamino-Cysl, d-Arg8]- vasopressin; Sigma) dissolved in 0.5-mI saline solution from t = 

120 to t = 180 minutes. This dose was determined in pilot experiments and was able to 

suppress urine flow in unloaded control animals. The six other animals in each group 

received an infusion of 0.5-mI saline solution from t = 120 to t = 180 min.  

 

Hemodynamic variables  

The right jugular vein and right carotid artery were cannulated with polyethylene tubing 

and connected to pressure transducers. Mean arterial pressure and heart rate were 

continuously monitored during the experiment. Via the right femoral artery, a thermistor 
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from an acetone stripped pulmonary artery catheter was placed in the thoracic aorta to 

determine cardiac output using the thermodilution method (Cardiac Output Computer 

9520A, Edwards Lifesciences, Irvine, Calif). Cardiac output was obtained every 30 min by 

injection of 200 µl of saline solution via the right jugular vein catheter.  

 

Renal functional parameters 

The bladder was exposed and catheterized to collect urine. Thereafter, the abdomen was 

closed around the catheter by means of three wound clips. Urine was continuously collected 

in periods of 30 min. Urine and plasma was analyzed for sodium and potassium by flame 

photometry (FLM3, Radiometer Copenhagen, Denmark) using internal lithium 

standardization. Urine and plasma urea were measured using a LM3 analyzer and urea kit 

(Analox Instruments). Hematocrit was measured using microcentrifugation. Plasma, urine 

and IM osmolality were measured using a cryoscopic osmometer (Osmomat 030, Gonotec, 

Berlin, Germany). To determine IM osmolality, the renal papilla was dissected, weighed 

(expressed in µg) and homogenized in 50-µl distilled water. The following equation was 

used to calculate the osmolality per kg H2O of the inner medulla: (weight medulla + weight 

added H2O)/weight medulla x measured osmol. The inner medulary papilla sections of the 

control group weighed 5.3 ± 0.7 µg, the lipopolysaccharide (LPS) group weighed 5.6 ± 1.7 

µg and the LPS DES group weighed 5.2 ± 0.9 µg. Water reabsorption is not only dependent 

on functional AQP2 channels but also on an osmolar driving force, which is created by an 

osmolar concentration gradient in the inner medulla of the kidney. The creatinine 

concentrations in urine and blood were measured every half hour (Merckotest, Merck) 

using a spectrophotometer (527 Dm Spektralphotometer PM6; Zeiss); the blood samples 

were collected at the midpoint of each urine collection.  

 

AVP measurement 

The serum AVP concentration was measured at the end of an experiment in the animals that 

received saline infusion only. Blood was collected on ice into test tubes containing 1-ml 

EDTA (concentration, 5 mg/mL) and centrifuged (duration, 5 minutes, 3,000 rpm). Plasma 

was stored in polystyrene tubes at -20°C and assayed within two months. The AVP 

concentration was determined by means of a radioimmunoassay using vasopressin 

antiserum raised in rabbits (M160480).25 [Arg8]-vasopressin (Sigma) was used as a 

standard for the radioimmunoassay and for the preparation of the tracer using the 

chloramine T method. Cellulose-coupled antirabbit antibody (donkey ms; Saccel, Boldon, 

England) was used as a precipitating second antibody. Incubation of standards and samples 

with antivasopressin antibody was performed for 3 to 5 days at 2 to 8 °C in a buffer 
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consisting of 0.1 mol/L potassium/sodium phosphate (pH 7.5), merthiolate (concentration, 

40 mg/L), and bovine serum albumin (concentration, 0.25% wt/vol). Separation of bound 

and free tracer was accomplished by incubating 100 µl of the second antibody solution with 

475 µl reaction mixture for 30 min at ambient temperature and subsequent sedimentation 

by centrifuging for 10 minutes at 1,600 g.  

 

Immunofluorescent imaging analysis of AQP2 

Kidney cryosections (slice thickness, 5 µm) from control, endotoxin and 

endotoxin/desmopressin were fixed in 4% formaldehyde (Sigma). Not specific binding was 

blocked by means of 1-h incubation with the use of phosphate buffered saline (PBS)/5% 

goat serum (Dako Cytomation). Anti-AQP2 (Calbiochem) was incubated for 2 h in 

PBS/1% goat serum, followed by a 1-h incubation with Alexa Fluor 488 conjugated goat 

antirabbit (Molecular Probes) in PBS/1% goat serum; as negative control, a section without 

the AQP2 primary antibody was used. Rhodamine-phalloidin (F-actin staining) was used 

for structural identification of the kidney sections to ensure that all images were taken from 

the same area of the kidney. Sections were covered with mounting medium containing 

DAPI (nuclei stain [4c6-diamidino-2-phenylindole 2HCL]; Vector Laboraties). All kidney 

sections were stained and imaged in one batch. From each section, three images were 

obtained, with an average of 2 collecting duct (CD) structures with a clearly present lumen 

in each image. Microscopy was performed by the use of an Axiovert 200M Marianas 

inverted microscope (Zeiss) and a 40X oil lens (Zeiss). A cooled charge-coupled device 

camera (Cooke SensiCam SVGA; Cooke Co., Tonawanda, NY; resolution 1,280x1,024 

pixels) recorded images with true 16-bit capability. The microscope, camera and data 

processing were controlled by SlideBook version 4.0.8.1 software (Intelligent Imaging 

Innovations, Denver, Colo). In the AQP2 images, regions of interest (apical side of the CD 

cells or total cell surface) were selected by applying masks, a mask being a binary overlay 

on an optical section as previously described.26 Finally, SlideBook software was used to 

express the fluorescence intensity of individual masks in arbitrary units.  

 

Statistical analysis 

Differences between the four subgroups at a certain time point were tested with the use of 

Kruskal-Wallis one-way analysis of variance. Groups were compared with help of the 

Mann-Whitney U test. The response to desmopressin in control and endotoxin rats was 

tested with the Wilcoxon matched paired signed rank test. A value of P< 0.05 was 

considered significant. Data are presented as mean ± SEM. 
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Urine Time  

(min) 

FENa           

 (%) 

CH20 

 (µl/min) 

Sodium 

 (mmol/L) 

Potassium 

(mmol/L) 

Urea  

(mmol/L) 

Creatinine  

(mmol/L) 

C 120 12.4 ± 1.9 -30.3 ± 11.6 129.5 ± 27.9 18.7 ± 6.5 43.3 ± 9.7 0.36 ± 0.08 

 180 6.2 ± 1.0* -19.3 ± 4.0 140.2 ± 23.6 35.4 ± 14.0* 63.4 ± 18.6* 0.81 ± 0.28* 

        

C D 120 8.4 ± 1.7 -21.5 ± 9.3 164.2 ± 35.3 18.8 ± 6.4 70.5 ± 23.5 0.68 ± 0.22 

 180 7.4 ± 1.5 -45.9 ± 5.5* 306.0 ± 22.0* 27.9 ± 2.9 95.5 ± 24.8 1.58 ± 0.41* 

        

LPS 120 4.3 ± 0.6 -21.3 ± 9.3 126.3 ± 13.7 32.8 ± 9.3 103.4 ± 19.1 0.76 ± 0.17 

 180 10.3 ± 1.5* - 13.6 ± 7.6 120.2 ± 16.4 17.1 ± 3.2* 54.0 ± 8.9* 0.35 ± 0.03* 

        

LPS D 120 8.6 ± 2.0 -19.8 ± 5.4 142.5 ± 16.9 21.3 ± 3.2 64.0 ± 10.8 0.56 ± 0.17 

 180 5.8 ± 1.5* -24.1 ± 5.2 148.5 ± 25.9 30.1 ± 9.4 72.8 ± 14.6 0.79 ± 0.18 

        

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

The influence of desmopressin on urinary parameters after saline solution loading and 

LPS infusion. Rats received saline loading (rate, 5 ml/100 g per hour) during the first two 

hours; LPS (dose, 8 mg/kg) was infused during the first hour, and desmopressin (dose, 10 

µg) was infused during the third hour of the experiment. D indicates desmopressin. Values 

are means ± SEM (*P< 0.05 between t = 120 and t = 180; n = 6 for each group). 
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RESULTS 

 

During saline loading, MAP and CO remained stable in both groups (Fig 1; 

t = 0-120 min). Saline loading steadily increased the urine flow rate in the 

control group (Fig 2A). The endotoxin group, however, demonstrated an 

oliguric phase during the first 60-90 min, associated with a significant 

decrease in creatinine clearance (CrCl) at t = 60 min (Fig 2B). At t = 30 min 

hematocrit levels were comparable between the endotoxin and control group 

(43.9 ± 0.7 % and 44.5 ± 0.7 %, respectively), however, during oliguria, 

hematocrit levels increased in the endotoxin group in comparison with the 

control group (51.0 ± 1.7 % vs 42.7 ± 0.8 %, respectively, at t = 60 min and 

47.3 ± 1.2 % versus 41.4 ± 0.8 %, respectively, at t = 90 min; n = 8 for both 

groups, P< 0.05). Thereafter, urinary flow rate increased and, at the 

transition from an oliguric to a non-oliguric phase (t = 120 min), plasma 

urea levels increased in the endotoxin group (5.2 ± 0.5 vs. 2.8 ± 0.2 mmol/L 

in controls; n = 12 for both groups, P< 0.05), indicative of renal 

dysfunction. Plasma sodium, osmolality and creatinine concentrations did 

not differ between the groups (data not shown). Urine analysis in the 

endotoxin group at 120 min demonstrated, in comparison with the control 

Figure 1 

Mean arterial pressure (MAP) (A) and cardiac output (CO) (B) during saline solution 

loading (rate, 5 ml/100 g per hour) and LPS (dose, 8 mg/kg) infusion. Saline loading was 

performed from t = 0 untill t = 120; LPS was infused from t= 0 untill t = 60. Values are 

expressed as means ± SEM (P < 0.05 vs. t = 120 min; n = 12 untill t = 120 min, 

thereafter n = 6 for both groups). 
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group, a lesser fractional excretion of sodium (FENa) (6.6 ± 1.3 vs. 10.4 ± 

1.5 mmol/L respectively; n = 12 for both groups, P< 0.05) and a higher 

concentration of urea (88.9 ± 15.2 vs. 55.7 ± 12.0 mmol/L, respectively; n = 

12 for both groups, P < 0.05). Urine osmolality decreased in both groups 

during saline loading, from mean 1,814 mOsmol/kg at t = 30 min to 448 

mOsmol/kg at t = 120 min, without differences between the groups. There 

were also no differences in free water clearance (CH2O) and urinary sodium, 

potassium, and creatinine concentrations. When saline loading was stopped, 

urine flow rate decreased in the control group, but not in the endotoxin 

group, whereas the CrCl was comparable between the groups (Fig. 2B). In 

the endotoxin group, FENa increased and urinary concentrations of 

potassium, urea, and creatinine at t = 180 min were lesser than at t = 120 

min, indicating the production of dilute urine with increased natriuresis level 

(Table 1). This was in contrasts with the control group, which showed 

increasing urinary concentration and decreasing FENa. During this 

nonoliguric state in the endotoxin group, MAP and CO had decreased. At 

180 min, the AVP concentration in control and endotoxin rats exceeded 16 

pg/ml. Plasma urea level was still increased in the endotoxin group, whereas 

plasma sodium, creatinine concentrations and osmolality did not differ 

between the groups (data not shown). The IM osmolality, however, was 

lower in the endotoxin group (Fig. 3).  

Figure 2 

Urine flow (A) and CrCl (B) during saline solution loading (rate, 5 ml/100 g per hour) 

and LPS (dose, 8 mg/kg) infusion. Saline loading was performed from t = 0 untill t = 

120, LPS was infused from t = 0 untill t = 60. Values are means ± SEM (*P < 0.05 vs. 

control; # P < 0.05 vs. t = 120 min; n = 12 untill t = 120 min, thereafter n = 6 for both 

groups).     
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Desmopressin  

Upon administration of desmopressin, urinary flow rate decreased in the 

endotoxin group, and urine osmolality increased (Fig. 4). Desmopressin 

maintained MAP but was not able to increase the CO level in the endotoxin 

group (Fig 5). Whereas in the endotoxin group, the FENa increased and the 

concentration of urinary solutes further decreased, desmopressin was able to 

decrease FENa and increase the concentration of potassium, urea and 

creatinine to levels comparable with those of the control group (Table 1). 

The CH2O level tended to be higher in the endotoxin group, whereas 

desmopressin tended to decrease the CH2O level. During desmopressin 

treatment, the plasma sodium, osmolality, urea and creatinine concentration 

remained unchanged (data not shown). Desmopressin treatment was able to 

increase IM osmolality (Fig. 3). 
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AQP2 localization 

The fluorescence intensity of AQP2 was analyzed quantitatively and 

demonstrated that the total amount of AQP2 in collecting duct cells was 

decreased after endotoxin infusion (Fig 6A). In the control group, the AQP2 

staining was most intense at the apical side of the collecting duct cells 

(which, in figure 6A, is reflected as a higher apical intensity/area in 

comparison to total intensity/area). However, in the endotoxin group, AQP2 

intensity/area at the apical side of the collecting duct cells was identical to 

the total AQP2 intensity/area. Desmopressin treatment had no influence on 

the expression pattern of AQP2.  

Figure 3 

Effect of LPS and desmopressin on 

the osmolality of the inner medulla 

at t = 180. The rats received saline 

solution  loading (rate 5 ml/100 g 

per hour) during the first 2 h; LPS 

(dose, 8 mg/kg) was infused during 

the firsts hour and desmopressin 

(dose, 10 µg) was infused during the 

third hour of the experiment. Values 

are means ± SEM (* P<0.05 versus 

control; n = 4 for each group). 
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DISCUSSION 

 

We investigated the molecular mechanisms of the acute renal concentration 

defect following endotoxin infusion in the rat. We found in these animals an 

increase in dilute diuresis, even after stopping saline infusion, as compared 

to controls, which was suggestive of a renal concentration defect that 

commonly occurs during sepsis-induced ARF in man.
1-5

 In the presence of 

elevated AVP levels and a decreased IM concentration gradient, a V2 

receptor signaling defect associated with altered AQP2 localization in renal 

Figure 4 

Urine flow (A and B) and urinary osmolality (C and D) during desmopressin treatment in 

the control (A and C) and LPS (B and D) group. All rats received saline solution loading 

(rate, 5 ml/100 g per hour) during the first two hours; LPS (dose, 8 mg/kg) was infused 

during the first hour, and desmopressin (dose, 10 µg) was infused during the third hour 

of the experiment. Values are means ± SEM (*P < 0.05; n = 6). 
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collecting tubules explains the observations. Strong stimulation with the 

selective V2 receptor agonist desmopressin did not alter AQP2 localization, 

although the drug could raise the osmolality in the tip of the medullary 

papill to some extent and increase urinary concentration. During saline 

loading, the renal changes in the endotoxic rats are consistent with a 

decrease in glomerular filtration with intact tubular function.  
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Figure 5 

Mean arterial pressure (MAP)(A and B) and cardiac output (CO)(C and D) during 

desmopressin treatment in the control (A and C) and LPS (B and D) groups. All rats 

received saline solution loading (rate, 5 ml/100 g per hour) during the first two hours; 

LPS (dose, 8 mg/kg) was infused during the first hour, and desmopressin (dose, 10 µg) 

was infused during the third hour of the experiment. Values are means ± SEM (*P < 

0.05; n = 6). 
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The second phase of the renal response to endotoxemia was characterized 

by natriuresis (increased FENa) and nonoliguric dilute urinary flow as 

compared with control rats, mimicking the changes often observed in human 

septic shock and confirming those in rat endotoxic shock and impending 

ARF.
1,4,5,11,12,15

 The urinary flow observed in the endotoxin group can be 

seen as inappropriate, because hematocrit levels increased despite saline 

loading, indicating a decrease in intravascular plasma volume. However, the 

increased plasma AVP concentrations in endotoxic as well as control rats 

may point to nonhypovolemic stimuli and is in accordance with the findings 

of previous studies.
11,14,16

 In our rats, endotoxin increased diuresis and 

natriuresis and decreased IM osmolality despite elevated AVP levels- 

expected to diminish and concentrate the urine formed.
10

 At physiologic 

concentrations, AVP, however, hardly affects IM osmolality, because of 

primarily promoting sodium reabsorption in cortex and outer medulla.
6,8

 

Conversely, the high AVP levels apparently did not prevent the decrease in 

urinary concentration capability after endotoxemia and the high FENa, and 

the low IM osmolality may have resulted from tubular injury by 

endotoxemia, transient hypoperfusion, or both. Nevertheless, desmopressin 

reduced FENa and diuresis and increased IM and urine osmolality, as 

expected,
6
 but even more in the endotoxin group than in control rats, despite 

an increase in arterial blood pressure,
27

 during endotoxemia. Hence, the 

response to V2 receptor stimulation was preserved, apparently overcoming 

the potential effect of increased MAP on natriuresis.
6,8,27,28 

Conversely, the 

increase in MAP with desmopressin can be explained in part by decreased 

natriuresis and diuresis. Taken together, the insensitivity to endogenous 

AVP during endotoxemia can be attributed to a V2 receptor signaling defect. 

 Indeed, water reabsorption is mediated by AVP activating the V2 

receptor and subsequently increasing luminal AQP2 expression by 

increasing the transport of cytoplasmatic AQP2 to the apical plasma 

membrane of collecting duct principal cells.
10,18-20

 Total AQP2 in the 

collecting duct cells decreased during endotoxemia, in agreement with the 

findings of Grinevich et al.,
17

 but in disagreement with the findings of 

Jonassen et al.,
11

 who observed normal AQP2 level in prolonged rat 

endotoxemia. The decreased AQP2 levels in the endotoxin group could 

indicate a defect in V2 receptor activation. 



Concentration defect in endotoxemia 

 112

 

Lum
en

Tota
l

Lum
en

Tota
l

Lum
en

Tota
l

0

500

1000

1500
A

**

*
Control

LPS

LPS Des
A

rb
it

ra
ry

 U
n

it
s
/ µµ µµ

m
2

 
 

 

 

 

 

 

 

 

 

 
 

 

 
 

 

 
 

 
 

 
 

 

 

Figure 6 

Effect of LPS and desmopressin on the localization of aquaporin 2 at t = 180. A, The 

total amount of aquaporin 2 and the amount of aquaporin 2 expression at the luminal 

side of the collecting duct (arrow) were determined by means of quantitative analysis of 

the green fluorescence signal. Nuclei are stained with DAPI (blue) and F-actin staining 

(red) was used as a morphological determinant to ensure that all images were taken from 

the same area of the kidney. All rats received saline solution loading (rate, 5 ml/100 g 

per hour) during the first two hours; LPS (dose, 8 mg/kg) was infused during the first 

hour and desmopressin (dose, 10 µg) was infused during the third hour of the 

experiment.  Examples from aquaporin 2 staining from the control (B), LPS (C) and LPS 

desmopressin (D) groups are shown. Values are means ± SEM *P<0.05; ** P < 0.05 n = 

4 for each group). Bar represents 5 µm. See appendix for collor illustration. 
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Grinevich et al.
17

 investigated the role of the V2 receptor during endotoxic 

shock in rats and demonstrated that V2 receptor mRNA was down-regulated 

after 3 h, whereas in vitro experiments showed that AVP binding was 

decreased after 6 h of endotoxemia. The observations suggest decreased 

receptor mRNA levels to be responsible because receptor affinity for AVP 

was unchanged. These long-term observations, however, do not explain the 

mechanisms behind the short-term decrease in AQP2 levels during 

endotoxic shock in our experiments. In contrast, it cannot be excluded that 

the reduced AQP2 levels in our study are caused by an early peak elevation 

of AVP plasma concentration during endotoxin infusion, down-regulating 

AQP2 in escaping from AVP effects
28

 and thereby contributing to 

nonoliguria at a later stage. This may also explain our finding that AQP2 did 

not relocalize to the apical side with desmopressin, in contrast to the normal 

effect of vasopressin,
19,20

 indicating that the ability to increase the 

concentration of urine upon desmopressin administration was probably 

determined in part by sodium reabsorption (decreasing FENa) via V2 receptor 

stimulation and IM osmolality rather than changes in AQP2 per se.
10,18,21 

Prostaglandin E2 synthesis in the kidney may increase during endotoxemia 

and cytokine release,
17,24,29

 and may antagonize the AVP response by 

activation of RhoA, which increases F-actin cytoskeleton polymerization 

and inhibits apical AQP2 localization, or by increased AQP2 retrieval in 

vesicles in the collecting duct cells.
28,30,31

 Therefore, the reduced apical 

expression of AQP2 during endotoxin shock could be the result of 

differentially regulated mechanisms. Finally, we cannot ignore the finding 

that an altered intrarenal blood flow distribution and relative medullary 

overperfusion as a result of increased adenosine or inducible NO synthase-

derived NO contributed to decreased IM osmolality (by washing out 

solutes), increased natriuresis, diminished AVP effects and nonoliguria 

during endotoxemia.
11,32-34

 Otherwise, a change in AQP2 level has also been 

observed in other types of shock.
35

  

 In conclusion, our data suggest that during endotoxemia in rats, AVP 

is released while the renal collecting duct cell fails to respond to the rise in 

AVP, associated with a decrease in level and altered localization of AQP2, 

thereby contributing to acute nonoliguria. The selective V2 receptor agonist 

desmopressin increased sodium reabsorption and IM osmolality, which 

stimulated water reabsorption (resulting in a decreased urinary flow and 
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increased urinary concentration) without changing AQP2 localization. Our 

data may help to explain the molecular mechanism of nonoliguric ARF in 

human septic shock. 
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GENERAL DISCUSSION 

 

(Micro)vascular function in ischemic ARF. 

Renal ischemia-reperfusion (I/R) is characterized by impaired 

endothelium-dependent vasodilatation, microvascular leukocyte 

accumulation which contribute to the development of hypoperfusion, tissue 

injury and ultimately, acute kidney failure. The main focus in the I/R studies 

was on the regulation of (micro)vascular function in the kidney and in 

particular the regulation of NO-dependent vasodilatation. 

Chapter 3 demonstrated a decreased intensity of the F-actin cytoskeleton 

of microvascular endothelium after I/R, indicating a decrease in the amount 

of F-actin and it also demonstrated a fragmented F-actin structure. The 

microvessels investigated in this study were in an area of the kidney prone 

to hypoxia and due to reduced blood flow following I/R it is likely that 

fragmentation of the F-actin cytoskeleton in the renal microcirculation after 

I/R is the result of inadequate reperfusion. When perfusion is not adequately 

restored, following the ischemic period, the oxygen tension in the kidney 

remains low resulting in cellular ATP-depletion, since F-actin 

polymerization is ATP-dependent, F-actin depolymerizes and loses its 

characteristic structure.
1
 

An intervention study (chapter 4) demonstrated that renal perfusion 

in animals treated with a Rho kinase inhibitor prior to I/R was comparable 

to controls due to maintained eNOS activity. In chapter 5 was demonstrated 

that decreased perfusion and vasodilatation of renal I/R arteries was 

associated with diminished eNOS localization at the Golgi complex and a 

decreased Golgi complex volume in comparison to the control group. These 

effects of I/R on eNOS distribution and Golgi complex morphology was not 

seen in the group treated with the Rho kinase inhibitor. The difference in 

eNOS localization following I/R could indicate inactivation or “uncoupling” 

of the eNOS enzyme.
2
 The changes in Golgi complex structure that we have 

seen in this study have not been described before in I/R. The Golgi complex 

antibody that has been used in this study, GM130 is a cis-Golgi matrix 

protein,
3
 the cis-Golgi complex is sensitive to disassembly during ATP 

depletion.
4
 Therefore it is possible that the effect of Rho kinase inhibition on 

eNOS activity is mediated through inhibition of a Rho kinase-dependent 

vasoconstrictor response (i.e. endothelin)
5
 following renal I/R subsequently 
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increasing renal blood flow, cellular ATP levels and restoring eNOS 

activity. Chapter 6 demonstrated that superoxide production, which can 

elicit a contractile response in the arterial endothelium in the kidney 

following I/R, was increased. There are many sources of superoxide, but 

superoxide can also be formed by uncoupled eNOS, indicative of enzymatic 

dysfunction.
6 

Surprisingly, the groups that were treated with the Rho kinase 

inhibitor had even lower superoxide concentrations in the arterial 

endothelium than the controls. This could be the result of increased eNOS 

activity and the generation of bioactive NO instead of superoxide. Another 

explanation, assuming eNOS itself is not the ROS source, is that Rho kinase 

inhibition is able to suppress endothelial NADPH oxidase upregulation and 

superoxide production,
7
 and the effects we have seen on eNOS activity 

might therefore be an effect of Rho kinase-dependent regulation of NADPH 

oxidase activity.  

In a recent editorial was suggested that “eNOS uncoupling is not 

merely an anomaly of nature but that its part of an integrated and controlled 

inflammatory signalling pathway”.
8 

In this thesis we have demonstrated in 

chapter 5, the effect Rho kinase inhibition on leukocyte accumulation in the 

renal microvasculature following I/R. Our data indicate that the decrease in 

leukocyte accumulation in animals treated with the Rho kinase inhibitor is 

merely due to its effect on eNOS. The uncoupling or inactivation of eNOS 

is an essential key in the onset of an inflammatory response and the role of 

Rho kinase in this event might be prominent. 

Future research. For continuation of this research project it would be 

important to investigate whether ROS are responsible for eNOS uncoupling 

following renal I/R. If ROS are the cause of eNOS inactivation, then the 

source of these ROS has to be determined, and also, the role of Rho kinase 

in the regulation of ROS production. It would also be interesting to 

investigate some of the later effects of Rho kinase inhibition in renal I/R, 

like for example apoptosis of tubular epithelial cells or microvascular 

remodeling.  

 

Therapeutic implications of Rho kinase in ARF 

Protein kinases are believed to be the major drug targets of the twenty-first 

century
9
 and Rho kinase is seen as an important therapeutic target in 

cardiovascular medicine.
10-12

 Although, one might expect Rho kinase 
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inhibitors to have a much wider therapeutic potential in the future, since 

beneficial effect have been described in multiple sclerose
13

, insulin 

resistance,
14

 erectile dysfunction,
15;16

 bladder dysfunction
17

 and renal 

disease.
18

 The current Rho kinase inhibitors Y27632 and Fasudil are not 

ideal, both are not able to discriminate Rho kinase 1 from 2 and Y27632 

appears not to be suitable for human application, while Fasudil, although 

safely applicable in humans
11

, lacks specificity.
9
 The search for new potent 

and selective Rho kinase inhibitors has begon.
19-21

    

 

Urinary concentration and tubular function in endotoxic shock. 

In this thesis we focused on a urinary concentration defect that developed 

during endotoxic shock leading to water diuresis, while water should be 

reabsorbed to maintain intravascular volume and adequate blood pressure. A 

V2-receptor agonist was able to partially restore the medullary concentration 

gradient and subsequently increased water reabsorption. 

Immunohistological analysis of the aquaporin-2 (AQP2) channels indicated 

that the increase in water reabsorption was not due to an increase in luminal 

expression of these water-channels indicating that the water reabsorption 

might be a passive process regulated by means of increased sodium 

reabsorption. This made us assume that epithelial sodium channels, which 

are also under the regulation of V2-receptor signaling, are probably not 

affected during endotoxic shock and can still be functionally activated by a 

V2-receptor agonist. During endotoxic shock V2-receptor/AQP2 signaling 

can be inhibited through the release or generation of prostaglandins. 

Although the exact source of V2-receptor signaling inhibition in vivo 

remains to be resolved, there are indications that a non-kidney derived 

substance is involved.
22

 Inhibition of V2-receptor signaling and diminished 

AQP2 translocation to the luminal cell membrane can be manifested by 

blocking receptor binding or by interfering in the intracellular signaling 

cascade through activation of another pathway. We have already mentioned 

in the discussion of chapter 7 that receptor binding is probably not affected 

during endotoxic shock, leaving the possibility of another interfering 

pathway that has been activated. The Rho/Rho kinase pathway is involved 

in the regulation of intracellular AQP2 trafficking, and although PGE2 has 

been reported to activate this route in vitro it is still unclear whether PGE2 
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has a role during endotoxic shock in vivo and which PGE2 receptor is 

involved. 

Future research. Investigating the effect of the V2-receptor agonist, 

desmopressin, on binding to Na-channels and cellular localization of these 

channels during endotoxic shock is necessary to confirm the hypothesis of 

sodium reabsorption. To find the cause of diminished V2-receptor signaling 

in endotoxic shock it would be interesting to investigate the role of 

prostaglandins. If prostaglandins are the reason for increased water diuresis 

during endotoxic shock, would a COX-inhibitor prevent this and is the 

medullary concentration gradient preserved? Finally, to elucidate some of 

the intracellular mechanism it’s interesting to investigate whether the 

Rho/Rho kinase pathway is involved in the intracellular AQP2 trafficking. 

 

 

Limitations of the study 

Investigating the pathophysiology of human ischemic acute renal failure 

(ARF) is difficult and most of our current knowledge is devised from animal 

models.
24;25

 Comparisons between animal models of ARF and human ARF 

are often limited to the detection of marker molecules in urine and serum.
26

 

The ischemia-reperfusion model as used in this thesis is the most widely 

used model in literature and demonstrates several similarities to human 

ischemic ARF, like a severe reduction in GFR, injury to the proximal tubule 

brush border, the presence of casts (i.e. detached cells) in the tubuli and an 

inflammatory response.
23;24

 However, complete cessation of renal blood 

flow is an uncommon cause of human ARF and the proximal tubule injury 

as seen in the animal model may be overestimated in comparison to the 

human situation.
25

 

As for the endotoxin model used in this thesis, there is a larger 

discrepancy between the animal model and human situation, since rats do 

not develop acute tubular necrosis (ATN) in LPS induced endotoxic shock 

but develop a transient renal dysfunction, therefore the model is not ideal for 

studying human septic shock induced ARF with ATN.
2
 Unfortunately, an 

animal model completely resembling human septic shock with ARF is not 

available.
24;25

 

Animal experiments are simplifications of human disease were 

amongst others comorbidity’s, gender and age are not accounted for. Organ, 
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tissue or cell culture experiments are even further simplified since, systemic 

or neighbouring cell type interactions are absent.
24

 Therefore, animal 

models as well as experimental results obtained in vitro should be 

interpreted carefully and agree with observations made in humans. Although 

imperfect, animal models remain indispensable for gaining insight in the 

cellular mechanisms of ARF and for the development of diagnostic 

techniques and therapeutic strategies. 

 

Conclusion 

ARF due to hypoperfusion of the kidney caused by alterations in vascular 

function (I/R) or a decrease in intravascular volume (endotoxic shock) is 

associated with high mortality rates in the intensive care units. In this thesis 

we have gained new insight in the molecular mechanism and therapeutic 

potential of a Rho kinase inhibitor and of a V2-receptor agonist in ARF due 

to I/R and endotoxic shock, respectively. The Rho kinase inhibitor was 

effective in maintaining renal perfusion, vascular reactivity and preventing 

leukocyte accumulation following I/R due to regulation eNOS activity. In 

endotoxemic shock a V2-receptor agonist increased the inner medullary 

concentration gradient, thereby stimulating water reabsorption that 

contributes to the maintenance of intravascular volume. These drugs create 

the opportunity to limit the progression or speed up the recovery from ARF 

and hopefully in the near future the therapeutic potential of these drugs in 

humans will be further investigated. 
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SUMMARY 

 

Cellular mechanisms of acute renal failure in rats 

 

In this thesis we investigated several cellular mechanisms that contribute to 

the development of acute renal failure (ARF) and investigated the molecular 

mechanism of a Rho kinase inhibitor and a V2-receptor agonist in 

respectively ischemia-reperfusion (I/R) and endotoxic shock induced ARF. 

In chapter 2 we reviewed mechanisms involved in I/R injury. Renal I/R is 

characterized by impaired endothelium-dependent vasodilatation and 

microvascular leukocyte accumulation, which contribute to the development 

of hypoperfusion, hypoxic injury and ultimately, acute kidney failure. 

Hypoperfusion of the kidney in ARF, despite appropriate support therapies, 

is a major cause of renal injury and acute tubular necrosis (ATN).  

In chapter 3 we developed techniques to quantitatively analyze 

digital 3D-images and found evidence of microvascular injury indicated by 

fragmentation of the F-actin cytoskeleton of microvascular endothelial cells 

in the rat kidney following I/R. The methods of digital image analysis 

described in this study demonstrate that renal I/R is able to induce profound 

changes in the F-actin cytoskeletal structure of microvascular endothelial 

cells in situ. This might cause capillary hyperpermeability and endothelial 

cell detachment, resulting in impaired reperfusion of the renal 

microvasculature, aggravating renal parenchymal damage following I/R. 

This in turn diminishes glomerular filtration rate, leading to a rise in plasma 

creatinine, an event demonstrated here to correlate with endothelial F-actin 

cytoskeletal damage. Furthermore, collapse of the F-actin cytoskeleton is 

thought to represent a critical and sufficient event in the molecular pathways 

leading to apoptosis of endothelial cells. Finally, injury to the microvascular 

endothelium in the acute phase of ischemic ARF could result in the 

observed loss of capillaries in the outer medullary region, with concomitant 

functional defects and incomplete recovery – or even deterioration – of renal 

function on the long term. 

In chapter and 4 we investigated the role of Rho kinase in the 

regulation of eNOS activity in renal arteries exposed to I/R. In this study, 

we have shown that inhibition of Rho kinase in renal I/R is able to restore 

renal perfusion by preventing decreased eNOS activity. Rho kinase 
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inhibition in renal I/R resulted in an increase in renal blood flow and NO-

mediated ACh response in renal arteries, associated with an increase in p-

eNOS and p-VASP in renal arterioles after I/R. In the next study, we 

investigated the cellular mechanism(s) underlying the previously reported 

Rho kinase-dependent regulation of eNOS activity in renal I/R. In 

particular, we investigated the possible relationship between Rho kinase-

dependent regulation of eNOS distribution, alterations in Golgi complex 

morphology and microvascular leukocyte accumulation. This is the first 

study demonstrating that decreased eNOS activity following I/R may be 

associated with a Rho kinase-dependent intracellular redistribution of eNOS 

and a condensation of the Golgi complex in renal arteries. In addition, our 

data show that the capacity of Rho kinase to regulate eNOS activity is an 

important factor in leukocyte accumulation in the renal microcirculation 

following I/R.  

Decreased eNOS activity in renal I/R might be the result of Rho 

kinase activation, mediated by COX-derived ROS. In Chapter 6 we 

investigated the role of COX and Rho kinase in the regulation of blood 

flow, the production of ROS in the arterial endothelium and vascular 

reactivity following renal I/R. We found that COX inhibition in vivo was not 

able to increase renal blood flow, or to decrease the concentration of ROS in 

the vascular endothelium following renal I/R, however, in vitro COX-

inhibition improved endothelium-dependent vasodilatation. This in contrast 

to the results obtained in I/R animals treated with a Rho kinase inhibitor. In 

this group, blood flow was increased, ROS concentrations in the arterial 

endothelium were decreased and endothelium-dependent vasodilatation 

improved, without the COX inhibitor diclofenac.  These results indicate that 

COX is not involved in Rho kinase activation, its downstream ROS 

production and the resultant decrease in blood flow and endothelium-

dependent vasodilation following I/R in the rat kidney. 

In chapter 7 we investigated the molecular mechanisms of an acute 

renal concentration defect following endotoxin infusion in rats. We found, 

in these animals as compared to controls, an increase in dilute diuresis, even 

after stopping saline infusion, suggestive of a renal concentration defect as 

commonly occurs during sepsis-induced ARF in man. In the presence of 

elevated vasopressin levels and a decreased inner medullary (IM) 

concentration gradient, a V2-receptor signalling defect associated with 
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altered aquaporin 2 localization in renal collecting tubules, explains the 

observations. Strong stimulation with the selective V2-receptor agonist 

desmopressin did not alter AQP2 localization, although it could raise the 

concentration gradient in the tip of the medullary papill to some extent and 

increase urinary concentration. In conclusion, our data suggest that during 

endotoxic shock in rats, AVP is released while the renal collecting duct cell 

fails to respond to the rise in AVP, associated with a fall and altered 

localization of AQP2. The selective V2 receptor agonist desmopressin 

increased sodium reabsorption and IM osmolality, which stimulated water 

reabsorption resulting in a decreased urinary flow and increased urinary 

concentration, without changing AQP2 localization.  

ARF due to hypoperfusion caused by alterations in vascular function 

(I/R) or a decrease in intravascular volume (endotoxic shock) is associated 

to high mortality rates in the intensive care units. In this thesis we have 

gained new insight in the molecular mechanism and therapeutic potential of 

a Rho kinase inhibitor and of a V2-receptor agonist in respectively I/R and 

endotoxic ARF. The Rho kinase inhibitor was effectively in maintaining 

renal perfusion, vascular reactivity and preventing leukocyte accumulation 

following I/R due to regulation eNOS activity. In endotoxemia a V2-

receptor agonist increased the inner medullary osmolality, thereby 

stimulating water reabsorption contributing to the maintenance of 

intravascular volume. These drugs create the opportunity to limit the 

progression or speed up the recovery from ARF and hopefully in the near 

future the therapeutic potential of these drugs in humans will be further 

investigated. 

 

 

 

 

 

 

 

 



 

 

SAMENVATTING 

 

Cellulaire mechanismen van acuut nier falen in ratten 

In dit proefschrift zijn verschillende cellulaire mechanismen onderzocht 

die bijdragen aan het ontstaan van acuut nierfalen (ARF) en daarnaast is het 

moleculaire werkingsmechanisme van een Rho kinase remmer en een V2-

receptor agonist bestudeert in respectievelijk ischemie-reperfusie (I/R) en 

endotoxisch ARF. I/R van de nier wordt gekenmerkt door een verminderde 

endotheel-afhankelijke vaatverwijding en microvasculaire ophoping van 

witte bloedcellen wat bijdraagt aan een verminderde bloedstroom en 

zuurstofgebrek, uiteindelijk leidt dit tot ARF. Ondanks de bestaande 

therapieën is een verminderde bloedstroom naar de nier een van de 

hoofdoorzaaken van nier schade en acute necrose van de niertubuli.  

In hoofdstuk 3 zijn technieken ontwikkeld om een kwantitatieve 

analyse te kunnen maken van digitale 3D-beelden en hebben we ontdekt dat 

er sprake is van microvasculaire schade in de nieren van ratten na I/R die 

gekenmerkt wordt door fragmentatie van het F-actine cytoskelet in 

microvasculaire endotheelcellen. De beschreven methoden van digitale 

beeld analyse van weefselpreparaten in deze studie laten zien dat na I/R van 

de nier duidelijke veranderingen in de structuur van het F-actine cytoskelet 

optreden in microvasculaire endotheelcellen. Het F-actine neemt af in 

hoeveelheid en in grote en neemt toe in aantal wat duidt op fragmentatie. 

Deze veranderingen kunnen leiden tot een sterk verhoogde permeabiliteit 

van de microcirculatie en het loslaten van endotheelcellen in de 

microcirculatie waardoor tijdens reperfusie de bloedstroom belemmert raakt 

en de schade aan het nierweefsel toeneemt. Dit leidt vervolgens tot een 

verminderde filtratie van het bloed waardoor afvalstoffen zoals creatinine 

zich ophopen in het bloed, de ophoping van creatinine in bloed correleert 

aan de ernst van de structuur veranderingen in het F-actine cytoskelet van 

microvasculaire endotheelcellen. Daar komt bij dat ineenstorting van het F-

actine cytoskelet wordt gezien als een belangrijk moleculair proces dat op 

zichzelf voldoende is om geprogrammeerde celdood van endotheelcellen te 

initiëren. Uiteindelijk kan schade aan het microvasculaire endotheel in de 

acute fase van ischemisch nierfalen leiden tot het verlies van 

microvasculaire bloedvaatjes in de buitenste ring van het niermerg, wat leidt 
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tot incompleet herstel, gedeeltelijk functieverlies of op de lange termijn 

verlies van nierfunctie.  

In hoofdstuk 4 hebben we de rol van Rho kinase bestudeerd in de 

regulatie van endotheliaal stikstof oxide synthase (eNOS) in nierarteriën die 

zijn blootgesteld aan I/R. In deze studie hebben we aangetoond dat remming 

van Rho kinase tijdens I/R van de nier in staat is om de bloedstroom 

volledig te herstellen door de activiteit van het eNOS te behouden. 

Remming van Rho kinase tijdens I/R van de nier resulteerde in een toename 

van de bloedstroom en NO-gemediëerde acetylcholine (ACh) reactie van 

nierarterien. Deze verbeterde vaatverwijdende reactie was geassocieerd met 

een toename van gefosforyleerd eNOS en VASP eiwit. In de daarop 

volgende studie zijn we dieper ingegaan op het mechanisme van Rho kinase 

afhankelijke regulatie van eNOS activiteit na I/R van de nier. In het 

bijzonder hebben we de relatie tussen Rho kinase afhankelijke eNOS 

verdeling, veranderingen in Golgi complex morfologie en ophoping van 

witte bloedcellen bestudeert. Dit is de eerste studie die laat zien dat een 

verminderde eNOS activiteit na I/R samengaat met een Rho kinase 

afhankelijke herverdeling van het eNOS eiwit in de endotheelcellen en dat 

het Golgi complex, wat dienst doet als een eNOS distributie centrum, sterk 

afgenomen is in omvang. Daarbij laten onze resultaten zien dat de capaciteit 

van Rho kinase om eNOS activiteit te reguleren een belangrijke factor is in 

het voorkomen van witte bloedcel ophoping in de microcirculatie van de 

nier na I/R.  

Verminderde eNOS activiteit als gevolg van Rho kinase activatie in 

renale I/R kan het gevolg zijn van cyclooxygenase (COX) gemediëerde 

vorming van reactieve zuurstof deeltjes (ROS). In hoofdstuk 6 is de rol van 

COX en Rho kinase onderzocht in de regulatie van bloedstroom, de 

productie  van ROS in het arteriële endotheel en de vasculaire reactiviteit na 

I/R van de nier. Deze studie heeft aangetoond dat in vivo een COX remmer 

niet in staat was om de nierdoorbloeding te laten toenemen of om de ROS 

concentratie in het arteriele endotheel te laten afnemen na I/R van de nier, 

echter, het in vivo gebruik van een COX remmer verbeterde de endotheel 

afhankelijke vaatverwijding. Dit is in tegenstrijd met de resultaten behaald 

met de Rho kinase remmer. In deze groep nam de bloedstroom toe, de ROS 

concentratie in het arteriële endotheel nam af en de endotheel afhankelijke 

vaatverwijding verbeterde zonder toediening van de COX remmer 
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diclofenac. Dit onderzoek heeft aangetoond dat COX niet betrokken is bij de 

activatie van Rho kinase en daaruit volgende vorming van ROS, afname van 

de bloedstroom en endotheel afhankelijke vaatverwijding na I/R van de nier 

in ratten. 

 In hoofdstuk 7 is het moleculaire mechanisme onderzocht dat leidt 

tot het verlies van urine concentrerend vermogen tijdens endotoxine shock 

in de rat. Deze studie heeft laten zien dat ratten met een endotoxine shock in 

vergelijking met controle dieren, een verhoogde productie van waterige 

urine hebben, dit duidt op een verlies van urine concentrerend vermogen van 

de nier, iets wat regelmatig gebeurt bij mensen in septische shock die 

uiteindelijk een ARF ontwikkelen. In de aanwezigheid van verhoogde 

vasopressine (AVP) spiegels en een verlaagde concentratie gradiënt in de 

nier papil, zou deze observatie verklaard kunnen worden door een defect in 

de V2-receptor signaal transductie wat samengaat met een veranderde 

aquaporine 2 (AQP2) lokalisatie in de verzamelbuizen van de nier. 

Krachtige stimulatie met de selectieve V2-receptor agonist, desmopressine, 

veranderde niets aan de AQP2 lokalisatie, maar was wel in staat om de 

opname van natrium te stimuleren waardoor de concentratie gradiënt in de 

punt van de nier papil toeneemt en de urine minder waterig werd. 

Samengevat, toont dit onderzoek aan dat tijdens endotoxine shock in ratten, 

AVP wel wordt gemaakt maar de nier niet in staat is daarop te reageren, dit 

gaat samen met een verminderde en veranderde lokalisatie van AQP2 en een 

verlaagde concentratie gradiënt in de nier. De selectieve V2-receptor 

agonist, desmopressine, verhoogd de concentratiegradiënt, waardoor de nier 

beter in staat is de urine te concentreren, er minder water uitgescheiden 

wordt en intravasculair volume behouden blijft.  

 ARF veroorzaakt door verminderde perfusie als gevolg van 

veranderingen in vaatfunctie (I/R) of een vermindering in intravasculair 

volume (endotoxine shock) is geassocieerd aan hoge mortaliteit cijfers in de 

intensive care units. In dit proefschrift zijn nieuwe inzichten verworven in 

de moleculaire mechanismen en therapeutische potentie van een Rho kinase 

remmer en een V2-receptor agonist in respectievelijk I/R en endotoxine 

shock geïnduceerd ARF. Deze farmaceutica bieden een mogelijkheid om de 

progressie van ARF af te zwakken en het herstel te bevorderen, hopelijk zal 

in de nabije toekomst de therapeutische toepassing verder onderzocht 

worden. 



 

      131

DANKWOORD 

 

Als iemand me 8 jaar geleden had verteld dat ik zou promoveren had ik die 

persoon vast en zeker voor gek verklaard. Als stagaire bij TNO vond ik het 

labwerk geweldig maar artikelen schrijven en presentaties houden, mij niet 

gezien. Maar in de loop van de tijd werd datgene waar ik eerst tegen opzag, 

een welkome uitdaging.  

 

Beste Johan, Pieter en René onze wekelijkse werkbesprekingen 

bezorgen me nog regelmatig een binnenpretje, de discussie kon soms hoog 

oplopen. Pieter, ik begrijp, dat je altijd riep dat je het niet begreep, dankzij 

jou heb ik geleerd dat een conclusie overtuigender is als je de hypothese 

erbij verteld. Johan, van jou heb ik ook veel geleerd, met name “ nee”  

zeggen en poot stijf houden, niet dat ik daar slecht in was, ik deed het alleen 

te weinig. René, met jou kon ik als geen ander genieten van de esthetische 

schoonheid van een mooi plaatje, hier hadden wij weinig woorden voor 

nodig, we zagen vaak hetzelfde. Geert-Jan, bedankt voor de aandacht op de 

nodige momenten. 

 

Lieve kamergenoten, Marjon, Marco en William dankzij jullie 

voelde ik me heel snel thuis bij de afdeling Fysiologie en in het nier-

wereldje. Na verloop van tijd kwam Linda in de plaats van Marco en nadat 

William en Marjon de kamer verlaten hadden kwamen Koen en Wineke de 

leegte opvullen, bedankt voor de hoognodige dagelijkse afleiding, foute 

grappen, koffie, lunches en borrels.  

 

Een van de leukste dingen van het AIO-schap vond ik het begeleiden 

van “mijn” (masterclass) stagaires maar ik heb dan ook wel 4 loten uit de 

loterij getroffen. Lieve Melanie, winnaar van het Geneeskunde 

Honoursprogramma symposium 2006, ik weet zeker dat je het als AIO 

minstens net zo goed zult doen. Jan, dat je een derde plek niet goed genoeg 

vond tekent je en ik hoop dat je net als ik veel plezier aan je AIO-schap mag 

beleven. Ruben, ook jij bent AIO geworden, met jouw handigheid op het lab 

zal het jou ook zonder twijfel goed afgaan. Dear Francesco, you were my 

first forein exchange student. Thanks to you I learned to value cultural 

differences. In other words I’m still sorry for making you come to the lab at 



 

 132

6.30 in the morning without espresso. I realize now what this means to an 

Italian.  

 

Beste mede-AIO’s; Cora, Ester, Robert, Everaldo, JanWillem, en 

Annemiek, en postdocs; Geerten, Christa, Regis, Ronald, Arthur, Henk, 

Marten en Ed, en natuurlijk, Conny, Aimée, Hans, Michiel, Ruud, Brechje, 

Marian, Ingrid, Clarissa, Foppo, Eric, Duncan, Willem, Peter, Ronald B, 

Henk C, Micha, Sjoerd en alle andere collega’s bedankt, niet alleen voor de 

nodige raad en daad maar ook voor jullie gezelligheid. 

 

Nicky en Nadiya, het begon met een weekje wintersport, hopenlijk 

volgen er nog veel meer gezellige uitjes. Melanie B bedankt, je hebt vele 

treinreizen een stuk aangenamer gemaakt. Casper, Mariska, Jan v B en de 

rest van de ex-Vaat unit clan, onze tijd samen was kort maar krachtig en 

heeft zeker bijgedragen in mijn keuze om promotieonderzoek te gaan doen. 

 

Beste DeltaCellers, ik was gewend om veel leuke collega’s om me 

heen te hebben. Gelukkig zijn jullie minstens net zo leuk en gezellig. Een 

continue voortzetting van dagelijkse afleiding, foute grappen, koffie, 

lunches en borrels is bij jullie in goede handen. 

 

Iolente, ik heb jou niet voor niets gevraagd als paranimf, op 

momenten dat mijn geduld op was, wist jij dit aan te vullen. Ik koester onze 

vele vaatjes-cannuleer-mopper-relativeer-succes momenten.  

 

Stefanie, het schijnt heel bijzonder te zijn om als zussen met twee 

uiteenlopende karakters zo in harmonie in een huis te wonen, of misschien 

is dat juist wel de gouden formule, voor ons is het gelukkig altijd heel 

vanzelfsprekend geweest. Ik ben ook erg blij dat je mijn paranimf wil zijn. 

 

Suzan, als beste vriendin verdien jij het ook zeker om genoemd te 

worden, ik ken weinig mensen die net zo nuchter zijn als ik maar jij bent er 

een van. Ik hoop dat we ons nog lang kunnen afvragen waar iedereen zich 

zo druk om maakt. 

 



 

      133

Lieve pap, opa en rest van de familie, bij deze beloof ik jullie dat ik 

echt klaar ben met studeren. Voor jullie was het soms abacadabra wat ik 

allemaal uitspookte op het lab en onbegrijpelijk waarom het allemaal zo 

lang moest duren. Bedankt voor het geduld en vertrouwen.  

 

 

Amanda 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 134

ABOUT THE AUTHOR 

 

Amanda Margaretha Geertruida Versteilen was born on april 15
th

 1978 in 

Alkmaar, the Netherlands. Undergraduate education was received at the 

Christelijk lyceum in Alphen a/d Rijn (1990-1993) and Hann Fortman 

College in Heerhugowaard (1993-1995). She studied medical biology at the 

Hogeschool van Alkmaar (1995-1999) and biomedical sciences at the VU 

university in Amsterdam (2000-2002). From 2002 –2006 she was a Ph.D. 

student under supervision of prof. dr. A.B.J. Groeneveld en prof. dr. G.J. 

Tangelder at the department of Physiology of the VU University medical 

center. For her work she received a young investigators award from the 

European Shock Society in 2004. In 2007 she started as a postdoc at 

DeltaCell B.V. in Leiden, the Netherlands.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

      135

LIST OF PUBLICATIONS 

 

Versteilen AMG, Heemskerk AEJ, Huisman E, van Lambalgen AA, 

Groeneveld ABJ, van den Bos GC, Tangelder GJ.  Mechanisms of the 

urinary concentration defect and effect of desmopressin during endotoxemia 

in rats. Shock. 2007 

 

Leemreis JR, Versteilen AMG, Sipkema P, Groeneveld ABJ, Musters 

RJP. Digital image analysis of cytoskeletal F-actin disintegration in renal 

microvascular endothelium following ischemia/reperfusion. Cytometry. 

2006;69:973-978. 

 

Versteilen AMG, Korstjens IJM, Musters RJP, Groeneveld ABJ, 

Sipkema P. Rho kinase regulates renal blood flow by modulating eNOS 

activity in ischemia/reperfusion of the rat kidney. Am J Physiol Renal 

Physiol. 2006;291:F606-611. 

 

Simunik T, Boer C, Bouwman RA, Vlasblom R, Versteilen AMG, 

Sterba M, Gersl V, Hrdina R, Ponka P, de Lange JJ, Paulus, W, 

Musters, RJP. SIH--a novel lipophilic iron chelator--protects H9c2 

cardiomyoblasts from oxidative stress-induced mitochondrial injury and cell 

death. J Moll Cell Cardiol 39: 345-354, 2005. 

 

Versteilen AMG, Di Maggio F, Leemreis JR, Groeneveld ABJ,  Musters 

RJP, Sipkema, P. Molecular mechanisms of acute renal failure following 

ischemia/reperfusion. Int J Artif Organs 12: 019-1029, 2004. 

van Nieuw Amerongen GP, Koolwijk P, Versteilen A, van Hinsbergh, 

VWM. Involvement of RhoA/Rho kinase signaling in VEGF-induced 

endothelial cell migration and angiogenesis in vitro. Arterioscler Thromb 

Vasc Biol 23: 211-217, 2003. 

van Dam B, van Hinsbergh VWM, Stehouwer CD, Versteilen A, 

Dekker H, Buytenhek R, Princen HM, Schalkwijk CG. Vitamin E 

inhibits lipid peroxidation-induced adhesion molecule expression in 

endothelial cells and decreases soluble cell adhesion molecules in healthy 

subjects. Cardiovasc Res 57: 563-571, 2003. 



 

 136

Abstracts: 

van der Heijden M, Versteilen AMG, Sipkema P, van Nieuw 

Amerongen GP, Musters RJP, Groeneveld ABJ. Rho-kinase inhibition 

attenuates endothelial cell apoptosis following simulated ischemia 

reperfusion by Akt phosphorylation. Shock. 2006;26:48. 

Leemreis JR, Versteilen AMG, Sipkema P, Groeneveld ABJ, Musters 

RJP. Digital imaging analysis of cytoskeletal F-actin disintergation in renal 

microvascular endothelium following ischemia-reperfusion. J Vasc Res. 

2006; 43:7. 

 

Versteilen AMG, Korstjens IJM, Musters RJP, Groeneveld ABJ, 

Sipkema P. Rho kinase regulates renal blood flow by modulating eNOS 

activity in ischemia-reperfusion of the rat kidney. Nieuwsbrief NFN. 

2006;NR1. 

 

Plotz FB, Kuiper JW, Versteilen AM, et al. Lung injurious ventilation of 

healthy lungs leads to a diminished renal blood flow, but not systemic 

effects of biotrauma. Crit Care Med. 2005;33:A111. 

 

Versteilen AMG, Musters RJP, Korstjens I, et al. Inhibition of Rho-

kinase preserves organ perfusion and vascular eNOS function during renal 

ischemia-reperfusion. Shock. 2005;23:40.  

 

Versteilen AMG, Musters RJP, Groeneveld ABJ, Korstjens I, Sipkema 

P. Inhibition of Rho kinase improves vascular eNOS function during renal 

ischemia reperfusion. J Vasc Res. 2004:41;57. 

 

Versteilen AMG, Korstjens I, Leemreis J, Musters RJP, Sipkema P, 

Groeneveld ABJ. Cellular mechanisms of acute renal failure after 

ischemia-reperfusion. Nieuwsbrief NFN. 2004;NR1. 

 

van Nieuw Amerongen GP, Versteilen A, Peters EA, et al. Involvement 

of RhoA/Rho kinase-signaling in VEGF-induced endothelial cell migration 

and angiogenesis in vitro. Arterioscl Throm Vas. 2002;22:41. 

 



 

      137

COLLOR APPENDIX 

 

 
 

 
 

 

 
 

 

 
 

 
 

 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 

 
 

 

Chapter 2. Figure 1 

The different phases of ischemia-reperfusion injury, including changes in the F-actin 

cytoskeleton and apoptosis in proximal tubular cells after ischemia-reperfusion in the 

rat. A: Sham. B: 1 hour of ischemia and 1 hour of reperfusion. C: 1 hour of ischemia 

and 6 hours of reperfusion. F-actin was visualized by rhodamine-phalloidin staining 

(red). TUNEL staining was used to locate apoptotic cells (green nuclei). Nuclei were 

counterstained by DAPI (blue). Bar: 10 µm.  
 

A B C



 

 138

 

 
 

 
 

 

 
 

 

 
 

 
 

 

 
 

 

 
 

 
 

 

 
 

 

 
 

 
 

 

 
 

 
 

Chapter 2. Figure 2   

TUNEL staining was used to locate apoptotic cells 

(green nuclei). F-actin was visualized by rhodamine-

phalloidin staining (red) after ischemia/reperfusion in 

the rat (45 minutes of ischemia and 24 hours of 

reperfusion). The figure represents a composition of 

20 mounted microscope images. Bar: 150 µm. It is 

shown that the outer medualla contains the most 

apoptotic tubular cells. 
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Chapter 3. Figure 1 

Localisation of microvascular endothelium by selective staining with lectin (green). A: 

composition of 14 images of a kidney section of a Sham treated rat. The transition from 

cortex (left) to medulla (right) is marked by an arcuate artery. White rectangle indicates 

position of panel B in A. B: magnification of white rectangle in A in which vasa recta 

(arrows) can clearly be seen running through the renal outer medullary region. C: 

Comparable image (area and magnification) of an I/R kidney section. Note the swollen 

lumina of the tubuli. Rhodamine-phalloïdin (red) was used to stain F-actin, lectin (green) 

for staining vasa recta, and DAPI (blue) for counterstaining nuclei. Endothelial F-actin in 

these images is not clearly visible because of the co-localization with the high-intensity 

lectin fluorescence. Bar = 150 µm. 
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Chapter 3. Figure 2 

Fluorescence microscopy and masking of microvascular endothelium in kidneys 

of Sham (A-C) and I/R (D-F) rats. The images presented are acquired in another 

animal than that used for Fig. 1. A and D: Deconvolved images without mask. 

Sham: A cortical band of F-actin lies centrally in the vessel where endothelial 

cells adjoin. Vessel edge is indicated by arrow. I/R: Clumps of F-actin are 

dispersed throughout the cytoplasm and cortical bands of F-actin surrounding 

endothelial nuclei are no longer present. B and E: Masks (bright blue) of 

microvessel segments were drawn, excluding tubular epithelium and interstitial 

cells. C and F: Masks of rhodamine-phalloïdin fluorescent signal (red) were 

created using a threshold intensity as explained in the text. Note the fragmented 

nature of the mask after I/R. Epithelial membranes were stained with WGA 

(green) and DAPI was used as a counterstain for nuclei (blue). Bar = 10 µm. 
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Chapter 3. Figure 3 

Perpendicular (a-b) and longitudinal (c-d) line-scans in the renal microvasculature 

(A and B). Rhodamine-phalloïdin (red) was used to stain F-actin, epithelial 

membranes were stained with WGA (green) and DAPI was used as a counterstain 

for nuclei (blue). Bar = 10 µm..  
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Chapter 5. Figure 1 

Intracellular localization of eNOS and Golgi in renal lobular arterial endothelium of 

sham, I/R and Y-I/R. Immunofluorescent staining of Golgi (top panels, green channel), 

eNOS (middle panels, red channel) and their overlays with high-mag inserts (bottom 

panels, yellow color indicates Golgi/eNOS co-localization) in sham (left panels), I/R 

(middle panels) and Y-I/R (right panels) arterial endothelium. In all panels endothelial 

nuclei are depicted on the blue channel  (bar = 5 µM). Note the decrease in Golgi 

volume and its diminished co-localization with eNOS in I/R compared to sham and Y-

I/R (see lower panels with high-mag inserts).  
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Chapter 5. Figure 2 

Leukocyte distribution in sham 

and I/R rat kidneys. Kidney 

sections were stained for 

leukocytes (CD45, green 

channel), membranes (WGA, red 

channel) and nuclei (DAPI, blue 

channel). A: Montage of 16 sham-

images (white rectangle indicates 

one 10X microscopy field). B: 

Montage of 16 I/R-images (white 

lines indicate transition between 

cortex, corticomedullary junction 

as well as in the medulla). C: 

High magnification image of 

accumulated leukocytes in the 

renal microcirculation following 

I/R (see arrows). This image was 

taken in the corticomedullary 

junction (bar = 10 µm). 
 

A B 
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A Chapter 6. Figure 2 

Example of DHE fluorescence (red) in sham 

arteriole after 1 hour of reperfusion (A). The 

lamina elastica is indicated by green 

autofluorescence, bar = 25 µm.  

Chapter 7. Figure 6 

Effect of LPS and desmopressin on the localization of aquaporin 2 at t = 180.  

Examples from aquaporin 2 staining from the control (B), LPS (C) and LPS 

desmopressin (D) groups are shown. Bar represents 5 µm.  

 


