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Myogenic constriction or the Bayliss effect: a 100 year old discovery

The myogenic constriction is defined as the ability
of small arteries, called arterioles (and some veins,
lymphatic vessels) to constrict with elevated
intraluminal pressure and dilate, when pressure falls.
The first report of this phenomenon is attributed to
William Bayliss®.

Sir William Maddock Bayliss (2 May 1860 — 27
August 1924) was an English physiologist. He was
born in Wolverhampton, Staffordshire and gained a
B.Sc. from London University. He graduated MA
and DSc in physiology from Wadham College,
Oxford. Bayliss and Ernest Henry Starling
discovered the peptide hormone secretin - the first
example of hormonal action of the intestines. He was involved in research in major areas of

physiology, biochemistry, and physical chemistry?. Bayliss World War | investigation of
wound shock led him to recommend gum-saline injections, a treatment that saved many
lives®. In 1902 Sir William Bayliss made the observation that the transient increase of blood
volume in organs (also in the kidney) occurred after brief periods of interruption of blood
flow. He published these observations in the paper “On the local reactions of the arterial
wall to changes of internal pressure“*, where he for the first time described myogenic
behavior in anesthetized animals and isolated arteries. This finding disclosed a novel
paradigm in physiology, since its mechanism is independent of neural or humoral
stimulation, therefore being of local origin. Later on, this mechanism was identified as an
important regulator of blood flow in tissues. However, other researchers pointed towards
the fact that vasodilatation could occur as a result of accumulation of vasodilator
metabolites during the periods of interruption of blood flow. Nevertheless, in 1923, Bayliss
published a monography, in which he stated: “On the whole, | fear we must regard the
question as undecided.””.

In 1949, the concept of myogenic constriction was revitalized by work of Bjorn Folkow®
with pressure-flow experiments on whole organs and his work brought a satisfactory
explanation of the pressure induced vascular response. Later on, grace to the development
of techniques for microvascular preparation, the concept of myogenic constriction
expanded until in the early 1990's the discovery of stretch-sensitive ion channels’ provided
a new outlook on this phenomenon.
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Mechanism of myogenic constriction

The processes involved in generation of myogenic constriction (MC) are summarized in
Figure 1. The cascade involves the stimulus, i.e., the increase in intraluminal pressure
(stretch of vascular smooth muscle), followed by the detection systems that are responsible
for mechanocoupling of the pressure/stretch signal through the membrane and translating
this to intracellular events, leading to a signal transduction mechanism of kinases that
finally cause phosphorylation of myosin light chain and contraction of vascular smooth
muscle™®. Intraluminal pressure (stretch of vascular smooth muscle) is the stimulus to
trigger MC. A major deficiency in our understanding of myogenic signaling relates to how
the initial stimulus is detected and how these events lead to membrane depolarization.
Nevertheless, several mechanisms have been proposed so far: extracellular matrix—integrins
interactions, cytoskeleton (actin filaments, intermediate filaments, microtubules, and C-
fibers), mechano-sensitive ion channels and enzymes, specialized membrane domains (e.g.
caveolae, lipid rafts). Recently, attention is heavily focused on the TRP channels — transient
receptor potential channels e.g. — TRPC6, TRPC7, TRPM4, TRPV4, TRPV1*¥ which
seem to bring possibilities in the area of cellular triggers of the MC pathway, the part that is
nowadays still well less explored. If proven true, this will expand possibilities to manipulate
the initial steps of MC generation. Unfortunately, selective inhibitors or activators of these
TRP channels are not yet available, and therefore research in this field is hampered.
Activation of MC detection systems leads to depolarization of the cell and subsequent
opening of voltage gated channels, causing calcium influx and activation of various second
messenger pathways e.g. phospholipase C, inositol trisphosphate, diacylglycerol, protein
kinase C, MAP kinase and 20-hydroxyeicosatetraenoic acid™. Moreover, calcium
sensitization is importantly involved in the generation of MC*. Rho kinase dependent
calcium sensitization involves the inactivation of myosin light chain phophatase (which
dephosphorylates myosin light chain — making it inactive). Nevertheless, it seems that
signaling pathways involved in MC are equally active over the whole pressure range and
selective, or only partial activation, occurs in certain pressure ranges™. Moreover, it seems
that MC pathways are vessel type specific, which increases the difficulty to establish the
exact nature of these phenomena.
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Stimulus

Increased intraluminal pressure

Detection system

Membrane or cytoskeletal detection systems

|

Transduction mechanism

Signal transduction systems
e Modulation of ion channels (SAC, TRP, ENaC, VOCC, BKCa)
e Membrane depolarization
e  Calcium mobilization (entry, intracellular release)
e Kinase activation (PLC, PKC, MAPK, ROCK, MLCK)

e  Calcium sensitization

}

Phosphorylation of myosin light chain

Response

}

Vascular smooth muscle constriction

Figure 1. Schematic pathway of myogenic constriction generation of smooth muscle cell. Pressure as
a stimulus to trigger myogenic constriction is detected by cytoskeletal detection systems and than
further translated via transduction signaling involving: SAC — stretch activated channels, TRP —
transient receptor channels, ENaC — epithelial Na+ channels, VOCC - voltage operated channels,
BKCa - Large conductance, Ca2+-activated K+ channels, leading to membrane depolarization.
Opening of voltage gated channels causing calcium influx and subsequent activation of kinase second
messenger pathways: PLC - phospholipase C, PKC - protein kinase C, MAPK — mitogen activated
prot?iln kinase, ROCK - Rho - kinase, MLCK — myosin light chain kinase. (adapted from Hill, M.A.
etal™)
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Renal myogenic constriction — part of the renal autoregulatory mechanism

The MC of renal vasculature was recognized as cornerstone of the autoregulation of blood
flow in the kidney, in addition to tubuloglomerular feedback (TGF, which involves flow
dependent signals sensed by macula densa mediating constriction/relaxation of the
glomerular afferent and efferent arteriole thus adjusting pressure in the glomerulus). The
phenomenon of renal autoregulation is the control of the way in which the kidney responds
to changes in arterial pressure. The kidney is one of the organs which maintain a constant
blood flow and glomerular filtration rate over a wide range of blood pressures. When
systemic blood pressure is increased, leading to an increase in renal perfusion pressure, MC
occurs in the preglomerular vasculature to protect the glomerulus from a barotrauma due to
increased intraglomerular pressure. Therefore, MC serves as a safeguard to prevent
transmission of pressure and its fluctuations into the glomerulus. If this system fails, the
resulting increase in intraglomerular pressure ultimately leads to glomerular hypertension
and subsequent renal damage.

Renal damage and hypertension

Increase in glomerular pressure is a central determinant of renal damage development™.
Increased glomerular pressure, when persistent, leads to glomerular damage as manifested
by glomerulosclerosis, proteinuria, particularly albuminuria® and - when untreated -
ultimately to chronic renal failure (CRF). Nevertheless, the question is still unresolved why
some patients with hypertension develop renal damage whereas others do not, genetic
factors seem to play an important role, as illustrated by the five times greater chance to
develop chronic renal failure in hypertensive African-Americans compared to hypertensives
of Caucasian decent’®. Possibly, this difference reflects a relatively impaired renal
autoregulation/impaired MC in African-Americans, which allows hypertension to reach the
glomeruli. On the other hand, renal disease itself can lead to hypertension®’, which in turn
may affect autoregulation - thus creating a vicious circle.

Rat models of renal damage and hypertension

The 5/6™ Nephrectomy (5/6Nx) model — model of surgically reduced nephron number

By ablation of 5/6™ part of kidney tissue in the rat, progressive renal damage develops
resulting in proteinuria, glomerulosclerosis and renin-associated hypertension. The 5/6Nx
model is a model of progressive renal damage, where the initial reduction of nephrons
ultimately leads to damage to the remaining ones™®. The plasma renin levels in 5/6Nx rats
suggest that the secretory rates for renin may be increased for remnant nephrons (perhaps to
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keep constant glomerular filtration rate). Furthermore, with nephron reduction, renin
clearance rate falls down®® leading to elevated renin and consequently elevated Angiotensin
Il levels, which cause hypertension. Moreover, further elevations of blood pressure in this
model (by high salt intake) exacerbate the development of renal damage®. Therefore, MC
of preglomerular arteries plays an important role in preventing the transfer of elevated
pressure into glomerulus.

The Fawn Hooded rat — model of myogenic constriction failure

An increase in blood pressure is common with increasing age?, which also increases the
risk of developing renal damage. Genetic and environmental factors play an important role
in this process. The Fawn Hooded Hypertensive rat (FHH) is an example of impaired renal
autoregulation in which systemic hypertension is transmitted into the glomerulus due to
impaired MC of the renal preglomerular vessels while tubuloglomerular feedback is still
intact’”. This suggests that solely a dysfunction in MC accounts for renal hypertensive
damage in the FHH rat. Conversely, the Spontaneously Hypertensive Rat (SHR) has
substantial hypertension (systolic blood pressure around 200 mmHg), whereas renal
damage is virtually absent. Ito et al indeed found an increased in renal myogenic response
in SHR® when compared to a control strain, which may explain why the SHR does not
develop renal damage. Thus, observations in both FHH and SHR emphasize the importance
of patent MC in the protection of the kidney from hypertensive damage.

The Zucker Diabetic Fatty (ZDF) rat — model of type Il diabetes mellitus

Type 2 diabetes mellitus (T2DM) is associated with an increased risk of both micro- and
macrovascular complications®*?, along with cardiovascular disease leading to end organ
damage, such as chronic renal failure (CRF)*?, manifested as proteinuria and
glomerulosclerosis. The Zucker Diabetic Fatty®® (ZDF) rat is a substrain of the obese
Zucker rat, which develops diet-induced type-2 diabetes (T2DM) and metabolic syndrome,
however without hypertension. These rats were selected for studies described in this thesis
because they display similar conditions as T2DM in humans: obesity , hyperglycemia and
an abnormal lipid profile”®, thereby representing a clinically relevant model. In those rats
impaired renal autoregulation was observed as well®.

Chapter 1 - Introduction and aim of thesis
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Adriamycin nephrosis

Adriamycin (doxorubicin) is a cytostatic drug to which certain types of cancer respond. Of
particular interest is that a single injection of adriamycine causes CKD in rat, manifested by
severe proteinuria and glomerulosclerosis™.

MC on the periphery — mesenteric artery

Mesenteric artery has become very frequent research tool to investigate the peripheral
vasculature. In the mesenteric vascular bed no overt autoregulation occurs, but MC of
mesenteric arteries represents regulation of peripheral resistance. Moreover, from the
perspective of localized or generalized myogenic dysfunction, investigation of MC of
mesenteric arteries is very useful.

Renal interlobar arteries

The isolated renal arteries studied in this thesis are interlobar arteries, which represent
larger arteries upstream of the afferent and efferent glomerular arteriole. It is largely
unknown to what extent these arteries contribute to renal autoregulation or preglomerular
resistance in health and different disease models. Given the size and environment of
interlobar arteries, it is assumable that changes at these levels reflect those at the level of
glomerular arterioles.

Predictive value of vascular function in susceptibility to renal failure

The concept that the functions of isolated renal arteries predict susceptibility of an
individual to renal damage is not new. As shown before in our lab, endothelium-mediated
relaxation of isolated interlobar arteries at a healthy stage (isolated from the kidney
obtained at 5/6Nx) predict the proteinuria and glomerulosclerosis that develops thereafter®.
However, various endothelial derived components not only influence vasomotor properties,
but also affect inflammatory responses, including NO and prostaglandins *. Both factors,
i.e., blood flow control and anti-inflammatory properties may be involved in this predictive
property of endothelial function. Nevertheless, the above mentioned predictive observation
suggests that pre-existing vascular integrity is one of the key factors in susceptibility to
develop CKD. Examination of vascular smooth muscle properties in this respect may
disclose the contribution of blood flow regulation.

Chapter 1 - Introduction and aim of thesis
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Aim of the thesis
Therefore, the aim of this thesis was to investigate the role of arterial vascular smooth
muscle function, particularly of MC, in chronic kidney disease rat models and was therefore
named “Myogenic constriction as cause and therapy of CKD. The main topics that were
addressed:
1. Study MC to investigate whether
a. higher MC of preglomerular vessels is associated with lower vulnerability of
kidneys to damage in several rat models: reduced renal mass/hypertension —
5/6Nx (chapter 2), type 2 diabetes mellitus — ZDF rat (chapter 6), and in
ageing induced hypertension with predisposition to kidney damage (chapter 4)
b. MC of mesenteric arteries is affected by kidney disease with and without
hypertension (chapters 5, 6, 7)
c. pharmacological treatment of kidney disease with and without hypertension
influences MC (chapters 5, 6, 7)
2. to identify whether in vivo glomerular vascular contractility to Angiotensin 11 predicts
individual susceptibility to CKD in the adriamycine model and in 5/6Nx model and
moreover in 5/6Nx model how it is related to MC (chapter 2, 3)

In Chapter 2 we examined whether animals with a better MC of renal interlobar arteries at
baseline (obtained at 5/6Nx) are protected against subsequent hypertensive renal damage
compared to animals with lower baseline MC. Moreover, using intravital microscopy we
investigated whether this concept of healthy vascular function relating to renal damage
holds true in vivo at the level of preglomerular afferent- and efferent vessels in 5/6Nx. In
Chapter 3, we examined the relationship between contractile responses of preglomerular
arterioles to angiotensin Il before adriamycin induced proteinuria thereafter. In a previous
study®, we identified the Fawn-Hooded rat as an interesting model. “The FHH has loss of
myogenic tone, high blood pressure and renal damage, whereas FHL has none of these”.
However, as aged FHL develops hypertension to a similar level as FHH, we investigated
MC of renal arteries to substantiate its role in development of renal damage (Chapter 4). In
the 5/6Nx model, intervention in the RAAS is effective in slowing down the progression of
renal damage, indicating the pathogenic role of angiotensin Il in this model**=.
Detrimental effects of angiotensin Il are generally conveyed through the angiotensin
receptor type 1 mediated activation of second messenger systems. Partly, this seems
dependent on angiotensin type 1 receptor transactivating the epidermal growth factor
receptor®’. Therefore, in Chapter 5 and Chapter 7, we examined the effect of treatment of
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5/6Nx rats in relation to MC. Both the angiotensin receptor type 1 blocker losartan
(Chapter 5) and PKI-166, an epidermal growth factor receptor blocker (Chapter 7), were
examined. We aimed to explore whether these drugs were able to slow down the renal
damage progression and how it would affect the reduction in MC of peripheral (mesenteric)
arteries observed in 5/6Nx *. Finally, in Chapter 6, we studied changes in MC of renal and
peripheral arteries in a diabetic model, the ZDF rat and treatment with the DPP-IV inhibitor
vildagliptine, which has been described to encompass both blood glucose lowering and
additional protective properties on the cardiovascular system.
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Abstract

Background: Susceptibility to renal injury varies among individuals. Previously, it was
shown that individuals with good baseline (a priori) endothelial dilatory ability in isolated
(in vitro) renal arterioles developed less renal damage after 5/6 nephrectomy 5/6Nx. In this
study, we investigated whether pre-existing renal vascular integrity predicts subsequent
renal damage after 5/6Nx, using in vivo intravital microscopy and in vitro myogenic

constriction of small renal arteries.

Methods: Anaesthetized rats underwent intravital microscopy to visualize constriction to
angiotensin II (Ang II) (30 ng/kg/min) of glomerular afferent and efferent arterioles, with
continuous measurement of blood pressure, heart rate and renal blood flow. Thereafter,
5/6Nx was performed and interlobar arteries (¢ 261+2 pm) were isolated from the
extirpated kidney and myogenic constriction was assessed in a perfused vessel setup. As
follow up, blood pressure and proteinuria were assessed weekly for 12 consecutive weeks

and focal glomerulosclerosis (FGS) was determined at the end of study.

Results: Infusion of Ang II induced significant constriction of both afferent and efferent
glomerular arterioles (p<0.001 compared to baseline — saline infusion), which correlated
strongly with proteinuria (r = 0.73; p = 0.01 and r = 0.90; p = 0.01, respectively), and FGS
(r=0.691; p=0.019; r = 0.664; p = 0.026, respectively) at 12 weeks after 5/6 Nx.
Furthermore, in vitro measured myogenic constriction of small renal arteries inversely
correlated with proteinuria (r = - 0.71, p = 0.02) and FGS (r = - 0.882; p = 0.01) 12 weeks
after 5/6Nx. Moreover in vivo vascular reactivity inversely correlated with in vitro
reactivity (afferent: r = - 0.682 p = 0.021; efferent: r = - 0.618 p = 0.043)

Conclusion: Both in vivo afferent and efferent responses to Ang II and in vitro myogenic
constriction of small renal arteries in the healthy rat predict the severity of renal damage
induced by 5/6Nx. Intraorgan vascular integrity may provide a useful tool to guide

prevention and treatment of renal end-organ damage.
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Introduction

While the susceptibility to develop renal damage varies considerably among individuals, its
determinants are still incompletely understood. The extent of existing systemic factors, such
as diabetes or hypertension, cannot fully explain the predisposition to renal failure®,
suggesting additional factors to be involved. In general, the factors governing this
individual vulnerability to renal damage are thought to be intrinsic to the kidney and
probably largely genetically determined?.

We have previously shown that individual differences in the endothelial dilative capacity of
isolated small renal arteries of the healthy animal strongly predicts the extent of renal
damage in various models of experimental renal disease, i.e., 5/6 nephrectomy (5/6Nx)?,
unilateral nephrectomy combined with myocardial infarction and adriamycin nephrosis®.
These observations suggest that the patency of renal endothelial function is a factor
determining the severity of damage after induction of the disease.

Control of intraglomerular pressure is essential to maintain kidney health. Intraglomerular
pressure is controlled mainly by the Renin Angiotensin Aldosterone System (RAAS),
tubuloglomerular feedback and myogenic constriction (MC), all acting on the regulation of
the vascular tone of the afferent and efferent arteriole of the glomerulus. On the other hand,
the RAAS plays a key role in the progression of renal damage such as after 5/6Nx, through
elevation of systemic blood pressure thereby increasing intraglomerular pressure by
unbalanced constriction of the efferent and afferent arteriole. Whether contractility of the
afferent or efferent arteriole to Ang Il determines development of renal damage in this
model remains unclear.

Angiotensin Il in renal damage in the 5/6Nx model

The 5/6Nx model of reduced nephron number is a model of progressive renal damage,
where the initial reduction of nephrons ultimately leads to damage to the remaining ones®.
The plasma renin levels in 5/6Nx rats suggests that the secretory rates for renin may be
increased for remnant nephrons and furthermore with nephron reduction, renin clearance
rate falls down’. Taken together, these phenomena lead to elevated renin and consequently
Ang Il levels as well as subsequent development of renal damage after 5/6 Nx. Intervention
in the RAAS is effective in slowing down the progression of renal damage in this model
which collectively point on the pathogenic role of Ang Il in this model®°. The importance
of RAAS is further substantiated by experiments showing that sustained Ang Il
administration dose-dependently induces proteinuria accompanied by glomerular damage
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otherwise healthy individuals'®, while short-term Ang Il infusion, sufficient to affect renal
hemodynamics, does not elicit proteinuria™.

Previous studies showing the relationship between healthy interlobar artery function and
renal damage employed ex vivo isolated pre-glomerular renal arteries. To investigate
whether functional aspects of glomerular afferent and efferent arteriole can
determine/predict the damage thereafter, we studied their responsiveness to Angiotensin |1
in in vivo experimental conditions**** prior to the induction of renal damage upon 5/6Nx.
Furthermore, we sought to test whether myogenic constriction, assessed in vitro in vessels
obtained at 5/6Nx, predict the damage thereafter. Moreover, we aimed to find a relationship
between these two entities, i.e. in vivo glomerular vascular contractility and ex vivo
interlobar artery myogenic contractility to pressure.

Materials and methods

Experimental animals

Male Wistar rats (Hsd.Cpb.Wu, n = 11; 200-250g; Harlan, Zeist, the Netherlands) were
used and housed under standard conditions (day/night rhythm 12h:12h, group housing in
macrolon cages) approved by the institutional animal ethical committee. The rats had free
access to food and drinking water and received a normal diet (RMH-B, 2181; ABDiets,
Woerden, the Netherlands). After arrival in our laboratory, the rats had an acclimatization
period for one week to get used to their new environment. After this period, the rats were
trained for systolic blood pressure measurements (i.e. accustomed to immobility in a
warmed restrainer for at least ten minutes), because stress would cause elevation of blood
pressure. All animal experiments were conducted in accord with the National Institute of
Health Guidelines for the Care and Use of Laboratory Animals and approved by the
Committee for Animal Experiments of the University of Groningen.

In vivo study

Intravital microscopy

The experimental setup (Fig. 1) consisted of a pencil video microscope with a corn shaped
lens (optical magnification 3.5x) and a CCD camera (Nihon Kohden, Tokyo, Japan), a
micromanipulator, a xenon light source (LB-18; Welch Allyn, Tokyo, Japan), a monitor
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(KLV-17HRZ1; Sony, Badhoevedorp, the Netherlands), a DVD recorder (RDR-GX7), and a
computer for image analysis (Intel Pa). The lens was fitted with a 12.7 mm greyscale CCD
image sensor (XC ES55L,; Toshiba, Tokyo, Japan) at the focal length (200 mm) of the lens).
A green filter to complement red was placed in front of a CCD image sensor to enhance the
contrast on the monitor between vessels and peripheral tissue. The CCD image sensor was
connected to the camera module (DC700; Sony, Tokyo, Japan) and images were recorded
as stacked image film (60 frames/min). The final spatial resolution of the video microscope
was confirmed to be 0.86 mm with magnification of 520x. This technique thus allows for
full visualization of one glomerulus and its relevant surrounding region in each
experimental protocol ® 7.

—— control unit —  VCR l—l
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Figure 1. Schematic picture of experimental of intravital microscopy consist of pencil video
microscope with corn shaped lens, micromanipulator, xenon light source, monitor a DVD recorder
and computer for image analysis.
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Analysis of vascular diameters

The image at each time point was captured as a stack of 60 frames using an image capture
board (LG-3; Scion Computer Service, Frederick, Maryland, USA) installed on the image
analysis computer. At least 3 clear frames, which were not influenced by respiration and
heartbeat, were selected from the 60 frames in the captured stacks and analyzed. Diameters
of afferent and efferent glomerular arteries were measured using image software (Scion
Corporation, Frederick, Maryland, USA) after calibration of the number of pixels (scale
2.42 pixels per um).

Experimental protocol

Before the experiment started, the rats were anesthetized with isoflurane/O, (2.5%
isoflurane; Pharmachemie BV Haarlem, The Netherlands) to insert a catheter (BD Insyte-W
24 GA 0,75IN — 0,7x19 mm) in the tail vein. This catheter was used to administrate a bolus
injection of 36 mg/kg pentobarbital sodium (Hospital Pharmacy UMCGroningen, the
Netherlands) once isoflurane administrationwas ended and the animal started to show
reflexes. The operation region was anaesthetized with lidocain (20 mg/ml; Fresenius Kabi,

Germany).

The carotid artery was cannulated for measurements of systolic blood pressure, diastolic
blood pressure, heart rate using a pressure transducer (Edwards Life sciences S.A., Saint-
Prex, Switzerland) and an amplifier (model AP641G; Nihon Kohden, Tokyo, Japan). The
jugular vein was cannulated for infusion of saline and angiotensin II. Then, the abdomen
was opened by midline incision and the left renal artery was equipped with an ultrasonic
flow probe (model 1RB; Transonic Systems, Ithaca, New York, USA) to measure renal
blood flow (RBF), continuously registered with a flow meter (model T106; Transonic
Systems). To expose glomeruli, the capsule of the renal cortex was removed, and a thin
slice of the renal surface was removed (maximum depth 0.5 mm) using a scalpel. The tip of
the pencil-probe charge coupled device (CCD) video microscope was guided to the bottom
of the excision. Glomeruli in which the afferent and efferent arterioles could be visualized
without affecting the blood flow were used. Per experiment, one glomerulus of the left
kidney was monitored.

The protocol consisted of a baseline of 10 minutes saline infusion. Thereupon, angiotensin
IT infusion (10 min, 30 ng/kg/min; Bachem Bioscience) was started. Movies were recorded
during steady state saline and angiotensin II infusion for later analysis. After this period, the
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angiotensin II infusion was switched to saline for 30 minutes (in order to allow for return to
baseline values) after which 5/6Nx was performed by removing the right kidney and by
ligating two or three branches of the renal artery of the left kidney leading to infarction of
approximately 2/3rd of this kidney. Animals received a subcutaneous injection of

buprenorphine (10 pg/kg) postoperatively.

In vitro study

In vitro perfusion set-up

Small renal interlobar arteries with an intraluminal diameter of 261+2 um were cleaned
from perivascular tissue and transferred to an arteriograph system for pressurized arteries
(Living System Instrumentation, Burlington, VT, USA) as described previously '*. Artery
segments were cannulated on glass micropipettes and the vessel chamber was continuously
recirculated with warmed (37°C) and oxygenated (5% CO, in O,) Krebs solution with a pH
of 7.4. An inverted light microscope attached to a video camera and video dimension

analyzer was used to continuously register lumen diameter.

Myogenic reactivity of small renal resistance arteries

Intraluminal pressure was set at 60 mmHg, arteries were allowed to equilibrate for 45
minutes and checked for smooth muscle and endothelium viability by a single dose of
phenylephrine (PE, 3x10” mol/l) and acetylcholine (ACh; 3x10” mol/l), respectively. To
exclude possible any influence of endothelium, arteries were mechanically denuded of
endothelium. Removal of endothelium was confirmed by absence of dilative response to
ACh (3x10” mol/l) following a submaximal pre-constriction with PE (3x10” mol/l).
Following a wash out, intraluminal pressure was decreased to 20 mmHg and myogenic
reactivity was studied by obtaining active pressure-diameter curves over a pressure range of
20-160 mmHg in steps of 20 mmHg. Each pressure step was maintained for 5 minutes to
reach the stable contractile response. Thereafter, calcium containing Krebs solution was
exchanged for calcium-free Krebs solution supplemented with ethyleneglycol-bis-(b-
aminoethylether)tetraacetic acid (EGTA, 2 mmol/l) and passive pressure-diameter curves
were obtained over the same 20-160 mmHg pressure range.

Follow-up measurements of proteinuria and blood pressure

Urinary protein excretion was measured in samples of 24-hours urine collected when the
rats were put in metabolic cages for 24h on a weekly basis for 12 weeks. Urinary protein
concentration was determined by nephelometry (Dade Behring III, The Netherlands).
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Weekly systolic blood pressure measurements were carried out in conscious animals with
tail-cuff plethysmography (IITC Life Science, Woodland Hills, CA).

Renal histology
Paraffin embedded kidneys were cut in 3 um sections and stained with periodic acid Schiff
(PAS) and the incidence of focal glomerulosclerosis (FGS) was microscopically evaluated

according to standard procedures as described previously".

Statistical analysis

The results are expressed as mean + SEM. Differences between the time periods were
calculated and for comparisons a paired—sample t-test and independent t-test were used
(SPSS, Inc.). Graphs were made using Sigma Plot and the relationship between parameters
was calculated using regression analysis (SPSS, Inc.).

Area Under Curve (AUC) of myogenic tone was determined in individual arteries (Sigma
Plot) and expressed in arbitrary units. Differences were considered significant at p<0.05.
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Results

Systolic Blood Pressure, Proteinuria, Focal glomerulosclerosis

Systolic blood pressure, as measured in conscious animals, increased from 124 + 3 mmHg
(week 0) to 176 + 12 mmHg 12 weeks after 5/6 Nx (Figure 2A). After 5/6Nx, proteinuria
progressively increased within time from 37,5 + 4,6 mg/24h at baseline to 229.1 + 43.2
mg/24h 12 weeks after 5/6 Nx (Figure 2B). Renal damage after 12 weeks of 5/6Nx was
evidenced further by a 42.8 + 4.8 % incidence of focal glomerulosclerosis (FGS).
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Figure 2. A) The development of systolic blood pressure (mmHg) and B) proteinuria (mg/24h) in time
(weeks) after 5/6 nephrectomy. Data are given as means + SEM

Acute changes of hemodynamic parameters and renal blood flow

To assess the Angiotensin Il response, hemodynamic parameters were compared between
baseline and at 10 minutes of Ang Il infusion. Compared to baseline values, Ang Il
significantly (p<0.05) increased systolic blood pressure (23.9 + 2.2%) and diastolic blood
pressure (20.1 £ 2.9%), and reduced RBF by 24.2 £ 6.5%.

Intravital microscopic analysis of afferent and efferent glomerular arterioles

To evaluate changes in glomerular vascular reactivity, the changes in diameter of the
afferent and efferent arterioles of the glomerulus were assessed (Figure 3A). Ten minutes of
Ang Il infusion caused a significant (p<0,001) constriction in both afferent and efferent
arterioles when compared to saline infusion. Notably, no difference was observed in the of
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afferent and efferent arterioles in response to Ang Il infusion, as both were constricted to
the same extend (Figure 3B).
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Figure 3. A) Contractile response after Ang II (30 ng/kg/min) infusion of afferent and efferent
arteriole (um), B) correlation analysis between contractile response to Ang II of afferent and efferent
arteriole. Data are presented as mean + SEM. * p<0,01 vs saline

Mpyogenic constriction

Renal arteries isolated from the extirpated kidney at 5/6Nx from different rats developed
myogenic constriction to a variable extend. Averaged myogenic constriction (MC) was
15.1+1.8 % of maximal MC over the whole pressure range (AUC: 1267 + 114 arbitrary
units) with individual values ranging from 5.8 % max MC (AUC: 586 arbitrary units) to
23.7 % max MC (AUC: 1927 arbitrary units).

Correlation analysis

The responsiveness of both afferent and efferent arteriole to Ang Il measured before 5/6Nx
in vivo predicted proteinuria and glomerulosclerosis (FGS) 12 weeks thereafter. The
responsiveness of both afferent and efferent arterioles strongly correlated with proteinuria
at week 12 after 5/6 Nx (afferent: r = 0.727; p = 0.011, Figure 4A; efferent: r = 0.900; p =
0.010, Figure 4B). Likewise, there was a strong correlation between Ang Il responsiveness
and FGS (afferent: Figure 4C r = 0.691; p = 0.019; efferent: Figure 4D, r = 0.664; p =
0.026). Therefore, these data indicate that healthy animals with higher responsiveness of
glomerular arterioles to Ang Il develop excess renal damage following subsequent 5/6
nephrectomy.
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Figure 4. Correlation between individual Ang Il (30ng/kg/min) induced responses at the time of
5/6Nx of the afferent and efferent arteriole and A, B) proteinuria (mg/24h), C, D) incidence of focal
glomerulosclerosis (FGS) 12 weeks after 5/6Nx.

Also, the myogenic constriction measured in vitro from renal small arteries obtained at 5/6
Nx predicted the proteinuria and FGS 12 weeks thereafter. Myogenic constriction
negatively correlated both with proteinuria (Figure 5A, r = - 0.700; p = 0.016) and
glomerulosclerosis (Figure 5B, r = - 0.882; p = 0.01), indicating that animals with a
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pronounced baseline myogenic constriction assessed at 5/6 Nx developed lower proteinuria
and FGS 12 weeks thereafter.
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Figure 5. Correlation between individual myogenic constriction responses (expressed as AUC from
individual curves) at the time of 5/6Nx and A) proteinuria (mg/24h), B) incidence of focal
glomerulosclerosis 12 weeks after 5/6NXx.

To substantiate a possible relationship between Angll sensitivity and the extent of MC,
additional correlation analysis was performed. Importantly, a strong negative correlation
was found between the in vivo reactivity of afferent and efferent arteriole and ex vivo
assessed myogenic constriction (Figure 6, afferent: r = - 0.682 p = 0.021; efferent: r = -
0.618 p = 0.043). Thus, animals with lower responsiveness to Ang Il displayed higher
myogenic constriction.

To demonstrate a possible relationship between change of systolic blood pressure and
contractile responses of afferent and efferent arteriole after Ang Il infusion, correlation
analysis was performed. No significant relation was found there (afferent: r = 0,218 p =
0,519; efferent: r = 0,291 p = 0.385).
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Figure 6. Correlation between individual myogenic constriction responses (expressed as AUC from
individual curves) and reactivity to Ang Il (30 ng/kg/min) of afferent and efferent arteriole at the time
of 5/6Nx.

To investigate whether contractile responses of afferent and efferent arterioles to Ang Il
predict the development of hypertension at 12 weeks after 5/6 Nx, correlation analysis was
performed, which showed no significant correlation (afferent: r = - 0,077 p = 0,821,
efferent: r = 0,005 p = 0,989). Moreover, myogenic constriction of isolated arteries also did
not predict the development of hypertension at 12 weeks after 5/6 Nx (r = 0,068 p = 0,842).

Discussion

In the present study, we showed that in vivo reactivity of glomerular arterioles to
systemically administered Ang Il and ex vivo potential to develop myogenic constriction in
small renal arteries of healthy rats predict the extent of renal damage 12 weeks after 5/6 Nx.
These results extend our previous observations on the predictive property of in vitro
assessed endothelial dependent dilation of healthy rat in small renal arteries'®. Moreover,
we show for the first time that healthy in vivo glomerular vascular reactivity to Ang Il
predicts the degree of renal damage after nephron reduction. Additionally in vivo, both
afferent and efferent glomerular arteries react similarly to Ang Il. Finally, an inverse
relationship between ex vivo contraction of glomerular vessels to Ang Il and in vivo
myogenic contractility was found. Together, our data demonstrate that normal vascular
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contractile function of renal arteries both on levels of glomerular arterioles and
preglomerular arteries of healthy individuals predict renal hypertensive damage caused by
5/6NX.

Additionally, the in vivo method we used in present study is clinically even more relevant
compared to our previous studies done ex vivo and on larger preglomerular vessels.
Assessment of intrarenal vascular function may offer possibilities as a diagnostic tool to
determine susceptibility to progression of renal failure.

The role of afferent and efferent arteriole in glomerular pressure regulation

We observed increased renal damage in those animals that had reacted more to Ang Il prior
to 5/6Nx both on the level of afferent and efferent glomerular arteriole. The most obvious
explanation is that the relationship reflects the sensitivity of individuals to Ang I,
particularly as renal damage in the 5/6Nx model is (partly) driven RAAS activation.
Glomerular pressure is a central determinant of renal damage development®’. In transgenic
rats harboring the mouse Ren2 renin gene, increased AT, receptor binding was found in
vascular smooth muscle of afferent and efferent arterioles. This might suggest that up-
regulation of AT, receptors contribute to the glomerular damage in these rats'®. Therefore
similarly to our situation, rats with higher AT receptors expression that had reacted more
to Ang Il developed higher damage thereafter.

Myogenic constriction as a predictor of renal damage in 5/6 nephrectomy

We additionally show that rats with higher myogenic constriction assessed prior to 5/6 Nx
developed less proteinuria and glomerulosclerosis than those with lower basal myogenic
constriction. This observation is in keeping with the notion that myogenic constriction
protects from an increase in intraglomerular pressure in rats with elevated blood pressure.
Increased intraglomerular pressure is a key determinant of renal damage development
dictated by the integrity of the preglomerular vasculature’®. This view is substantiated by
observations in an animal models of renal failure (Fawn Hooded Hypertensive rat), in
which a loss of myogenic constriction of interlobar arteries precedes renal damage which
develops only when systemic blood pressure increases?®. In contrast, Spontaneously
Hypertensive Rats (SHR), who have high systemic blood pressure do not show renal
damage. As SHR displays strong myogenic response of preglomerular vessels, this possibly
is the reason why their kidneys are protected from hypertension?.

Relationship between Ang Il mediated constriction and myogenic constriction
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Interestingly, we found a strong inverse relationship between myogenic contractility of ex
vivo preglomerular vessels and in vivo Ang Il mediated contractility of the afferent and
efferent arterioles. There may be several explanations. The systemic action of Ang Il
infusion in this study caused an increase in systemic blood pressure, which most likely led
to an increase in renal perfusion pressure as well, thus activating myogenic constriction.
Moreover, non-pressor doses of Ang Il strongly augment MC as measured in isolated
mesenteric arteries?. Therefore, Ang Il mediated constriction of the afferent and efferent
arterioles may partly reflect the vessels ability to generate myogenic constriction. Our
results, however, show the two parameters to be negatively correlated rather than positively,
making this option unlikely. Secondly, Angiotensin type 1 receptor (AT1R) has been
implicated as a stretch sensor. Mechanical stretch induces association of the AT1R with
Janus kinase 2, translocation of G proteins into the cytosol, activation of ERK and
production of inositolphophates®. These features imply that AT1R may act as a stretch
receptor in vascular smooth muscle and hence be involved in MC generation. Indeed, we
previously showed interaction of AT1R and MC in model of heart failure, where increased
MC was restored by inverse agonists of the AT1R?**%, Moreover, we showed the increased
MC to coincide with a decreased number of caveolae in vascular smooth muscle and that a
similar increase in MC is induced by disruption of caveolae?. Thus it appears that the
membrane distribution of the AT1R affects its responsivity to stretch. While being an
attractive explanation, there is unfortunately too limited additional data to substantiate this
hypothesis and further research is needed.

Similar responsiveness of afferent and efferent arteriole to Angll

We found no significant difference in the Ang Il mediated constriction between the afferent
and efferent arteriole. This observation is in line with the similar reactivity of afferent and
efferent arteriole to Ang Il found in a previous study employing intravital microscopy in a
similar experimental settings”’. Nevertheless, it is generally believed that the efferent
arteriole displays stronger contraction to Ang Il, resulting in an increased glomerular
pressure to achieve physiological GFR. Reviewing the literature, a large discrepancy exists
regarding extend of Ang Il mediated constriction in afferent vs. efferent arteriole. There is
substantial evidence that under physiological conditions Ang Il predominantly constricts
the efferent arteriole. Nevertheless, a similar amount of evidence identifies the afferent
arteriole as the predominant glomerular vessel sensitive to Ang 11%%, Different
experimental approaches or animal strain specificity may account for this discrepancy.
However, in the current study, no significant differences of responses between the two
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arterioles were detected although the trend (borderline significance) showed slightly higher
contractility of the afferent arteriole to Ang Il in our - in vivo - settings which supports the
view that the afferent arteriole reacts more on Ang Il rather than the efferent arteriole.

Conclusion

In the present study, we provide evidence that in vivo reactivity of afferent and efferent
arteriole to systemic infusion of Ang Il predicts the degree of renal damage induced by
subsequent 5/6 Nx. Furthermore, ex vivo myogenic constriction of interlobar arteries
isolated at induction of damage, i.e. 5/6 Nx, predicts subsequent renal damage as well.
These observations imply that measurement of intrarenal vascular function may be used to
identify individuals prone to renal impairment. The relationship between in vivo sensitivity
to Ang Il and future renal damage will facilitate the employment of renal vascular
responsiveness in the clinical setting. Nevertheless, further research is needed to explain the
molecular and/or genetic background of patent vascular function as determinant of
susceptibility to renal damage.
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Abstract

Background: Susceptibility to renal injury varies among individuals. Previously, it was
shown that individuals with highly patent baseline endothelial dilatory ability in isolated
renal arterioles developed more renal damage after doxorubicin injection. Whether in vivo
pre-existing vascular integrity also predicts subsequent renal damage to doxorubicin is
subject of this study. To this end, using in vivo intravital microscopy, baseline diameter and
constrictive ability of afferent and efferent glomerular arterioles to angiotensin-11 (ANGII)
were measured and related to development of proteinuria following subsequent doxorubicin
injection. Secondly, it was studied whether co-infusion with ANGII limits during
doxorubicin injection limited long-term renal.

Methods: Anesthetized rats underwent intravital microscope to envision glomerular afferent
and efferent arterioles. After stabilization with a saline infusion, ANGII (30 ng/kg) was
infused in the experimental group or saline controls. Thereafter, renal damage was induced
in both groups by doxorubicin injection in the tail vein continued on either saline or Angll.
During the intravital protocol, arterial blood pressure, heart rate and renal blood flow were
measured. Images of glomeruli were recorded for measurements of changes in vascular
diameter of the afferent and efferent glomerular arterioles. After surgery, animals were
followed for 6 weeks for measurement of blood pressure and proteinuria.

Results: ANGII infusion significantly changed all measured hemodynamic parameters
except heart rate from baseline and similarly when compared to the control group. Infusion
of ANGII also induced significant contraction of both afferent and efferent glomerular
arterioles. Linear regression analysis between the change in afferent and efferent
glomerular arteriolar diameter upon ANGII infusion and proteinuria six weeks after
doxorubicin injection showed a significant correlation. Moreover, a significant correlation
was also found between renal blood flow at the time of injection and proteinuria 6 weeks
thereafter. Secondly the group that received ANGII prior to the injection with doxorubicin
did not develop less proteinuria than the saline treated group.

Conclusion: In conclusion, we extended the concept that baseline vessel tone predicts the
susceptibility to renal damage by in vivo measurements of baseline glomerular diameter.
Moreover, reduction in RBF by ANGII infusion during the infliction of renal damage does
not limit development of kidney damage. The latter may signify that RAAS activation
augments the damaging effect of toxic substances to the kidney.

Chapter 3 - renal vascular function predits damage in adriamycine model



Rijksuniversiteit Groningen | 43
Myogenic constriction in renal failure — cause and therapy

Introduction

Susceptibility to renal injury varies largely among individuals both in the experimental and
clinical setting">. This is exemplified by the existence of rat strains that are vulnerable or
resistant to renal damage*®. Even within one rat strain, challenges such as increased
systemic blood pressure or subtotal nephrectomy’ lead to highly variable renal damage,
which cannot be explained by differences in damaging stimuli. Generally, the factors
governing this individual susceptibility to renal damage are thought to be intrinsic to the
kidney, and probably largely genetically determined®®. This is supported by observations in
experimental renal transplantation demonstrating that susceptibility to renal damage ‘travels
with the kidney *°.

Recently, we found that the in vitro measured endothelial function of small renal arteries of
healthy rats predicts the development of renal damage inflicted by subtotal nephrectomy™,
myocardial infarction*?, or doxorubicin-induced nephrosis. In the first two studies,
individual rats with profound acetylcholine-induced endothelium-dependent relaxation
developed less severe renal damage compared to those with compromised endothelial
function. In the case of doxorubicin-induced nephrosis, this relationship was reverse, i.e.,
rats with profound acetylcholine-induced endothelium-dependent relaxation developed
more severe renal damage, possibly by larger exposure of the kidney to the cytotoxic drug.
In a rat model of doxorubicin nephrosis, a single injection of the cytostatic agent
doxorubicin leads to progressive renal damage with proteinuria, glomerulosclerosis and
interstitial damage®®™®. Remarkably, this relatively uniform challenge (standard
doxorubicin injection), results in a largely variable renal damage amongst individuals®™.

Previous studies showing the relationship between healthy interlobar artery function and
renal damage employed ex vivo isolated renal arteries. To explore whether this relationship
holds true also at the resistance level of the afferent and efferent arteriole, we studied their
diameter and responsiveness in in vivo experiments prior to induction of renal damage.
Moreover, we studied whether renal damage as a result of the doxorubicin injection could
be limited by co-infusion with a vasoconstrictor agent such as angiotensin 11 (ANGII).
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Materials and methods

Experimental animals

Male Wistar rats (Hsd.Cpb.Wu (n=30); 200-250g; Harlan, Zeist, the Netherlands) were
used, housed under standard conditions. The rats had free access to food and drinking water
and received a normal diet (RMH-B, 2181; ABDiets, Woerden, the Netherlands). After
arrival in our laboratory, the rats had an acclimatization period for one week to get used to
their new environment. After this period the rats were trained for systolic blood pressure
measurements, because stress would influence the measurements by elevating the blood
pressure. All animal experiments were conducted in accord with the National Institute of
Health Guidelines for the Care and Use of Laboratory Animals and approved by the
Committee for Animal Experiments of the University of Groningen.

Intravital microscopy

Figure 1 shows the experimental system used for the measurements. It consisted of a pencil
video microscope with a corn shaped lens (optical magnification 3.5x) and a CCD camera
(Nihon Kohden, Tokyo, Japan), a micromanipulator, a xenon light source (LB-18; Welch
Allyn, Tokyo, Japan), a monitor (KLV-17HR1; Sony, Badhoevedorp, the Netherlands), a
DVD recorder (RDR-GX7), and a computer for image analysis. The lens was fitted with a
12.7 mm greyscale CCD image sensor (XC ES55L; Toshiba, Tokyo, Japan) at the focal
length (200 mm) of the lens). A green filter to complement red was placed in front of a
CCD image sensor to enhance the contrast on the monitor between vessels and peripheral
tissue. The CCD image sensor was connected to the camera module (DC700;Sony, Tokyo,
Japan) and images were recorded as stacked image film (60 frames/min). The final spatial
resolution of the video microscope was confirmed to be 0.86 mm with an electrical
magnification of 520x. The scale of the captured video image was 752 x 582 pixels on the
display, which allowed us to monitor only one glomerulus and its region in each
experimental protocol.

Analysis of vascular diameters
Images at each measurement were captured as a stack of 60 frames using an image capture

board (LG-3; Scion Computer Service, Frederick, Maryland, USA) installed on the image
analysis computer. At least 3 clear frames, which were not influenced by respiration and
heartbeat, were selected from the 60 frames in the captured stacks and analysed. To
measure afferent and efferent diameters, image software (Scion Corporation, Frederick,
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Maryland, USA) was used. Diameters were measured after calibration of the number of

pixels (scale 2.42 pixels per pm).

{ control unit — VCR l_‘

CCD
camera

green
filter

Xe light source

cone
lens

kidney

Figure 1. Schematic picture of experimental of intravital microscopy consist of pencil video
microscope with corn shaped lens, micromanipulator, xenon light source, monitor a DVD recorder
and computer for image analysis. Schematic picture adapted from Yamamoto et al ¥’

Experimental protocol

The infusion protocol is shown in Figure 2. Rats were randomly divided into two groups:
an experimental group, which received an angiotensin II infusion (n=16) during the
administration of doxorubicin, and a control group which received a saline infusion (n=14).
One day before the intravital experiment was performed, rats were individually housed.
Before the experiment started, the rats were anesthetized with isoflurane/O, (2.5%
isoflurane; Pharmachemie BV Haarlem, The Netherlands) to insert a shunt (BD Insyte-W
24 GA 0,75IN — 0,7x19 mm) in the tail vein. This shunt was used to administrate a bolus
injection of sodium-pentobarbital (36 mg/kg; University Medical Centre Groningen
Pharmacy, the Netherlands) after volatile anaesthetics were stopped and the animal started

to show reflexes. If necessary, pentobarbital was re-administered to maintain a constant

Chapter 3 - renal vascular function predits damage in adriamycine model



46

level of anesthesia. During the experimental protocol the shunt was also used for bolus
injection of doxorubicin. The operation region was anaesthetised with lidocain (20 mg/ml;
Fresenius Kabi).

The carotid artery was cannulated for measurements of systolic blood pressure (SBP),
diastolic blood pressure (DBP), mean arterial blood pressure (MAP) and heart rate (HR),
which were recorded using a pressure transducer (Edwards Life sciences S.A., Saint-Prex,
Switzerland) and an amplifier (model AP641G; Nihon Kohden, Tokyo, Japan). The jugular
vein was cannulated for saline (control group) or angiotensin Il (experimental group)
infusion. To measure renal blood flow (RBF) and to carry out in vivo imaging of vascular
diameter the abdomen was opened by midline incision. The left renal artery was exposed
and an ultrasonic flow probe (model 1RB; Transonic Systems, Ithaca, New York, USA)
was placed around it. RBF was continuously registered with a flow meter (model T106;
Transonic Systems).

To expose glomeruli, the capsule of the renal cortex was removed, and a small slice of the
renal surface was removed (maximum depth 0.5 mm) using a scalpel. The tip of the pencil-
probe charge coupled device (CCD) video microscope was guided to the bottom of the
excision. Superficial glomeruli in which the afferent and efferent arterioles could be
visualized without affecting the blood flow were used for the experiment. One glomerulus
per left kidney, in which the entire protocol could be completed, was monitored (Figure 1).

The protocol outline is presented in Figure 2. It consisted of a baseline of 10 minutes saline
infusion. Then, angiotensin Il infusion (30ng/kg/min; Bachem Bioscience) was started in
the experimental group or the saline infusion continued in the control group. After 5
minutes, a doxorubicin injection (1.75 mg/kg; Doxorubin, Pharmachemie BV Haarlem, the
Netherlands) was administered to both groups to induce renal damage. To determine acute
effects of doxorubicin administration, the rats were monitored for 15 minutes following the
bolus injection. After this period, the angiotensin Il infusion was switched to saline, and
both groups received saline infusion until the end of surgery.

Follow-up measurements of proteinuria and blood pressure

To evaluate the results of the protocol, proteinuria was measured in samples of 24-hours
urine collected using metabolic cages on a weekly basis for 6 weeks. The urinary protein
excretion was determined by nephelometry (Dade Behring Il1l, The Netherlands). Weekly
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systolic blood pressure measurements were carried out in conscious animals with tail-cuff
plethysmography (1ITC Life Science, Woodland Hills, CA).

baseline - (saline)

Angiotensin Il / saline infusion first 5 min. of exp.

ANG ll/saline (i)
2-1 min. before adriamycine

L
N
I:l ANGlI/saline - (adria)
[]

1-5 min. after adriamycine

ANGlI/saline (i)
6 - 10 min. after adriamycine

start start ANGII  adriamycine end
t=-10min t=-5 injection t=10min

Figure 2. Schematic overview of the infusion protocol. Baseline measurements were taken when both
groups received a saline infusion and was measured during the first 5 minutes of the experimental
protocol. At time point “start ANGII infusion”, the infusion of ANGII was started in the experimental
group. During this period the control group continued with the saline infusion. Measurements of this
period (ANGII/Saline i) were taken during the period 2 minutes before the injection of doxorubicin
(adria). During time period “ANGII/Saline (adria)”, the acute systemic effect of doxorubicin was
measured. A few minutes before the end of the protocol, the longer effect of ANGII was measured
(ANGII/Saline ii).

Statistical analysis

Results are expressed as mean + SEM. Differences between the time periods were
calculated and for comparisons a paired—sample t-test was performed (SPSS, Inc., Chicago,
IL, USA). The relationships between measured parameters were calculated using
Spearman’s nonparametric correlation. Differences were considered significant at p<0.05.

Results

Acute changes of hemodynamic parameters and renal blood flow

Figure 3 shows the relative changes of the hemodynamic parameters at the different time
points during the experimental protocol. To assess the ANGII-response in the experimental
group, hemodynamic parameters were compared between baseline and the period before
doxorubicin administration. ANGII infusion significantly increased systolic and diabolic
blood pressure and reduced RBF (Figure 3), both compared to its own baseline (p<0.05)
and to the control group (p<0.001). Heart rate was unaffected by ANGII infusion (Table 1,
Figure 3). Injection of doxorubicin did not change any of these parameters either in ANGII
or saline infused rats (Figure 3).
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Figure 3: Relative changes (%) of hemodynamic parameters between different time
periods (as shown in figure 2). Relative changes between different points are shown for:
baseline vs. the period before the injection of doxorubicin (adria; A) to show the effect of
ANGII infusion only, the period before adria versus the period after adria (B) to show the
acute effect of adria, baseline versus ANGII/Saline (i) to show the short effect of ANGII (C)
and baseline versus ANGII/Saline (ii) to show the effect of longer ANGII infusion (D).

Data are presented as mean + SEM; * p<0.05.
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Table 1. Hemodynamic parameters during intravital microscopy. SBP- Systolic Blood
Pressure (mmHg), DBP - Diastolic Blood Pressure (mmHg), MAP- Mean Arterial Pressure
(mmHg), HR- Heart Rate (beats per minute, bpm), RBF- Renal Blood Flow (ml/min). Data
are presented as mean + SEM;  p<0.05 versus baseline of the same group; ® p<0.05 versus
control group at the same point

Experimental group (ANGII n=16)
Baseline ANGII (before) | ANGII (adria) | ANGII (after)
SBP | 137.1+3.4 | 159.7+6.1*° | 1554 +4.7*" | 154.0 +4.7°"
DBP | 113.1+32 | 130.3+4.4* | 1264+4.1* | 126.0+4.0*"
MAP | 1250+32 | 146.1+50% | 140.5+4.0*" | 139.3+3.9*
HR | 374.6 £11.3 379.3+15.9 370.1+15.3 372.0+15.3
RBF | 7.9+05 5.3+0.4% 5.0 +0.3* 51+0.2%
Control group (Saline n=14)
Baseline Saline (before) | Saline (adria) | Saline (after)
SBP | 142.3+3.38 1408 +4.1 1385+ 3.8 138.9+£3.9
DBP | 115.6+4.1 113.5+£4.0 110.1£4.0 1114 +£3.7
MAP | 129.4+3.8 127.6 +3.6 1248 + 3.6 1252+ 35
HR | 345.3x124 3435121 335.7+£ 135 340.0 £ 13.6
RBF 7.3+£0.8 74+£0.8 7.6+0.8 75+£0.8

Intravital microscopic analysis of afferent and efferent glomerular arterioles

To evaluate glomerular vascular function, changes in the diameter of afferent and efferent
arterioles were assessed (Figure 4). ANGII infusion induced a significant contraction of
both afferent and efferent arteriole, which was of similar magnitude (Figure 4A, B). There
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was no significant change in diameter of glomerular arterioles in the control group during
the same time period (Figure 4A, B).

A B
afferent arteriole efferent arteriole
14 14 -
1 . control
12 . 121 — All
10 1 10 1
8 > =
g e’ :
6 = 6
4 A 4
21 2 |
0 0

Figure 4. Relative changes (%) in the A) afferent and B) efferent glomerular arteriolar
diameter after saline (control group) and ANGII infusion. Data are expressed as mean *
S.E.M. *p<0.05

To assess whether there was a relation between RBF and vessel width of either glomerular
arteriole, correlation tests were performed. At baseline, a significant positive correlation
was found between the diameter of the afferent glomerular vessel and RBF (Fig. 4C). In
contrast, no correlation was found between RBF and efferent glomerular vessel diameter

(Fig. 4D).
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Figure 4. Relationship between basal RBF and basal diameter of C) afferent arteriole D)
efferent arteriole.
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Further, the effect of ANGII infusion on the relationship between arteriolar diameter, RBF
and blood pressure was assessed. Constriction of afferent arteriole after ANGII infusion
positively correlated with decrease of RBF (r = 0.576, p = 0.01, Figure 4.E), but no
relationship was observed between efferent arteriole constriction and RBF (r = 0.211, p =
NS, Figure 4.F). Furthermore, no relationship was observed between the change on afferent
(r = 0.235, p = NS, Figure 4.G) or efferent arteriole (r = 0.162, p = NS, Figure 4.H) with
change in SBP after ANGII infusion. Similarly, no significant correlations were found
when absolute changes in RBF or vascular diameter were plotted against proteinuria (data
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not shown).
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Figure 4.E) Relationship between change of RBF and change of afferent and F) efferent arteriole
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arteriole after ANGII infusion.
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Prediction of development of renal failure

As shown in Figure 5A, saline and ANGII infused animal groups gradually developed
proteinuria after doxorubicin injection, and no statistical difference was found between
ANGII infused and saline infused rats. Furthermore, there were no significant changes or
differences in SBP in the saline and ANGII groups during the 6 weeks follow up (Fig. 5B).
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Figure 5A: Proteinuria and B) systolic blood pressure during 6 weeks follow up. Data are presented
as mean + SEM

To corroborate previous data indentifying that baseline RBF predicts development
subsequent doxorubicin induced renal damage®®, a correlation was made of baseline RBF
and proteinuria in saline infused animals (Figure 6A). Indeed, a positive correlation was
found (r = 0.580, p<0.05). A similar analysis was performed in the group infused with
ANGII during doxorubicin administration. Surprisingly, a positive correlation existed
between the decrease of RBF upon ANGII infusion and proteinuria at week 6 (r = 0.459, p
= 0.05). Similarly, a positive correlation was found between the reactivity of afferent
arteriole to ANGII and proteinuria at 6 weeks (Figure 7A, r = 0.538, p = 0.031). In contrast,
no relation was found between efferent arteriole and proteinuria at week 6 (r = 0.09, p = NS,
Figure 7B). Similar correlations were obtained if area under the curve of proteinuria was
used rather than proteinuria at week 6 (data not shown).
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Figure 6A. Correlation analysis between individual values of basal renal blood flow (RBF) and
proteinuria at week 6 in saline infused rats. Figure 6B Correlation analysis between individual values
of change in renal blood flow (RBF) and proteinuria at week 6 in ANGII infused rats.
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Figure 7. Correlation analysis between individual values of change in A) afferent, B) efferent
arteriole and proteinuria in ANGII infused rats.
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Discussion

This study shows that in vivo measurement of vascular performance of glomerular arteries
predicts the development of proteinuria after doxorubicin-induced nephrosis. Moreover, we
corroborate data that baseline RBF negatively correlates to development of proteinuria after
subsequent administration of doxorubicin. Surprisingly, infusion of ANGII during the
administration of doxorubicin, while substantially lowering RBF, did not limit the
development of proteinuria in this model.

Infusion with ANGII induced a significant increase in all hemodynamic parameters except
heart rate due to systemic vasoconstrictor effects'®. While in the literature ANGII was
reported to induce mainly vasoconstriction of the efferent arteriole®®
differences between afferent and efferent arteries. This seems not due to an experimental
artefact, as we found a consistent correlation between the diameter of the afferent arteriole
and RBF, both at baseline and during ANGII infusion. In accord with our observations,
Matsuda et al. found no differences in afferent and efferent arteriole contractility of canine
superficial nephrons using the same visualising technique and approach as we did®.
Nevertheless, they observed a larger respond to ANGII of efferent arteriole in (deeper)
juxtamedullary nephrons. Thus, a possible explanation may be regional differences in
response of glomerular vessels. Alternatively, the discrepancy between the observations
may be explained by different experimental approaches, which may confound interpretation
of the reactivity of glomerular arterioles. Nevertheless, the technique we used seems the
less invasive compared to other techniques used to visualize glomerular vasculature.

, we did not observe

The present study was performed to test the concept of predictive value of in vivo renal
vascular function on the development of renal damage. Indeed, a positive correlation
between baseline diameter of the afferent glomerular arteriole and the proteinuria was
found. Moreover, afferent glomerular diameter inversely correlated to RBF. Thus our study
confirms previous data showing that high baseline RBF correlated to excess renal damage.
Further, our study suggests that vasotonus of the afferent arterioles is of importance to
control RBF. Finally, our study extends the concept of predictive capacity of renal vascular
function on renal damage to in vivo measurements, as previous from our laboratory
showing a similar relation in doxorubicin nephrosis, 5/6 Nx and unilateral Nx with
myocardial infarction employed interlobar arteries measured ex vivo #2332,
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A second aim of the study was to determine whether an ANGII induced increase in vascular
diameter, and subsequent decrease in RBF, during doxorubicin infusion limits subsequent
renal damage. Surprisingly, ANGII did not affect development of proteinuria, despite a
substantial lowering of RBF during the infusion. These data are in contrast to experiments
by Ochodnicky et al., demonstrating a limitation of doxorubicin induced damage when
animals were infused with L-NAME during induction of damage'®. Notably, the reduction
of RBF was similar in ANGII infusion (-32%) and L-NAME infusion (-22%). Thus, an
insufficient reduction of RBF does not seem a plausible explanation for the lack of ANGII
efficacy in limiting renal damage. Another possible explanation for the difference of effect
of reduction RBF by ANGII and L-NAME might be the longer lasting RBF reduction after
NO synthase inhibition, compared to the short-lived effects of ANGII infusion. However,
as only a 12 min. obstruction of blood flow to the kidney following doxorubicin injection is
needed to completely shield the kidney from doxorubicin induced damage®, this
explanation also seems unlikely. Thus, it seems that the beneficial effects of ANGII
infusion in lowering RBF are offset by a negative effect of ANGII. Possibly, the generation
of reactive oxygen species by ANGII induced activation of NADPH oxidase? amplifies the
oxidative damage by which doxorubicin contributes to cellular damage®’. Unfortunately, no
further data are available on ANGII infusion or RAAS inhibition during doxorubicin
injection.

Doxorubicin (Adriamycin) is a commonly used agent to treat cancers in humans. It has
some serious adverse effects, especially organ toxicity, which in humans primarily
manifests in the heart. The implication of our study is that should reduction of organ blood
flow be employed to limit organ toxicity of doxorubicin chemotherapy, the vasoconstrictive
agent should be chosen carefully.

In conclusion, we extended the concept that baseline vessel tone predicts the susceptibility
to the infliction of renal damage to in vivo measurements of baseline glomerular diameter.
Moreover, reduction in RBF by ANGII infusion during the infliction of renal damage does
not limit development of kidney damage. The latter may signify that RAAS activation
augments the damaging effect of toxic substances to the kidney.
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Abstract

Introduction: To what extent age-related renal vascular dysfunction is involved in the
development of renal damage is unknown. In the present study, we investigated the effect
of ageing on renal vascular myogenic constriction (MC) in a genetic model of
hypertension-associated renal damage, the Fawn-Hooded (FH) rat. FHL and FHH rats,
which are without and with hypertension and renal damage at a young age, were compared
after ageing to an age of 52 weeks.

Methods: Small renal arteries were isolated from 52 weeks old FHL and FHH rats,
denuded and assessed for MC in a perfused vessel setup. Systolic blood pressure (SBP) and
proteinuria were assessed every 10 weeks. Glomerulosclerosis and glomerular cross-
sectional area were assessed after termination.

Results: Despite a similarly increased systolic BP in both strains at week 52 (166.0 + 5.4
and 169.7 + 5.4 mmHg in FHL and FHH, respectively), FHL rats had significantly lower
proteinuria (48.9 £ 5.6 and 213.4 + 20.7 mg/24h; p<0.05) and FGS (7.9 + 1.5 and 43.5 £
3.9%; p<0.05) compared to FHH rats. FHL renal arteries developed significantly higher
MC compared to FHH (10.9 = 1.4 and 5.1 £ 0.6 % of maximum MC over the whole
pressure range; p<0.05). Cross-sectional area of glomeruli as representation of glomerular
hypethrophy was significantly lower in FHL and inversely correlated with MC. Vascular
responses to phenylephrine and MC in mesenteric arteries were similar in both strains.

Conclusion: Preservation of MC in renal arteries of the ageing FHL rat developing
hypertension protects their kidneys from damage.
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Introduction

Ageing is one of the most commonly found determinants of hypertension. When
hypertension persists, functional and structural changes of several organs occur. In the
kidney, which is highly sensitive to changes in systemic pressure, this may lead to renal
damage.

Ageing is also associated with a decline in vascular function, which may be permissive in
conveying hypertension associated end organ damage’. We recently established that renal
vascular function in healthy animals predicts the renal damage after subsequent induction
of kidney disease. These data showed that the better the endothelial dilatory function of
small renal arteries, the less renal damage occurs in two renal damage models of
hemodynamic origin, i.e., the hypertensive 5/6™ nephrectomy model® and the model of
proteinuric cardio-renal interaction®. Thus, proper vascular function seems to play an
essential role in protecting the kidney from damage in different models of renal failure.
Myogenic constriction (MC) is an important component of blood flow autoregulation and
represents a mechanism regulating peripheral resistance. With an increase vascular
transmural pressure, a contraction of vascular smooth muscle occurs, resulting in decreased
vessel diameter and increased flow resistance. The precise mechanism of generation of MC
is not yet fully known, but several pathways have been implicated®’. Myogenic constriction
is altered in several diseases. In rat, increased MC of mesenteric artery was found in
chronic heart failure®®, while MC was reduced in animals with hypertension and chronic
renal failure (CRF)™. Moreover, in humans, studies in small arteries isolated from gluteal
fat biopsies from patients with type 2 diabetes mellitus show impaired MC™. In the kidney,
MC serves to protect against transmission of high blood pressure into glomerulus, thus
preventing glomerular hypertension. Renal interlobar arteries of the Fawn-Hooded
Hypertensive (FHH) rat exhibit a diminished MC already at young age, preceding renal
impairment and hypertension. Along with elevation of blood pressure in the FHH rat, renal
damage starts to develop'. Taken together, these data suggest that preservation of vascular
myogenic function of renal vessels in hypertension might be of prime importance to shield
the kidney from glomerular changes and ultimately, CRF.

To explore whether renal damage in ageing associated hypertension is dependent on the
integrity of MC of renal arteries, we studied 2 strains of the Fawn-Hooded rat. The Fawn-
Hooded Hypertensive (FHH) rat is a genetic model of hypertension-associated renal failure,
which develops systolic hypertension, proteinuria and glomerulosclerosis (FGS) already at
a young age®™. Previous studies showed that elevated glomerular pressure as a result of
impaired renal autoregulation of the FHH rat* precedes the development of glomerular
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injury*>*". mainly due to impairment of renal MC. In contrast, the genetically similar Fawn-

Hooded Low blood pressure (FHL) control strain does not develop hypertension or renal
damage at a young age. Here we show that during ageing, both FH strains develop similar
hypertension at 52 weeks of age. In FHL, MC was preserved and rats did not developed
overt proteinuria or FGS. In contrast, FHH displayed impaired MC of renal arteries and
development substantial proteinuria and FGS.

Materials and methods

Animals

Experiments were performed on 52 weeks old male FHL (n=8) and FHH (n=7) rats
(FHH/Eur and FHL/Eur). Animals were obtained at an age of 9 weeks from Erasmus
University Medical Centre (Rotterdam, The Netherlands) and housed under standard
conditions at the animal facilities of the University of Groningen. Rats had free access to
food and drinking water throughout the study. All animal experiments were conducted in
accordance with the NIH Guide for the Care and Use of Laboratory Animals and approved
by the Committee for Animal Experiments of the University of Groningen.

Blood pressure
Systolic blood pressure (SBP) was measured in trained, awake restrained animals by means
of the tail-cuff method (I1TC Inc, USA) as described previously*®®,

Proteinuria
Urinary protein excretion was determined by nephelometry (Dade Behring I, The
Netherlands) by placing the rats in metabolic cages for 24 h as described previously*®.

Clinical chemistry

Plasma and urine creatinine was measured by means of a photometric assay with the Jaffé
method without deproteinization (DiaSys Diagnostic Systems, Holzheim, Germany) as
described previously °*%,
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Renal histology

Glomerulosclerosis — PAS staining

Paraffin embedded kidneys were cut in 3 um sections and stained with periodic acid Schiff
(PAS) and the incidence of focal glomerulosclerosis (FGS) was microscopically evaluated

according to standard procedures as described previously'.

Glomerular morphometry — glomerular cross-sectional area

Glomerulal cross-sectional area was assessed on PAS stained sections. The cross-sectional
areas were determined on 50 consecutive glomerular profiles per rat using computer-
assisted morphometry. Only glomeruli without signs of sclerosis were included in the

analysis.

Vascular measurements

Vascular reactivity of small renal and mesenteric resistance arteries

Small interlobar renal arteries and third-order branches of superior mesenteric arteries were
cleaned from perivascular tissue and transferred to an arteriograph system for pressurized
arteries (Living System Instrumentation, Burlington, VT, USA) as described previously .
Artery segments were cannulated on glass micropipettes and the vessel chamber was
continuously recirculated with warmed (37°C) and oxygenated (5% CO, in O,) Krebs
solution with a pH of 7.4. An inverted light microscope attached to a video camera and
video dimension analyzer was used to continuously register lumen diameter and thickness

of the arterial wall.

Myogenic reactivity of small renal and mesenteric resistance arteries

Intraluminal pressure was set at 60 mmHg and arteries were allowed to equilibrate for 45
minutes and checked for smooth muscle viability by a single dose of phenylephrine (PE,
3x107 mol/L). To exclude role of endothelium in myogenic tone regulation, endothelium
was removed by perfusing of arterial segment with 5 ml of air. Removal was confirmed by
absence of dilative response to acetylcholine (ACh; 3x10™ mol/L) following sub-maximal
preconstriction with phenylephrine (PE, 3x10” mol/L). Following a wash out, intraluminal
pressure was decreased to 20 mmHg and myogenic reactivity was studied by obtaining
active pressure-diameter curves over a pressure range of 20-160 mmHg in steps of 20
mmHg. Each pressure step was maintained for 5 minutes to reach the stable contractile
response. Thereafter, calcium containing Krebs solution was exchanged for calcium-free
Krebs solution supplemented with ethyleneglycol-bis-(b-aminoethylether)tetraacetic acid
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(EGTA, 2 mmol/l) and passive pressure-diameter curves were obtained over the same 20-
160 mmHg pressure range.

Vascular reactivity of renal arteries to PE

To assess whether changed MC is not due to a generally lowered contractility of smooth
muscle, vascular contractility of renal arteries was assessed by constructing dose-response
curves by adding increasing dose of phenylephrine PE to recirculating bath (3x10”° — 1x10™

mol/L) and intraluminal diameter was continuously recorded.

Solutions and drugs

Vessel segments were perfused with Krebs solution of the following composition (in
mmol/L): NaCl 120.4, KCl 5.9, CaCl2 2.5, MgCI2 1.2, NaH2PO4 1.2, glucose 11.5,
NaHCO3 25.0). All other compounds were purchased from Sigma (St. Louis, MO, USA).

Data analysis

Data are expressed as mean + SEM. To characterize myogenic responsiveness, the
following parameters were calculated from the pressure-diameter curve of each individual
artery: Myogenic constriction was expressed as percent decrease in active diameter from
the maximally dilated (passive) diameter determined at the same pressure in calcium-
free/EGTA solution, i.e., MC (%) = 100 [(DCa-free — DCa)/DCa-free], where D is the
diameter in calcium-free (DCa-free) or calcium-containing (DCa) Krebs. For every
individual artery, maximal myogenic tone of every segment was determined as the maximal
value over the studied pressure range. Active tension in the vascular wall was calculated
from measured active and passive vessel diameters using the following equation®’:

T, (dyne/cm) = - 1,333 (dyne/cm” x mmHg) x P x (DCa - DCa-free) x 10™* (cm/pm).

Where T, is the active wall tension (dyne/cm) and P the transmural pressure (mmHg).
Concentration-response curves to PE were expressed as percentage constriction of basal
diameter. Areas under the curve (AUC) for MC were calculated from pressure curves and
expressed as arbitrary units.

Statistical differences for vascular parameters, proteinuria, systolic blood pressure,
creatinine, and glomerular cross-sectional area were determined by Student’s independent t-
test. The relationships between glomerular cross-sectional area, proteinuria and myogenic
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constriction were calculated using Spearman’s nonparametric correlation (Sigma plot,
SPSS Inc., Chicago, IL, USA). Differences were considered significant at p<0.05 (two-
tailed).

Results

Systolic blood pressure — time course

Systolic blood pressure (SBP) was assessed at various ages in FHH and FHL, which is
shown in Figs. 1A and 2A. At the age of 10 weeks, SBP values were not significantly
different at 120 mmHg in FHH and FHL. Systolic blood pressure rose to a similar level at
52 weeks of age and did not differ among the FHH and FHL rats, reaching values of 169.7
+ 5.4 and 166.0 = 5.4 mmHg for FHH and FHL, respectively (Fig. 1A, 2B). Thus, ageing
induced hypertension in FHL. In between, the increase in FHH was steeper and blood
pressure was significantly higher in FHH compared to FHL at 20, 30 and 40 weeks of age
(Fig. 2A).

Proteinuria — time course

The time course of proteinuria is shown in Fig. 2B. At an age of 10 weeks, there was no
significant difference in proteinuria between FHH and FHL. Thereafter, proteinuria rose
steeply in FHH and was significantly higher compared with FHL at all ages including at 52
weeks, then reaching about 200 mg/24h in FHH compared with 45 mg/24h in FHL (Fig.
1B).

Renal damage

At 52 weeks, FHH rats had developed excessive renal failure compared to FHL,
characterized by an increased plasma creatinine (34.0 + 3.6 and 19.2 + 0.9; p<0.05; Fig.
1C), increased proteinuria (213.4 + 20.7 and 48.9 + 5.6 mg/24h FHH vs. FHL, p<0.05;
Figure 1B, 2B) and a significantly higher FGS (43.5 + 3.9 and 7.9 + 1.5 %; p<0.05; Fig. 1D)
compared with FHL rats.
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Figure 1. Parameters of FH rats at 52 weeks of age. A) systolic blood pressure (mmHg) and B)
proteinuria (mg/24h) C) plasma creatinine (umol/L ) and D) % incidence of focal glomerulosclerosis
(FGS) studied on 52 weeks old FHH ( black bars ) and FHL ( empty bars ) rats.Data are expressed
as mean £ S.EM.. * p<0,05 compared with FHH.
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Figure 2. Development in time of: A) SBP (mmHg) and B) proteinuria (mg/24 hours) during ageing
in FHH and FHL rats. Data are expressed as mean + S.E.M.. * p<0.01 compared with FHH.

Renal artery myogenic constriction

At 52 weeks, pressure induced MC of small renal arteries was significantly higher in FHL
(Fig. 3A and 3B) compared to FHH over a pressure range from 80-120 mmHg, reaching a
maximal myogenic tone of 10.9 + 1.4 and 5.1 = 0.6 % of max. MC in FHL and FHH,
respectively (p<0.05).

The comparison of the relationship between the change in active wall tension and
intraluminal pressure in vessels obtained from kidneys of FHH and FHL is shown in Fig.
3B. Active wall tension (T,) was significantly higher at pressure range 80-120 mmHg in
FHL compared to FHH (T.: 0.44 + 0.05 and 0.16 + 0.05 dyne/cm at 100 mmHg,
respectively; p<0.05). Thus, at 52 weeks of age FHH demonstrates a stronger impairment
of MC in the physiological range of intraluminal pressure than FHL.
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Figure 3. Myogenic constriction in small interlobar arteries of FH rats. A) myogenic constriction
expressed as % of passive diameter. B) T, - active wall tension on studied interlobar arteries isolated
from 52 weeks old FHL and FHH rats.Data are expressed as mean + S.E.M. * p<0.05 compared with
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Figure 4. A) myogenic tone expressed as % of passive diameter. B) T, - active wall tension on studied
mesenteric arteries isolated from 52 weeks old FHL and FHH rats. Data are expressed as mean +
S.E.M.. No significant difference were observed.
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Mesenteric artery myogenic constriction
In order to explore whether impaired MC is confined to the renal artery or a generalized

phenomenon throughout the peripheral vasculature, MC was also assessed in mesenteric
arteries of rats aged 52 weeks. Small mesenteric arteries developed MC dependent of the
intraluminal pressure applied to the vessel. MC did not significantly differ between FHL
and FHH over the whole pressure range (Fig. 4A, 5B). Active wall tension (T,) of the
studied mesenteric arteries did not significantly differ between the experimental groups (Fig.
4B) over the whole pressure range (T,: 0.11 + 0.03 and 0.09 £ 0.02 dyne/cm at 100 mmHg
in FHL and FHH, respectively), highlighting the difference between the mesenteric and the
renal artery.

Contractile properties of renal arteries to phenylephrine (PE)

To determine whether lowered myogenic contractility of renal arteries from FHH is due to
generally lowered ability of arteries to constrict, dose-response curves for PE were
constructed. As shown in Fig. 5, there was no significant difference between the groups,
suggesting that impaired MC in FHH cannot be explained by the impairment of overall
contractile ability of the artery.
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Figure 5. Dose-response curve for phenylephrine (PE) obtained from interlobar arteries, isolated
from 52 weeks old FHL and FHH rats. Data are expressed as mean + S.E.M.. No significant
difference observed.
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Glomerular morphometry

To determine whether hypertension affected glomerular structure (glomerular hypertrophy),
we assessed cross-sectional area of glomeruli without FGS, as an early marker of
glomerular injury that leads to sclerosis, in both FHL and FHH kidneys. As shown in Fig.
6A, the glomerular cross-sectional area in FHL kidneys was significantly smaller compared
to FHH (12679 + 388 and 16746 + 875 um?; p<0.01), representing a 30% increase in cross-
sectional area in FHH compared to FHL.

Correlation analysis

To confirm the protective role of MC in glomerular/renal protection, we analyzed the
relationship between cross-sectional area of non-sclerotic glomeruli and MC (Fig. 6B). In
FHL, a significant correlation was found of glomerular cross-sectional area with MC

(inverse correlation: 1’=0.5971; p<0.01), whereas such correlation was absent in FHH.
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Figure 6. Crossectional area of glomeruli and relation to myogenic constriction in 52 weeks old FH
rats. A). The cross-sectional area (um?) of measured glomeruli from histologically processed kidney
samples isolated from 52 weeks old FHL and FHH rats. Figure 6B) Correlation between individual
values in 52 weeks old FHL and FHH rats of glomerular cross-sectional areas (um’) and MC
expressed as AUC calculated from % of passive diameter. Data are expressed as mean = S.E.M.. *
p<0,05 compared with FHH.
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Discussion

The current study in the ageing Fawn-Hooded rat demonstrates that the FHL rat, which is
normotensive at a young age, develops hypertension with age which is accompanied by
significant urinary protein loss and FGS. Surprisingly, although of similar genetic make-up
as the FHH rat, which develops hypertension and renal damage at a younger age, the FHL
rat does not display renal damage when blood pressure rises. In addition, we found a
significantly higher myogenic constriction (MC) of isolated renal arteries in FHL compared
to FHH in the physiologic pressure range, whereas such difference was absent in
mesenteric arteries. The preservation of renal MC most likely protected the FHL kidney
from systemic increases in blood pressure being transferred to the glomerulus. Previously,
it was shown that increased intraglomerular pressure due to impaired autoregulation leads
to renal damage in the young FHH rat?. In the current study, we found support for this
view by demonstrating that intact glomeruli of the FHL rat have a smaller cross-sectional
area and that there is a significant inverse correlation of MC with glomerular cross-
sectional area. We conclude that preservation of renal MC protects the aged FHL rat from
the development of renal damage. In other words, a patent MC protects from development
of renal damage when ageing related hypertension arises.

Intact myogenic tone protects from renal damage

Results from the current study suggest that preserved MC of intrarenal arteries protects the
kidney from age related hypertensive damage in the FHL rat. The limited data available on
blood pressure in the interlobar arteries? suggest that pressure in the renal artery of the rat
is almost equal to mean arterial pressure. With a mean arterial pressure of FHL rats in our
study at 122 + 2 mmHg, it is conceivable that MC of FHL arteries is sufficient to protect
glomeruli from elevated systemic pressure. In concordance with this is the observation that
a limited increase in systolic blood pressure by pharmacological intervention to 160 mmHg
in FHL does not induce renal damage, while at a further increase of systolic blood pressure
to around 200 mmHg severe renal damage occurs®®. Data from the spontaneous
hypertensive rat (SHR) substantiate our hypothesis that a patent MC protects the kidney
from hypertensive damage. It is well established that SHR rats develop very high systemic
blood pressure without signs of renal damage, suggesting that preglomerular vessels exhibit
abnormally high MC. Indeed, Ito et. al., showed SHR afferent glomerular vasculature to
display extremely high MC, protecting the SHR kidney from transferring the high systemic
pressure into the glomerular capillary network despite high renal perfusion pressure®. In
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contrast, Daneshtalab et. al. showed that the stroke prone SHR (SHRSP) rat displays loss of
MC in cerebral flow autoregulation during hypertension, facilitating cerebral
hyperperfusion and hemorrhage in SHRSP .

Nonetheless, the importance of MC in renal protection is obvious from the FHH rat, where
a decline of renal MC precedes renal damage and only once hypertension occurs renal
damage starts to develop. Collectively, these data strongly suggest the importance of renal
MC in protection of the kidney against hypertension.

Intrinsic protective mechanism of renal vascular bed of FHL

It is clear from the present study that the impact of hypertension on MC differs among the
studied vascular beds. While we observed preserved MC in the renal arterial bed in FHL,
MC of mesenteric arterial segments did not differ between the two strains. Moreover, MC
in mesenteric artery in aged rats was diminished in both strains when compared to younger
age under similar conditions*?. This might indicate that the renal vascular bed of FHL has
an intrinsic mechanism protecting it from loss of MC in the presence of hypertension. The
nature of MC is largely unknown; especially the mechanotransduction is still not yet fully
explored. Several mechanosensitive ion channels, transient receptor potential channels
(TRPC), integrins and other ion channels have been implied to play a role, and it seems that
these mechanisms are specific for different vascular beds. The signalling of MC
downstream of mechanotransduction share pathways with for instance the alpha adrenergic
receptor (activation of PLC, IP3/DAG, PKC, Ca*" sensitization)”**?’. Because PE mediated
constriction did not differ between FHL and FHH, it seems conceivable that a disruption in
the mechanotransduction underlies the impaired MC in the renal vascular bed of FHH.
Also, the decreased MC in FHH seems not due to a lowered general ability of arteries to
constrict as evidenced by similar PE curves in both strains. Furthermore, we exclude the
endothelium as a possible influence, since this layer was removed from the renal arteries
studied. This suggests that the vascular smooth muscle component of vascular regulation is
predominantly involved in protection of the FHL Kkidney against increases in
intraglomerular pressure.

Myogenic constriction is related to glomerular surface area

Once failure of renal autoregulation in hypertension leads to glomerular hypertension,
enlargement of glomeruli (glomerular hypertrophy) occurs as an early marker of renal
failure onset”®?. Indeed, glomerular cross-sectional area of FHL kidneys was about 30%
lower compared to FHH. The correlation observed between glomerular cross-sectional area,
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MC and proteinuria further supports our hypothesis that a patent renal MC protects from
transferring the systemic pressure into the kidney. The interlobar arteries used in this study
are not the same as the glomerular afferent and efferent arteriole and their contribution to
renal autoregulation and preglomerular resistance is thought less important. However,
despite the relationship between loss of myogenic tone and glomerular enlargement, we
cannot discriminate whether patent preglomerular artery function precludes glomerular
damage, or that change in the interlobar artery reflects similar changes in glomerular
arterioles.

Tubuloglomerular feedback

Since we did not examine tubuloglomerular feedback (TGF), we cannot exclude it as other
possible (autoregulatory) mechanism that might have protected glomeruli in FHL rats.
Nevertheless, in FHH rat TGF seem to be intact®, therefore suggesting a minor role in renal
damage in this particular model. Together with previous findings, this suggests that
myogenic constriction plays a dominant role in renal protection against hypertension in the
FH rat.

Blood pressure and the susceptibility to renal damage

Although only a minority of hypertensive patients develops CRF*, African-Americans with
hypertension have a 16-fold higher risk to develop renal failure than hypertensive patients
of Caucasian decent®, indicating that the susceptibility to develop CRF has a genetic
background. The genetic background of CRF in FH rats has been partly elucidated; several
quantitative trait loci (QTLs) have been linked to hypertension and CRF in FHH.
Proteinuria QTLs, such as Rf-1 through Rf-5 have been shown to be involved in the
pathogenesis of CRF, independent of systolic blood pressure QTLs (Bpfh-1, Bpfh-2)®.
Thus FHH, displaying HT and renal failure susceptibility, represent a unique model of
hypertension associated CRF. However, comparison of the FHH and FHL genotypes
showed that markers flanking alleles of the Rf-1 region were identical in both strains?*. This
indicates that the mutation in Rf-1 gene is likely to be also present in the FHL strain.
Consequently, challenging the FHL with an increase in blood pressure, -either
spontaneously (age; this paper) or induced (L-NAME?®), is a relevant model of
hypertension in the setting of susceptibility to renal failure.
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Conclusion

In the present study, we show that despite age-related hypertension, FHL rat do not develop
renal damage. The renal protection in FHL is most likely due to the preservation of
myogenic constriction of renal arteries, thus limiting glomerular distention and damage.
Taken together, we provide evidence for our hypothesis that impaired MC of the renal
vasculature precedes and determines the development of renal damage.
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Abstract

Background: Chronic renal failure (CRF) is associated with hypertension, proteinuria, loss
of myogenic constriction (MC) of mesenteric arteries and increased production of reactive
oxygen species (ROS) under experimental conditions. Our previous results showed, that
ACE inhibitor therapy is effective in slowing down the progression. Therefore we wanted
to extend this observation and test whether the inverse AT, receptor agonist losartan was
effective in preventing loss of MC in a rat model of CRF and furthermore we wanted to test
whether acute ROS scavengers could improve MC.

Methods: Rats were 5/6 nephrectomized (5/6 Nx) and treated for 12 weeks thereafter with
vehicle or losartan (20mg/kg/day; 5/6Nx+LOS). Upon autopsy, MC of mesenteric arteries
were measured in the presence/absence of tempol and catalase.

Results: Systolic blood pressure and proteinuria in 5/6Nx+LOS was significantly lower
than in the 5/6Nx group. Moreover, MC of 5/6Nx+LOS arteries was significantly increased
compared to the untreated 5/6Nx group (maximum of MC: 32.3 + 6.9 versus 8.9 + 3.8 %
(p<0.01)). Tempol + catalase significantly increased MC in the untreated 5/6Nx group, but
not in the 5/6Nx+LOS group (increase in MC: 59.7 £+ 13.0 (p<0.05) vs 17.0 + 15.1 %).
Conclusion: These results support the role of RAAS and ROS in vascular muscle
dysfunction of systemic vessels in CRF.
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INTRODUCTION

Chronic kidney disease (CKD) is a worldwide health problem and associated with an
increased risk of cardiovascular disease and chronic renal failure (CRF). In both clinical
and experimental conditions, proteinuria(1) and glomerulosclerosis(2) are hallmarks of
CKD leading to end organ failure. Pathological alterations of the vasculature, both in a
functional and structural way(3) vary in intensity depending on the progression of CKD.
The ability of small arteries to constrict with elevated transmural pressure, termed
myogenic constriction (MC), varies in certain vascular beds. MC represents the main aspect
of peripheral resistance, serves as an autoregulatory mechanism to protect organs from
damage and maintains their constant blood supply. The exact mechanism of MC is not yet
completely clarified and several pathways have been suggested to be involved(4;5)(6)
Moreover, MC varies among different arterial beds under different physiological(7) and/or
pathological conditions(8)'(9).

Several animal strains spontaneously develop disturbances in MC. The spontaneously
hypertensive rat (SHR) for instance develops excessive contractile responses in the
renal(10) and peripheral vasculature(11), contributing to elevated peripheral resistance and
high systemic blood pressure. Furthermore, the Fawn-Hooded Hypertensive (FHH) rat
develops hypertension-associated renal damage as a result of an impairment in MC of the
renal afferent vasculature(12), while peripheral vascular beds do not display these
alterations(13).

The induction of organ damage such as chronic heart failure causes an increase in
myogenic response of mesenteric arteries in the rat. In contrast, CRF induced by 5/6
nephrectomy (5/6Nx) causes loss of myogenic response in the same arterial bed. In both
cases, treatment with ACE-inhibitors (ACE-i) reverses altered MC, implicating a role of the
renin-angiotensin-aldosterone system (RAAS)(14;15) , possibly linked to a role of AT,
receptors in the regulation of MC in the systemic vasculature.

Metabolism of oxygen by vascular smooth muscle cells (VSMCs) generates potentially
harmful reactive oxygen species (ROS), including superoxide anion and hydroxyl radicals,
as well as hydrogen peroxide. Under normal physiologic conditions, the extent and rate of
oxidant formation is balanced by the rate of oxidant elimination by antioxidant enzymatic
system, such as superoxide dismutase (SOD) and catalase. SOD converts superoxide

Chapter 5 —loss of myogenic constriction is asociated with oxygen radicals



82

radicals to H,O,, which is in turn converted into water and oxygen by catalase(16).
However, disturbed balance between ROS and antioxidants results in oxidative stress,
which is the pathogenic substrate of vascular damage in various cardiovascular pathologies,
including hypertension, endothelial dysfunction and atherosclerosis(17)(18). Also,
increased superoxide production contributes to reduced NO bioavailability and hence
results in endothelial dysfunction. Nevertheless, pathways of MC are not yet fully
elucidated and therefore the role of ROS in MC also remains uncertain.

Several experimental data indicate that increased oxidative stress contributes to
hypertension in 5/6Nx(19;20). Treatment with tempol, which has a catalytic role in
superoxide dismutation(21) and thus performing a similar reaction as SOD, improves aortic
endothelial function(22;23) of rats that underwent 5/6Nx. Nevertheless, the pathway by
which ROS acutely or chronically contributes to diminished myogenic response in 5/6NXx is
yet unknown.

The aim of the present study was to investigate the chronic effect of the inverse AT;-
receptor agonist losartan on changes in MC of small mesenteric arteries of rats with CRF
induced by 5/6Nx. Blood pressure and proteinuria was monitored weekly during the study.
Twelve weeks after 5/6 Nx, the experiment was terminated and segments of the third order
branch of the mesenteric artery were examined to assess contractile response to pressure in
a perfused vessel set-up. Moreover, to clarify the acute role of ROS in diminished
myogenic response of mesenteric arteries, a combination of tempol and catalase was
applied to the bath, in order to reach complete ROS degradation.

Materials and methods

Animals, surgery and in vivo measurements

Male Wistar rats (250 - 275 g, n=16) were obtained from Harlan (Zeist, The Netherlands)
and housed under standard conditions at the animal facilities of the University of Groningen.
Animals had free access to food and drinking water throughout the study. All animal
experiments were conducted in accordance with the NIH Guide for the Care and Use of
Laboratory Animals and approved by the Committee for Animal Experiments of the
University of Groningen. By laparotomy and under anesthesia with 3% isoflurane in
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N,O/O, (2:1), rats underwent 5/6Nx by removing the right kidney and by ligating two or
three branches of the renal artery of the left kidney, leading to infarction of approximately
2/3 of this kidney. Postoperatively, rats received a subcutaneous injection of diluted
buprenorphin (Temgesic®; 0.01 mg/kg) for analgesic purposes. To achieve maximal
therapeutical response, we administered losartan one week prior to 5/6Nx and therefore one
week before surgery, rats were randomized (based on chance) in two groups: untreated
(5/6Nx, n=8) and treated with losartan (5/6Nx + LOS, n=8). Losartan was dissolved in the
drinking water at a dose of 20 mg/kg body weight/day.

Vascular reactivity of small mesenteric resistance arteries

Small third-order branches of superior mesenteric arteries were cleaned from perivascular
tissue and transferred to an arteriograph system for pressurized arteries (Living System
Instrumentation, Burlington, VT, USA) as described previously(24). Artery segments were
cannulated on glass micropipettes and the vessel chamber was continuously recirculated
with warmed (37°C) and oxygenated (5% CO, in O,) Krebs solution with a pH of 7.4. An
inverted light microscope attached to a video camera and video dimension analyzer was
used to continuously register lumen diameter and thickness of arterial wall .

Myogenic reactivity of small mesenteric resistance arteries

Intraluminal pressure was set at 60 mmHg and arteries were allowed to equilibrate for 45
minutes and checked for smooth muscle and endothelium viability by a single dose of
phenylephrine (PE, 3x10”" mol/l) and acetylcholine (ACh; 3x10®° mol/l), respectively.
Following a wash out, intraluminal pressure was decreased to 20 mmHg and myogenic
reactivity was studied by obtaining active pressure-diameter curves over a pressure range of
20-160 mmHg in steps of 20 mmHg. Each pressure step was maintained for 5 minutes to
reach the stable contractile response. Thereafter, calcium containing Krebs solution was
exchanged for calcium-free Krebs solution supplemented with ethyleneglycol-bis-(b-
aminoethylether)tetraacetic acid (EGTA, 2 mmol/l) and passive pressure-diameter curves
were obtained over the same 20-160 mmHg pressure range.

Alpha; receptor mediated contractility and endothelium-dependent relaxation of mesenteric
arteries:

Following the determination of myogenic curves, intraluminal pressure was set back to 60
mmHg, arteries were washed and stabilized for 20 minutes. Thereafter, dose-response
curves for phenylephrine (PE) were assed by adding cumulative dose of PE (10-8 — 10-
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Smol/L) to the recirculating bath. Subsequently, after washout period arteries were pre-
constricted with PE (10-6 mol/L). Endothelium-dependent relaxation was assessed by
administering cumulative doses of ACh (10-9 - 10-5mol/L) to the recirculating bath in
presence of indomethacin (10-5 mol/L) and indomethacin + L-NMMA (10-4mol/L) to
investigate contribution of NO and EDHF to endothelium-mediated relaxation.

Involvement of ROS in myogenic reactivity and endothelium-dependent relaxation of small
mesenteric resistance arteries

To investigate involvement of ROS in myogenic reactivity and endothelium dependent
relaxation, on a separate arterial segments active pressure-diameter curves and ACh dose
response curves were obtained as mentioned above in presence of tempol (100 umol/l) and
catalase (500 U/ml).

In vivo

Blood pressure

Systolic blood pressure (SBP) was measured weekly in awake restrained animals by means
of the tail-cuff method (IITC Inc, USA). Twelve weeks after 5/6 Nx, the experiment was

terminated and rats were sacrificed.

Proteinuria

Urinary protein excretion was determined by nephelometry (Dade Behring III, The
Netherlands) weekly up to 12 weeks after 5/6 Nx by placing the rats in metabolic cages for
24 h.

Clinical chemistry

Plasma and urine creatinine was measured by means of a photometric assay with the Jaffé
method without deproteinization (DiaSys Diagnostic Systems, Holzheim, Germany) and
creatinine clearance was calculated as:

creatinine clearance = (urine creatinine X urine flow) / (plasma creatinine x bodyweight).

Renal histology
Paraffin embedded kidneys were cut in 3 um sections and stained with periodic acid Schiff
(PAS) and the incidence of focal glomerulosclerosis (FGS) was microscopically evaluated

according to standard procedures as described previously(25).

Chapter 5 —loss of myogenic constriction is asociated with oxygen radicals



Rijksuniversiteit Groningen | 85
Myogenic constriction in renal failure — cause and therapy

Solutions and drugs

Vessel segments were perfused with Krebs solution of the following composition (in
mmol/L): NaCl 120.4, KCI 5.9, CaCI2 2.5, MgCI2 1.2, NaH2PO4 1.2, glucose 11.5,
NaHCO3 25.0). Losartan (Cozaar®) was purchased from Merck Sharp & Dohme BV (The
Netherlands). All other compounds were purchased from Sigma (St. Louis, MO, USA).

Data analysis

Data are expressed as mean £ SEM; n values represent the number of investigated rats as
well as the number of investigated arteries since one artery segment per rat was used for the
same protocol. To characterize myogenic responsiveness, the following parameters were
calculated from the pressure-diameter curve of each individual artery:

Myogenic tone, describing myogenic behavior of an artery at a given pressure, was
expressed as percent decrease in active diameter from the maximally dilated (passive)
diameter determined at the same pressure in calcium-free/EGTA solution, i.e., MC (%) =
100 [(DCa-free — DCa)/DCa-free], where D is the diameter in calcium-free (DCa-free) or
calcium-containing (DCa) Krebs. For every individual artery, segment maximal myogenic
tone was determined as the maximal value over the studied pressure range. Area Under
myogenic tone Curve (AUC) was determined (Sigma Plot, SPSS, Inc.) and expressed in
arbitrary units.

Concentration-response curves to acetylcholine (ACh) were expressed as percentage of
preconstriction to phenylephrine. Concentration-response curves to phenylephrine were
expressed as percentage of constriction to basal diameter.

Statistical differences for vascular parameters, proteinuria, systolic blood pressure,
creatinine, body and organ weights, water intake and urinary output were determined by
Student’s independent t-test. Differences in myogenic tone curves were tested using LSD
post hoc multiple comparisons applied to ANOVA for repeated measures. Differences were
considered significant at p<0.05 (two-tailed).

Results

Animals

Following 5/6Nx, 4 rats prematurely died because of uremia. Consequently, 12 rats
completed the study and were eligible for the full protocol analysis at termination (5/6NXx,
n=6; 5/6 Nx + LOS, n=6). Prior to surgery (week 0) baseline values of body weight, water
intake, urinary output and proteinuria were similar in both experimental groups (Table 1).
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Metabolic parameters
Water intake and urine output were significantly higher in the 5/6Nx group compared to the
5/6Nx + LOS group (Table 1).

Table 1. Clinical characteristics of experimental animals (5/6 nephrectomized (5/6Nx) and 5/6
nephrectomized rats treated with losartan 20 mg/kg (5/6 Nx + LOS) measured before losartan
treatment (week-1), before 5/6 Nx (week 0) and termination (week 12 after 5/6 Nx).Data are
presented as mean + SEM

5/6Nx 5/6Nx + LOS

Body Weight ( g)

week 0 34548 346+6

week 12 449+1 496+1%*
Water intake ( ml/ 24h)

week 0 2743 23+3

week 12 65+7 44+5%
Urine output ( ml/24h)

week 0 10+1 1242

week 12 41+6 2643*
Plasma creatinine ( pmol/L )

week 12 95+16 53+4%
Creatinine clearance
( ml/min/100g body weight )

week 12 4.58+0.69 7.05+0.75%*
Proteinuria (mg/24h)

week 0 2243 25+3

week 12 251+44 104+21*
Systolic blood pressure (mmHg)

week -1 119+3 125+7

week 0 12442 1062+

week 12 154+4 12543%*
Focal glomerulosclerosis (%)

week 12 41.9£13.2 7.74£5.6*
Left ventricle weight (mg/g body weight)

week 12 3.08+0.1 3.06+0.2
Wet kidney weight (mg/g body weight)

week 12 5.940.2 4.1+0.3*

*p<0.05 versus 5/6Nx at the same time point
#p<0.05 5/6Nx + LOS versus week -1
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Blood pressure

Tail-cuff blood pressure was similar at start of the study (week-1),but was significantly
lower before 5/6 Nx in the 5/6 Nx + LOS group (week 0) due to the treatment with losartan.
Furthermore, SBP in the 5/6Nx + LOS group was significantly decreased compared to
untreated 5/6Nx group from week 2 until the end of the study (week 12) (Figure 1A;
Tablel).
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Figure 1A. The development of systolic blood pressure (mmHg) in time before and after the subtotal
nephrectomy. 5/6Nx - 5/6 nephrectomized and 5/6NX+LOS- 5/6 nephrectomized treated with losartan
(20 mg/kg).Data are expressed as mean =S.E.M. * p<0.01 compared with 5/6Nx

Renal parameters

Within 12 weeks after 5/6Nx, animals developed renal failure characterized by increased
proteinuria (Figure 1B), increased plasma creatinine, decreased creatinine clearance, higher
kidney/body weight ratio and significantly higher focal glomerulosclerosis score in the 5/6
Nx group compared to the 5/6 Nx + LOS group (Table 1). Thus, losartan effectively
counteracted development of renal damage and decline of renal function in 5/6Nx rats.
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Figure B1. The development of proteinuria (mg/24h) in time before and after the subtotal
nephrectomy. 5/6Nx - 5/6 nephrectomized and 5/6NX+LOS- 5/6 nephrectomized treated with losartan
(20 mg/kg).Data are expressed as mean +S.E.M. * p<0.01 compared with 5/6Nx

Myogenic constriction
As shown in Figure 2A, the passive diameters of small mesenteric arteries did not differ

between the experimental groups over the whole pressure range, suggesting no apparent
structural changes hampering maximal relaxant ability of the investigated arteries. Small
mesenteric arteries developed myogenic tone dependent on the intraluminal pressure
applied to the vessel.
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Figure 2. A) Diameters of mesenteric arteries in response to stepwise increase of intraluminal
pressure in the presence (circles, active tone) or absence (triangles, passive tone) of extracellular
calcium. B) myogenic tone expressed as % of passive diameter. Studied in (5/6 Nx) and 5/6 Nx rats
treated with losartan 20 mg/kg (5/6 Nx + LOS) 12 weeks after the operation. * p<0,05 compared with
5/6 Nx

Active diameters were significantly higher in the 5/6Nx group over the pressure range of
100-160 mmHg compared with the 5/6Nx + LOS (Figure 2A; Table 2) group.
Consequently, MC expressed as a percent of passive diameters was significantly higher in
the 5/6Nx + LOS group compared to 5/6Nx over a pressure range 60-160 mmHg, reaching
maximal myogenic tone of 32.3 + 7 % and 8.9 £ 4 % in the 5/6Nx + LOS and 5/6 Nx
group, respectively (p<0.01).

Involvement of ROS in diminished myogenic response

To investigate involvement of reactive oxygen species, vascular segments were incubated
with tempol and catalase (TC) in vitro. Acute treatment with TC did not change the passive
diameter of small mesenteric arteries of the groups over the whole pressure range (data not
shown). As shown in Figure 2C, TC induced a significant increase in myogenic constriction
of arterial segments from untreated 5/6 Nx rats (maximal MC: 8.9 £ 4 % in the 5/6 Nx vs
21 £ 4 % in the 5/6Nx + TC (p<0.05) ). In contrast, TC induced a modest, non-significant
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increase in the myogenic constriction of 5/6Nx + LOS group. Consequently, the TC
induced increase in area under curve was significantly larger in the 5/6Nx group compared
with the 5/6Nx + LOS (Table 2, Figure 2D) group.
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Figure 2C myogenic tone expressed as % of passive diameter of mesenteric arteries in presence or
without of tempol (100 umol/l) and catalase (500 U/ml). TC indicates tempol + catalase. D) change
of MC after incubation with T+C expressed as percentage of MC in the absence of TC. * p<0,05
compared with 5/6 Nx. # p<0,05 compared with 5/6 Nx+TC.
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Table 2. Characteristics of myogenic reactivity of mesenteric arteries isolated from 5/6
nephrectomized (5/6Nx) treated or untreated with losartan 20 mg/kg/day (5/6 Nx + LOS). Max MC
(%) means maximum of myogenic constriction over the whole pressure range, expressed as a
percent of passive diameter. TC indicates (+) presence or (-) absence of tempol (100 umol/l) and
catalase (500 U/ml) in perfused Krebs solution. Data are presented as mean + SEM

5/6 Nx 5/6 Nx + LOS

TC - + - +

Max MC 89+38 205x42* 33,2+£6.9% 40,7+4.1

*p<0.05 versus 5/6Nx without tempol + catalase (-TC)

Involvement of endothelium on MC and effect of ROS scavengers

To explore how is endothelium involved in impaired MC we decided to construct relaxation
dose-response curves for acetylcholine in absence or presence of tempol and catalase, in
both NO and EDHF level.

The mesenteric arteries isolated from the experimental animals responded to acetylcholine
to a variable extent, however there was no significant difference observed between the
studied groups in both NO (Figure 3A) and EDHF level as shown in and Figure 3C. Even
more no significant difference was observed in presence of tempol and catalase in both NO
(Figure 3B) and EDHF-mediated level (Figure 3). The endothelium-dependent relaxation
characterized by the Area Under the acetylcholine Curve (AUC) in presence of
indomethacin was 193.8£31.5 for 5/6Nx and 195.1+24.5 for 5/6Nx+LOS. The
endothelium-dependent relaxation in presence of indomethacin and combination of tempol
and catalase was 197.8£29.3 for 5/6Nx and 202.1+15.1 for 5/6Nx+LOS. Relaxation of
mesenteric arteries characterized by AUC in presence of indomethacin and L-NMMA was
155.5+17.3 for 5/6Nx and 151.8+16.9 for 5/6Nx+LOS. Incubation of arterial segments with
tempol and catalase did not significantly alter responses to acetylcholine in presence of
indomethacin and L-NMMA. AUC of relaxation curves was 174.8+26.8 for 5/6Nx and
145.5+22.1 for 5/6Nx+LOS.
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Figure 3. Acetylcholine-mediated endothelium dependent relaxation curves of mesenteric arteries
obtained from 5/6Nx and 5/6Nx+LOS rats in a presence of A) indomethacin, B) indomethacin and

tempol + catalase, C) indomethacin + L-NMMA, D)

indomethacin + L-NMMA and tempol +

catalase.Data are expressed as mean + S.E.M.. No significant difference observed.
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Discussion

Results of the present study indicate for the first time that chronic treatment with an
angiotensin 11 (All) - antagonist improves MC of mesenteric arteries of rats after 5/6Nx and
furthermore we showed that ROS are acutely involved in it. Vettoretti et. Al. previously
showed that chronic treatment with an ACE-i in the same setting protected mesenteric
arteries from loss of MC(26). It is now shown that blockade of AT, receptors with losartan
is also effective, confirming a role of AT, receptors in pathogenesis of renal failure
associated loss of myogenic function in mesenteric arteries after 5/6Nx.

Systolic blood pressure, proteinuria

Treatment with losartan prevented an increase in systolic blood pressure (SBP) and
proteinuria, which is in accordance with other studies(27), confirming the damaging effect
of AT, receptor-mediated All. There is an increase of SBP in the losartan group at 12
weeks after 5/6Nx compared to SBP before 5/6Nx suggesting progression in development
of hypertension despite administration of losartan. This may be explained by other
mechanisms involved in the pathogenesis after 5/6NXx, such as activation of the sympathetic
nervous system(28).

Renal function, focal glomerulosclerosis

Animals treated with losartan showed improved renal function as evidenced by an
improved creatinine clearance denoting hyperfiltration. We also observed a decreased
incidence of focal glomerulosclerosis in rats treated with losartan, which confirms findings
in previous studies(29;30). Part of the effect of losartan may have been caused by lowering
blood pressure to (near) physiological levels. Alternatively, a direct role of AT, receptors
on filtration apart from blood pressure lowering may contribute to preservation of renal
function, since chronic AT, receptor antagonism also preserves renal function in animal
models with normal blood pressure (31).

Myogenic constriction

The nature of the decreased MC in 5/6Nx is currently unknown. Previous studies showed a
decrease in myogenic response of rat mesenteric artery after 5/6Nx(26) and this data
suggests that increased blood pressure is not caused by elevated peripheral resistance, but
increased blood pressure might be the driving force of diminished response of mesenteric
arteries to pressure.
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The current study confirmed our previous results, where 5/6 Nx decreases MC of
mesenteric arteries and RAAS intervention reverses this phenomenon. However, Savage et.
Al reported increased MC of the femoral artery after 5/6 Nx(32), which seems to be
contradictory to the current results. However, differences between vascular beds and the
used model showing no hypertension might explain this difference.

There is lack of data regarding MC of mesenteric artery in the 5/6 Nx model. Several
questions arise when trying to explain decreased MC in this model. The general concept
that hypertension is caused by increased peripheral resistance due to increased MC of
peripheral resistance arteries seems to fail in 5/6 Nx where MC was found to be diminished.
Whether hypertension and/or impaired renal function affects MC remains unclear. With
lowering blood pressure comes improvement of deteriorated renal function in 5/6 Nx thus is
difficult to distinguish between this two possible causes.

Moreover, we found that nephrotoxic drugs such as adriamycine cause renal failure without
presence of increased blood pressure and impairs MC of mesenteric arteries. Based on this
fact we hypothesized, that worsening of renal function is responsible for impaired MC of
mesenteric arteries [Ochodnicky, Vavrinec, 2008; not published]. Nevertheless, Murata et.
al. have shown that adriamycin directly decreases contractility of cultured rabbit mesenteric
arteries and is even more able to cause ROS associated downregulation of the alpha-1
receptor(33).

Up to our best knowledge there is currently no evidence available of blood pressure
lowering regimes in 5/6 Nx and its effect on MC of the mesenteric artery. The same holds
for regimes that might improve renal function only without lowering blood pressure.
However, further exploration of diminished MC of the mesenteric artery after 5/6 Nx
should be focused on distinguishing between these options.

Chronic treatment with ACE-i is beneficial after 5/6Nx; it decreases blood pressure,
improves renal function and protects mesenteric arteries from loss of MC, confirming a role
of the RAAS in renal damage but also revealing its action on peripheral vasculature(26). It
is known that the myogenic response, which exact mechanism is so far not fully explored,
shares similar pathway