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Summary

Hormonal and neural stimuli can differentially affect renal medullary perfusion (MBF)

and cortical perfusion (CBF). This is likely to represent an important regulatory

mechanism in long-term blood pressure regulation. The chief aim of the experiments

described in this doctoral thesis was to examine the roles of paracrine factors in

responses of intrarenal perfusion to hormonal rnd mura* stimuli.

The aim of the experiments described in Chapter 4 was to examine the roles of

cytochrome P450 (CYP450) dependent epoxygenase metabolites of arachidonic acid

(AA), in responses of intrarenal perfusion to vasoconstrictor agents. We tested the

effects of the selective epoxygenase inhibitor N-mcuiylsulfjnyl-6-(2

propargyloxyphenyl) hexanamide (MS-PPOH), on responses of intrarenal perfusion to

angiotensin II and [Phe2,Ue3,Om8]-vasopressin in anaesthetized rabbits. [Phe2,Ile3,Orn8]-

vasopressin reduced medullary laser Doppler flux (MLDF) but not cortical laser

Doppler flux (CLDF) or renal perfusion (RBF), while angiotensin II reduced RBF and

CLDF, but not MLDF, after vehicle treatment. MS-PPOH revealed reductions in RBF

and CLDF after [Phe2,Ile3,Orn8]-vasopressin but had no significant effects on responses

to angiotensin II. MS-PPOH selectively inhibited CYP450 epoxygenase activity in the

treated kidneys. The formation of epoxyeicosatrienoic acids (EETs),

dihydroxyeicosatrienoic acids (DiHETEs) and 20-hydroxyeicosatetraenoic acids (20-

HETE) WPS not affected by incubation of cortical homogenates with [Phe2,Ile3,Orn8]-

vasopressin. Thus, vasodilator EETs appear to blunt Vt-receptor-mediated cortical, but

not medullary, vasoconstriction. Vi-receptor activation does not increase epoxygenase

activity per se, but may increase substrate (AA) availability. Our data also indicate that

de novo synthesis of EETs does not contribute to the responses of intrarenal perfusion to

angiotensin II. We also tested the effects of the non-selective CYP450 inhibitor 1-

aminobenzotriazole (ABT) and the selective CYP450-dependent co-hydroxylase

inhibitor N-methylsulfonyl-12-12-dibromododec-11-enamide (DDMS) on responses of

intrarenal perfusion to hormonal factors. Neither DDMS nor ABT inhibited CYP450

dependent epoxygenase or co-hydroxylase activity. Thus, we cannot draw conclusions

regarding the roles of co-hydroxylase products of AA in responses of intrarenal

perfusion to the vasoactive agents we tested.

so i oa



The aim of the experiments described in Chapter 5 was to examine the role(s) of

cyclooxygenase (COX) products, and the interactions between these and nitric oxide, in

modulating renal medullary vasoconstriction induced by renal nerve stimulation. The

responses of intrarenal perfusion to renal nerve stimulation were tested in anaesthetized

rabbits under control conditions, after COX inhibition, and then after subsequent nitric

oxide synthase inhibition. Renal nerve stimulation reduced RBF and CLDF more than

MLDF. The COX inhibitor, ibuprofen did not significantly affect these responses

suggesting that COX products per se do not contribute to the responses of CBF or MBF

to stimulation of the renal nerves. Subsequent N -nitro-L-arginine (L-NNA)

significantly enhanced renal nerve stimulation induced reductions in RBF and CLDF

but not MLDF. In contrast, a previous study in our laboratory found that nitric oxide

synihase inhibition enhanced renal nerve stimulation-induced reductions in CLDF and

MLDF in the presence of an intact COX system. Therefore, while nitric oxide blunts

reductions in CLDF to renal nerve stimulation independently of COX, its impact on

responses of MLDF may depend on an interaction with COX.

We also examined whether endogenous angiotensin II, via activation of angiotensin II

type 1 (ATi-) receptors and subsequent release of nitric oxide, contributes to the relative

insensitivity of MBF to renal nerve stimulation (Chapter 6). The effects of the ATp

receptor antagonist candesartan, on intrarenal perfusion to renai nerve stimulation, were

tested in anaesthetized rabbits. The effects of the nitric oxide synthase inhibitor L-NNA

on CLDF and MLDF responses to renal nerve stimulation were also tested, in rabbits

pre-treatc:l with candesartan or its vehicle. Candesartan blunted renal nerve

stimulation-induced reductions in CLDF and MLDF. L-NNA enhanced CLDF and

MLDF responses to renal nerve stimulation in vehicle pre-treated rabbits, but only

responses of CLDF in candesartan pre-treated rabbits. These observations suggest that

endogenous angiotensin II enhances, while nitric oxide blunts, neurally mediated

vasoconstriction in the renal cortical and medullary circulations. This effect of nitric

oxide seems to depend on the presence of endogenous angiotensin II in the renal

medullary circulation, but not in the cortical circulation.

In conclusion, these data indicate that EETs can selectively modulate responses of CBF

to Vi-receptor activation, while nitric oxide and angiotensin II can differentially

modulate responses of CBF and MBF to renal nerve stimulation. Future studies should

so



aim to further elucidate the mechanisms that underlie the differential regulation of

intrarenal perfusion by vasoactive factors as disturbances in these mechanisms could

contribute to development of hypertension and related cardiovascular diseases.
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Chapter 1 Literature Review

Chapter One

Literature Review

1.1 Introduction: the kidney in blood pressure control

An individual is defined as having hypertension if their systolic arterial pressure is

greater than or equal to 140 mmHg, and/or their diastolic arterial pressure is greater than

or equal to 90 mmHg, and/or they are receiving anti-hypertensive pharmacotlierapy

(10). In the 1999-2000 period it was estimated that approximately 3.69 million

Australians aged 25 years and over (30% of the adult population) suffered from

hypertension (10). Human essential hypertension is of multi-factorial origin and is a

major risk factor for stroke, coronary heart disease, congestive heart failure, peripheral

vascular disease and kidney failure (10, 27). In 2002, heart, stoke and vascular diseases

accounted for a staggering 50, 294 deaths (37.6% of all deaths) making it the leading

cause of death among Australians (10). Coronary heart disease accounted for the highest

number of deaths resulting from heart, stroke and vascular diseases (10). In 2000, 755

million dollars were spent on anti-hypertensive drugs sold under the pharmaceutical

benefits scheme (10). Given the heavy burden that hypertension and consequent

cardiovascular diseases exerts on our society and on most developed countries, it is of

great interest to direct research towards developing effective treatment(s) for this

condition. It is of equal importance to direct research towards elucidating the underlying

causes of essential hypertension, so that effective techniques can be developed to

prevent or cure human essential hypertension, rather than just treat its symptoms.

The causes of essential hypertension remain to be elucidated, although there is evidence

to suggest that both genetic (124) and psychosocial (115) factors make important

contributions. There is also strong evidence that the kidney plays a major role in the

pathogenesis of essential hypertension. For example, it has been demonstrated that

transplantation of a kidney from a hypertensive subject into a normotensive subject

causes hypertension in the recipient and vice versa (42). Furthermore, in all

experimentally induced hypertensive models, in human essential hypertension, and also
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in genetic rat models of hypertension, there is a shirt in the pressure diuresis and

natriuresis relationship to higher pressures (to the right) (47). Moreover, all effective

antihypertensive agents act at least partly by shifting the pressure natriurcsis/diuresis

relationship to lower levels of arterial pressure (to the left) (47).

It is now over ninety years since Ernest Starling published his work proposing that renal

excretion of sodium and water is regulated by the changes in blood volume in capillaries

and arteries (47). Although the complex interactions between arterial pressure and renal

function were not recognized at the time, Starling seemed to intuitively recognize the

role of arterial pressure in sodium and water excretion, which provided the basis to the

development of the pressure-natriuresis concept (47). In 1961, Guyton and colleagues

first proposed the central role of the kidney in long-term blood pressure regulation.

They demonstrated, in a series of experiments, the critical importance of renal control of

sodium excretion in the regulation of extracellular fluid volume, and the impact of this

on blood pressure control (47). Since then, numerous studies have extensively validated

these findings (47). More recent studies have shown that the level of renal medullary

blood flow (MBF) is an important determinant of the long-term set point of arterial

pressure (48).

The renal medullary circulation seems to play an important role in regulating long-term

arterial pressure. Cowley and colleagues have shown that chronic reductions in MBF,

induced by medullary interstitial infusion of vasoconstrictor agents in rats, leads to the

development of hypertension (47). Conversely, medullary interstitial infusion of

vasodilator agents in genetically hypertensive rats increases MBF and ameliorates

hypertension (47). The mechanisms underlying the impact of MBF on long-term blood

pressure regulation remain a matter of controversy, and this issue will be discussed later

in this chapter (see Section 1.2.3 and Figure 1.2). There is considerable evidence that

changes in MBF are critical in the pressure diuresis/natriuresis mechanism (47). There

is also a body evidence, which suggest that the renal medulla releases a putative

vasodepressor substance in response to increased renal arterial pressure (23, 25, 173,

242). Given the profound impact of MBF on long-term blood pressure control, factors

that regulate MBF should in turn have a profound effect on the long-term set point of

arterial pressure. Previous studies in our laboratory have shown that activation of the

renal nerves (69, 70, 93, 94, 126), and vasoactive hormones (71, 76, 184, 185, 206) can

BO 2 Oi



Chapter 1 Literature Review

differentially affect MBF and cortical blood flow (CBF). This is likely to represent an

important regulatory mechanism in long-term arterial pressure regulation, yet we do not

fully understand the mechanisms underlying it.

The global aim of the experiments described in this doctoral thesis was to investigate

the roles of paracrine/autocrine factors in responses of regional kidney blood flow to

vasoactive hormones and the roles of these factors and the renin angiotensin system in

responses of regional kidney blood flow to renal nerve stimulation. In this chapter I will

review our current knowledge of the role of MBF in blood pressure control, and the

mechanisms underlying the differential regulation of blood flow in the cortex and

medulla. First, I will examine the structure of the renal circulation. This will be

followed by an assessment of the current knowledge regarding the renal anti-

hypertensive mechanisms that are putatively regulated by the medullary

microcirculation; pressure natriuresis and the renal medullary depressor hormone. How

circulating and locally acting hormones, and the renal nerves, affect regional kidney

blood flow, will then be discussed. Finally, the possible mechanisms underlying the

differential regulation of CBF and MBF will be examined. In particular, the roles of

substances derived from the vascular endothelium and tubular epithelium (eg nitric

oxide, prostaglandins and cytochrome P450 (CYP450) metabolites of arachidonic acid

(AA)), in modulating regional kidney blood flow responses to sympathetic nerve

activity and vasoconstrictor uormones, and also the significance of the interactions

between renal sympatnetic nerve activity and angiotensin II, will be discussed.

1.2 The renal circulation

1.2.1 Structure of the renal circulation

Approximately 25% of the cardiac output is delivered to the kidney to sustain a high

glomemlar filtration rate (GFR) (196). A unique feature of the renal circulation is the

arrangement of the cortical and medullary circulations. They are in series, because all

blood that flows to the renal medulla must first pass through the renal cortex. However,

they can also be considered to be virtually in parallel as well, because only efferent

so 3
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arterioles of the juxtamedullary glomerlui give rise to the medullary circulation (196).

(Figure 1.1).

The renal artery arises from the abdominal aorta and branches into progressively smaller

arteries; interlobar, arcuate and cortical radial (interlobular) arteries (195). The

interlobar arteries ascend within the renal pelvis, follow I arc-like path near the

corticomedullary border and give rise to the arcuate arteries. The ii> a tabular arterioles

arise from the arcuarte artery and course toward the surface of the kidney (195, 196).

Afferent arterioles, which contain one to three layers of smooth muscle cells, branch

from the interlobular arteries and supply glomeruli at different levels of the cortex

(195). The glomerular capillaries recombine to form the efferent arterioies, which then

branch into the peritubular capillary networks and ultimately empty into veins (196).

AFFERENT
ARTERIOLE

x:
}= INTERLOBULAR
g ARTERY
O

^ f C J

ARCUATE
ARTERY

EFFERENT
ARTERIOLE

PERITUBULAR
"CAPILLARIES

GLOMERULI

VASA
RECTA

INTERBUNDLE
"CAPILLARIES

VASCULAR
BUNDLE

I

Figure 1.1 Structure of the renal circulation. Modified from (195). The original

diagram is from (15).
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1.2.2 The renal medullary microcircitlaiion

The medullary circulation, in addition to providing oxygen delivery and waste removal,

is responsible for maintaining the corticomedullary gradients of sodium chloride and

urea and removing water reabsorbed from the descending limbs of the loops of Henle

and the medullary collecting tubules (196). Juxtamedullary efferent arterioles enter the

outer medulla and give rise to descending vasa recta (DVR). These are responsible for

perfusing the renal medulla. There is also evidence that approximately 10% of

juxtamedullary afferent arterioles do not lead to glomeruli, but instead lead directly to

efferent arterioles and DVR (see Figure 1.1) (39). Thus, at least a small proportion of

MBF might by-pass glomerular filtration (39). Also, since the medullary

microcirculation arises exclusively from juxtamedullary arterioles, changes in vascular

resistance in juxtamedullary arterioles and downstream vascular elements within the

medulla, can theoretically cause large changes in MBF without significantly changing

blood flow in the bulk of the cortex (39).

DVR of the inner stripe of the outer medulla run together in vascular bundles (195,

196). Ascending vasa recta (AVR) arising from the inner medulla run close to these

DVR while AVR arising from the outer medulla run directly to the cortex (195). This

arrangement of the vascular bundles favours the countercurrent exchange between all

AVR originating from the inner medulla and DVR which perfuse the outer and inner

medulla (196). DVR in the periphery of the vascular bundles give rise to the interbundle

capillary plexus and are responsible for perfusion of the nephron segments in the outer

medulla, while DVR in the center are responsible for perfusion oi ••uc inner medulla.

The parallel arrangement of DVR within the vascular bi Jles theoretically allows

hormones and renal nerves to regulate regional perfusion within the medulla (195). For

example, increased resistance in the DVR in the periphery of the vascular bundles could

theoretically redistribute MBF towards the inner medulla. On the other hand, increased

resistance in the DVR in the center could increase blood flow to the outer medullary

interbundle region while reducing inner MBF (195). However, to date there is little

direct evidence that such redistribution of blood flow within the medulla occurs in

practice, although there have been reports of differential changes in inner and outer

MBF in response to stimuli such as increased renal perfusion pressure (128) and water

deprivation (88). AVR are more abundant and larger than DVR. As a result, single

SO 5 O5



Chanter I Literature Review

vessel flow rate progressively reduces from DVR to AVR, allowing efficient

countercurrcnt exchange and trapping of sodium chloride and urea.

1.2.3 The role of the renal medullary microcirculation in blood pressure control

Cowley and colleagues, in an extensive series of experiments, have shown that there is

an inverse relationship between the level of MBF and mean arterial pressure (MAP).

For example, they demonstrated that chronic infusion captopril, into the renal medulla

of spontaneously hypertensive rats (SHR) selectively increased MBF, had little effect on

CBF, and reduced MAP. Conversely, chronic infusion of nitro-L-arginine methyl ester

into the renal medullary interstitium of conscious rats, selectively reduced MBF, had no

effect on CBF and increased MAP (155). Consistent with this latter finding, chronic

renal medullary interstitial infusion of a superoxide dismutase inhibitor

(diethyldithiocarbamic acid) has been shown to selectively reduce MBF and increase

MAP in Sprague-Dawley rats (H7). Franchini and coworkers have shown that the

medullary microcirculation is highly sensitive to the vasoconstrictor actions of arginine

vasopresin mediated via the activation of vasopressin Vj-receptors (88), while

activation of V2-receptors appears to increase MBF (176). Consistent with the

hypothesis that the level of MBF plays a key role in regula^rsg the long-term set point of

arterial pressure (see Figure 1.2), chronic intravenous infusion o£n Vi-receptor agonist,

[Phe , He , Orn ]vasopressin, has been shown to produce sustained hypertension (51)

while simultaneous medullary interstitial infusion of a selective Vj- receptor antagonist,

has been shown to prevent this effect (51, 239). Hypertension can also be induced by

infusion of a selective Vj-receptor agonist, but not arginine vasopressin, into the renal

medulla (239). Collectively, these observations suggest that hypertension can be

induced through selective activation of Vi -receptors in the renal medullary circulation.

These studies provide compelling evidence that a reduction in MBF leads to

hypertension while an increase in MBF ameliorates hypertension (47). Although the

precise mechanisms by which the level of MBF affects the long-term set point of

arterial pressure are yet to be determined, there is evidence that increases in MBF

initiate two renal anti-hypertensive mechanisms; pressure diuresis/natriuresis and

perhaps also release of a putative renal medullary depressor hormone (47).
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1.2,3.1 Pressure diuresis/natriuresis median ism

The phenomenon of pressure diuresis/natriureis, whereby increased renal perfusion

pressure induces an elevation in both water and sodium excretion in the absence of

changes in RBF or GFR (48), seems to play a central role in the long-term control of

arterial pressure. Although there is some evidence to the contrary (68, 142, 143, 145,

156) experiments conducted in rats (80, 104, 150,156) and dogs (233) indicate that

while RBF, CBF and GFR are well autoregulated, MBF is poorly autoregulated. Hence,

elevations in MAP can cause parallel elevations in MBF (and so vasa recta capillary

hydrostatic pressure), which would in turn cause an increase in renal interstitial

hydrostatic pressure (R1HP) and perhaps the release of autocoids such as nitric oxide

and prostanoids (25, 47). This increase in RIHP is thought to serve as a global signal to

inhibit sodium and water reabsorption (47). In this regard, previous studies have

demonstrated that increased RIHP decreased sodium reabsorption in the proximal

segments of deep nephrons in rats (96, 213). The precise mechanisms responsible for

the reduction in tubular reabsorption of sodium and water with increasing RIHP are not

well defined. One suggestion is that increases in RIHP enhance a backleak of sodium

chloride via paracellular pathways (48). Although the precise mechanism(s) of pressure

natriuresis remain to be determined there is evidence to suggest that changes in

intrarenal nitric oxide concentrations in response to changes in arterial pressure play a

role in mediating this response (144, 146).

There is also a body of evidence to indicate that MBF is well autoregulated (68, 142,

143, 145, 156). For example, Majid et al, with the use of laser Doppler flowmetry,

demonstrated that in anaesthetized dogs, blood flow in the inner (142), mid (143, 145)

and outer medullary (142) regions of the kidney were well autoregulated in the face of

step-wise changes in renal arterial pressure. Consistent with this, a recent study in our

laboratory also found that MBF remained remarkably stable in rabbits when renal

perfusion pressure was increased step-wise using an extracorporeal circuit (68). The

discrepancies regarding autoregulation of MBF remain difficult to explain. One possible

explanation is that volume status of the animal affects the autoregulation capacity of

MBF, iii that acute volume expansion has been shown to attenuate the autoregulatory

capacity of MBF but not CBF (150, 156, 214).
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.1.2.3.2 The putative renal medullary depressor hormone

The renal medullary interstitial cells may release a putative depressor hormone, in

response to an increase in MBF (48). The first piece of evidence for a role of this

putative hormone in lowering arterial pressure came from the work of Grollman et al,

who demonstrated that ureteral ligation but not ureterocaval anastamoses caused

hypertension in dogs (92). Muirhead et al demonstrated that transplants of tissue from

the renal medulla (but not renal cortex) were able to reverse hypertension in a number of

experimentally induced models of hypertension (174). From the results of these, and a

number of other experiments, these authors concluded that renal medullary interstitial

cells secrete a lipid hormone with anti-hypertensive properties, which they dubbed

medullipin(150).

Christy et al, with the use of an extracorporeal circuit, demonstrated that an intact renal

medulla was essential to observe a reduction in arterial pressure in response to increased

renal perfusion pressure in both rabbits and dogs (41). When the renal medulla of these

animals was chemically destroyed, the hypotensive response to increased renal arterial

pressure was abolished (41). Lu and colleagues (134) have shown that chronic infusion

of captopril into the renal medullary interstitium of SHR for a duration of five days,

increased MBF and I educed MAP. In the first few days of this experiment a reduction in

MAP was observed in the absence of significant changes in sodium and water excretion.

Thus, actions of the renal medullary depressor hormone could account for the reduction
"5 1 Q

in MAP during this period (23). Further, [Phe ,Ile ,Orn ]-vasopressin induced

reductions in MBF have been shown to abolish the depressor effect of increased renal

perfusion pressure (24), suggesting that the level of MBF is an important determinant in

the release of this putative renal medullarj depressor hormone.

Interestingly, Correia et al recently demonstrated in anaesthetized rabbits, that MAP did

not decrease in response to increased renal perfusion pressure, if extracellular fluid

depletion due to increased urinary salt and water excretion, was prevented (by

replacement with compound sodium lactate solution) (44). Likewise, MAP did not

decrease aftc* unclipping the renal artery of 1-kidney, 1-clip hypertensive rats, when 154

mM NaCl was infused at a rate equivalent to urine flow (44). These studies provide

strong evidence that reductions in MAP observed in response to increased renal arterial

pressure are chiefly dependent on the pressure natriuresis/diuresis mechanism rather than
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release of 'medullipin' (44). This finding also raises the possibility that the reduction in

MAP reported in response to increased renal arterial pressure in previous studies (24, 41,

46, 71) could also chiefly be due to hypovolaemia resulting from pressure

natriuresis/diuresis rather than a direct effect of a putative renal medullary depressor

hormone (44). Thus, the role of this renal medullary depressor hormone as an

antihypertensive mechanism clearly requires further investigation.

Taken together, these data indicate that the renal medullary circulation affects arterial

pressure chiefly through the pressure diuresis/natriuresis mechanism, which would act to

return arterial pressure to basal values when there is a perturbation in arterial pressure.

Figure 1.2 indicates the proposed role of this renal antihypertensive mechanism in the

regulation of arterial pressure and the proposed critical role of the medullary

microcirculation.

If the hypothesis outlined in Figure 1.2 is correct, then factors that modulate the level of

MBF should in turn affect arterial pressure in the long term. An understanding of these

factors should therefore provide vital information leading to a greater understanding of

blood pressure control and the pathogenesis of hypertension.
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t Medullary interstitial
hydrostatic

pressure
I renin release

t Renal interstitial
hydrostatic pressure

Inhibition of sodium and
water reabsorption

t Sodium/ water
excretion

4- Cardiac output
I Total

peripheral

i Total ^
peripheral )
resistance J

Figure 1.2. Renal antihypertensive mechanisms. An increase in MAP is thought to cause

parallel increases in MBF. This increase in MBF is suggested to activate two renal

antihypertensive mechanisms; pressure natriuresis and the release of a putative renal medullary

depressor hormone, both of which would act to reduce MAP back to its control levels when

there is a pertuibation in blood pressure. Increased renal perfusion pressure will also inhibit

rennin release so reduce the activity of the pro-hypertensive rennin/angiotensin/aldosterone

system. (MAP: mean arterial pressure; NO: nitric oxide; ANG II: angiotensin II; MBF:

medullary blood flow; i : decreased; t : increased).
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1.3 Effects of hormones, and the renal nerves on intrarenal
perfusion

Given the critical role of the renal medullary microcirculation in long-term blood

pressure regulation, it is of great interest to investigate the factors that control MBF.

There is persuasive evidence that hormonal and neural factors differentially and

independently affect blood flow in the renal cortex and medulla. For example,

circulating arginine vasopressin and the vasopressin Vj-receptor agonist [Phe2, He3,

Orn8]-vasopressin selectively reduce MBF but have little effect on CBF (45, 71, 72,

76, 176, 184, 185, 206) In contrast, infusions of noradrenaline (43, 76, 184, 185, 197,

198, 206) and angiotensin II (76, 105, 184, 185, 197, 198, 206) reduce CBF but not

MBF. Bolus doses (intravenous or renal arterial) of angiotensin II reduce CBF but

increase MBF (71, 72, 180, 185, 206, 252). Electrical as well as reflex mediated

stimulation of renal nerves reduces CBF more than MBF (69, 70, 93, 94, 126, 127,

220). In the experiments described in this thesis, we have focused on elucidating the

mechanisms underlying the differential control of CBF and MBF by angiotensin II and

vasopressin peptides (Chapters 3 and 4) and the renal sympathetic nerves (Chapters 5

and 6). Therefore, the effects of these hormonal and neural factors on regional kidney

perfusion are discussed in detail below.

1.3.1 Angiotensin II

Angiotensinogen is synthesized by the liver and secreted into the systemic circulation

(208). Once released in to the circulation, angiotensinogen is converted to angiotensin I

by the enzyme renin. In the lungs, angiotensin converting enzyme converts angiotensin I

to angiotensin II (208). Angiotensin II has diverse actions within the kidney; inhibiting

renin release, enhancing sodium reabsorption and promoting renal vasoconstriction

(208). In addition, there is a large body of experimental data, which indicate that this

hormone is involved in regulating the intrarenal distribution of blood flow (14, 76, 81,

105, 180, 184, 185, 190, 197, 198, 206, 252). However, the findings regarding the

effects of angiotensin II on MBF are inconsistent (Table 1.1).
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Table 1.1: Responses of regional kidney blood flow and mean arterial pressure to angiotensin II and possible
mechanisms underlying the differential control of CBF and MBF by this hormone

Species/
State

Technique
used to

measure
RKBF

Mode of
administra

-tion

MAP RBF CBF MBF/
PBF*

T Key observation Refer
ence

Anaesthetized
dogs

Anaesthetized
rats

Anaesthetized
rats

Anaesthetized
rabbits

Albumin
accumulatio

n

LDF

LDF

Local H2

clearance

Renal
arterial
infusion

Intravenous
infusion

Intravenous
infusion

Intravenous
infusion

T

t

t

t

Anaesthetized
rats

Local H2

clearance
Intravenous

infusion

An initial
reduction

(Flow returned
to control

levels within 3
mins)

Angiotensin II reduced MBF at doses that did not affect total (81)
RBF

COX inhibition, NOS inhibition or bradykinin receptor
antagonism had little effect on responses of CBF and PBF to
angiotensin II

(105)

Inhibition of kallikrein-kinin system, but not COX inhibition, (180)
abolished angiotensin II-induced increases in PBF. These
authors concluded that increases in PBF to angiotensin II
depend on release of kinins but not PGs.

NOS inhibition enhanced responses of RBF and CBF, but had (197)
little effect on responses of MBF to angiotensin II. These
authors concluded that basal nitric oxide buffers angiotensin
II-induced renal vasocoastriction. They speculated that
angiotensin II might up-regulate the production of medullary
prostaglandins to buffer reductions in MBF.

Ang< -tensin II reduced MBF after COX inhibition, suggesting (198)
that under normal physiological conditions vasodilator PGs
buffer reductions in MBF in response to angiotensin II
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Table 1.1 (continued)

Species/
State

Anaesthetized
rabbits

Anaesthetized
rats

Anaesthetized
Rats

Anaesthetized
rabbits

Anaesthetized
rabbits

Anaesthtized
rats

Technique
used to
measure
RKBF
LDF

LDF

LDF

LDF

LDF

LDF

Mode of
administra

-tion

Intravenous
infusion

Intravenous
infusion

Intravenous
infusion

Renal
arterial
boluses

Renal
arterial
bolus

Intravenous
infusion

MA

t

t

t

t

RBF CBF MBF/
PBF*

TKey observation Refer
ence

i

f Transient increase in MBF waned with continued infusion of (71)
angiotensin II

t

t

An initial
reduction and a
later increase

An initial
reduction and a
later increase

NOS inhibition abolished angiotensin II-induced increases in
PBF suggesting that nitric oxide contributes to this response

NOS inhibition abolished angiotensin II-induced increases in
PBF. These authors concluded that endogenous nitric oxide
contributes to responses of PBF to angiotensin II

COX inhibition abolished angiotensin II-induced increases in
MBF suggesting that vasodilator PGs contribute to increases
in MBF in response to angiotensin II

NOS inhibition enhanced the initial reduction in MBF and
blunted the later increase in MBF, suggesting that nitric oxide
contributes to angiotensin II-induced increases «n MBF

<• > inner MBF; Reductions in inner MBF were revealed after COX inhibition
•I outer MBF with indomethacin. These authors concluded that PGs buffer

angiotensin II induced vasoconstriction in the inner medulla

(252)

(185)

(206)

(13)
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Table 1.1 (continued)

t , increased; •!•, decreased; <-», no change; -, not examined; PGs, prostaglandins; LDF, laser Doppler flowmetry; RKBF, regional kidney blood
flow; MBF, medullary blood flow; CBF, cortical blood flow; PBF, papillary blood flow; RBF, renal blood flow; MAP, mean arterial pressure;
COX, cyclooxygenase; NOS, nitric oxide synthase.

* Responses of MBF to angiotensin II are inconsistent between different studies. Although precise reason(s) for these discrepancies remain

unknown, it could be due to differences in species, doses of angiotensin II used, mode of administration and/or the techniques used to measure

MBF/PBF. In general, however, it seems that in rats and rabbits, MBF i? relatively insensitive to the vasoconstrictor effects of angiotensin II, at

least partly due to counter regulatory actions of nitric oxide and PGs. This generalization may not hold true in dogs.

T These studies are arranged in chronological order.
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Faubert and coworkers, using the albumin accumulation method, found that renal

arterial infusion of a 'physiological' dose of angiotensin II reduced papillary plasma

flow without changing RBF or GFR in anaesthetized dogs (81). In contrast, a number of

studies, utilising a variety of techniques, have demonstrated that angiotensin II can

reduce RBF/CBF but not MBF or papillary blood flow in anaesthetized rats (13, 105,

152, 197, 198), and anaesthetized (71) and conscious (76) rabbits. Other studies have

shwn that angiotensin II can increase papillary blood flow (180, 252) or MBF (14) in

anaesthetized rats. Consistent with these data, recent studies in our laboratory indicated

that bolus doses of angiotensin II reduced CBF but caused a biphasic response in MBF

with an initial reduction accompanied by a later increase, in anaesthetized rabbits (66,

185, 206). Hence, despite the large number of studies investigating the effects of

angiotensin II on the medullary microcirculatioh, the results seem to be inconsistent.

This could be due to a number of confounding factors, including species differences, the

differing doses of angiotensin II used, the confounding effects of anaesthesia, and the

techniques used to estimate regional kidney blood flow. A further complicating factor

in this literature surrounds the observation that inhibitors of angiotensin converting

enzyme increase MBF. Rather than reflecting a physiological role of angiotensin II in

tonically reducing iviBF, it seems more likely that these observations reflect the role of

angiotensin converting enzyme in degradation of bradykinin (154), and the profound

impact of bradykinin on MBF (114). Neverthless, it seems clear that in rats and rabbits,

MBF is relatively insensitive to the vasoconstrictor effects of angiotensin II.

1.3.2 Vasopressin

Previous observations have shown that intravenous infusion of [Phe2, He3, Orn8]

vasopressin can reduce MBF but not CBF or total RBF in anaesthetized and conscious

rabbits (71, 76). These results are in accordance with those of Franchini and associates

who demonstrated that small elevations in circulating arginine vasopressin reduce MBF

but not CBF in rats (88). In agreement with these findings, our laboratory recently

demonstrated that renal arterial injection of the vasopressin Vj-receptor agonist [Phe',

He3, Orn8] vasopressin reduced MBF but had little effect on CBF in anaesthetized

rabbits (184, 185, 206). These observations, and the fact that Via-receptor (subset of Vi-

receptors) messenger ribonucleic acid (mRNA) is localised to the vascular elements that

regulate MBF (afferent and efferent arterioles from the mid cortical to juxtamedullary
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region and vasa recta capillaries in the outer medulla) (199), suggests that arginine

vasopressin reduces MBF chiefly by activation of Vi-receptors (87, 88).

Renal medullary interstitial infusion of either arginine vasopressin (175) or the

vasopressin VVreceptor agonist, l-desamino-8-D-arginine vasopressin (175, 200), has

been shown to increase MBF in anaesthetized rats pretreated with a selective Vj-

receptor antagonist (176). Hov/ever, as V2-receptor mRNA has not been observed

within the vasculature of the renal cortex or medulla (199), the Wreceptor dependent

increase in MBF is unlikely to be a direct vascular effect (199). XVreceptor mRNA is

localized mainly to tubular elements, particularly to the medullary thick ascending limbs

of Henle and collecting ducts (199). There is evidence that vasopressin can cause nitric

oxide release from inner medullary collecting duct epithelium (170). Collectively,

these data indicate that V]-receptors mediate vasoconstriction, while V2-receptors

mediate vasodilatation, in the renal circulation.

1.3.3 Noradrenaline and renal sympathetic nerve activation

There is evidence that noradrenaline exerts disparate effects on the renal cortical and

medullary circulations. Infusion of noradrenaline reduced CBF but not MBF in both

conscious (76) and anaesthetized rabbits (43, 184, 185, 206). Likewise, electrical (69,

70, 93, 94, 126, 220) or reflex mediated stimulation (123, 127) of the renal nerves have

been demonstrated to reduce CBF more than MBF in anaesthetized rabbits. Although

the precise mechanism(s) responsible for the relative insensitivity of the medullary

circulation to noradrenaline and renal nerve stimulation remain to be precisely defined,

evidence has been presented to indicate that prostaglandins (198) and nitric oxide (69,

206) are involved (see Sections 1.5 and 1.6).

1.4 Possible mechanisms underlying the differential regulation of
CBF and MBF by hormonal and neural factors

The differential control of CBF and MBF by circulating and locally acting honnones, as

well as renal sympathetic nerve activity, is likely to represent an important regulatory

mechanism in long-term blood pressure control. We are only just beginning to

understand the mechanisms underlying it. Differential distribution of pharmacological

receptors on vascular elements regulating CBF and MBF, regional variations in

so 16 oa



T
Chapter I Literature Review

sympathetic innervation density within the kidney, renal vascular geometry, and

differential engagement of endothelial- and epithelial-derived paracrine factors are some

of the mechanisms that could account for this phenomenon.

1.4.1 Differential distribution of pharmacological receptors

The ability of hormones to differentially regulate CBF and MBF could depend on the

pattern of distribution of their pharmacological receptors in vascular elements regulating

CBF and MBF. However, as discussed in the following sections, this seems unlikely to

fully account for the disparate actions of angiotensin II and vasopressin peptides on

regional kidney blood flow.

1.4.1.1 Angiotensin II

There are two major types of angiotensin II receptors, AT] and AT2 (243). Within the

kidney, AT]-receptor protein is localized to the outer medullary proximal tubules and

the cortical blood vessels (166). Paxton et al. (202) with the use of

immunohistochemical techniques, have identified ATi-receptor protein in the thick

ascending limbs located in the inner stripe of outer medulla. In agreement with these

results, Mendelsohn et al. (164) have shown that angiotensin II receptors are localized

in the inner stripe of the outer medulla in association with the vasa recta bundles,

implying that angiotensin II could directly influence vasa recta function. Furthermore,

Pallone (194) observed graded focal constrictions of the vasa recta dissected from the

inner stripe of the outer medulla in response to application of angiotensin II and it is

suggested that this was due to activation of AT 1-receptors. Other studies have indicated

that either angiotensin II receptors, or mRNA for angiotensin II receptors, are

distributed in the glomeruli and extraglomerular mesangial cells (113), inner stripe of

outer medulla (99), and type 1 interstitial cells in the outer medulla (263).

AT2-receptor mRNA has been identified in renal tubules and vasculature including the

proximal tubules, collecting ducts, arcuate arteries, afferent arterioles and outer

medullary descending vasa recta (166). Although, ATi- and AT2-receptors are

expressed in vascular elements regulating MBF, previous findings by ourselves (76,

184, 185, 206) and others (105, 197, 198) have demonstrated that MBF is relatively

insensitive to the vasoconstrictor effects of this hormone (see Section 1.3.1 and Table

1.1).
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1AA.2 Vasopressin

To date two types of vasopressin receptors, V2 and Via, have been identified within the

kidney, and are thought to mediate vasodilatation and vasoconstriction respectively. V2-

receptor mRNA has been identified on renal tubules but not on vascular elements

regulating MBF (199). Via-receptormRNA is found in mid-cortical to juxtamedullary

afferent and efferent arterioles, glomeruli, and outer medullary vasa recta (199).

Consistent with these findings, it has been shown repeatedly that vasopressin can reduce

MBF in anaesthetized rats and rabbits (see Section 1.3.2). Harrison Bernard and

Carmines demonstrated that vasopressin, via Vi-receptor activation, caused

vasoconstriction in arcuate and interlobular arteries in the in-vitro perfused

juxtamedullary rat preparation (97). Surprisingly, infusion of a Vi-receptor agonist has

been shown to have considerably less effect on CBF than MBF in vivo (45, 71, 76, 184,

185, 206). This relative insensitivity of the cortical circulation to vasopressin is unlikely

to be due to lack of Via receptors in the renal cortex, but could rather be due to the

selective release of vasodilator substances such as CYP450 metabolites of AA. We

tested this hypothesis in the experiments described in Chapters 3 and 4.

1.4.2 Renal vascular geometry

As shown in Figure 1.1, the arrangement of the renal vascular bed per se allows

differential regulation of Mood flow to the renal cortex and the medulla. The renal

medullary microcirculation arises exclusively from the efferent arterioles of

juxtamedullary and some mid cortical glomeruli (195). Thus, theoretically, changes in

resistance in these efferent arterioles should lead to changes in MBF but not outer CBF

(195).

The afferent, and particularly the efferent, arterioles of juxtamedullary glomeruli have

larger diameters than the afferent and efferent arterioles of cortical glomeruli (Figure

1.3) (74). Thus, according to the Poiseuille'i relationship (resistance of a vessel a

1/(Radius of the vessel)4), similar reductions in vascular calibre in arterioles of

juxtamedullary and cortical glomeruli, should theoretically lead to greater reductions in

CBF than MBF. Consistent with this view, previous studies in our research group, using

a vascular casting technique, have shown that doses of angiotensin II (56, 57) and

endothelin-1 (58) that reduce both cortical and juxtamedullary afferent and efferent

arteriole diameters to a similar extent, selectively reduce CBF without affecting MBF.
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Thus, the larger vascular calibre of juxtamedullary arterioles (compared with those of

cortical glomeruli) seems to provide a structural basis for protection of the renal

medullary vasculature from the ischaemic effects of vasoconstrictor agents such as

angiotensin II and endothelin-1 (74).

There is also evidence that about 5-10% of juxtamedullary afferent arterioles by-pass

the glomeruli and give rise to DVR in the medulla (39). The precise function(s) of these

shunts remains to be determined (23). Approximately 20% of the juxtamedullary

efferent arterioles supply the inner cortical region while others are responsible for

perfusion of the medulla, so differential regulation of blood flow to these two types of

glomeruli would in turn lead to differential distribution of blood flow to the inner cortex

and the medulla (23).
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Figure 1.3 (A) Resin cast of the renal vasculature of a rabbit, depicting both cortical

and medullary vessels (scale bar 1 mm). Note the diameters of cortical peritubular

capillaries are considerably less than those of medullary vasa recta. (B) Cortical

glomeruli showing afferent (upper vessel) and efferent arterioles and the capillary tuft

(scale bar 60 urn). (C) Juxtamedullary glomeruli showing afferent (upper vessel) and

efferent arterioles and the capillary tuft (scale bar 60 jim). Note the larger arteriole

diameters of the juxtamedullary compared to the cortical glomerular arterioles,

particularly the efferent arterioles. (Taken from (74)).
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1.4.3 Regional differences in sympathetic innervation in the kidney

The lumbar splanchnic nerve, the intermesenteric plexus and ganglia of the celiac

plexus give rise to renal efferent sympathetic innervation (18). The renal nerves enter

the kidney with the vasculature and are observed along the interlobar, arcuate and

interlobular arteries, afferent arterioles and outer medullary vasa recta (18). Barajas and

Powers (18), with the use of autoradiographic techniques, demonstrated that the renal

vasculature is more densly innervated than renal tubules and that vascular elements in

the outer medulla are innervated. However, vascular elements in the inner medulla are

not innervated (18). Among different vascular segments, the innervation density varies

in the following order from highest to lowest: afferent arterioles, efferent arterioles,

interlobular arteries, cortical capillaries, and renal veins (18). The innervation density

also varies among different tubular segments in the following order from highest to

lowest: the proximal tubule, cortical thick ascending limb of Henle, the connecting

tubule, the distal convulated tubule, and the collecting duct (18).

Although, vascular elements that regulate MBF are richly innervated (17, 60, 163),

previous studies have shown that MBF is relatively insensitive to electrical and reflex

mediated stimulation of the renal nerves (see Section 1.3.3). So, mechanisms other than

regional variations in sympathetic innervation density within the kidney likely

contribute to this relative insensitivity of MBF. O-e possibility is that paracrine factors

from the vascular endothelium and tubular epithelium blunt the vasoconstritor effects of

renal sympathetic nerve activity on the medullary circulation, as described in Section

1.6. This issue is the focus of the experiments described in Chapters 5 and 6.

1.4.4 Paracrine factors

There is a large body of evidence to indicate that paracrine factors such as nitric oxide

and various AA metabolites act as paracrine and autocrine signaling molecules that

modulate responses to vasoactive hormones such as noradrenaline, vasopressin,

angiotensin II, and to the activation of the renal nerves (see Sections 1.5 and 1.6 and

Table 1.2). Thus, nitric oxide and metabolites of AA could well contribute to the

uifferential regulation of CBF and MBF by renal nerves and hormones. Nitric oxide and

AA metabolites also play key roles in regulation of renal and glomerular

haemodynamics (106, 179), but these aspects will not be covered in this review as this

thesis focuses on the roles of these factors in underlying responses of intrarenal blood
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flow to hormonal and neural stimuli. A brief general introduction about the chemistry

and biology of nitric oxide and various AA metabolites will be provided, before

examining the role(s) of these factors in underlying the differential regulation of CBF

and MBF by hormones and renal nerves.

1.4.4.1 Nitric oxide

In 1980, the seminal work of Furchgott and coworkers demonstrated that acetylcholine-

induced vasodilatation of blood vessels is dependent on the presence of a substance

released by the endothelium, which was later known as the endothelium derived

relaxing factor (91). The nature of endothelium derived relaxing factor remained

unknown for a long time but growing experimental evidence now confirms that a key

endothelium derived relaxing factor is nitric oxide (90, 248). Other endothelial-derived

factors such as endothelial derived hyperpolarizing factor (248) and endothelial derived

contracting factor (248) have also been described.

Synthesis of nitric oxide

Nitric oxide, a paracrine/autocrine hormone, is synthesised from the terminal guanidino

nitrogen atom(s) of the precursor, L-arginine by the enzyme nitric oxide synthase (125)

(Figure 1.4).

NH2

C=NH2
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(CH2)3

CH-COO
IhNH3
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Citrulline

+ NO

Figure 1.4: Synthesis of nitric oxide from L-arginine. Taken from (125)

Nitric oxide synthase isoforms oxidise the gunidino group of L-arginine, with the help

of four cofactors: nicotinamide adenine dinucleotide phosphate, flavin mononuclcotide,
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flavin adenine dinucleotide, and H4 biopterin, to form nitric oxide and citrulline. The

formation of nitric oxide also requires a porphrin heme group (179). Newly formed

nitric oxide diffuses into nearby cells, and binds to the heme moiety of guanylate

cyclase and catalyses the production of guanosine 3 , 5 -cyclic monophosphate (cGMP),

which in turn acts as a signal to cause relaxation of smooth muscle, as well as other

actions (125). The actions of nitric oxide are brief, both because it is rapidly degraded,

and also because the rate of turnover of cGMP is high (179). Within seconds of nitric

oxide synthesis, it is converted into nitrites and nitrates by oxygen and water (179), or to

peroxynitrite by superoxide (249). Most of the actions of physiological concentrations

of nitric oxide are thought to be mediated via cGMP (179), although there is evidence

that nitric oxide interacts with other metallic enzymes, oxygen radicals and other

substances (179). For example, a recent study by Alonso-Galicia has shown that nitric

oxide inhibits 20-hydroxyeicosatetraenoic acid (20-HETE) production and that this

contributes to the vasodilatory actions of nitric oxide (5). L-arginine analogues such as

NG-nitro-L-arginine methyl ester (L-NAME), NG-nitro-L-arginine (L-NNA) and NG-

monomethyl-L-arginine (L-NMMA) can inhibit the formation of nitric oxide (179) and

these agents have been widely used in studies to investigate the roles of nitric oxide in

various physiological functions. Nitric oxide has been shown to modulate responses of

regional kidney perfusion to hormonal and neural stimuli (179) (see Sections 1.5 and

1.6), and to play a key role in the pressure diuresis/natriuresis mechanism (47) (see

Section 1.2.3.1).

Nitric oxide synthase isoforms

Available data suggest the existence of three isoforms of nitric oxide synthase: nitric

oxide synthase I (neuronal NOS), nitric oxide synthase II (inducible NOS), and nitric

oxide synthase III (endothelial NOS) (179). Nitric oxide synthase I and III are

constitutively expressed while nitric oxide synthase II is expressed mainly after

transcriptional activation (179). Nitric oxide synthase III has been shown to be

expressed in the endothelium of cortical and medullary blood vessels (11, 246). Nitric

oxide synthase I is expressed in macula densa cells, the thick ascending limb of Henle's

loop, intrarenal neurons and cultured mesangial cells, while nitric oxide synthase II is

expressed in mesangial cells and several tubular epithelial cell-types (179). A range of

stimuli can mediate the release of this hormone, as depicted in Figure 1.5.
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ATP/A DP

Substance' P Leukotrlenes Acetylcholire

ANGI

Vaseprescin

Hislamme

il igure 1.5: Endothelial cells produce mtdc oxide and other paracrine agents in response

to a variety of stimuli. NO, nitric oxide; TxA2, thromboxane A2; PG, prostaglandin;

CGRP, calcitonin gene-related peptide; ACE, angiotesin converting enzyme; EDHF

endothelial-derived hyperpolarizing factor. Taken from (179).

These stimuli increase the cytosolic calcium (Ca2+) concentrations in endothelial cells

via either activation of phospholipase C or by direct opening of Ca2+ channels (179).

Constitutively expressed nitric oxide synthases are stimulated via a Ca"+/calmodulin

dependent pathway (179).

1.4.4.2 AA metabolism

AA is a twenty carbon fatty acid that can be cleaved from membrane phospholipids by

phospholipases, to produce a family of biologically active metabolites collectively

referred to as 4eicosanoids'(3). Phospholipases present in most types of mammalian

cells can cleave AA from membrane phospholipids in response to different stimuli such

as peptide hormones, neurotransmitters and other autocoids (3). Three major enzymatic

pathways are responsible for converting AA into its biologically active metabolites

(Figure 1.6). COX-dependent pathways convert AA acid into prostaglandins,

prostacyclins, and thromboxanes whereas the lipoxygenase dependent pathway converts

AA into leukotrienes (Figure 1.6) (212). Metabolism of AA by CYP450 enzyme leads

to the formation of hydroxyeicosatetraenoic acids (HETEs) and epoxyeicosatrienoic
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acids (ELis) (Figure 1.6) (212). These eicosanoids have diverse biological functions

and have been implicated in the pathophysiology of a number of diseases including

diabetes, cancer and hypertension (212).

CY
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DiHETEs ^

P450

,13-15-,l'(
* HETEs

19-HETE
20-HETE

,i,. ichidonic acid

!
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if y

)X

PGI2 PGE2 TXA2

PGF2a
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1
Lipoxygenase

I
5-,8-,12-,15-

HETEs

1
Leukotrienes

Figure 1.6 Pathways for metabolism of arachidonica acid. Arachidonic acid is

metabolized via cyclooxygenase (COX), lipoxygenase, and cytochrome P450 (CYP450)

enzymes to prostaglandins (PG), prostacyclin (PGI2), thrombexane A2 (TXA2), or a

series of hydroxyeicosatetraenoic acids (HETEs), epoxyeicosatrienoic acidy (EETs), and

dihydroxyeicosatrienoic acids (DIHETEs). Taken from (212).

COX pathway

COX converts AA into vasodilator (PGE2 and PGI2) and vasoconstrictor (thromboxane

A2 and PGH2) prostaglandins. PGE2 is the predominant COX metab lite in the renal

circulation (106). PGE2 rece1 *ors (EP), the most abundant type of prostanoid receptor in

the k'dney, are distributed in the collecting ducts of the cortex and papilla, and tubules

of the outer medulla and cortex (235). PGI2 is the predominant COX metabolite

produced in renal vascular smooth muscle cells and PGI2 receptors (IP) are distributed

throughout the renal cortex and medulla (106). It has been shown that both PGE2 and

PGI2 can increase RBF and GFR (106). Also, PGE2 has been shown to contribute to the

regulation of water and sodium homeostasis (106).
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There is evidence that vasodilator prostaglandins antagonize the effects of vasonctivc

agents on the renal circulation. For example, COX inhibition has been shown to

enhance angiotensin II mediated vasoconstriction of microdissected superficial afferent

arterioles (112, 260). Likewise, a number of studies have demonstrated that COX

inhibition can augment renal vasoconstrictor responses to noradrenaline and vasopressin

both in vitro and in vivo (9, 16, 107).

Under normal physiological conditions, thromboxane A2 and PGK2 are produced in

small quantities by the kidney. These vasoconstrictor prostaglandins act on

thromboxane/enderperoxide receptors and play a more prominent role under

pathophysiological conditions (106).

We recently demonstrated that the COX inhibitor ibuprofen reduced basal MBF when

administered alone (185) and also in combination with the lipoxygenase inhibitor

esculetin in anaesthetized rabbits (184). In contrast, ibuprofen-treatment did not have a

significant effect on basal RBF or CBF suggesting that COX products contribute to the

regulation of basal levels of MBF but not CBF (185). Our observations are consistent

with the findings of a number of previous studies, the results of which suggest that COX

products provide a tonic vasodilator influence within the medullary microcirculation

(26,53,101, 198).

Lipoxygenase pathway

Lipoxygenase enzymes convert AA to leukotrienes, HETEs and lipoxins (106).

Leukocytes, mast cells and macropharges produce these metabolites in response to

inflammation (106).

Within the kidney, 12 (S)-HETE and 15-HETE are produced by glomeruli, mesangial

cells, cortical tubules, and blood vessels (4, 12, 110). These metabolites contribute to

the regulation of renal haemodynamics and glomerular filtration (106). For example,

Katoh and colleagues demonstrated that 12(S)-HETE reduced RBF and GFR in rats

(116). We recently found that lipoxygenase inhibition increased basal RBF and MBF in

anaesthetized rabbits (184). This :ould reflect the actions of 12-HETE, a vasoconstrictor

metabolite of the lipoxygenase pathway, found within the renal vasculature (106).
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There is evidence that lipoxygenase products of AA contribute to the renal responses of

vasoactive hormones (106). Inhibition of the 12-lipoxygenase enzyme diminished the

reduction in RBF in response to angiotensin II in the rat kidney (22). Furthermore,

diminished renal arcurate artery vasoconstrictor responses to noradrenaline and

potassium chloride have been demonstrated subsequent to lipoxygenase inhibition in the

rat kidney (259).

CYP4 50 pathway

CYP450 enzymes are haeme proteins that require cytochrome c reductase,

NADPH/NADP+, and molecular oxygen as cofactors (54, 159). CYP450 dependent

metabolism of AA occurs via three types of reactions; (i) olefin epoxidation (ii) allylic

oxidation and (iii) oxidation at co and co-1 positions (54, 159). Olefin epoxidation gives

rise to four regioisomeric EETs and these EETs can in turn be converted to their

respective vicinal diols, the dihydroxyeicosatrienoic acids (DHTs) by epoxide

hydrolases. Allylic oxidation gives rise to cis-trans conjugated HETEs and oxidation at

co and CD-I positions gives rise to 20 and 19-HETEs respectively (159). COX can

convert 20-HETE to a vasoconstrictor PGH2 analog (20-OH PGH2) (161). This product

can then be converted to vasodilator (20-OH PGE2, 20-OH PGI2) and vasoconstrictor

(20-OH thromboxane (Tx) A2, 20-OH PGF2oc) metabolites by isomerases (161).

CYP450 enzymes are expressed in the renal vasculature and tubules (161, 179). Omata

et al. (186) demonstrated that production of 20-HETE occurs in the proximal tubule and

thick ascending loops of Henle in SHR. Moreover, medullary thick ascending limbs of

the loop of Henle, proximal tubules, cortical collecting ducts and isolated glomeruli

have been shown to metabolize AA via CYP450 (205).

CYP450 metabolites can be stored in tissue lipids and released upon demand, in

response to different hormonal stimuli (161). It has been documented that membrane

bound HETEs and EETs represent a significant reservoir in organs such as kidney, liver

and platelets (161). Therefore, functions of these metabolites cannot be fully elucidated

by inhibiting their production since this does not inhibit the release of HETEs and EETs

from membrane phospholipids. For instance, angiotensin II can release large amounts of

HETEs through activation of phospholipase, in the face of inhibition of CYP450

monooxygenase (36). Angiotensin II can also release 20-HETE from rat preglomerular
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microvessels (52). On the other hand, there are many studies demonstrating that

CYP450 inhibitors can acutely reduce metabolite production (5, 28, 73, 100, 101, 130,

193, 234, 268). Therefore, at least under some conditions CYP450 metabolites of AA

must be produced and released on demand.

20-HETE

Members of the CYP450 4A gene family are chiefly responsible for formation of 20-

HETE in the kidney (106). CYP450 4A protein is localized to renal arterioles, glomeruli

and pericytes of vasa recta capillaries (106). It is postulated that 20-HETE acts

predominantly in an autocrine manner (161). 20-HETE has been indicated to be a renal

vasoconstrictor (32, 106) although there is evidence to the contrary (38). Caroll et al

(38) demonstrated that 20-HETE produces vasodilatation in the isolated perfused rabbit

kidney pre-treated with phenylephrine, and this response is thought to be COX-

dependent. On the other hand, a number of studies have shown that 20-HETE mediates

vasoconstriction in the rabbit afferent arteriole, dog renal arteries, rat juxtamedullary

afferent arterioles and isolated perfused rabbit afferent arterioles (106). It has been

demonstrated that 20-HETE mediated vasoconstriction of the renal arcuate artery is due

to a sustained increase in Ca2+ in vascular smooth muscle cells (138). Potassium

channel blockade has been shown to abrogate 20-HETE- dependent vasoconstriction of

the renal afferent arteriole (267). Also, it has been shown that inhibition of tyrosine

kinase diminishes 20-HETE-dependent renal arterial vasoconstriction (236).

Collectively these data indicate that 20-HETE-dependent vasoconstriction occurs via

activation of tyrosine kinase and subsequent closing of Ca2+ activated potassium

channels (106).

EETs

There is evidence that members of CYP450 1A, 2B, 2C, 2D, 2E, 2J and 4A gene

families can metabolize AA into EETs (106, 212). CYP2C23 is reported to be the main

CYP450 epoxygenase enzyme expressed in the rat kidney (103). Ma et al (137) reported

that CYP450 2J is highly expressed in the proximal tubule and collecting duct of rats. A

membrane-bound receptor has been identified for 14,15 EET in mononuclear cells

(258). There is evidence that 11,12-EET activates calcium-dependent potassium

channels via stimulatory G proteins in bovine coronary artery smooth muscle (129).

This provides further support for the proposition that there are receptors for EETs. Like

so 28 oa



Chapter 1 Literature Review

20-HETE, EETs are thought to act chiefly in an autocrine/ paracrine manner (106).

Previous studies indicate that 11,12 and 14,15 EETs can cause vasodilatation of

preglomerular arterioles (108). 5,6- and 8,9-EETs have been shown to cause either

vasoconstriction or vasodilatation, and these effects are thought to be COX-dependent

(89, 240). Zou et.al (266) demonstrated that 11,12 EET dilated dog renal arteries by

activating Ca2+-dependent potassium channels. These effects of 11,12 EET are

consistent with the notion that it is an endothelium derived hyperpolarising factor

(EDHF) (106, 160). In fact, Fisslthaler et al. (85) have identified that 11,12 EET

produced by CYP 450 2C is an EDHF in the coronary vasculature.

1.5 Do paracrine factors underlie the differential regulation of
CBF and MBF by hormones?

There is evidence that the differential regulation of CBF and MBF by hormonal and

neural factors, at least in part, arises from their differential engagement of

endothelial/epithelium derived paracrine factors such as nitric oxide and AA metabolites

(see Table 1.2).

As discussed earlier, bolus doses of angiotensin II reduce CBF and increase MBF while

infusions of angiotensin II reduce CBF but have little effect on MBF (see Section 1.3.1

and Table 1.1). Angiotensin II mediated increases in papillary blood flow were

abrogated by pretreatment with the kallikrein inhibitor aprotinin, suggesting that kinin

release may contribute to this response (180). More recently, the same group found

evidence for a role of nitric oxide in mediating angiotensin II induced increases in

papillary blood flow in rats (252). Consistent with this, we have previously shown that

nitric oxide synthase inhibition (206) or COX inhibition (185) blunted angiotensin II-

induced increases in MBF in anaesthetized rabbits, suggesting that both nitric oxide

and metabolites of COX pathways contribute to angiotensin II induced medullary

vasodilatation. On the other hand, in anaesthetized rabbits, COX inhibition,

lipoxygenase inhibition, nitric oxide synthase inhibition or even combined inhibition of

all three systems had little effect on responses of CBF and MBF to renal arterial

angiotensin II infusions, suggesting that neither nitric oxide nor metabolites of

lipoxygenase and COX pathways fully account for the relative insensitivity of MBF to
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infusions of angiotensin II (184, 185, 206). Other studies have shown that COX

inhibition augmented angiotensin II-induced vasoconstnction in the rat renal medulla

(53, 198, 230). Bajizriska et al (13) recently demonstrated that COX inhibition revelaed

reductions in inner MBF in anaesthetized rats. These discrepancies could possibly

reflect the presence of different COX products in vascular elements regulating MBF in

the rabbit kidney versus the rat kidney.

Previous studies have repeatedly shown that Vj-receptor activ aon can selectively

reduce MBF without having an effect on CBF (see Section 1.3.2). There is evidence

that COX metabolites can buffer vasopressin induced reductions in RBF in rats (251).

However, we recently demonstrated that inhibition of COX (185), lipooxygenase (184),

nitric oxide synthase (206) or combined inhibition of all three pathways (184) had little

effect on responses of regional kidney perfusion to [Phe ,Ile ,Orn ]-vasopressin in

rabbits. Our data suggest that nitric oxide and metabolites of COX and lipooxygenase

pathways do not undelie the relative insensitivity of CBF to Vi-receptor activation.

Further, these factors seem to play little role in protecting the renal medullary

circulation from the ischaemic effects of Vj-receptor activation.

Renal arterial infusions of noradrenaline reduce CBF more than MBF (see Section

1.3.3). In anaesthetized rats (265) and rabbits (206), nitric oxide synthase inhibition

revealed reductions in MBF after noradrenaline. Further, noradrenaline has been shown

to increase nitric oxide concentrations within the renal medullary circulation (265).

Noradrenaline-induced reductions in RBF and CBF were also enhanced after nitric

oxide synthase inhibition (206). Collectively, these data suggest that nitric oxide blunts

renal vasoconstrictor responses to noradrenaline, particularly in the medullary

circulation. We recently found that COX inhibition has little effect on responses of

intrarenal blood flow to noradrenaline in rabbits (185). In contrast, Parekh and Zou

demonstrated that COX inhibition enhanced noradrenaline-induced reductions in MBF

in rats, suggesting that metabolites of COX pathways buffer noradrenaline-induced

vasoconstriction in vascular elements regulating MBF (198). This apparent discrepancy

could be due to differences in species and/or route of administration (intravenous vs

renal arterial in our study). In anaesthetized rabbits, lipoxygenase inhibition enhanced

responses of RBF and CBF and tended to enhance responses of MBF to noradrenaline

(184). These data suggest that lipooxygenase products antagonize renal vasoconstrictor
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responses to this hormone. Alternatively, this could reflect the actions of metabolites of

other AA pathways (COX and CYP450), as selective inhibition of the lipooxygenase

pathway would increase substrate (AA) availability for CYP450 and COX pathways.

Taken together, previous studies by ourselves and others indicate that regionally

selective activation of nitric oxide synthase, lipooxygenase and COX cannot completely

account for the diversity of effects of angiotensin II, [Phe2,Ile3,Orn8]-vasopressin and

noradrenaline on CBF and MBF. For instance, during nitric oxide synthase inhibition

(206), COX inhibition (185), lipoxygenase inhibition (184) or even after combined

inhibition of all three systems (184), renal arterial administration of angiotensin II and

noradrenaline still reduced CBF more than MBF, while the vasopressin Vi~agonist

[Phe2,Ile3,Orn8]-vasopressin still reduced MBF more than CBF. Therefore, these

findings suggest that both nitric oxide and prostanoids, contribute to, but do not

completely account for, the differential regulation of CBF and MBF by these hormones.

CYP450-dependent AA metabolism is another enzyme cascade that could play a role in

the differential regulation of blood flow to the renal cortex and medulla. Kohagura et al

demonstrated that miconazole, an inhibitor of CYP450 dependent epoxygenase

metabolism, enhanced angiotensin II-mediated vasoeonstriction in the isolated

microperfused afferent arteriole of the rabbit, suggesting that EETs blunt the

vasoconstrictor effects of angiotensin II (119). Inhibition of AA metabolism, on the

other hand, has been shown to attenuate vasopressin-induced vasoeonstriction in the

isolated perfused rat kidney (250). These latter findings suggest that metabolites of AA

contribute to vasopressin-induced vasoeonstriction in the kidney. These studies

certainly provide evidence that CYP450 dependent metabolites of AA participate in

renal vascular responses to angiotensin II and vasopressin. However, we are not aware

of any studies that have investigated the roles of CYP450 metabolites in modulating

responses of regional kidney blood flow to these hormones in vivo. This is the focus of

the studies described in Chapters 3 and 4 of this thesis. In the experiments described in

Chapters 3, we investigated the roles of CYP450 in modulating responses of regional

kidney blood flow to vasoconstrictor hormones. We then examined the respective roles

of 20-HETE and EETs in contributing to these responses, in the experiments described

in Chapter 4.
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Table 1.2 Diverse actions, of various vasoactive regulatory factors, on blood flow in the renal cortex and medulla,
and proposed mechanisms underlying their differential effects on blood flow in these vascular territories.

Factor Exogenous 1~Physiological Proposed Mechanisms''

CBF MBF CBF MBF

References

A: Vasoconstrictors

Angiotensin II

Noradrenaline

Renal sympathetic
nerve activity

u

u

NA

-» ort (rats

and rabbits)

i (dogs)

I

NA

20-HETE ND ND

u

U

Nitric oxide and prostaglandins produce ATrmediated (14,34,49,53,56,57,62,

vasodilatation and blunt vasoconstriction in the medullary ' ' ' '
166, 180, 185, 197, 198,

circulation, which is opposed by AT2-receptor activation.
206, 221, 230, 252.272)

oc2-Adrenoceptor mediated nitric oxide release opposes, apmediated f*9> 76« l85» 197> 198>

vasoconstriction in the medullary circulation.

Nitric oxide blunts MBF responses to renal nerve stimulation. a2-

Adrenoceptor activation blunts responses to renal nerve stimulation

in both the cortex and medulla, so this mechanism probably does not

explain the insensitivity of MBF to renal nerve stimulation.

Unknown, although some of the renal vascular actions of nitric oxide 0 01. 27°)

are mediated through inhibition of the synthesis of 20-HETE and

EETs

206)

(17, 69, 70, 93-95, 120,

123,126,127,220,230)
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Table 1.2 (continued)

Factor Exogenous "["Physiological Proposed Mechanisms4

CBF MBF CBF MBF

References

B: Vasodilators
Nitric oxide t Expression of all 3 isoforms of nitric oxide synthase is particularly (4^. 62,69,101,114,151,

prominent within the medulla. Nitric oxide synthase activity and 153-157>197>206>272)

interstitial levels of nitric oxide are greater in the medulla than the

cortex.

Prostaglandins ND ND •f"f Expression of components of the (vasodilator) prostaglandin system 0 . 2. 13> 53> 101> 154>

is particularly prominent within the medulla 185> 198> 2 1 6 ' 2 2 1 )

= Strongly reduced; >l = reduced;-^ = reduced only by intense stimuli, -> = virtually insensitive; TT strongly increased, t increased.
CBF = cortical blood flow; MBF = medullary blood flow; 20-HETE = 20-hydroxyeicosatetraenoic acid; AA = arachidonic acid; ND = not
determined; NA = not applicable.

•Differences in vascular geometry between the cortical and medullary circulations predispose MBF to be less sensitive than CBF to any given
vasoconstrictor factor (see The role of renal vascular geometry in the control of MBF, Section 1.4.2). TConclusions regarding the physiological
roles of these factors in the control of CBF and MBF come from studies using receptor antagonists, and inhibitors of the synthesis or breakdown
of these factors. Modified from (74).
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1.6 Do paracrine factors underlie the differential regulation of CBF
and MBF by nerves?

There is evidence to suggest paracrine factors derived from the vascular endothelium

and tubular epithelium can buffer vasoconstriction induced by stimulation of renal

nerves (see Table 1.2). For example, Malmstrom et al (2001) (148) demonstrated that

nitric oxide synthase inhibition augmented renal nerve stimulation-induced global renal

vasoconstrictor responses in the pig. Consistent with this, Eppel et al (2003) (69) in our

laboratory, recently showed that inhibition of nitric oxide synthase can enhance renal

nerve stimulation-induced reductions in RBF, CBF and MBF in anaesthetized rabbits.

This latter study also demonstrated that even after nitric oxide synthase inhibition, renal

nerve stimulation reduced CBF more than MBF, suggesting that nitric oxide per se does

not completely account for the relative insensitivity of MBF to neural activation.

Evidence has also been presented to suggest a role for vasodilator prostaglandins in

buffering renal nerve stimulation-induced vasoconstrictor activity in the renal

circulation. For example, inhibition of COX has been shown to enhance, while

administration of prostacyclin or PGE2 has been shown to blunt, renal nerve stimulation-

induced renal vasoconstrictor response in rats (109).

There is also evidence that interactions between nitric oxide and prostaglandins in the

kidney play an important role in modulating noradrenaline-induced renal

vasoconstrictor responses. For example, nitric oxide synthase inhibition has been shown

to augment noradrenaline-induced renal vasoconstriction in the isolated perfused rat

kidney preparation (262). Inhibition of COX (262) or antagonism of the thromboxane

A2/prostaglandin H2-receptor (264) antagonism attenuated this vasoconstriction,

suggesting that nitric oxide buffers noradrenaline-induced renal vasoconstriction by

inhibiting the production and/or actions of vasoconstrictor prostaglandins. On the other

hand, nitric oxide synthase inhibition has been demonstrated to reveal renal vasodilator

actions of COX products in the rat kidney (19, 20). These latter observations suggest

that under normal physiological conditions, nitric oxide might inhibit the production of

vasodilator prostaglandins. So, the observation that renal nerve stimulation reduces CBF

more than MBF under conditions of nitric oxide synthase inhibition (69) could simply

reflect compensatory up-regulation of vasodilator prostaglandins in the renal medulla

after nitric oxide synthase inhibition. Therefore, in the experiments described in Chapter
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5, and also in a supplementary experiment described in Chapter 7, we examined the

roles of COX products, and also the significance of the interactions between nitric oxide

and prostaglandins in underlying the relative insensitivity of MBF to sympathetic nerve

activation.

1.7 Does angiotensin II protect the renal medulla from the
ischaemic effects of renal nerve stimulation?

Angiotensin II has a paradoxical vasodilator effect in the renal medullary

microcirculation (see Section 1.3.1 and Table 1.1) This vasodilator effect was blunted

after nitric oxide synthase inhibition (206) or after ATi-receptor antagonism (66)

suggesting that angiotensin II, via activation of ATj-receptors, induces nitric oxide

release which in turn causes vasodilatation in vascular elements regulating MBF. In

support of this hypothesis, angiotensin II has been shown to increase nitric oxide

concentrations in the renal medulla (272). More recently, Dickhout et al. showed that

angiotensin II increased nitric oxide concentrations in the isolated medullary thick

ascending limbs of Henle's loop (62). Importantly, they showed that angiotensin II-

induced increases in nitric oxide concentrations in pericytes of vasa recta were only

observed when these vessels were in close proximity to medullary thick ascending limbs

(62). These authors concluded that nitric oxide, produced in response to angiotensin II

from the medullary thick ascending limbs, diffuses into vascular smooth muscle and

antagonizes angiotensin II-mediated vasoconstriction (62). A recent study in our

laboratory demonstrated that renal arterial infusion of angiotensin II blunted renal nerve

stimulation-induced reductions in MBF, but not CBF, in rabbits (Figure 1.7) (93).

Taken together, these studies suggest that angiotensin II, possibly by inducing the

release of nitric oxide, can blunt renal nerve stimulation-induced vasoconstriction in the

renal medullary circulation. However, we do not yet understand the physiological

significance of the roles of endogenous angiotensin II in modulating neurally mediated

vasoconstriction in the vascular elements regulating MBF. This is the main focus of

experiments described in Chapter 6.
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Figure 1.7 The responses of regional renal haemodynamics to electrical stimulation of

the renal nerves during infusion of saline vehicle and angiotensin II. *Statistically

significant differences in responses to stimulation across all frequencies between vehicle

and angiotensin II infusion (Agent ^ 0.05). CLDF (cortical laser Doppler flux, an index

of blood flow); MLDF (Medullary laser Doppler flux) (Modified from (93)).

1.8 Summary and aims

The role of the renal medullary circulation in long-term regulation of arterial pressure is

now well established (47, 48, 50, 150). There is a large body of evidence to suggest that

hormonal (45, 46, 71, 76, 180, 184, 185, 197, 198, 206) and neural (69, 70, 93, 94, 126,

220) factors can differentially regulate regional kidney blood flow. This is likely to

rtoresent an important regulatory mechanism in long-term blood pressure control yet

we are only beginning to understand the mechanisms underlying it. Therefore, the

global aim of the experiments described in this doctoral thesis was to examine the roles

of paracrine factors in underlying the differential regulation of regional kidney

perfusion by hormonal and neural stimuli.

Studies described in Chapters 3 and 4 examined the roles of CYP450 metabolites of

AA, in modulating regional kidney blood flow responses to vasoconstrictor hormones.

In the experiments described in Chapter 3, the non-selective CYP450 inhibitor, 1-

aminobenzotriazole (ABT) was used. In the experiments described in Chapter 4, the

roles of EETs were examined using the selective epoxygenase inhibitor, (N-
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methylsulfonyl-6-(2-propargyloxyphenyl)hexanamide (MS-PPOH), and the roles of 20-

HETE were examined using the selective co-hydroxylase inhibitor, N-methylsulfonyl-

12,12-dibromododec-l 1-enamide (DDMS).

Studies described in Chapters 5 and 6 investigated the roles of prostaglandins (Chapter

5) and angiotensin II (Chapter 6) and the significance of interactions of these systems

with nitric oxide, in modulating responses of CBF and MBF to stimulation of the renal

nerves.

so 37 oa



Chapter 2 General Methods

Chapter Two

General Methods

2.1 Introduction

The aim of this chapter is to describe the general methods used in the experiments

described in this thesis. The specific experimental protocols, and techniques used only

once, are described in the relevant experimental chapters (Chapters 3-6).

All experiments were performed using rabbits (Section 2.2), which were surgically

prepared (Section 2.3). Renal vascular tone was manipulated either by renal arterial

infusion of drugs and hormones (Section 2.3.1) or electrical stimulation of the renal

nerves (Section 2.3.2). Total renal blood flow was measured by transit-time ultrasound

flowmetry (Section 2.4) and regional kidney perfusion was estimated using laser

Doppler flowmetry (Section 2.5). All haemodyiiamic variables were recorded digitally

(Section 2.6). In some studies the ability of renal tissue to metabolise arachidonic acid

(AA) via cytochrome P450 (CYP450) pathways was examined (Sections 2.7 and 2.8).

To determine the roles of various regulatory factors (eg nitric oxide, products of AA

metabolism, angiotensin II) in the control of regional kidney blood flow, specific

enzyme inhibitors and pharmacological antagonists were used (Section 2.9). Biological

hypotheses were tested using appropriate statistical procedures (Section 2.10).

2.2 Animals

All experiments described in this thesis were performed on male New Zealand White

rabbits. They were provided with water ad libitum but were fed only once each day

from the age of 10 weeks. Their food consisted of a mixture containing pellets, lucerne

chaff and oat chaff in the ratio 4:1:1.2 by weight (100 g per day). All experiments were

approved in advance by the Monash University Department of Physiology/ Central

Animal Services Animal Ethics Committee. These experiments were performed in
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accordance with the Australian Code of Practice for the Care and Use of Animals for

Scientific Puiposes.

2.3 Surgical procedures

Catheters were placed in the central ear artery and marginal ear vein using a

transcutaneous needle puncture technique, under local analgesia (1% Lignocaine;

Xylocaine; Astra Pharmaceuticals, North Ryde, NSW, Australia). The ear artery

catheters facilitated measurement of arterial pressure, while the ear vain catheters were

for infusion of physiological solutions and drugs. General anaesthesia was induced by

p^ntobarbitone sodium (90-150 mg plus 30-50 mg/h; Nembutal: Rhone Merieux,

Pinkenba, Queensland, Australia) and was immediately followed by endotracheal

intubation and artificial respiration (Model 55-3438 Respirator, Harvard Instruments,

MA, USA). The level of anaesthesia was monitored throughout the experiment by

testing the toe pinch and cornea reflexes and was adjusted accordingly. A bladder

catheter (8-F gauge latex, infant urological Foley catheter; Rush, High Wycombe,

Buckinghamshire, UK) was inserted via the urethra prior to commencement of surgery.

Surgery was performed on a heated table (Baker Medical Research Institute, Model

165) and oesophageal temperature was maintained between 36-38 °C throughout the

experiment with the use of the heated table and a servo controlled infrared lamp (Digi-

Sense Temperature Controller, Cole Palmer Instrument Company, Chicago, IL, USA) in

experiments where vascular tone was manipulated by renal arterial infusion of

vasoconstrictor agents (Chapters 3 and 4). In experiments where renal nerves were

stimulated (Chapters 5 and 6) only the heated table was used to maintain the

oesophageal temperature between 36-38 °C, as the infrared lamp could damage the

renal nerves. Hartmann's solution (compound sodium lactate; Baxter Healthcare Pty

Ltd., Toongabbie, NSW, Australia) was infused at a rate of 0.18 ml kg"1 min*1 during

surgery. At the completion of all surgical procedures the rabbit's wounds were covered

with gauze soaked in 154 mM NaCl to minimize fluid loss, and the i.v. infusion of

Hartmann's solution was repla with a solution containing four parts Hartmann's

solution and 1 part 10% vol/vol polygcline (Haemaccel; Hoechst, Melbourne, Victoria,

Australia). A 30-60 min equilibration period was allowed before the experimental

protocols commenced.
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2.3.1 Insertion of a catheter in the side branch of the left renal artery
(Chapters 3 and 4)

In the experiments described in Chapters 3 and 4 renal vascular tone was manipulated

by renal arterial infusion of vasoconstrictor agents. To achieve this, the left kidney was

exposed via a left flank retroperitoneal incision and was freed from the peritoneal lining

and surrounding fat. The left kidney was then denervated by stripping the nerves from

the renal artery. This eliminated any possible confounding effects on renal

haemodynamics of changes in renal sympathetic nerve activity. The rabbit was then

placed in an upright crouching position and a catheter (single lumen PE10: OD 0.61 x

ID 0.28 mm; Datamasters Pty Ltd, Ocean Grove, Victoria, Australia) was placed in a

side branch (suprarenolumbar artery) of the renal artery for administration of vasoactive

agents. Catheter patency was maintained by a continuous infusion of 154 mM NaCl (20

ul kg*1min"1). The kidney was then placed in a stable cup to facilitate the use of laser

Doppler flowmetry (see Section 2.5). The kidney was secured in the cup using gauze

(soaked in 154 mM NaCl) packing.

2.3.2 Preparation for renal nerve stimulation (Chapters 5 and 6)

In the experiments described in Chapters 5 and 6 renal vascular tone was manipulated

by electrical stimulation of post-ganglionic renal sympathetic nerves. To achieve this,

the left kidney was exposed via a left flank incision and was placed in a stable cup. The

kidney was secured in the cup using gauze (soaked in paraffin oil) packing.The renal

nerves running parallel to the left renal artery were then carefully isolated using a

microscope and placed across a pair of stimulating electrodes. Therefore, most (but not

all) sympathetic nerves innervating the kidney were likely to be in contact with the

stimulating electrode. The nerves were then sectioned proximally. A mixture of paraffin

oil and petroleum jelly were applied to the nerves throughout the experiment to keep

them moist.

Renal nerve stimulation was produced using purpose-written software in the Lab VIEW

graphical programming language (National Instruments, Austin, TX), which was kindly

provided by Associate Professor Simon Malpas form the Department of Physiology,

University of Auckland, New Zealand. A supramaximal voltage (3-10 V) was applied in

each experiment. This was pre-determined by stimulating the renal nerves with various

voltages at 5 Hz for 60 s. The voltage that produced the maximum reduction in RBF
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was used to stimulate the renal nerves in all subsequent stimulation sequences. A pulse

width of 2 ms was used and either four (Chapter 5: 0.75, 1.5, 3 & 6 Hz) or five (Chapter

6: 0.5, 1, 2, 4 & 8 Hz) different frequencies were applied in random order. Each

frequency was applied for 3 min with an 8 min recovery period, except after the highest

frequency, where a 10 min recovery period was allowed.

2.4 Measurement of R8F using transit-time ultrasound

flowmetry

In all in vivo experiments described in this thesis (Chapters 3, 4, 5 and 6), a transit-time

ultrasound flow probe (type 2SB, Transonic Systems Inc., Ithaca, NY, USA) was placed

around the left renal artery to measure RBF (Figure 2.1). This probe consists of two

ultrasound transducers (positioned on each side of the flowprobe body) and an acoustic

reflector (245). When the flow probe is placed around a vessel (in our experiments the

renal artery), the reflector is positioned midway between the two transducers, on the

opposite side of the vessel to where the two transducers are located (245). The

downstream transducer emits a wave of ultrasound on electrical excitation. This

ultrasound wave travels through the vessel and gets reflected towards the upstream

transducer when it reaches the probe reflector. The upstream transducer converts the

ultrasound wave into electrical signals and the flowmeter uses these signals to derive the

transit-time of the ultrasound wave to travel from one transducer to the other (245). This

same transit-receive sequence is then reversed. The ultrasound wave has to travel in the

direction opposite to flow in the upstream transit-receive sequence as opposed to same

direction of flow in the downstream transit-time receive sequence (245). As a result, the

upstream transit time is greater than the downstream transit time. The flowmeter, with

the aid of wide-beam ultrasound, measures the volume-flow by subtracting the

downstream transit time from the upstream transit time (245).

Transit-time ultrasound flowmetry has many advantages over other techniques for

measuring global renal blood flow (eg. electromagnetic flowmetry, continuous wave or

pulse-Doppler flowmetry) (64, 75). Firstly, flow measurements are independent of

vessel diameter (64). Secondly, unlike electromagnetic flowmetry the zero measurement
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remains stable (75). Thirdly, these probes can be used in most in vivo experimental

conditions without calibration other than that provided by the manufacturer (245).

Previous studies have shown that flow measurements made with the use of this

technique are largely in agreement with the flow measurements made with the use of

electromagnetic flow-probe (98), thermodilution (219) and clearance of [14C]-labelled

paraaminohippuric acid (254).

2.5 Measurement of regional kidney perfusion using laser Doppler

flowmetry

In all anaesthetized rabbit experiments (Chapters 3, 4, 5 and 6) cortical perfusion

(CBF) and medullary perfusion (MBF) were estimated by laser Doppler flowmetry

(Moor Instruments Ltd, Millwey, Devon, England). Medullary laser Doppler flux

(MLDF) was measured after implanting a needle probe (26 gauge, DP4s) 9 mm below

the cortical surface using a micromanipulator (Narishige, Tokyo, Japan) so that its tip

would be placed in the "white" inner medullary region of the kidney. A standard plastic

straight probe (DP2b) was used to monitor cortical laser Doppler flux (CLDF) (Figure

2.1). This was placed on the dorsal surface of the kidney and held in place with gauze

soaked in 154 mM NaCl.
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Medullary laser Doppler probe

Figure 2.1 (A) Anaesthetised rabbit preparation. A transit time ultrasound flow

probe was placed around the left renal artery to measure total renal blood flow. (B) A

needle laser-Doppler flow probe was advanced about 9 mm into the kidney to measure

medullary laser Doppler flux and a standard plastic straight probe was placed on the

dorsal surface of the kidney to measure cortical laser Doppler flux.
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2.5.1 Laser Doppler flowmetry principle

A small region of the tissue under study is illuminated by a beam of low intensity

monochromatic light emitted by the laser Doppler flowmeter (181). Moving red blood

cells within the tissue scatter the laser beam and cause a frequency shift in light

proportional to the velocity of the cells. A portion of the light (both that has and has not

undergone frequency shifts) is reflected back onto a photo detector inside the

flowmeter. The flowmeter then creates a current by mixing the reflected light with

different frequencies. This process is termed heterodyne mixing and this is used to

determine the Doppler shift power spectrum (209). This is used to derive the velocity

and concentration of red blood cells in the tissue under study. The laser Doppler

flowmeter measures the flux of red blood cells, which is the product of the velocity and

the concentration signal, and which gives an indication of blood flow (209). We

measured flux and concentration signals in both the cortex and the medulla in all

experiments described in this thesis. However, as described below, the concentration

signal is not very meaningful in highly perfused tissues such as the kidney, since this

signal is maximal under normal conditions.

Laser Doppler flowmetry has been employed in many previous studies to measure

regional kidney perfusion. It is a relatively non-invasive technique, which provides

continuous measurements. Furthermore, this technique can be used to estimate

perfusion on the surface and/or at different depths of the kidney (as described in our

experiments) using a plastic straight probe or a needle probe, respectively (195). Our

research group has previously shown that responses of CLDF to the vasoconstrictor

endothelin-1 are indistinguishable using these two different probe types (126) indicating

that neither the probe type per se, nor the haemorrhage associated with insertion of the

needle probe, confound observations using this experimental set-up. Furthermore, our

research group has previously demonstrated linear relationships between laser Doppler

flux and erythrocyte velocity in vitro (^4) and between RBF and CLDF and MLDF in

an isolated and maximally dilated blood perfused kidney (68), using this equipment.

These observations are consistent with the findings of other studies demonstrating a

linear relationship between laser Doppler flux and erythrocyte velocity (83, 217, 231).

However, laser Doppler flowmetry has been shown to be relatively insensitive to

changes in the number (volume) of red blood cells in highly perfused tissues such as the

kidney (68, 217). Therefore, this technique could be insensitive to changes in blood
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flow due to capillary recruitment (68). Other limitations of this technique include the

fact that it does not provide measures of absolute flow, and the fact that optical fibres

are sensitive to tissue and vessel wall movements (181). In the studies described in this

thesis we took great care to avoid motion artefacts by carefully securing the kidney in a

stable cup (see Sections 2.3.1 and 2.3.2). Laser Doppler flux measurements are shown

to overestimate the actual perfusion of the tissue under study because it incorporates a

biological zero which arises chiefly from the Brownian motion of the macro molecules

within the interstitium (118). To obtain the correct MLDF and CLDF measurements the

background levels of CLDF (7 ± 1 units) and MLDF (14 + 2 units), recorded after the

rabbit was humanely killed by overdose with pentobarbitone (300 mg) and artificial

ventilation was stopped, were subtracted from experimental values before data analysis.

We chose this option of subtracting background levels of flux after the rabbit was killed

and artificial ventilation was ceased in order to eliminate all motion artefacts that might

have been present during the course of the experiment.

2.6 Measurement of systemic and renal haeniodynamic

variables

The ear artery catheters were connected to pressure-transducers to measure arterial

pressure (Cobe, Arvarda, CO, USA). The transit-time ultrasound flow probe was

connected to a model T208 flowmeter (Transonic Systems) and the laser Doppler flow

probes were connected to a laser Doppler flowmeter (DRT4, Moor Instruments). A

computer equipped with an analog-to-digital acquisition card (Lab PC+, National

Instruments, Austin, Tx) and purpose written software (Universal Acquisition, kindly

provided by Associate Professor Simon Malpas from the University of Auckland, New

Zealand) provided 2 s means of MAP (mmlig), heart rate (HR, determined from the

arterial pressure pulse; beats/min), RBF (ml/min), CLDF (perfusion units), and MLDF

(perfusion units).
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2.7 Cytochrome P450 (CYP450) dependent co-hydroxylase and
epoxygenase activity

At the end of each in vivo experiment described in Chapters 3 and 4, the left kidney of

the rabbit was removed, snap frozen in liquid nitrogen and stored at -80 °C for later

measurement of the renal metabolism of AA //; vitro. The left kidney was also removed,

under pentobarbitone anaesthesia, from 6 untreated rabbits. We first examined the levels

of CYP450 metabolism in the cortex and the medulla of these control rabbit kidneys, by

preparing microsomes as described in the following section.

Microsomes were also prepared from the renal cortical tissues of rabbits treated with a

mechanism based (suicide) CYP450 inhibitor (eg. 1-aminobenzotriazole). Crude

homogenates were prepared from renal comical tissues of rabbits treated with CYP450

inhibitors of which the mode of inhibition was not definitively known (eg. N-

methylsulfonyl-12-12,dibromododec-l 1-enamide (DDMS), N-methylsulfonyl-6-(2-

propargyloxyphenyl) hexanamide (MS-PPOH)). This procedure minimized dilution of

the inhibitors retained in the tissue.

2.7.1 Microsomal preparation

Renal tissues (the renal cortex, inner and outer medulla of control kidneys and the renal

cortex of treated kidneys) were homogenized in 3 volumes of a 10 mM potassium

phosphate buffer containing 250 mM sucrose and 1 mM ethylenedianiinetetraacetic acid

(EDTA). The microsomes were prepared by sequential centrifugation of the

homogenate (at 3000 x g for 5 min, 11,000 x g for 15 min and 100,000 x g for 60 min).

Microsomal pellets were resuspended in 100 mM potassium phosphate buffer

containing 0.5 mM EDTA, 1 mM dithiothreitol, 30% glycerol and 0.1 mM

phenylmethylsulfonyl fluoride.

Crude renal homogenates were prepared by homogenizing the kidneys in only 2

volumes of the 10 mM potassium phosphate buffer to minimize dilution of agents that

had been infused into the renal artery. The homogenate was then centrifuged at low

speed (at 3000 x g for 5 min). An aliquot of the homogenate was taken to determine

CYP450 activity as described below.
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2.7.2 AA metabolism

The renal metabolism of AA was determined by incubating 0.5 mg of microsomal

protein or 2 mg of homogenate protein, with I4C-AA (Amersham, Arlington Heights,

IL) in 1 ml of a 100 mM potassium phosphate buffer (pH 7.25) containing 10 mM

sodium isocitrate, 0.16 U/ml isocitrate dehydrogenase, and 1 mM P-nicotinamide

adenine nucleotide phosphate, reduced form (NADPH). The microsome reactions were

performed using a saturating concentration of AA (0.1 jLiCi, 42 jiM) whereas the

homogenates were studied using a low concentration of substrate (AA 0.1 uCi, 2 \xM) to

maximize the conversion rate of labeled AA and minimize competition of CYP450

inhibitors with excess substrate. Incubations were carried out in a shaking water bath at

37 °C for 30 min (microsomes) or 60 min (homogenates) in an atmosphere of 100%

oxygen. The reaction was terminated with 1 M formic acid and AA metabolites were

extracted with 3 ml of ethyl acetate.

2.8 Isolation of AA metabolites using high performance liquid
chromatography

The metabolites were separated using a 2 mm x 25 cm C18 reverse phase high

performance liquid chromatography column equipped with an online radioactive flow

detector (FLO-one/Beta, series A-120; Radiomatic Instruments, Tampa, Florida, USA).

A linear solvent gradient ranging from acetonitrile:water:acetic acid (50:50:0.1,

vol/vol/vol) to acetonitrile:acetic acid (100:0.1, vol/vol) over 40 min was used to

separate the AA metabolites. Rates of product formation are expressed as pmol formed

per min per mg protein (pmol min'1mg'1). The rate of formation of 20-

hydroxyeicosatetraenoic acids (20-HETE) provided a measure of co-hydroxylase

activity, while the rate of formation of epoxyeicosatrienoic acids (EETs) provided a

measure of epoxygenase activity. We also measured the rate of formation of

dihydroxyeicosatrienoic acids (DiHETEs) to get some indication of epoxide hydrolase

activity (which is responsible for converting EETs into DiHETEs) in renal tissue.
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2.9 Pharmacological tools

In the studies described in this doctoral thesis we used a range of agents to inhibit

nitric oxide synthase (NG-nitro-L-arginine), cylooxygenase (COX) (ibuprofen), CYP450

(1-aminobenzotriazole), CYP450-dependent epoxygenase activity (N-methylsulfonyl-6-

(2-propargyloxyphenyl) hexanamide (MS-PPOH), CYP450- dependent co-hyroxylase

activity (N-methylsulfonyl-12,12-dibromododec-ll-enamide (DDMS)), and to

antagonize ATi- receptors (candesartan). Outlined below are the key features of the

pharmacology of these inhibitors.

2.9.1 CYP450 inhibitors

Inhibition of CYP450 enzymes can take place at three stages: (i) the binding of

substrates, (ii) the binding of molecular oxygen after the first electron transfer, and (iii)

the substrate oxidizing step (188). CYP450 inhibitors can be categorised into three main

groups: (i) reversible inhibitors, (ii) irreversible inhibitors, and (iii) inhibitors that form

quasi-irreversible complexes with the heme iron atom (188). Reversible inhibitors

generally hinder the catalytic activity of the enzyme prior to the oxidization of the

substrate whereas most irreversible, quasi-irreversible and mechanism based (suicide)

inhibitors render the enzyme inactive during or after the oxidative step (188). 1-

aminobenzotriazole (ABT) is a suicide substrate inhibitor (188) frequently used to study

the functions of CYP450, and has been shown to be an effective agent for inactivation

of P450 enzymes in vivo (234). ABT gets converted to benzene, which then interferes

with the catalytic heme moiety of the enzyme (188). This agent is a non-selective

inhibitor of CYP450 and has been shown to be equally effective at blocking co-

hydroxylase and epoxygenase activity at a dose of 50 mg/kg i.p in the rat (140).

In order to examine the function(s) of a certain metabolite in a particular CYP450

pathway, it is necessary to use more selective pharmacological approaches, to inhibit a

selective group of CYP450 products (eg co-hyroxylase products) without affecting the

other pathways simultaneously (161). This is challenging as these enzymes exist in

many isoforms and have broad substrate specificity (161). Dr Falck and co-workers in

Texas, USA, have recently developed compounds that selectively inhibit CYP450-

dependent co-hydroxylase activity and epoxygenase activity (212). Wang et al have
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shown that terminal acetylenic compounds like 6-(2-propargyloxyphenyl) hexanoic acid

(PPOH) and MS-PPOH selectively inhibited CYP450 epoxygenase activity with IC50

values of 9 and 13 j.iM respectively, in rat renal microsomes (253). These compounds

were shown to have no effect on CYP 450-dependent co-hydroxylase activity at

concentrations up to 50 |.iM (253). The benzene ring present in the PPOH derivatives is

suggested to provide the selectivity for inhibition of AA epoxidation (253). Wang et al

demonstrated that the inhibitory activity of PPOH increased with time and was NADPH

dependent (253). This suggests that PPOH fits into the category of mechanism based

irreversible inhibitors (171, 189).

DDMS, 12,12-dibromododec-ll-enamide (DBDD) and N, methylsulfonyl-15,15-

dibromopentadec-14-enamide (DPMS) are acyclic dibromide derivatives which

selectively inhibit CYP 450-dependent co-hydroxylase activity (253). The inhibitory

activity of these compounds range from highest to lowest in the following order; DBDD

= DDMS > DPMS (253). DDMS inhibited CYP450 co-hydroxylase activity with an IC50

of 2 |iM whereas its potency as an epoxygenase inhibitor was very low, with an IC50 of

60 |iM (253). DDMS is suggested to be an effective inhibitor of CYP450-dependent co-

hydroxylase activity (253). In contrast to compounds like PPOH, the inhibitory activity

of these compounds has been shown not to be time- or NADPH-dependent, suggesting

that the inhibitor activity of these agents could be reversible (253). In this regard, Wang

et al have shown that the inhibitory activity of DBDD and DDMS in renal microsomes

can be washed out (253).

These acyclic dibromide derivatives (selective co-hydroxylase inhibitors) as well as

terminal acetylenic compounds (selective epoxygenase inhibitors) appear to be effective

in blocking CYP450 in vitro. These compounds are lipophilic and hence can bind to

plasma proteins, so have limited diffusion capacity in tissues. Therefore, these

compounds could pose a problem when used under in vivo experimental conditions

(212). Nevertheless, a number of studies have shown that these drugs effectively

inhibited CYP450 metabolism in vivo (212).
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2.9.2 COX inhibition (Ibuprofen)

In the experiments described in Chapter 5 we used the COX inhibitor ibuprofen, which

has been shown to inhibit COX activity with an IC50 of 330 uM in microsomes prepared

from the cat lung (158). Mayeux et al also demonstrated that ibuprofen had little effect

on prostacyclin synthase and thromboxane A2 synthase actr ity at concentrations up to 1

mM (158). The plasma half-life of this drug is «2 hrs in humans (165). Ibuprofen at a

dose of 12.5 mg/kg has been shown to effectively reuuce pro«.lag!andin excretion in

dogs (201). We recently demonstrated that ibuprofen (12.5 mg/kg + 12.5 mg kg"1 hr"1)

reduced baseline levels of medullary laser Doppler flux (Ml C/r) in anaesthetized

rabbits in which nitric oxide synthase was inhibited (184). This observation is consistent

with previous studies demonstrating that COX inhibition reduces basal IvtLi (101, 198).

Therefore, it seems likely that this dose of ibuprofen (12.5 mg/kg + 12.5 mg kg"1 hr"1)

effectively inhibits COX activity in the rabbit kidney.

2.9.3 ATr receptor antagonism (Candesartan)

In the experiments described in Chapter 6 we used the ATi-receptor antagonist

candesartan. Candesartan has high affinity for ATp (but not AT2-) receptors (30). The

ATi-receptor binding affinity of candesartan has been shown to be eighty times greater

than that of losartan in the rabbit aorta (30). It has a relatively long half-life (« 9 hrs)

when administered in vivo and displays high protein binding capacity (30). Candesartan

has also been shown to follow competitive kinetics (84). A recent study in our

laboratory demonstrated that candesartan at a dose of 10 ug/kg plus 10 jag kg"1 hr'
1 abolished systemic and renal haemodynamic responses to renal arterial infusion of

angiotensin II in anaesthetized rabbits (66).

2.9.4 Nitric oxide synthase inhibitors

Guanidino-substituted analogues of L-arginine (eg. N^-methyl-arginine, N<0-nitro -

arginine, N*°-nitro-arginine methyl ester, NG-nitro-L-arginine) have been used in a vast

number of in vivo and in vitro studies to investigate the roles of nitric oxide in various

physiological and pathophysiological functions (168, 179, 247). These compounds (but

not their D-enantiomers) are competitive inhibitors, which block the enzyme by

competing with L-arginine for nitric oxide synthase binding (247). Addition of L-

arginine has been shown to reverse the inhibitory effects of these compounds (168). NG-
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nitro-L-arginine methyl ester has been shown to inhibit endothelial nitric oxide synthase

in the porcine aorta in a concentration-dependent manner (207). Previous studies in our

research group indicate that in rabbits, intravenous administration of N -nitro-L-

arginine (20 mg/kg + 5 mg kg'1 hr"1) provides maximal inhibition of nitric oxide

production (55, 77).

2.10 Statistics

A general overview of the statistical tests used in each of the studies described in this

thesis is outlined below. These tests are described in detail in the relevant experimental

chapters.

All data are expressed as mean ± SE. P values < 0.05 were considered statistically

significant. Paired or unpaired student's t-tests were only used when there was one

paiiwise comparison to be made. The EXCEL programme (Microsoft Office 2000) was

used to perform these t-tests. Performing multiple pairwise contrasts using t-tests was

avoided, since this would greatly increase the chance of making a type 1 error, unless

conservative adjustments are made to P values using simultaneous or step-down

multiple comparison procedures (135). Thus, for data of a factorial nature, biological

hypotheses were tested using multiple factor analysis of variance. For data involving

repeated measures in the same animal, P values were conservatively adjusted using the

Greenhouse-Geisser correction to reduce the risk of comparison-wise type-1 error (135).

The Greenhouse-Geisser correction is suggested to always overprotect against type 1

error (135). Bonferroni and Dunnett's tests were also performed as appropriate to

protect against the probability of ma!ring type 1 errors resulting from multiple pairwise

contrasts. Dunnett's tests were used when a number of data points were compared with

one control data point (horizontal pairwise comparisons) (136). All these tests were

performed using the computer software statistical package SYSTAT (255).
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Chapter Three

Roles of cytochrome P450-dependent
arachidonate metabolism in responses of regional

kidney blood flow to hormones

3.1 Summary

Cytochrome P450 (CYP450) enzymes metabolise arachidonic acid (AA) to 20-

hydroxyeicosatetraenoic acids (20-HETE) and epoxyeicosatrienoic acids (EETs) via the

co-hydroxylase and epoxygenase pathways, respectively. We tested whether regionally-

selective production of these metabolites contributes to the hormonal control of regional

kidney perfusion, by testing the effects of renal arterial infusions of the non selective

CYP450 inhibitor 1-aminobenzotriazole (ABT), on responses to renal arterial infusions

of vasoconstrictors. ABT slightly reduced basal mean arterial pressure (MAP) but did

not significantly affect baseline renal haemodynamics. In vehicle treated rabbits,

[Phe ,Ile ,Om ]-vasopressin reduced medullary laser Doppler flux (MLDF) but not

cortical laser Doppler flux (CLDF) or total renal blood flow (RBF) while angiotensin II

and noradrenaline reduced CLDF and RBF but not MLDF. ABT-treatment did not have

a significant effect on any of these responses. Production of 20-HETE, EETs, and

diLydroxyeicosatrienoic acids (DiHETEs) in renal cortical microsomes prepared from

the kidneys of ABT-treated rabbits were not significantly different from those of

vehicle-treated rabbits. These results, therefore, do not allow us to draw conclusions

regarding the roles of CYP450 metabolites of AA in modulating the responses of

intrarenal blood flow to angiotensin II, noradrenaline and [Phe2,Ile3,Orn8]-vasopressin.

The lack of efficacy of ABT under the present experimental conditions may reflect its

relatively s'ow onset of action.
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3.2 Introduction

The role of the renal medullary microcirculation in long-term blood pressure regulation

is now well established (47). Central to this is the demonstration by Cowley et al of an

inverse relationship between the level of renal medullary perfusion (MBF) and the long-

term set-point of arterial pressure in rats (47). An understanding of the factors

controlling MBF is therefore required.

Previous studies have provided strong evidence that vasoactive hormones can

differentially regulate renal MBF and cortical blood flow (CBF). For example, the renal

medullary microcirculation is relatively insensitive to the vasoconstrictor effects of

renal arterial- and intravenous-administration of noradrenaline (76, 185, 197, 206) and

angiotensin II (71, 72, 76, 197, 198, 252). In contrast, the vasopressin Vi-receptor

agonist [Phe ,Ile ,Orn ]-vasopressin, or arginine vasopressin itself, appear to selectively

reduce MBF at doses that have little effect on CBF or total renal blood flow (RBF) (71,

72, 76, 87). This differential regulation of CBF and MBF by vasoactive hormones likely

represents an important regulatory mechanism in long-term blood pressure control, but

the mechanisms underlying it remain unknown. Roles for endothelial derived factors

such as nitric oxide and prostaglandins have been proposed. This is supported by

observations indicating that nitric oxide and/or prostaglandins contribute to angiotensin

II-induced increases in MBF (185, 206, 252). Furthermore, there is also good evidence

that nitric oxide released in the medullary microvasculature can blunt vasoconstrictor

responses to angiotensin II (272) and noradrenaline (206, 265). However, nitric oxide

synthase- and cyclooxygenase (COX)-dependent mechanisms cannot completely

account for the diversity of effects of vasoactive agents on CBF and MBF. For example,

during nitric oxide synthase inhibition (206) or COX inhibit' m (185), and even after

combined inhibition of nitric oxide synthase, COX and lipoxygenase (184), renal

arterial administration of angiotensin II and noradrenaline still reduced CBF more than

MBF, while the vasopressin Vi-agonist [Phe2,Ile3,Orn8]-vasopressin still reduced MBF

more than CBF in anaesthetized rabbits. Another candidate system, which has not yet

been investigated in depth, is the cytochrome P450 (CYP450)-dependent arachidonic

acid (AA) metabolism cascade.
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There is certainly good evidence for roles of CYP450 products of AA in mediating

and/or modulating renal vascular responses to angiotensin II (119) and vasopressin

(250). However, the role of these factors in underlying the diversity of actions of

hormonal factors on regional kidney blood flow remains to be determined.

In the present study, we tested the hypothesis that the relative insensilivity of the

medullary microcircuu ion to angiotensin II-, and noradrenaline-induced

vasoconstriction, and the relative insensitivity of the cortical circulation to activation of

vasopressin Vi-receptors, arises from differential activation of CYP450 pathways in the

renal vasculature. Therefore, we tested the effects of the non-selective CYP450 inhibitor

1-aminobenzotriazole (ABT) on responses of regional kidney blood flow to renal

arterial administration of the vasopressin Vj-receptor agonist [Phe ,Ile ,Orn ]-

vasopressin, angiotensin II and noradrenaline.

3.3 Methods

3.3.1 Animals

Twelve male, New Zealand White rabbits (2.3 ± 0.06 kg) were used. Animals were

provided with water ad libitum but were meal fed (78). At the end of the experiment

they were killed with an intravenous overdose of pentobarbitone sodium (300 mg).

Experiments were approved in advance by the Monash University Department of

Physiology/Central Animal Services Animal Ethics Committee.

3.3.2 Surgical preparations

These have been described in detail in Chapter 2, so will only be described briefly here.

General anaesthesia was induced and maintained by i.v. pentobarbitone sodium (90-150

mg plus 30-50 mg/h) and was immediately followed by endotracheal intubation and

artificial ventilation. An i.v. infusion of Hartmann's solution (compound sodium lactate)

was administered at a rate of 0.18 mi kg-'min"1 during surgery. The left kidney was

exposed via a left flank retroperitoneal incision, and the nerves were stripped from the

renal artery and vein. The rabbit was then placed in an upright crouching position and a

catheter was placed in a side branch (suprarenolumbar artery) of the renal artery for

administration of vasoactive agents. The kidney was placed in a stable cup and a transit-
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time ultrasound flow probe was placed around the renal artery to measure RBF. Laser

Doppler flow probes were then implanted for measurement of cortical and medullary

laser Doppler flux (CLDF and MLDF), as estimates of CBF and MBF respectively.

MLDF was measured using a 26 gauge needle probe. A standard plastic straight probe

was placed on the dorsal surface of the kidney to monitor CLDF. This probe was

secured in place using gauze packing. At the completion of the surgical procedures the

intravenous infusion of Hartmann's solution was replaced with a solution containing

one part 10% vol/vol polygeline (Haemaccel) and four parts Hartmann's solution.

Experimental protocols started 30-60 min later, when systemic and renal

haemodynamics were stable.

33.3 Recording of haemodynamic variables

Systemic arterial pressure (MAP, mmHg), HR (beats/min) RBF (ml/min), CLDF

(perfusion units) and MLDF (perfusion units) were measured throughout the experiment

as described in Chapter 2. At the completion of all experiments, the left kidney was

removed, snap frozen in liquid nitrogen, and stored at -70 °C for later analysis of

CYP450 enzyme activity.

3.3.4 Experimental protocol

Effects o/ABTon responses to renal arterial infusions of vasoconstrictors Two

groups of rabbits were studied (n = 6 per group). The treatments (renal arterial ABT; 15

mg/kg over 10 min + 5 mg kg"lh"'), or vehicle (154 mM NaCl, 3.6 ml/kg over 10 min +

1.2 ml kg^h'1) commenced immediately after the equilibration period and continued

until the end of the experiment. Thirty minutes after ABT or vehicle-treatment

commenced, a series of renal arterial infusions of vasoconstrictors commenced.

Infusions of ascending doses of noradrenaline (20, 60 and 200 ng kg'1 min"1; 10 min for

each dose; Levophed Abbott Australasia Pty. Ltd., Kurnell, N.S.W., Australia),

angiotensin II (2, 6 and 20 ng kg"1 min'1; 10 min for each dose; Auspep, Parkville,

Victoria, Australia) and [Phe2,Ile3,Orn8]-vasopressin (3, 10, and 30 ng kg^min"1; 15 min

for each dose; Peninsula Laboratories, Belmont, CA, USA) were given in random order.

All vasoactive agents were administered in a volume of 20 \x\ kg '̂min"1. Each agent was

separated by a 20-60 min recovery period, so that all renal haemodynamic variables had

returned to their baseline levels before the next infusion commenced. The vasoactive
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agents were made-up in the solution containing ABT (or its vehicle) so that these

treatments were maintained for the entire experiment. All parts of the protocol were

completed in each rabbit. Background levels of CLDF (7 ± 1 units) and MLDF (13 ± 2

units), recorded after the rabbit was humanely killed and artificial ventilation was

ceased, were subtracted from experimental values before data analysis.

3.3.5 CYP450 co-hydroxylase and epoxygenase activity

Microsomes were prepared from the renal cortex of ABT or vehicle treated rabbits as

described in Chapter 2. The renal metabolism of AA was determined by incubating 0.5

mg of microsomal protein with a mixture of 14C-AA, 10 mM sodium isocitrate, 0.16

U/ml isocitrate dehydrogenase and 1 mM P-nicotinamide adenine nucleotide

phosphate, reduced form (NADPH). Incubations were carried out for 30 min at 37 °C in

an atmosphere of 100% oxygen. The reaction was terminated with 1 mM formic acid

and AA metabolites were extracted with 3 ml of ethyl acetate. The metabolites were

separated using reverse phase high performance liquid chromatography (HPLC)

equipped with an online radioactive flow detector. Rates of product formation are

expressed as pmol formed per min per mg protein (pmol min"1 mg"1). The rate of

formation of 20-HETE provided a measure of co-hydroxylase activity, while the rate of

formation of dihydroeicosatnenoic acids (DiHETEs) and EETs provided a measure of

epoxygenase activity.

3.3.6 Statistics

Data are expressed as mean ± SE. P values < 0.05 were considered statistically

significant. To test whether pre-treatment levels of haemodynamic variables during the

10 min control period varied according to the treatment that was to follow, these data

were subjected to one-way analysis of variance. Student's unpaired t-test was used to

determine whether ABT affected haemodynamic variables differently from vehicle-

treatment. Two-way analysis of variance was used to test whether baseline

haemodynamic variables during the control period before each renal arterial

vasoconstrictor infusion varied according to the vasoconstrictor to be infused. Levels of

haemodynamic variables during the final 3 min of control periods and periods during

vasoconstrictor infusions, were subjected to repeated measures analysis of variance. The

main effect of'treatment' from a two-way analysis of variance tested whether responses
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to the vasoactive agents were affected by ABT. To reduce the risk of comparison-wise

type 1 error, P values were conservatively adjusted using the Greenbouse-Geisser

correction (135). Unpaired students t-tests were used to compare the formation of 20-

HETE, DiHETEs and EETs in renal cortical microsomes prepared from kidneys of

vehicle-treated rabbits with those of ABT- treated rabbits.

3.4 Results

3.4.1 Baseline levels of haemodynamic variables

The average baseline levels of MAP, HR, RBF, CLDF and MLDF across all 12 rabbits

were 70 ± 3 mmHg, 282 ± 3 beats/min, 27 ± 3 ml/min, 383 ± 16 units and 95 ± 6 units

respectively. These were similar to values obtained previously under similar

experimental conditions in our laboratory (206).

3.4.2 Effects of ABT on baseline haemodynamics

Responses of baseline haemodynamics to vehicle- (154 mM NaCl) and ABT-treatment,

are shown in Figure 3.1. Levels of MAP, HR, RBF, CLDF and MLDF remained

relatively stable after vehicle-treatment. Responses to ABT were indistinguishable from

that of vehicle, except for MAP, which fell by - 2 ± 1 mmHg after ABT but not after

vehicle (+ 2 ± 2 mmHg change).

We also tested whether the baseline levels of haemodynamic variables, during the

control periods before each of the renal arterial vasoconstrictor infusions, varied

according to treatment (vehicle or ABT) or the agent to be infused ([Phe2,Ile3,Orn8]-

vasopressin, angiotensin II and noradrenaline). Analysis of variance showed no

significant effect of treatment (̂ treatment ^ 0.15) or agent (Pagent ^ 0.11) or interaction

between these factors (Ptreatment*agent ^ 0.83).

3.4.3 Effects of ABT on responses to renal arterial infusions of vasoconstrictors

In vehicle-treated rabbits, renal arterial infusions of angiotensin II and noradrenaline

had little effect on MAP (Pdose > 0.13) and HR (Pdosc > 32). [Phe2,Ile3,Orn8]-

vasopressin, caused does-dependent reductions in HR (by 48 ± 5 beats/min at 30 ng kg"
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'min'1; Pdosc - 0.01) but had no significant effect on MAP (Pdose = 0.28). Responses of

MAP and HR in ABT-treated rabbits were indistinguishable from those in vehicle-

treated rabbits. In contrast to systemic haemodynamics, responses of renal

haemodynamics to these vasoconstrictor agents were robust and diverse.

In vehicle-treated rabbits [Phe2,Ile3,Orn8]-vasopress:n dose-dependently reduced MLDF

(Pdose = 0.01) but not RBF or CLDF (Pdose > 0.35). At 30 ng kg'min"1 changes in these

variables averaged - 59 ± 5%, + 6 ± 8% and + 5 ± 5% respectively. These responses

were not significantly affected by ABT-treaiment (Figure 3.2).

In vehicle-treated rabbits, angiotensin II (2-20 ng kg^min"1) dose-dependently reduced

RBF (P^ose = 0.03) and CLDF (Pdose = 0.01) but not MLDF {Pdose = 0.73), so that at a

dose of 20 ng kg'1min"1 changes in these variables averaged -33 ± 10%, -34 ± 11% and

+1 ± 11% respectively. ABT-treatment did not significantly affect these responses

(Figure 3.2).

In vehicle-treated rabbits noradrenaline (20-200 ng/kg/min) caused dose-dependent

reductions in RBF (Pdose = 0.03) and CLDF (Pdose = 0.05) but not MLDF (Pdose = 0.27).

At 200 ng kg^min"1 reductions in these variables averaged - 46 ± 14%, - 40 ± 13%

and - 21 ± 13% respectively. Similar responses were observed in ABT treated rabbits

(Figure 3.2).

3.4.4 CYP450 m-hydroxylase and epoxygenase activity

The production of 20-HETE, EETs and DIHETEs averaged 142 ± 40, 23 ± 4, 51 ± 11

pmole min"1 protein"1 respectively, in cortical microsomes prepared from the kidneys of

vehicle-treated rabbits and 133 ± 16, 20 ± 4, 31 ±11 pmole min'1 protein"1 respectively,

in cortical microsomes prepared from the kidneys of ABT-treated rabbits. Thus, the

production of 20-HETE, EETs and DiHETEs in renal cortical microsomes did not

differ significantly between ABT- and vehicle-treated rabbits (Figure 3.3).
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Figure 3.1. Baseline levels of systemic and renal haemodynamic variables before and after

commencing renal arterial infusion of 1-aminobenzotriazole (ABT) and its vehicle. The lines

indicate 1 min averages for the 6 rabbits in each group. Symbols, ((O) vehicle (154 mM saline)

and (•) ABT (1-aminobenzotriazole; 15 mg/kg over 10 min + 5 mg kg"1 h"1) and error bars

represent the mean ± SE for every 5th one min average. Dotted vertical lines show the period

over which the initial 'loading dose' was given. P values represent the outcomes of unpaired t-

tests, testing whether responses to ABT differed from responses to its vehicle (df = 10). For this

purpose the response was defined as the difference between average levels across the 10 min

control period, and levels during the period 25 to 30 min after the infusion commenced. MAP,

mean arterial pressure. HR, heart rate. RBF, renal blood flow. CLDF, cortical laser Doppler

flux. MLDF, medullary laser Doppler flux.
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Figure 3.2. Renal haemodynamic responses to renal arterial infusions of

[Phe ,Ile ,Orn ]-vasopressin (VjAG), angiotensin II (All) and noradrenaline (NA).

Symbols indicate mean ± SE of percentage changes observed in the final 3 min of the

infusion compared with the pre-treatment levels. (O) vehicle pre-treated rabbits and (•)

1-aminobenzotriazole (ABT) pre-treated rabbits (15 mg/kg + 5 mg kg'1 h"1). P values

indicate the main effect of treatment (PABT) from repeated measured analysis of

variance, testing whether responses to vasoconstrictor agents were affected by ABT

treatment (df = 1,10, see Methods). Abbreviations are as for Figure 3.1.
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Figure 3.3. Effecis of in vivo treatment with 1-aminobenzotriazole (ABT) on

cytochrome P450-dep»;ndent metabolism of arachidonic acid in renal cortical

microsomes in vitro. Microsomes were prepared using renal cortical tissues of vehicle-

(open columns) and ABT- (15 mg/kg plus 5 mg kg"'h"'; closed columns) treated rabbits.

Columns and error bars represent the mean ± SEM of observations from 6 rabbits in

each group. P values represent the outcomes of Student's unpaired t-tests, to determine

whether in vivo treatment with ABT altered the rate of production of 20-

hydroxyeicosatetraenoic acid (20-HETE), epoxyeicosatrienoic acids (EETs) and

dihydroxyeicosatrienoic acids (DiHETEs) in vitro.
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3.5 Discussion

We found that renal arterial infusions of angiotensin II and noradrenaline reduced RBF

and CLDF but not MLDF, whereas [Phe2,Ile3,Orn8]-vasopressin reduced MLDF but not

CLDF or RBF in vehicle-treated rabbits. These results confirm previous findings in our

laboratory indicating that these vasoconstrictors can differentially affect CBF and MBF

in the rabbit (45, 71, 72, 76, 185, 206). The main objective of the present study was to

investigate whether regionally selective production of CYP450-derived metabolites of

AA contributes to this diversity of regional kidney blood flow responses to these

vasoacti ve agents. Our results demonstrated that neither baseline levels of systemic and

renal haemodynamics (except for a small reduction in MAP) nor responses of intrarenal

blood flow to vasoconstrictor agents were greatly affected by ABT-treatment.

However, our results also indicate that ABT-treatment did not produce significant

inhibition of CYP450 co-hydroxylase or epoxygenase activity in microsmes prepared

from kidneys of ABT-treated rabbits. Indeed the rate of conversion of exogenous AA to

HETEs, EETs and DiHETEs was indistinguishable in cortical microsomes prepared

from vehicle- compared with ABT-treated kidneys. Therefore, our results do not allow

us to draw conclusions regarding the roles of CYP450 in responses of intrarenal blood

flow to vasoconstrictor hormones.

ABT is a suicide-substrate inhibitor of CYP450 enzymes (212). In microsomes prepared

from human kidneys, the IC50 of ABT for inhibition of 20-HETE production is ~39 u.M

(167). We originally estimated, based on our measurements of RBF, that the minimum

concentration of ABT in renal arterial blood (assuming no re-circulation) was -1000

uM during the initial 10 min infusion, and -55 uM for the remainder of the experiment.

We presumed that the true levels of the drug in the biophase would far exceed these

estimates, since ABT is metabolised and cleared relatively slowly, and binds

irreversibly to CYP450 enzymes (244). However, our present data now demonstrate the

dose of ABT used in this study (15 mg/kg + 5 mg kg"lh"') was insufficient to inhibit

CYP450 co-hydroxylase or epoxygenase activity in ABT-treated rabbit kidneys. This is

at odds with previous findings of Sarkis et al who demonstrated that acute

administration of ABT at a dose of 50 mg/kg inhibited the formation of 20-HETE (by
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88%) and EETs (by 46%), lowered renal tissue levels of 20-HETE (by 79%), and

blunted the pressure natriuresis response in rats (226). Likewise, Lopez et al

demonstrated that acute ABT-treatment (50 mg/kg i.v) inhibited the formation of 20-

HETE (by -87%) and EETs (by -40%) in rats (131). Su et al demonstrated that in rats,

maximum inhibition of CYP450 co- and oo-l hydroxylase activity occurred within 6 hrs

after a single intraperitoneal injection of ABT (50 mg/kg) (234). They also observed a

reduction in MAP 4 hrs after administration of this dose of ABT in spontaneously

hypertensive rats (SHR) (234). The discrepancy between these previous data and our

present results could in part be due to the differences in the amounts of cellular

phospholipid pools of CYP450 metabolites in the rabbit kidney versus the rat kidney.

20-HETE and EETs can be pre-stored in membrane phospholipids, and can be released

in response to different hormonal stimuli (212). Thus, even in the presence of complete

blockade of production of these AA metabolites, they can still contribute to renal

vascular responses to vasoactive agents. The rabbit kidney could have greater storage

pools of EETs and 20-HETE in tissue phospholipids than the rat kidney which could

take days of ABT-treatment to deplete.

Santos et al have shown that chronic administration of ABT (50 mg kg"1 day"1; i.p) for

five consecutive days reduced the formation of 20-HETE (by 80%) and EETs (by 60%)

in the rat kidney (224) suggesting that chronic ABT-treatment can cause greater

reductions in EETs formation than acute ABT-treatment. Also, this study demonstrated

that urinary excretion of 20-HETE did not significantly reduce until the third day of

ABT-treatment (224). After five days of ABT-treatment urinary excretion of 20-HETE

reduced by 60%, and over the next five days it reduced by a further 20% (224). 20-

HETE excreted in urine may come from cellular phospholipid pools (personal

communication; Dr Richard Roman). Other studies have also demonstrated inhibition of

CYP450 co-hydroxylase and epoxygenase activity in renal tissues of rats following

chronic ABT-treatment (7, 102). Collectively, these data suggest that although acute

ABT-treatment can inhibit the formation of 20-HETE and EETs, chronic ABT-

treatment is required to ensure complete inhibition of de novo synthesis of CYP450 AA

products, and to deplete membrane-bound stores of CYP450 metabolites.
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In the present study we commenced testing the responses of intrarenal blood flow to

hormonal stimuli, only 30 min after commencing the ABT infusion. According to

above mentioned recent studies, 30 min would be barely enough time for ABT to

inhibit CYP450 activity. So, in the present study vve seemed \o have erred by seriously

underestimating the time required for ABT to inhibit CYP450 activity in the rabbit

kidney. Future studies investigating the renal haemodynamic responses to

vasoconstrictor hormones should therefore be tested in animals chronically treated with

ABT.

Lopez et al demonstrated that ABT f -hibited the formation of 20-HETE and EETs, N-

methylsulfonyl-6-(2-propart;yloxyphenyl) hexanamide (MS-PPOH) inhibited the

formation of EETs and N-hydroxy-N-(4-butyl-2-methylphenyl) formamidine

(HET0016) inhibited the formation of 20-HETE. However, neither ABT, MS-PPOH

nor HET0016 had any significant effects on blood pressure, RBF, glomerular filtration

rate or urinary excretion of sodium and water in rats (131). In contrast, renal cortical

interstitial infusion of the 20-HETE antagonist WIT002 reduced urinary excretion of

sodium and water by 30% (131). These authors have suggested that 20-HETE released

from phospholipid pools could be more important in regulating tubular sodium and

water reabsorption than basal 20-HETE. Likewise, in the rabbit kidney, 20-HETE

(and/or EETs) released from the phospholipid pools could play a more prominent role

than basal levels of these metabolites in modulating the responses of intrarenal

perfusion to hormones. To definitively test this hypothesis intrarenal responses to

hormones need to be tested in animals pre- treated with specific receptor antagonists.

Su et al have demonstrated that ABT dose-dependently reduced the formation of 20-

HETE but had little effect on the formation of EETs suggesting that ABT has

somewhat less potency as ail inhibitor of CYP450 epoxygenase activity (234). In

contrast, more recent data indicate that chronic ABT-treatment can significantly reduce

the formation of both 20-HETE and EETs in the kidney (7, 102, 140). The reasons for

the discrepancy between these findings remain unclear. It could be due to the dose

and/or the duration (chronic vs acute) of ABT-treatment in different studies. ABT

appears to be selective in inhibiting 20-HETE formation at lower doses (up to 25

mg/kg) but at higher doses it seems to be equally effective in inhibiting EETs

production as well (234).
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Su et al (234) demonstrated that ABT can reduce MAP chiefly by inhibition of 20-

HETE formation in SHR. On the other hand, Hoagland et al recently demonstrated

that ABT, but not the selective co-hydroxylase inhibitor HET0016, reduced MAP in

rats, suggesti'^, that ABT reduces blood pressure potentially via inhibition of EET

formation (102). However, many EETs are potent vasodilators, and thus inhibition of

their production is unlikely to contribute to the blood pressure lowering effect of ABT

(102). These latter authors have sug^.ited that the blood pressure lowering effect of

ABT could be dependent on its ability to inhibit CYP450 isoforms responsible for

producing metabolites other than 20-HETE and EETs (149, 172). In support of this

notion, we observed a small, but significant, reduction in MAP in ABT-treated rabbits

even in the face of undetectable inhibition of CYP450 dependent to-hydroxylase or

epoxygenase activity by ABT. Thus, our data provide preliminary evidence that the

effect of ABT on blood pressure is independent of its ability to inhibit renal CYP450

dependent ro-hydroxylase or epoxygenase activity.

i
1 3.6 Conclusions

In summary our present results indicate that the medullary microcirculation is

relatively refractory to angiotensin II- and noradrenaline-induced vasoconstriction,

and that the cortical circulation is relatively refractory to Vi -receptor mediated

vasoconstriction. This differential regulation of regional kidney blood flow by

vasoactive hormones is likely to represent an important regulatory mechanism in

long-term blood pressure control, but the mechanisms underlying it are ill defined. In

previous studies we found that nitric oxide buffers the reductions in MBF during

renal arterial infusion of noradrenaline (206) or stimulation of the renal nerves (69).

In the current study, we were unable to sufficiently inhibit CYP450 activity in the

rabbit kidney with ABT-treatment. Therefore, we are not in a position to draw any

conclusions regarding the roles of CYP450 metabolites in modulating the responses

of regional kidney blood flow to different vasoconstrictor hormones used in this

study. Based on recent literature (102, 224) and personal communications with our

colleague Dr Richard Roman (Medical College of Wisconsin, Milwaukee, USA), it

seems likely that effective inhibition of CYP450 dependent AA metabolism
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(particularly depletion of cellular phospholipid pools of CYP450 metabolites) can

only be ensured if this agent is administered chronically, or at least sub-acutely. Our

experiment, therefore, should be repeated under conditions of prolonged ABT-

treatment. However, selective inhibitors of CYP450 dependent co-hydroxylase and

epoxygenase have recently been synthesized by our colleague Professor John Falck

(212), and he has made these available to us. Therefore, in the experiments described

in the next chapter, we examined the effects of the selective epoxygenase inhibitor,

N-methylsulfonyl-6-(2-propargyloxyphenyl) hexanamide (MS-PPOH) and the

selective co-hydroxylase inhibitor, N-methylsulfonyl-12,12-dibromododec-ll-

enamide (DDMS) on responses of intrarenal blood flow to [Phe2,Ile3,Orn8]-

vasopressin and angiotensin II.
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Chapter Four

Modulation of V r receptor-mediated renal vasoconstriction
by epoxyeicosatrienoic acids

A modified version of this chapter has been published in the American Journal of
Physiology (Regulatoty, Integrative and Comparative Physiology) 287:R181-R187,

2004

4.1 Summary

Cytochrome P450 (CYP450) enzymes metabolise arachidonic acid (AA) to 20-

hydroxyeicosatetraenoic acids (20-HETE) and epoxyeicosatrienoic acids (EETs) via the

co-hydroxylase and epoxygenase pathways, respectively. We tested whether regionally-

selective production of these metabolites contributes to the hormonal control of regional

kidney perfusion, by testing the effects of renal arterial infusions of the epoxygenase

inhibitor N-methylsulfonyl-6-(2-propargyloxyphenyl) hexanamide (MS-PPOH), and the

co-hydroxylase inhibitor N-methylsulfonyl-12-12,dibromododec-ll-enamide (DDMS),

on responses to renal arterial infusions of vasoconstrictors. Compared with vehicle,

neither MS-PPOH nor DDMS affected basal mean arterial pressure, total renal blood

flow (RBF), cortical laser Doppler flux (CLDF) or medullary laser Doppler flux

(MLDF). After vehicle, [Phe2,Ile3,Orn8]-vasopressin reduced MLDF (up to 62±7%) but

not CLDF or RBF. MS-PPOH did not affect responses of MLDF to [Phe2,Ile3,Orn8]-

vasopressin, but revealed reductions in RBF (np to 51±8%) and CLDF (up to 59±13%).

DDMS did not significantly affect responses to [Phe2,Ile3,Orn8]-vasopressin. After

vehicle, angiotensin II reduced RBF (up to 45±10%) and CLDF (up to 41±14%) but not

MLDF. DDMS did not affect responses of RBF and CLDF to angiotensin II, but

revealed moderate dose-dependent reductions in MLDF (up to 24±14%). MS-PPOH did

not significantly affect responses to angiotensin II. Formation of EETs and

dihydroxyeicosatrienoic acids (DiHETEs) was 49% lower in homogenates prepared

from the renal cortex of MS-PPOH-treated rabbits than from vehicle-treated rabbits.

MS-PPOH hac no significant effect on the renal formation of 20-HETE. DDMS had no

effect on the renal formation of 20-HETE, EETs or DiHETEs. Incubation of renal
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cortical homogenates from untreated-rabbits with [Phe2,Ile3,Orn8]-vasopressin (0.2-20

ng/ml) did not affect formation of EETs, DiHETEs or 20-HETE. These results do not

support a role for de novo EET synthesis in modulating renal haemodynamic responses

to angiotensin II. However, EETs appear to selectively oppose Vi-receptor-mediated

vasoconstriction in the renal cortex, but not in the medullary circulation, and contribute

to the relative insensitivity of cortical blood flow to Vj -receptor activation. The

mechanisms underlying the action of DDMS to enhance angiotensin II-induced

vasoconstriction in the medullary circulation remain unknown, since this agent did not

appear to inhibit CYP450 co-hydroxylase or epoxygenase activity at the dose we used.

4.2 Introduction

The role of the renal medullary circulation in long-term blood pressure regulation is

well established. Numerous studies have reported that intrarenal infusion of vasoactive

agents that reduce renal medullary blood flow (MBF) increase arterial pressure, and that

pharmacological agents that increase MBF reduce arterial pressure in several models of

hypertension (47, 49, 150). However, the factors that control MBF in vivo remain to be

determined.

There is strong evidence that vasoactive hormones can differentially influence cortical

blood flow (CBF) and MBF. For example, MBF appears to be relatively insensitive to

the vasoconstrictor effects of angiotensin II (13, 66, 71, 72, 76, 184,185, 197, 198, 206,

252, 272), whereas vasopressin Vj -receptor agonists selectively reduce MBF at doses

that have little effect on CBF or total renal blood flow (RBF) (45, 71, 76, 87, 185, 206).

The differential effects of angiotensin II versus vasopressin in the intrarenal control of

blood flow likely underlie important mechanisms in long-term regulation of blood

pressure and the control of urinary concentrating ability, but the precise mechanism

underlying these differences, are unknown. There is evidence that angiotensin II

stimulates the release of nitric oxide and prostaglandins in the medullary circulation and

that the local release of these vasodilators contributes to the relative insensitivity of

MBF to angiotensin II (13, 49, 185, 197, 198, 206, 252, 272). On the other hand, we
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have recently obtained evidence that neither nitric oxide nor cyclooxygenase (COX)-

derived or lipoxygenase-derived products of arachidonic acid (AA), contribute to the

insensitivity of the renal cortical circulation to the Vj-agonist [Phe ,Ile ,Orn ]-

vasopressin (184, 185, 206). Importantly, under conditions of nitric oxide synthase

blockade (206), cyclooxygenase blockade (185), lipoxygenase blockade (184) or even

combined blockade of all three of these enzyme systems (184), renal arterial

administration of angiotensin II still reduces CBF more than MBF, whereas

[Phe ,Ile ,Om ]-vasopressin has the opposite effect and reduces MBF more than CBF.

Thus, other mechanisms must also contribute to the differential control of CBF and

MBF by angiotensin II and vasopressin peptides.

Another candidate system that may modulate reactivity to vasoactive hormones is the

cytochrome P450 (CYP450)-dependent AA metabolism cascade. CYP450 products of

AA have been shown to mediate and/or modulate renal vascular responses to

angiotensin II (119) and vasopressin (250). Furthermore, epoxyeicosatrienoic acids

(EETs) are formed in the rabbit kidney (79), and vasopressin stimulates the release of

EETs from rabbit renal medullary tissue (229). However, whether EETs and 20-

hydroxyeicosatetraenoic acids (20-HETE) modulate the renal vasoconstrictor actions of

vasopressin and other hormones in vivo, remain to be determined.

The present study, examined the hypothesis that the relative insensitivity of MBF to

angiotensin II, and the relative insensitivity of CBF to [Phe2,Ile3,Oni8]-vasopressin,

arises from regional differences in the ability of these agents to stimulate the synthesis

and/or release of CYP450 epoxygenase and co-hydroxylase metabolites of AA.

Therefore, we examined the effects of the selective CYP450 epoxygenase inhibitor, N-

methylsulfonyl-6-(2-propargyloxyphenyl) hexanamide (MS-PPOH) (28), and the

selective co-hydroxylase inhibitor, N-methylsulfonyl-12-12,dibromododec-ll-enamide

(DDMS), on the region?1 renal blood flow responses to infusion of angiotensin II and

[Phe2,Ile3,Orn8]-vasopressin directly into the renal artery of anaesthetized rabbits. We

also tested whether MS-PPOH and DDMS were able to selectively reduce epoxygenase

and co-hydroxylase activity following in vivo administration, by measuring the

metabolism of exogenous AA in homogenates prepared from the kidneys of vehicle-

treated, MS-PPOH-treated and DDMS-treated rabbits. The results suggest that in
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rabbits in vivo, de novo synthesis of EETs buffers the vasoconstrictor effects of Vj-

receptor agonists in the renal cortical circulation.

4.3 Methods

4.3.1 Animals

Experiments were performed on 18 male, New Zealand White rabbits (2.73 ± 0.06 kg).

4.3.2 Surgical preparations

These have been described in detail in Chapter 2, so will only be described briefly here.

The rabbits were anaesthetized with i.v. pentobarbitone sodium (90-150 mg plus 30-50

mg/h) and this was immediately followed by endotracheal intubation and artificial

ventilation. An i.v. infusion of Hartmann's solution (compound sodium lactate) was

administered at a rate of 0.18 ml kg^min"1 during surgery. The left kidney was exposed

via a left flank retroperitoneal incision, and denervated by stripping the nerves from the

renal artery and vein. The rabbit was then placed in an upright crouching position and a

catheter was placed in a side branch (suprarenolumbar artery) of the renal artery for

administration of vasoactive agents. Catheter patency was maintained by a continuous

infusion of 154 niM NaCl (20 ul kg '̂min*1). The kidney was placed in a stable cup and a

transit-time ultrasound flow probe (type 2SB) was placed around th^ renal artery to

measure total renal blood flow (RBF). CBF and MBF were estimated by laser Doppler

flowmetry. Medullary laser Doppler flux (MLDF) was measured after implanting a

needle probe (26 gauge, DP4s) 9 mm below the cortical surface using a

micromanipulator. A standard plastic straight probe (DP2b) was used to monitor cortical

laser Doppler flux (CLDF). This probe was secured in place using gauze packing. At the

completion of the surgical procedures the intravenous infusion of Hartmann's solution

was replaced with a solution containing one part 10% vol/vol poiygeline (Haemaccel)

and four parts Hartmann's solution. Experimental protocols started 30-60 min later,

when systemic and renal haemodynamics were stable.
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4.3.3 Recording of haemodynamic variables

Systemic arterial pressure (MAP, mmHg), HR (beats/min) RBF (ml/min), CLDF

(perfusion units) and MLDF (perfusion units) were measured throughout the experiment

as described in Chapter 2. At the completion of all experiments, the left kidney was

removed, snap frozen in liquid nitrogen, and stored at -70 °C for later analysis of

CYP450 enzyme activity.

4.3.4 Experimental protocol

Effects of MS-PPOH and DDMS on responses to renal arterial infusions of

vasoconstrictors After surgery and a 30-60 min equilibration period, MS-PPOH (2

mg/kg plus 1.5 rng kg"V) , DDMS (2 mg/kg plus 1.5 mg kg 'V) or vehicle (45%

hydroxypropyl-P-cyclodextran; Sigma Chemical Company, St Louis, MO; 0.16 ml/kg +

1.2 ml kg^h"1) was infused into the renal artery. Thirty minutes later the responses to

graded renal arterial infusions of angiotensin II (2, 6 and 20 ng kg^min"1; 10 min for

each dose; Auspep, Parkville, Victoria, Australia) and [Phe2,Ile3,Orn8]-vasopressin (3,

10, and 30 ng kg'1 min*1; 15 min for each dose; Peninsula Laboratories, Belmont, CA,

USA) were determined in random order. At the end of each experiment the left kidney

was removed, frozen in liquid nitrogen and stored at -80 °C for later measurement of

the renal metabolism of AA in vitro. Background levels of CLDF (10 ± 1 units) and

MLDF (14 ± 2 units), recorded after the rabbit was humanely killed and artificial

ventilation was ceased, were subtracted from experimental values before data analysis.

4.3.5 CYP450 co-hydroxylase and epoxygenase activity

Microsomes were prepared from the renal cortex and medulla of 6 untreated rabbits.

Briefly, the renal cortex and inner and outer medulla were homogenized in 3 volumes of

a 10 mM potassium phosphate buffer containing 250 mM sucrose and 1 mM

ethylenediamineteteraacetic acid (EDTA). The microsomes were prepared by sequential

centrifugation of the homogenate (at 3000 x g for 5 min, 11,000 x g for 15 min and

100,000 x g for 60 min). Microsomal pellets were resuspended in 100 mM potassium

phosphate buffer (pH = 7.25) containing 0.5 mM EDTA, 1 mM dithiothreitol, 30%

glycerol and 0.1 mM phenylmethylsulfonyl fluoride.
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Renal homogenates rather than microsomes were prepared from the kidneys of the

rabbits treated in vivo with MS-PPOH, DDMS or its vehicle, since it remains to be

determined whether MS-PPOH and DDMS act as competitive, noncompetitive or mixed

mode inhibitors of epoxygenase.and co-hydroxylase activity respectively, Thus, these

kidneys were homogenized in only 2 volumes of the 10 mM potassium phosphate buffer

to minimize dilution of MS-PPOH and DDMS retained in the tissue, and centrifuged at

low speed (at 3000 x g for 5 min). An aliquot of the homogenate was taken to determine

the CYP450 activity as described below.

The renal metabolism of AA was determined by incubating 0.5 mg of microsomal

protein or 2 mg of homogenate protein with 14C-AA (Amersham, Arlington Heights, IL)

in i ml of a 100 mM potassium phosphate buffer (pH 7.25) containing 10 mM sodium

isocitrate, 0.16 U/ml isocitrate dehydrogenase, and 1 mM P-nicotinamide adenine

nucleotide phosphate, reduced form (NADPH). The microsome reactions were

performed using a saturating concentration of AA (0.1 [id, 4^ jiM) whereas the

homogenates were studied using a low concentration of substrate (AA, 0.1 jiCi, 2 uM)

to maximize the conversion rate of labeled AA and minimize competition of MS-PPOH

and DDMS with excess substrate.

Incubations were carried out in a shaking water bath at 37 °C for 30 min (microsomes)

or 60 min (homogenates) in an atmosphere of 100% oxygen. The reaction was

terminated with 1 M formic acid and AA metabolites were extracted with 3 ml of ethyl

acetate. The metabolites were separated using reverse phase high performance liquid

chromatography equipped with an online radioactive flow detector as previously

described (270). Rates of product formation are expressed as pmol formed per min per

mg protein (pmol min*1mg"1). The rate of formation of 20-HETE provided a measure of

co-hydroxylase activity, while the rate of formation of dihydroxyeicosatrienoic acids

(DiHETEs) and EETs provided a measure of epoxygenase activity.

4.3.6 Statistics

Data are expressed as mean ± SE. P values < 0.05 were considered statistically

significant. To test whether pre-treatment levels of haemodynamic variables during the
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10 min control period varied according to the treatment that was to follow, these data

were subjected to one-way analysis of variance. Student's unpaired t-test was used to

determine whether MS-PPOH and DDMS affected haemodynamic variables differently

from vehicle-treatment. Two-way analysis of variance was used to test whether baseline

haemodynamic variables, during the control period before each renal arterial

vasoconstrictor infusion, varied according to the vasoconstrictor to be infused. Levels of

haemodynamic variables during the final 3 min of control periods and periods during

vasoconstrictor infusions, were subjected to repeated measures analysis of variance. The

main effect of'treatment' from a two-way analysis of variance tested whether responses

to the vasoactr'e agents were affected by MS-PPOH and DDMS. To reduce the risk of

comparison-wise type 1 error, P values derived from within-subject factors in this

'repeated-measures' design were conservatively adjusted using the Greenhouse-Geisser

correction (135). Dunnett's tests were used to compare the formation of 20-HETE,

DiHETEs and EETs in renal cortical microsomes prepared from kidneys of vehicle-

treated rabbits with those of MS-PPOH- and DDMS-treated rabbits.

4.4 Results

4.4.1 Baseline levels of haemodynamic variables

The average baseline levels of MAP, HR, RBF, CLDF and MLDF across all 18 rabbits

were 77 + 2 mmHg, 274 ± 4 beats/min, 31 ± 2 ml/min, 384 ± 31 units and 67 ± 8 units

respectively. These were similar to values obtained previously under similar

experimental conditions in our laboratory (206; Chapter 3). Vehicle-treatment increased

MAP (13 ± 3 %), and reduced HR (6 ± 1%) and RBF (10 ± 3 %) but had little or no

effect on CLDF (3 ± 3 %) or MLDF (1 ± 8 %). Responses to DDMS and MS-PPOH

were not significantly different to those of the vehicle-treatment (Figure 4.1).

We tested whether the baseline levels of haemodynamic variables during the control

periods before each of the renal arterial vasoconstrictor infusions differed according to

treatment (vehicle, DDMS or MS-PPOH) or the agent (angiotensin II or

[Phe2,Ile3,Orn8]-vasopressin) to be infused. Analysis of variance showed no significant

effect on MAP, RBF, CLDF and MLDF of treatment (Ptrea,ment > 0.11) or agent {Pagent >.

0.11), or interaction between these factors (/7treatment*agent ^ 0.22). HR, however, was
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slightly (15 .-t 9 beats/min) i« before angiotensin II infusion than before

[Phe2,Ile\Orn8j-vasopressin infusion (/'agoi • - 0.04).

4.4.2 Effects ofMS-PPOH and DDMS on responses to renal arterial infusions
of vasoconstrictors

A comparison of the effects of [Phe2,Ile3,Orn8]-vasopressin on renal hacmodynamics in

rabbits treated with vehicle, DDMS and MS-PPOH is presented in Figure 4.2. In

vehicle-treated rabbits, infusion of the Vi-agonist dose-dependently reduced MLDF but

it had no effect on RBF or CLDF (Figure 4.2). The Vi-agonist did reduce HR (by -17 ±

2% at 30 ng kg^min'1) but did not significantly afftct MAP (data not shown). In

contrast, [Phe2,Ile3,Orn8]-vasopressin dose-dependently reduced RBF and CLDF in MS-

PPOH-treated rabbits. For example, at a dose of 30 ng kg"1 min"1 RBF and CLDF fell by

-51 ± 8% and -59 ± 13% respectively in MS-PPOH-treated rabbits, but changed only by

-13 ± 15% and +3 ± 9% in vehicle-treated rabbits. The MLDF response to

[Phe ,Ile ,Orn ]-vasopressin was not significantly altered by MS-PPOH (Figure 4.2).

Thus, responses of MLDF to [Phe2,Ile3,Orn8]-vasopressin were significantly greater

than those of CLDF in vehicle-treated rabbits, but not in MS-PPOH-treated rabbiis.

DDMS had no significant effect on RBF, CLDF or MLDF responses to [Phe2,Ile3,Orn8]-

vasopressin (Figure 4.2).

In vehicle-treated rabbits, angiotensin II dose-dependently reduced RBF and CLDF but

it had no significant effect on MLDF (Figure 4.2) or MAP or HR (data not shown). At

the highest dose studied (20 ng kg^min"1) RBF was reduced by -45 ± 10% and CLDF

was reduced by -41 ± 14% but MLDF was unaffected (+1 ± 10%). Neither MS-PPOH-

nor DDMS-treatment significantly affected the responses of RBF and CLDF to

angiotensin II. In contrast, DDMS-treatment significantly enhanced reductions in

MLDF after angiotensin II so that at a dose of 20 ng kg^min*1 MLDF was reduced by -

24 ± 14%. MLDF responses to angiotensin II also tended to be enhanced after MS-

PPOH, but this was not statistically significant (Figure 4.2).

4.4.3 CYP450 CD-hydroxylase and epoxygenase activity

Because the renal metabolism of AA is highly influenced by genetics and environmental

conditions, we first characterized the renal metabolism of AA in microsomes prepared

from the renal cortex and medulla of the strain of rabbits used in this study. These
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results are presented in Figure 4.3. Basal production of 20-HETE, EETs and DiHETEs

averaged 120 ± 16, 18 ± 3 and 43 ± 9 pmole min"'mg protein'1 respectively, in the renal

cortex. The production of 20-HETE was 59 ± 9% less in microsomes prepared from the

medulla of these rabbits, whereas production of EETs and DiHETEs was not

significantly different from that in the cortex.

The effects of in vivo infusion of MS-PPOH and DDMS, on the metabolism of AA by

renal cortical homogenates, are presented in Figure 4.4. Production of EETs and

DiHETEs was 38% and 65% less respectively, and total epoxygenase activity was 49%

less, in cortical homogenates prepared from the kidneys of rabbits treated with MS-

PPOH than in those from vehicle-treated rabbits. In contrast, co-hydroxylase activity

was similar in homogenates prepared from the kidneys of rabbits treated with vehicle

and MS-PPOH. The production of 20-HETE, EETs and DiHETEs in cortical tissue

homogenates from DDMS-treated rabbits did not differ from that in homogenates from

vehicle-treated rabbits (Figure 4.4).

The effects of [Phe ,Ile ,Orn ]-vasopressin on CYP450 activity in vitro are shown in

Figure 4.5. Addition of [Phe2, Ile3,Orn8]-vasopressin (0.2, 2 and 20 ng/ml) had no

significant effects on the formation of EETs, DiHETEs or 20-HETE by cortical

homogenates in vitro

80 75 oa



Chapter 4 EETs, 20-HETE and regional kidney pet-fusion

CD

E
E

200 n

100-

0
.? 400
E

2 200 -

c" 40
I
u7 20
DC

0

600

| 400

Q 200
o

0

_ 300

| 200 -

Q 100

o Vehicle
• DDMS
• MS-PPOH

PDDMS =0.98
PMS-PPOH =0-44

PDDMS =0.46
PMS-PPOH =0.93

PDDMS =0.61
PMS-PPOH =°-82

I i I i

PDDMS =0.59
^MS-PPOH =°-31

PDDMS=0.11
^MS-PPOH =°-77

-15 -10 -5 0 5 10 15 20 25 30
Time (min)

Figure 4.1. Baseline levels of systemic and renal haemodynamic variables before and after

commencing renal arterial infusions of N-methylsulfonyl-12,12,dibromododec-ll-enamide

(DDMS), N-methylsulfonyl-6-(2-propargyloxyphenyl) hexanamide (MS-PPOH) and vehicle.

Lines indicate 1 min averages of each variable. Symbols (O, n = 6; vehicle, 45% \v/v

hydroxypropyl (3 cyclodextran); (•, n = 6; DDMS, 2 mg/kg + 1.5 mg kg V ) ; ( • , n = 6; MS-

PPOH, 2 mg/kg + 1.5 mg kg*'h'') and error bars indicate mean ± SE for every 5th min. Dotted

vertical lines show the period over which the initial 'loading dose' was administered. P values

indicate the results of unpaired t-tests, testing whether responses to DDMS and MS-PPOH

differed from the responses to vehicle treatment (df =10). For this purpose, the response was

defined as the difference between average levels across the 10 min control period, and levels

during the period 25 to 30 min after the infusion commenced. MAP, mean artcf ill pressure. HR,

heart rate. RBF, renal blood flow. CLDF, cortical laser Doppler flux. MLDF, medullary laser

Doppler flux.
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Figure 4.2 Renal haemodynamic responses to renal arterial infusions of (A)

[Phe",Ile ,Orn ]-vasopressin and (B) angiotensin II. Symbols indicate mean ± SE of

percentage changes observed in the final 3 min of the infusion compared with the pre-

treatment levels. (O) Vehicle pre-treated rabbits; (•) N-methylsulfonyl-

12,12,dibromododec-ll-enamide (DDMS) pre-treated rabbits (2 mg/kg + 1.5 mg kg"'h"
!); and ( • ) N-methylsulfonyl-6-(2-propargyloxyphenyl) hexanamide (MS-PPOH) pre-

treated rabbits (2 mg/kg +1.5 mg kg^h"1). P values indicate the main effect of treatment

from repeated measures analysis of variance (df = 1, 9-iO). These P values test whether

responses to the vasoconstrictor agents were affected by DDMS or MS-PPOH

treatments
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Figure 4.3 The rate of production of 20-hydroxyeicosatetraenoic acid (20-HETE),

epoxyeicosatrienoic acids (EETs) and dihydroxyeicosatrienoic acids (DiHETEs) in

rabbit renal cortical and medullary microsomes. Microsomal preparations were

incubated with a mixture of [14C]-arachidonic acid (0.1 uCi) and NADPH (1 mM) for

30 min at 37 °C. Arachidonic acid metabolites were extracted with ethyl acetate and

water. High performance liquid chromatography was used to separate the arachidonic

acid metabolites as described in Methods. Columns and error bars represent the mean ±

SE of observations from 6 kidneys from separate rabbits. P values represent the

outcomes of Student's paired t-tests, contrasting production of the various metabolites

in cortical and medullary microsomes.
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Figure 4.4. Effect of N-methylsulfonyl-6-(2-propargyloxyphenyl) hexanamide

(MS-PPOH) and N-methylsulfonyl-12-12,dibromododec-ll-enamide (DDMS) on

cytochrome P450-dependent metabolism of arachidonic acid. Homogenates were

prepared {:» described in Methods) using renal cortical tissues of vehicle-, MS-PPOH-

(2 mg/kgplus 1.5 mg kg*V) and DDMS- (2 mg/kg plus 1.5 mg kg '̂h"1) treated rabbits.

Columns and error bars represent the mean ± SE of observations from 6 rabbits in each

group. *P < 0.05; ** P < 0.01; *** P < 0.001 indicate the outcomes of Dunnetts tests, to

determine whether in vivo treatment with MS-PPOH altered the rate of production of

20-hydroxyeicosatetraenoic acids (20-HETE), epoxyeicosatrienoic acids (EETs) and

dihydroxyeicosatrienoic acids (DiHETEs) in vitro.
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Figure 4.5. The effects of [Phe2,Ile3,Orn8]-vasopressin (0, 0.2, 2 and 20 ng/ml) on

cytochrome P450 dependent metabolism of arachidonic acid in microsomes prepared

from rabbit renal cortex. Homogenates were prepared as described in Methods. These

samples were incubated with a mixture of 14C-arachidonic acid (0.1 fj.Ci), NADPH (1

mM) and [Phe2,Ile3,Orn8]-vasopressin (0, 0.2, 2 and 20 ng/ml). Columns and error bars

represent the mean ± SE of observations from 6 kidneys from separate rabbits.

Dunnett's tests showed that formation of 20-hydroxyeicosatetraenoic acids (20-HETE),

epoxyeicosatrienoic acids (EETs) and dihydroxyeicosatrienoic acids (DiHETEs) was

not significantly altered at any concentration of [Phe2,Ile3,Orn8]-vasopressin.
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4.5 Discussion

This study examined whether regional differences in the formation and release of EETs

and 20-HETE contributes to differences in the regional kidney blood flow responses to

angiotensin II and [Phe2,Ile3,Orn8]-vasopressin in rabbits. The results indicate that

inhibition of epoxygenase activity with MS-PPOH markedly enhances the sensitivity

of the renal cortical circulation to the vasoconstrictor actions of the Vi-agonist

[Phe",Ile ,Om ]-vasopressin. In contrast MS-PPOH had no significant effect on the

changes in MLDF elicited by the Vi -agonist, nor did it affect the responses to a

different vasoconstrictor agonist, angiotensin II. These results suggest that products of

CYP450 epoxygenation buffer Vj-receptor-mediated reductions in CBF but not MBF,

and so in large part account for the relative insensitivity of the cortical circulation to

Vi-mediated vasoconstriction. Our results are consistent with previous observations

indicating that neither nitric oxide (206), nor products of cyclooxygenase- (185) or

lipoxygenase- (184) dependent AA metabolism make major contributions to the

relative insensitivity of the cortical circulation to the vasoconstrictor effects of V\-

receptor activation.

We were unable to demonstrate effective inhibition of 20-HETE or EETs formation in

the homogenates prepared from kidneys of DDMS-treated rabbits. Our finding is

consistent with a recent report from Roman and colleagues, showing that DDMS is not

effective in inhibiting CYP450 dependent co-hydroxylase metabolites under in vivo

experimental conditions (102). DDMS binds to plasma proteins and thus has limited

diffusing capacity when administered via a blood borne route (212). Therefore, we are

unable to draw conclusions regarding the roles of CYP450 dependent co-hydroxylase

metabolites in responses of regional kidney blood flow to angiotensin II and
0 1 rt

[Phe ,Ile ,0m ]-vasopressin. Surprisingly, DDMS revealed a small but significant

reduction in MLDF in response to angiotensin II even in the face of undetctable

inhibition of CYP450 co-hydroxylase (and epoxygenase) activity. One interpretation of

this observation is that DDMS can inhibit the formation of AA metabolites (other than

20-HETE and EETs), which buffer angiotensin II-induced vasoconstriction in the

medullary circulation. This hypothesis remains to be definitively tested.
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We are not aware of any previous studies, examining the effects of selective inhibition

of epoxygenase activity, on renal vasoconstrictor responses to angiotensin II in vivo.

Our observation, that MS-PPOH did not significantly affect renal haemodynamic

responses to angiotensin II, does not allow us to exclude roles for EETs in modulating

renal haemodynamic responses to this peptide, because 20-HETE and EETs can be pre-

stored in membrane phospholipids, and released in response to hormonal stimuli (212).

There is also evidence that angiotensin II stimulates the release of P450 metabolites of

AA from rabbit isolated perfused kidneys (37) and that EETs modulate the

vasoconstrictor responses of in vitro perfused afferent arterioles of rabbits (119) and

rats (107) in vitro. Nevertheless, the results of the present study indicate that the renal

haemodynamic effects of angiotensin II in vivo in rabbits are not modulated by the de

novo synthesis of EETs.

Measurements of CYP450 activity (as assessed by the production of EETs and

DiHETEs from AA) in renal cortical homogenates prepared from the rabbits studied in

vivo indicated that the dose of MS-PPOH was sufficient to selectively reduce CYP450

epoxygenase activity in vitro. Indeed, it may be that our in vitro assay underestimated

the degree of epoxygenase inhibition in vivo, since preparation of the homogenates

necessitated considerable dilution of the MS-PPOH within the kidney. As expected,

MS-PPOH had no effect on the renal production of 20-HETE. These findings are

consistent with those of previous in vivo (28) and in vitro (253) studies of rat kidney

indicating that MS-PPOH is a selective epoxygenase inhibitor that is effective at

blocking this pathway in vivo at doses comparable to those used in the present study.

We also characterized the production of EETs, DiHETEs and 20-HETE in the kidneys

of the rabbits used in this study, since previous studies have indicated that there are

large differences in renal AA metabolism and CYP450 isoform expression between

species, and even between strains within a single species, and that the production of

these compounds is dependent on diet and other environmental conditions (33, 162,

184, 261). The results indicate that the rate of formation of EETs and 20-HETE in renal

cortical microsomes of the rabbits used in the present study was similar to that reported

in the rat when studied under similar conditions (7) and much higher than that seen in
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mice (240). Our present data also indicate that CYP450 co-hydroxylase activity is 2-4

times greater in the renal cortex than outer medulla of the rabbit, similar to what has

generally been reported in studies of rats (7, 240, 271).

Although our experiment provides no information regarding the precise identity of the

AA epoxygenase products that appear to blunt Vi-receptor mediated cortical

vasoconstriction, 11,12-EET, 8,9-EET and 5,6-EET must be prime candidates, since

these (or their derivatives) have been demonstrated to be potent vasodilators of the

renal circulation in rats and rabbits under in vitro conditions (35, 203, 266). hi contrast,

other studies have shown these EETs to produce vasoconstriction when infused directly

into the renal artery (182, 240), and have also provided evidence that endogenous EETs

(or their metabolites) at least partly mediate renal vasoconstrictor responses to nitric

oxide synthase inhibition in rats (182). Most evidence suggests that the vascular actions

of EETs depend heavily on the relative activity of downstream metabolic pathways (eg

cyclooxygenase), which seem capable of converting EETs both into vasoconstrictor

(240) and vasodilator (35) products. Thus, the apparent discrepancy between studies

identifying vasoconstrictor (182, 240) and vasodilator (present study) roles of EETs

within the kidney in vivo might reflect differential activation of these downstream

metabolic pathways under different experimental conditions.

Our results also do not allow us to determine whether Vi-receptor activation stimulates

release of EETs within the cortex, or whether basal EET production is sufficient to

blunt V]-mediated cortical vasoconstriction. However, the latter scenario seems

unlikely, given our observation of similar CYP450 epoxygenase activity in cortical

compared with medullary microsomes. The hypothesis that Vi -receptor activation

increases de novo synthesis of EETs is "arther supported by the observation that

vasopressin increases release of CYP450 metabolites in the isolated perfused rat

kidney, and that this effect is blunted by treatment with CYP450 inhibitors (187, 250).

We also found that [Phe2,Ile3,Orn8]-vasopressin had little or no effect on CYP450

epoxygenase or co-hydroxylase activity perse. Thus, our results are consistent with the

hypothesis that Vi-receptor activation increases EET production in the cortex by
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increasing substrate availability. This hypothesis remains to be tested, but is at least

cons: itent with the established effect of vasopressin to stimulate phospolipase A2

activity in vascular smooth muscle (31, 111). Regardless of the precise mechanism

involved, our observations implicate CYP450-dependen\ EET/DiHETE formation as an

important counter-regulatory vasodilator mechanism, buffering renal vasoconstrictor

responses to V>-receptor activation in the cortex, but not in vascular elements

controlling MBF.

MS-PPOH had little effect on resting systemic and renal haemodynamics. Similarly,

our research group previously found in anaesthetized rabbits that renal arterial infusion

of the non-selective CYP450 inhibitor 17-octadecynoic acid, had no significant effects

on RBF (73), and others have shown little effect of miconazole, a selective

epoxygenase inhibitor, on RBF (192, 193). Thus, these data do not support a role for

EETs in control of basal renal vascular tone.

4.6 Conclusions

The present study confirms previous findings (13, 37, 49, 66, 76, 87, 184, 185, 197,

198, 206, 252, 272) that the medullary microcirculation is refractory to angiotensin II-

induced vasoconstriction and that the cortical circulation is refractory to Vi -receptor-

mediated vasoconstriction. This differential effect of vasoactive hormones on

regional kidney perfusion likely represents an important regulatory mechanism in

long-term blood pressure control, but we are only just beginning to understand the

mechanisms underlying it. Our present results indicate that EETs do not contribute to

the relative insensitivity of the medullary circulation to angiotensin II, which has been

previously attributed to the actions of nitric oxide and prostaglandins (13, 49, 185,

197, 198, 206, 252, 272). However, the relative insensitivity of the renal cortical

circulation to Vi -mediated vasoconstriction appears to be largely attributable to the

actions of epoxygenase products of AA.
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Chapter Five

Prostaglandins and nitric oxide in regional kidney blood flow
responses to renal nerve stimulation

A modified version of this chapter has been accepted for publication in Pflugers
Archive: European Journal of Physiology

5.1 Summary

Electrical renal nerve stimulation reduces total renal perfusion (RBF) and cortical

perfusion (CBF) more '.han medullary perfusion (MBF) under control conditions and

even after nitric oxide synthase inhibition. Therefore, we examined the roles of

cyclooxygenase (COX) products, and of interactions between these and nitric oxide

synthase, in regional kidney perfusion responses to renal nerve stimulation, by testing

responses to renal nerve stimulation in anaesthetized rabbits before and after sequential

treatment with ibuprofen and NG-nitro-L-arginine (L-NNA). Under control conditions,

renal nerve stimulation (at 6 Hz) reduced RBF (80 ± 4%), CBF (82 ± 5%) and to a

lesser extent MBF (37 ± S %). Ibuprofen did not significantly affect these responses,

suggesting that COX products have little net role in modulating renal vascular responses

to renal nerve stimulation. Subsequent administration of L-NNA after ibuprofen pre-

treatment enhanced renal nerve stimulation-induced reductions in RBF (P < 0.001) and

CBF (P = 0.02) but not MBF (P - 0.7). This contrasts with our previous finding under

conditions of intact COX activity, where L-NNA greatly enhanced responses of MBF to

renal nerve stimulation (69). Thus, while nitric oxide blunts responses of CBF to renal

nerve stimulation independently of COX, its impact on responses of MBF may depend

on an interaction with COX, perhaps through inhibiting production of vasoconstrictor

COX products.
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5.2 Introduction

There is compelling evidence tV <t renal medullary blood flow (MBF) profoundly

influences tubular sodium and water handling, and hence the long-term set-point of

arterial pressure (47, 150). In rats and rabbits, medullary laser Doppler flux (MLDF, an

index of blood flow) is less responsive to both electrical (69, 93-95, 126, 220) and

reflex mediated (120, 123, 127) activation of the renal nerves, than is total renal blood

flow (RBF) or cortical laser Doppler flux (CLDF, an index of blood flow), even though

vascular elements that regulate medullary perfusion are richly innervated (17, 60, 163).

The differential regulation of cortical blood flow (CBF) and MBF by sympathetic

activiy could be an important regulatory mechanism in long-term blood pressure

regulation, yet the mechanisms underlying it are poorly understood.

One plausible hypothesis is that vasodilator substances, released from the vascular

endothelium and tubular epithelium, blunt the impact of renal sympathetic nerve activity

on the medullary microcirculation. This notion is supported indirectly by observations

that nitric oxide synthase blockade can augment reductions in MLDF in response to

exogenous noradrenaline (206, 265), and enhance global renal vasoconstrictor responses

to sympathetic nerve stimulation (148). Recently, our group provided direct support for

this hypothesis, by showing in anaesthetized rabbits that nitric oxide synthase blockade

can enhance renal nerve stimulation-induced reductions in MLDF (69). However, even

after nitric oxide synthase blockade, renal nerve stimulation still reduced CLDF more

than MLDF, suggesting that nitrergic mechanisms are not solely responsible for the

differential sensitivity of CBF and MBF to renal nerve stimulation. One possibility is

that vasodilator prostaglandins alco act to blunt the impact of renal nerve stimulation on

MBF. In support of this, Inokuchi and Malik have shown that inhibition of

prostaglandin formation enhanced, while administration of PGI2 or PGE2 blunted, the

renal vasoconstrictor response *.o renal nerve stimulation in anaesthetized rats (109).

There is also considerable evidence of interactions between nitric oxide and

prostaglandins in the kidney (19, 20, 132, 222, 264). Depending on the experimental
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conditions, nitric oxide has been shown to activate cyclooxygenase (COX) (223, 262),

and also to inhibit its expression and/or activity (121, 191, 238) in vitro. A number of

studies have provided data consistent with the idea that nitric oxide inhibits production

of COX products within the kidney (19, 20, 262, 264), although the functional

consequences of this effect seems to depend on the balance between production of

vasodilator (eg prostaglandin I2 and E2) and vasoconstrictor (eg prostaglandin H2 and

thromboxane A2) products under the specific experimental conditions. For example,

COX inhibition (262), and thromboxane A2/prostaglandin H2-receptor antagonsim

(264), attenuates nitric oxide synthase inhibition-induced potentiation of noradrenaline-

induced vasoconstriction in the rat isolated perfused kidney, probably because the

effects of nitric oxide synthase blockade under these experimental conditions are

mediated through stimulation of release of vasoconstrictor COX products. In contrast,

acute nitric oxide synthase blockade reveals renal vasoconstrictor responses to non-

specific COX blockade (2) or selective COX-2 blockade (20) in the rat kidney in vivo,

probably because nitric oxide synthase blockade stimulates release of vasodilator

prostaglandins under these experimental conditions. Thus, the inability of nitric oxide

synthase blockade to enhance renal nerve stimulation-induced reductions in MLDF to

the extent that they match reductions in CLDF (69), might simply reflect compensatory

up regulation of vasodilator prostanoids after nitric oxide synthase blockade.

Alternatively, vasoconstrictor prostanoids in the medulla might even partly mediate the

effect of nitric oxide synthase blockade to enhance renal vasoconstrictor responses to

renal nerve stimulation.

Therefore, in the present study we examined the roles of prostaglandins, and also the

significance of interactions between prostaglandins and nitric oxide, in modulating renal

nerve stimulation-induced vasoconstriction in the renal medulla. We tested responses of

RBF, CLDF and MLDF to renal nerve stimulation after COX inhibition alone and after

simultaneous inhibition of both COX and nitric oxide synthase. Because nitric oxide

synthase inhibition reduced basal levels of RBF, CLDF and MLDF and increased basal

mean arterial pressure (MAP), we also tested the effects of co-infusion of a nitric oxide

donor to restore baseline haemodynamic variables to their level before nitric oxide

synthase inhibition.
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5.3 Methods

5.3.1 Animals

Twenty four male New Zealand White rabbits (mean weight 2.63 ± 0.01 kg) were used

in this study.

5.3.2 Surgical preparations

These procedures have been outlined in Chapter 2. Briefly, rabbits were anaesthetized

with pentobarbitone sodium (90-150 mg plus 30-50 mg/li) and were artificially

ventilated. The rabbits received an intravenous infusion of Hartmann's solution

(compound sodium lactate) at a rate of 0.18 ml kg^min"1 during surgery to replace fluid

losses. Esophageal temperature wis maintained between 36-38 °C throughout the

experiment. The ieft kidney was exposed via a left flank incision and was placed in a

stable cup. The renal nerves running parallel to the left renal artery were then carefully

isolated and placed across a pair of stimulating electrodes. The nerves were then

sectioned proximally. A transit-time ultrasound flow probe (type 2SB) was placed

around the renal artery to measure RBF. A needle-type laser Doppler flow probe (26

gauge) was inserted approximately 9 mm into the kidney with the use of a

micromanipulator for measurement of MLDF and a standard plastic laser Doppler

probe (DP2b) was placed on the surface of the kidney to measure CLDF. At the

completion of all surgical procedures the i.v. infusion of Hartmann's solution was

replaced with a solution containing four parts Hartmann's solution and 1 part 10%

vol/vol polygeline (Haemaccel). A 30-60 min equilibration period was allowed before

the experimental protocol commenced.

5.3.3 Recording of haemodynamic variables

MAP (mmHg), heart rate (HR, beats/min), RBF (ml/min), CLDF (perfusion units), and

MLDF (perfusion units) were measured throughout the experiment as described in

Chapter 2. Background levels of CLDF (6 ± 2 units) and MLDF (15 zt 3 units), recorded

after the rabbit was humanely killed by overdose with pentobarbitone (300 mg), and

artificial ventilation was ceased, were subtracted from experimental values before data

analysis
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5.3.4 Experimental protocol

This study was designed in a manner that allowed us to compare the effects of different

treatment regimens on intrarenal blood flow responses to renal nerve stimulation, with

the respective control responses in the same rabbit. This within-animal design allowed

us to eliminate the confounding effects of variations in the responses of individual

rabbits to renal nerve stimulation.

Four groups of rabbits were studied (n = 6 per group). All groups were subjected to

three renal nerve stimulation sequences (see below). The first period of renal nerve

stimulation served as the control response for each group. Thus, the first group of

rabbits served as the 'time' and 'vehicle' control. This group of rabbits received a

vehicle-treatment (154 mM NaCl: 1 ml/kg + 1 ml kg^h'1; i.v. until the end of the

experiment [vehicle for ibuprofen]) after the first stimulation sequence. Twenty minutes

after commencing the vehicle infusion, responses to renal nerve stimulation were re-

tested. After this stimulation sequence, and a further 5 min equilibration period, rabbits

in this group received another vehicle-treatment (154 mM NaCl; 4 ml/kg + 1 ml kg"'h'';

i.v. until the end of the experiment [the vehicle for N '-nitro-L-arginine (L-NNA)]).

Eight minutes after commencing the vehicle infusion these rabbits received an

additional vehicle infusion (154 mM NaCl, 50 fig kg"1 min"1; i.v. until the end of the

experiment [this was the vehicle for glyceryl trinitrate (GTN)]). Responses to renal

nerve stimulation were re-tested 25 min after starting this vehicle infusion. Rabbits in

groups 2, 3 and 4 were subjected to similar procedures but, as described below, they

received the relevant treatment regimens. Thus, the second group of rabbits received the

COX inhibitor, ibuprofen (12.5 mg/kg + 12.5 mg kg^h'1; Sigma Chemical Company, St

Lois, MO, USA) after the first stimulation sequence and vehicle infusions for L-NNA

(154 mM NaCl; 4 ml/kg + 1 ml kg"'h'1) and GTN (154 mM NaCl, 50 \x\ kg'min'1) after

the second stimulation sequence. This experimental sequence allowed us ic determine

the roles of prostaglandins in modulating responses of intrarenal blood flow to renal

nerve stimulation. The third group of rabbits received ibuprofen (12.5 mg/kg + 12.5 mg

kg"1!!'1) after the first stimulation period and the nitric oxide synthase inhibitor, L-NNA

(20 mg/kg + 5 mg kg"V; Sigma Chemical Company, St Louis, MO, USA) and the

vehicle for GTN (154 mM NaCl, 50 \ig kg"lmin"1) after the second stimulation

sequence. This experimental sequence allowed us to determine whether interactions
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between nitric oxide and prostaglandins can modulate responses of intrarenal blood

flow to renal nerve stimulation. The fourth group of rabbits received ibuprofen (12.5

mg/kg + 12.5 mg kg"1!!"1) after the first stimulation sequence and both L-NNA (20

mg/kg + 5 mg kg"1!!"1) and C .' (8-22 jag kg^min'1; David Bull Laboratories, Mulgrave,

Vic, Australia) after the second stimulation sequence. The dose of GTN was titrated to

restore MAP to its level before administration of L-NNA. This experimental sequence

allowed us to dc•ermine whether the effects of L-NNA could be abolished by co-

infusion of GTN to restore resting nitrergic vasodilator tone (Figure 5.1).

Group 1 Stimulation
sequence 1

Vehicle for
ibuprofen
20 min

Stimulation
sequence 2

Vehicle for
L-NNA
17 min

Vehicle
for GTN
8 min

Stimulation
sequence 3

Group 2

Group 3

Group 4

Stimulation
sequence 1

. Ibupfofeh.'
'•20-Aiin'-'.

Stimulation
sequence 2

Vehicle for
L-NNA
17 min

Vehicle
for GTN
8 min

Stimulation
sequence 3

Stimulation
sequence 1

Stimulation
sequence 1

. Ibupfofeft.
" 2 0 min' . '

• Ittupfofeft.

Stimulation
sequence 2

Stimulation
sequence 2

xti^isyt>;>; Vehicle
for GTN

8 min

111m
Stimulation
sequence 3

Stimulation
sequence 3

Figure 5.1 Schematic representation of the experimental protocol. Rabbits in group 1

received vehicle infusions (154 mM NaCl) after stimulation sequences 1 and 2. The

second group of rabbits received ibuprofen (12.5 mg/kg + 12.5 mg kg"1!!"1) after

stimulation sequence 1 and vehicle infusions after stiulation sequence 2. The third group

of rabbits received ibuprofen after stimulation sequence 1, and NG-nitro-L-arginine (L-

NNA; 20 mg/kg + 5 mg kg"1!!'1) plus vehicle infusion for glyceryltrinitrate (GTN) after

stimulation sequence 2. The fourth group of rabbits received ibuprofen after stimulation

sequence 1 and L-NNA plus GTN after stimulation sequence 2. Once commenced, all

infusions were continued until the end of the experiement.
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5.3.5 Electrical nerve stimulation

Renal nerve stimulation was produced using purpose-written software in the LabVIEW

graphical programming language. A supramaximal voltage (3-10 V) was applied in each

experiment. This was pre-determined by stimulating the renal nerves with various

voltages at 5 Hz for 60 s. The voltage that produced the maximum reduction in RBF

was used to stimulate the renal nerves in all subsequent stimulation sequences. A pulse

width of 2 ms was used and four different frequencies (0.75, 1.5, 3 & 6 Hz) were

applied in random order. Each frequency was applied for 3 min with an 8 min recovery

period, except after 6 Hz, where a 10 min recovery period was allowed.

5.3.6 Statistics

All data are expressed as mean ± SE. P < 0.05 was considered statistically significant.

Baseline levels of systemic and renal haemodynamic variables were calculated by

averaging the 30 s control periods, immediately prior to each stimulus train, across all

four frequencies in each renal nerve stimulation sequence. Analysis of variance

(ANOVA) was used, to test (i) whether mean baseline levels observed during

stimulation sequences 2 and 3 were different from those observed during stimulation

sequence 1 in the control group of rabbits (n = 6; Pjime), (ii) whether average baseline

levels across all 24 rabbits differed according to the treatment that was to follow

(̂ Group), and (iii) whether each of the treatments (ibuprofen, L-NNA and L-NNA +

GTN) affected baseline haemodynamic variables (

Systemic and renal haemodynamic responses to renal nerve stimulation were

determined by comparing the levels of each variable during the last 30 s of each

stimulation period with the control values during the 30 s immediately prior to

stimulation. These data are expressed as percentage changes from control. We used

ANOVA (factors comprising group, rabbit, frequency and treatment) to test (i) whether

renal nerve stimulation had frequency-dependent effects on systemic and renal

haemodynamics under control conditions (/Wquency), (ii) whether the various treatments

(vehicle, ibuprofen, ibuprofen + L-NNA or ibuprofen + L-NNA + GTN) affected

responses to renal nerve stimulation within each group (Pireat) and (iii) whether

responses to renal nerve stimulation of RBF and CLDF differed from those of MLDF

(̂ Region). Thus, our key biological hypotheses, that the various treatments affected
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baseline haemodynamics, and responses to renal nerve stimulation, were tested in a

'within' animal fashion.

5.4 Results

5.4.1 Baseline haemodynamics

Responses to vehicle alone and ibuprofen Baseline levels of MAP, HR, RBF, CLDF

and MLDF during the initial control stimulation sequence, when averaged across all 24

rabbits, were 77 ± 2 mmHg, 263 ± 5 beats/min, 30 ± 2 ml/min, 322 ± 12 units and 102 ±

9 units respectively. These did not differ significantly according to the treatment that

was to follow (PGroup ^ 0.39). In the group of rabbits that received only the vehicle

treatments (group 1), these variables remained stable across the course of the

experiment except for CLDF (P Time = 0.01) which was 11+3 % and 17 ± 3% less

respectively, during stimulation sequences 2 and 3 than during stimulation sequence 1

(Table 5.1 A). Baseline levels of RBF followed a similar pattern, but this trend was not

statistically significant (P Timc = 0.06). Ibuprofen reduced baseline levels of RBF (-11 ±

4%), CLDF (-7 ± 3%) and MLDF (-23 ± i ~)%) but did not significantly affect MAP or

HR (Table 5.IB).

Responses to NOS blockade in ibuprofen pre-treated rabbits In ibuprofen pre-treated

rabbits, haemodynamic variables were not significantly affected by vehicle-treatment,

with the exception of a small reduction in HR (-15 ± 5%) (Table 5.1C). L-NNA alone

significantly increased MAP (+ 43 ± 7%), and reduced HR (-10 ± 4%), RBF (-28 ± 3%)

and MLDF (- 52 ± 8 %) but not CLDF (Table 5. ID). Baseline levels of all measured

variables after L-NNA + GTN were similar to those observed before this treatment was

administered (Table 5.1 E).

5.4.2 Responses to renal nerve stimulation

Responses under control conditions Analysis of responses to renal nerve stimulation

during the initial (control) stimulation sequence in all 24 rabbits demonstrated

frequency-dependent reductions in RBF (-80 ± 4% at 6 Hz; F̂requency < 0.001) and

CLDF (-82 ± 5% at 6 Hz; /frequency < 0.001). Renal nerve stimulation tended to reduce
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MLDF (-37 ± 8% at 6 Hz; F̂requency = 0.07) but across the full frequency range this did

not reach statistical significance, probably because of the lack of response to

frequencies < 1.5 Hz. Thus, as we have shown previously (127) renal nerve stimulation

causes greater reductions in RBF and CLDF than MLDF (/Region < 0.001). There was

also a slight increase in MAP (5 ± 1% at 6 Hz) but no change in HR during renal nerve

stimulation (Figure 5.2).

Effects of vehicle and ibuprofet: In vehicle-treated rabbits (group 1) responses of

RBF, CLDF and MLDF to renal nerve stimulation remained stable over the course of

the experiment (P Treat ^ 0.41) (Figure 5.3). Ibuprofen (groups 2, 3 and 4) tended to

slightly enhance renal nerve stimulation-induced reductions in CLDF (P-Treat= 0.06) but

had little or no effect on the responses of RBF or MLDF (Figure 5.4).

Effects of L-NNA and L-NNA + GTN in ibuprofen pre-treated rabbits In

ibuprofen pre-treated rabbits, responses of RBF, CLDF and MLDF to renal nerve

stimulation were not significantly altered by administration of the vehicles for L-NNA +

GTN (Pircat ^ 0.21; Figure 5.5A). In contrast, L-NNA augmented renal nerve

stimulation induced reductions in RBF (PTreat ^ 0.001) and CLDF (PTrcat = 0.02) to renal

nerve stimulation. For example, 6 Hz stimulation reduced RBF and CLDF by -82 ± 6%

and -80 ± 10% respectively after L-NNA, but only by -70 ± 9 and -69 ± 10 %

respectively before L-NNA (Figure 5.5B). Responses of MLDF to renal nerve

stimulation were not significantly affected by L-NNA. Responses of RBF, CLDF and

MLDF after L-NNA + GTN were indistinguishable from those before this treatment

(figure 5.5C). Regardless of the treatment administered (ibuprofen, ibuprofen + L-

NNA or ibuprofen + L-NNA + GTN), renal nerve stimulation always reduced RBF and

CLDF more than MLDF (PRegion<0.001).
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Table 5.1 Mean baseline levels of systemic and renal haemodynamic variables

MAP
(mmHg)

HR RBF
(beats/min) (ml/min)

CLDF MLDF
(units) (units)

A: Effects of vehicle treatments (Group 1, n = 6)

Control

Vehicle 1

Vehicle 2

80 ±3

79±3

76 ±3

266 ±8

265 ±8

258 ±9

30±4 336±24 77 ± 19

26 ± 3 298 ±17* 83 ± 22

25 ± 3 277 ±21* 68 ±14

B: Effects of Ibuprofen (Groups 2-4, n = 18)

Control

Ibuprofen

77 ±2

76 ±3

262 ±6

253 ± 6

27 ±2 300 ±10 92 ±13

23 ± 2 278 ±12 71 ± 13

C: Effects of vehicle in ibuprofen pre-treated rabbits (Group 2, n = 6)

Control

Vehicle

81±6

78 ±5

264 ±7

249 ±8

27 ± 4 305 ±23 73 ± 20

26 ± 4 292 ±24 68 ±13

D: Effects of N -nitro-L-arginine in ibuprofen pre-treated rabbits (Group 3, n = 6)

Control

L-NNA

74 ±4

104 ±2

244 ±13

220 ±12

21 ±2 272 ±14 96 ±26

15 ±2* 259 ±19 38 ±6*
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Table 5.1 (Continued)

MAP
(mmHg)

HR
(beats/min)

RBF
(ml/min)

CLDF MLDF
(units) (units)

E: Effects of N -nitro-L-arginine plus glyceryl trinitrate after ibuprofen pre-treatment (Group

4,n = 6)

Control

L-NNA +
GTN

74±2

72 ±4

251 ±9

249 ±10

19 ±2 257 ±22 78 ± 8

17±3 233±26 64±24

Data indicate mean ± SE. MAP, mean arterial pressure; HR, heart rate; RBF, renal blood

flow; CLDF, cortical laser Doppler flux; MLDF, medullary laser Doppler flux. * P < 0.05; **

P < 0.01; *** P < 0.001 for comparison with respective control levels, derived from specific

hypothesis testing within analysis of variance.

so 95 ca



Chapter 5 Prosta2landins, nitric oxide and regional kidney perfusion

0)
D)
c

6

0

-20

-40

-60

-80 -

-100 -

0.75 1.5 3
Frequency (Hz)

Figure 5.2 Responses of (A) systemic- and (B) renal-haemodynamic variables during the

initial sequence of renal nerve stimulation. Symbols and error bars indicate the mean ± SE of

the average percentage changes of each variable during the last 30 s of each stimulus train,

compared with last 30 s immediately prior to stimulation, in all 24 rabbits. MAP = mean

arterial pressure, HR = heart rate, RBF = renal blood flow, CLDF = cortical laser Doppler

flux, MLDF = medullary laser Doppler flux.
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Figure 5.3 Effects of vehicle treatments on the responses of renal haemodynamics to

renal nerve stimulation. Symbols and error bars indicate mean ± SE of data from 6 rabbits

(Group 1). P values indicate the outcomes of partitioned analysis of variance, testing whether

renal haemodynamic responses during stimulation sequences 2 (•) and 3 ( • ) (after the

vehicle treatments) differed from those observed during the initial stimulation sequence (o).

Stim = stimulation. Other abbreviations as for Figure 5.2.
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Figure 5.4 Effects of ibuprofen (12.5 mg/ kg + 12.5 mg kg^h'1) treatment on responses of

renal haemodynamics to renal nerve stimulation. Symbols and error bars indicate mean ± SE

of data from 18 rabbits (Groups 2, 3 and 4). P values indicate the outcomes of analysis of

variance testing whether renal haemodynamic responses after ibuprofen (stimulation

sequences 2; •) differed from those observed before ibuprofen was administered, (stimulation

sequence 1; o). Abbreviations are as for Figure 5.3.
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Figure S.5 Responses to renal nerve stimulation in rabbits pre-treated with ibuprofen,

before and after (A) vehicle treatment (154 mM NaCl; 4 ml/kg + 1 ml kg"V; group 2) (B)

NG-nitro-L-arginine (L-NNA; 20 mg/kg + 5 nig kg^h"1; group 3) and (C) L-NNA plus

glyceryl trinitrate (8 - 22 ng kg'1 min'1; group 4). Symbols and error bars indicate mean ± SE

of data from 6 rabbits. Pjreat values indicate the outcomes of analysis of variance testing

whether renal haemodynamic responses after the various treatments (stimulation sequence 3;

• ) differed from those observed before these treatments (stimulation sequence 2; •).

Abbreviations are as for Figure 5.3.
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Figure 5.6 Effects of NG-nitro-L-arginine (L-NNA; 20 mg/kg + 5 mg kg"1 h'1) on

responses of renal haemodynamics to renal nerve stimulation. Symbols and error bars indicate

mean ± SE of data from 6 rabbits. P-rrcat values indicate the outcomes of analysis of variance

testing whether renal haemodynamic responses during stimulation sequence 2 (•) differed

from those observed during the initial stimulation sequence (o). Abbreviations are as for

Figure 5.3. Data taken from a previous published study from our laboratory (69).

so 100 G3



5.5

Chapter 5 Prostaglandins, nitric oxide and regional kidney perfusion

Discussion

Previous studies have provided compelling evidence that renal nerve stimulation

reduces renal CBF more than MBF (69, 93-95, 126, 220). However, the mechanisms

underlying this phenomenon remain largely unknown. MBF also appears to be less

sensitive than CBF to the effects of exogenous noradrenaline, and this appears to be

largely due to a counter-regulatory role of nitric oxide, released in response to activation

of ct2-adrenoceptors (206, 265). Consistent with this, we have recently shown in the

experimental model used in the current studies, that nitric oxide synthase blockade

enhances responses of MLDF to renal nerve stimulation (69). However, renal nerve

stimulation still reduced CLDF considerably more than MLDF after nitric oxide

synthase blockade alone, indicating that other mechanisms also contribute to the relative

insensitivity of MBF to activation of the renal sympathetic nerves. In the current study

we aimed to determine whether products of COX also contribute to this phenomenon,

and by testing the effects of nitric oxide synthase-inhibition on a background of COX

inhibition, explore the possibility that nitric oxide and prostaglandins interact in

modulating regional kidney blood flow responses to renal nerve stimulation.

We had three major findings. Firstly, the COX inhibitor ibuprofen did not significantly

alter responses to renal nerve stimulation, suggesting little net role for prostanoids in

modulating renal vascular responses to activation of the sympathetic nerves under our

experimental conditions. Secondly, we found that under conditions of prior COX

blockade, administration of L-NNA to block nitric oxide synthase enhanced responses

of RBF and CLDF to renal nerve stimulation. This is consistent with our previous

finding that nitric oxide synthase blockade alone augments RBF and CLDF responses to

renal nerve stimulation (Figure 5.6) (69). Thus, nitric oxide appears to blunt renal nerve

stimulation-induced vasoconstriction in the renal cortex in a manner independent of

COX. In contrast, our third major finding was that after prior COX blockade, we could

not detect an effect of nitric oxide synthase blockade on responses of MLDF to renal

nerve stimulation. This observation contrasts directly with those of our previous study

under conditions of intact COX activity, where the most prominent effect of nitric oxide

synthase blockade was to enhance responses of MLDF to renal nerve stimulation
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(Figure 5.6) (69). Collectively, these findings raise the intriguing possibility that the

impact of nitric oxide synthase blockade on responses of MLDF to renal nerve

stimulation are at least partly mediated through products of COX (see below).

Our finding that ibuprofen treatment per se did not significantly affect responses to

renal nerve stimulation suggests that prostaglandins play little role in physiologically

antagonising renal nerve stimulation-induced vasoconstriction in the rabbit kidney in

vivo. This accords with our previous observations in the rabbit, showing no significant

effect of COX blockade on responses to renal arterial boluses or infusions of

noradrenaline (184, 185). However, our data in the rabbit contrast with those in

anaesthetized rats, in which COX blockade enhances renal vasoconstrictor responses to

both renal nerve stimulation and exogenous noradrenaline (109, 198). Taken together,

these data suggest that a true species difference exists, in the role of prostaglandins in

modulating responses of the kidney to adrenergic stimuli, between rabbits and rats.

As outlined previously (see Introduction), there is considerable evidence for complex

interactions between the prostaglandin and nitric oxide systems in the kidney. We

hypothesised that up-regulated release of vasodilator prostanoids within the medullary

microvasculature after nitric oxide synthase inhibition might explain why renal nerve

stimulation still reduced MLDF less than CLDF under these experimental conditions

(69). We can now confidently reject this hypothesis, because even after combined

treatment with L-NNA and ibuprofen, renal nerve stimulation reduced CLDF

significantly more than MLDF.

Taken at face value, our present observation, that L-NNA did not significantly affect

responses of MLDF to renal nerve stimulation when given after prior COX blockade

(Figure 5.5B), is at odds with the results of our previous study, in which L-NNA alone

greatly enhanced renal nerve stimulation-induced reductions in MLDF (Figure 5.6) (69).

Our present findings might simply reflect the considerable variability of responses of

MLDF to renal nerve stimulation. On the other hand, it might also reflect an important

interaction between nitric oxide and prostaglandins in the neural control of MBF.

Importantly, we must consider the fact that COX catalyses the synthesis of
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vasoconstrictor prostaglandins (eg H2) and thromboxanes (eg A2), as well as vasodilator

products (eg prostacyclin). Zhang and colleagues found in the rat isolated perfused

kidney, that although nitric oxide synthase blockade alone enhanced noradrenaline-

induced vasoconstriction, this effect was markedly attenuated by concomitant COX

blockade (262) or antagonism of thromboxane A2-prostaglandin H2 (TP) receptors

(264). These observations were inteipreted to suggest that nitric oxide normally inhibits

COX activity within the kidney, so that nitric oxide synthase blockade enhances the

production of vasoconstrictor prostanoids in response to adrenergic stimuli. Such a

mechanism might also explain the apparent contradiction between our present (Figure

5.5B) and previous (Figure 5.6) findings. Thus, nitric oxide might blunt renal nerve

stimulation-induced reductions in MBF by inhibiting production of vasoconstrictor

prostaglandins/thromboxanes. Ms Rebecca Flower in our laboratory (in collaboration

with me) recently performed a supplementary experiment to test this hypothesis (see

Chapter 7 for details of this study).

Consistent with our previous studies (69, 206), we found that intravenous infusion of

GTN, at a dose titrated to restore MAP to its control level, also restored RBF, CLDF

and MLDF to their control levels. These observations indicate that this technique allows

restoration of resting nitrergic vasodilator tone under conditions of nitric oxide synthase

blockade. However, this does not necessarily mean that local levels of nitric oxide

within the vasculature are normalised by this treatment regimen. Nevertheless, the fact

that the effects of L-NNA, on responses to renal nerve stimulation, of RBF and CLDF

in the current study, and of RBF, CLDF and MLDF in our previous study (69), were

abolished by this GTN infusion, provides important information to aid in interpreting

our experiments. One possibility is that the effects of L-NNA on responses to renal

nerve stimulation occur secondarily to reduced RBF or increased arterial pressure.

However, this seems unlikely, since we have recently shown that moderate changes in

renal vascular tone per se have little impact on the responsiveness of the renal

vasculature to renal nerve stimulation (93). Furthermore, ibuprofen reduced resting

levels of RBF, CLDF and MLDF, yet did not significantly affect the responsiveness of

these variables to renal nerve stimulation. The pressor effect of L-NNA is also unlikely

to account for its influence on responses to renal nerve stimulation, since increased renal

perfusion pressure appears to blunt the responsiveness of the renal circulation (at least
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the cortical circulation) to renal nerve stimulation, rather than enhance it (95). Thus, it

seems likely that L-NNA enhances responses to renal nerve stimulation through its

direct action to inhibit nitric oxide synthesis. The fact that co-infusion of GTN abolishes

these effects raises the possibility that they are due to removing the influence of basal

levels of nitric oxide, rather than abolition of nitric oxide released in response to renal

nerve stimulation. However, further validation of the GTN infusion technique, including

measurements of nitric oxide levels in vivo, are required before these observations can

be definitively interpreted.

A major advantage of our experimental approach, is that our observations are not

confounded by the differences, between individual rabbit preparations, in responses to

renal nerve stimulation. These differences probably arise partly due to variability in our

success, between preparations, in isolating all sympathetic nerves innervating the

kidney. Importantly, the results from rabbits in group 1 show that responses to renal

nerve stimulation are extremely stable across the course of the experiment.

A number of limitations of our current study need to be borne in mind. The first relates

to our use of laser Doppler flowmetry, which in highly perfused tissues such as the

kidney is essentially a measure of erythrocyte velocity rather than bulk blood flow per

se (68, 94). However, most evidence suggests that changes in medullary perfusion are

mediated mainly by changes in blood velocity within vasa recta capillaries rather than

recruitment of vasa recta (see 68 for discussion), although this issue has not been

studied in depth. Thus, future investigations should apply methods for studying the

control of medullary perfusion at the capillary level to the problems described herein. A

second limitation relates to the fact that nitric oxide can affect responses to renal nerve

stimulation at pre-junctional sites (139). Our present experimental approach does not

allow this effect to be studied independently of post-junctional effects on nitric oxide.

On the other hand, there is evidence that inhibition of prostaglandins has little effect on

the release of noradrenaline in response to reflex activation of renal nerves in dogs

(183). Thirdly, both nitric oxide synthase- and COX blockade altered resting RBF,

CLDF and/or MLDF, and nitric oxide synthase blockade increased MAP. As we have

already argued (see above) previously published data from our laboratory indicate that
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these changes in systemic and renal haemodynamics are unlikely, in themselves, to

account for the impacts of these treatments on responses to renal nerve stimulation.

However, our present conclusions might be different if they were based on the effects of

renal nerve stimulation on absolute rather than the percentage changes in renal

haemodynamic variables. We argue that percentage changes rather than absolute

changes reflect the functional state of the renal vasculature, because Poiseuille's

relationship (flow oc pressure x radius4) predicts that a given percentage change in

radius will cause the same proportional change in flow at any given pressure, regardless

of resting vascular calibre (see (95)).

5.6 Conclusions

In conclusion, the results of the present study indicate that under physiological

conditions, basal production of COX products has little net impact on renal vascular

responses to activation of the renal sympathetic nerves, and so does not contribute to the

relative insensitivity of MBF to renal nerve stimulation. As we have shown previously

(69), nitric oxide synthase blockade enhances responses to renal nerve stimulation.

Without prior COX blockade, the effect of nitric oxide synthase blockade is particularly

prominent for MLDF (although responses of RBF and CLDF are also enhanced) (Figure

5.6) (69), suggesting that nitric oxide plays an important role in underlying the relative

insensitivity of MBF to activation of the renal sympathetic nerves. After prior COX

blockade, nitric oxide synthase blockade still enhanced responses of RBF and CLDF to

renal nerve stimulation, but we could detect no effect on responses of MLDF to renal

nerve stimulation (Figure 5.5B). Collectively, these observations are consistent with a

role of vasoconstrictor products of COX in mediating the effects of nitric oxide

synthase-blockade on responses of MLDF (but not CLDF) to nerve stimulation. It

seems that nitric oxide normally blunts nerve stimulation-induced vasoconstriction in

both the renal cortex and the medulla. In the renal cortex, this effect appears to be

mediated independently of COX. In contrast, the impact of nitric oxide on responses of

MBF to renal nerve stimulation may be mediated through inhibition of production of

vasoconstrictor prostaglandins and thromboxanes, which would otherwise enhance the

response of MBF to sympathetic activation. Regardless, these mechanisms cannot fully
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account for the relative insensitivity of the medullary circulation to sympathetic

activation. Future studies should therefore focus on the possible involvement of other

mechanisms, involving non-COX products of arachidonic acid metabolism (106), or

regional differences within the kidney in sympathetic neuroeffector function.
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Chapter Six

Endogenous angiotensin II and nitric oxide in neural control
of intrarenal blood flow

A modified version of this chapter was submitted to American Journal of Physiology
(Regulatory, Integrative and Comparative Physiology)

(Manuscript number R-00477-2004)

6.1 Summary

Renal sympathetic nerve stimulation reduces renal cortical perfusion (CBF) more than

medullary perfusion (MBF). Nitric oxide buffers renal nerve stimulation-induced

vasoconstriction in the renal cortex and medulla, but the precise mechanisms underlying

the relative insensitivity of MBF to renal nerve stimulation remain unknown. We

investigated the role(s) of the renin-angiotensin system, and the significance of

interactions between angiotensin II and nitric oxide, in responses of regional kidney

perfusion to renal nerve stimulation in pentobarbitone anaesthetized rabbits. Under

control conditions, renal nerve stimulation (0.5 - 8 Hz) reduced RBF (-89 ± 3% at 8 Hz)

and CBF (-90 ± 2 % at 8 Hz) more than MBF (-55 ± 5 % at 8Hz) in a frequency

dependent manner. Angiotensin II type 1 (ATj) receptor antagonism with candesartan

blunted renal nerve stimulation-induced reductions in total renal blood flow (RBF)

(̂ Treat = 0.03), CBF (PTreat = 0.007) and MBF (P-rrcat = 0.04). Nitric oxide synthase

inhibition with NG-nitro-L-arginine (L-NNA) enhanced RBF (PTreat = 0.003), CBF

Ĉ Treat = 0.001) and MBF (/Vreat = 0.03) responses to renal nerve stimulation. In rabbits

pre-treated with candesartan, L-NNA enhanced renal nerve stimulation induced

reductions in RBF (PTreat = 0.04) and CBF (?Trcat = 0.007) but not MBF (Threat = 0.66).

These results suggest that endogenous angiotensin II enhances, while nitric oxide

blunts, neurally mediated vasoconstriction in the renal cortex and medulla. In the renal

medulla, but not the cortex, the influence of nitric oxide seems to depend on the

presence of endogenous angiotensin II.
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6.2 Introduction

Renal medullary blood flow (MBF) plays a key role in the regulation of long-term blood

pressure, mainly through its effects on tubular sodium and water handling (47, 48, 50,

150). Therefore, factors that regulate MBF should in turn have a profound effect on the

long-term set-point of arterial pressure. There is good evidence that neuronal stimuli can

differentially regulate renal cortical blood flow (CBF) and MBF. For example, electrical

as well as reflex mediated stimulation of the renal nerves has been shown to cause

greater reductions in total renal blood flow (RBF) and cortical laser Doppler flux

(CLDF, an index of blood flow) than medullary laser Doppler flux (MLDF) (69, 70, 93,

120, 123, 126, 127, 220). This differential regulation of regional kidney blood flow by

the renal nerves is likely to represent an important regulatory mechanism in long-term

blood pressure control, yet we are only beginning to understand the mechanisms

underlying it. One key factor seems to be nitric oxide, since inhibition of nitric oxide

synthase enhances neuially meditated renal vasoconstriction, particularly within the

medulla (69).

Another factor that might modulate responses of intrarenal blood flow to renal nerve

stimulation is angiotensin II, since renal nerve stimulation can increase renin release

from the juxtaglomerular apparatus, and so formation of angiotensin II in the kidney

(117). However, at first sight this would seem an unlikely candidate for a mechanism

blunting responses to renal nerve stimulation in the medulla, since angiotensin II type 1

(ATi) receptor antagonism has been shown to blunt renal nerve stimulation-induced

reductions in RBF in anaesthetized dogs (67, 237) and rats (61). Most evidence

suggests that this is chiefly due to angiotensin Il-induced facilitation of noradrenaline

release from nerve terminals in response to renal nerve stimulation (232, 237).

Collectively, these data indicate that endogenous angiotensin II, by activation of AT r

receptors, facilitates neurally mediated renal vasoconstriction, at least when one

considers total RBF.

However, angiotensin II has also been shown to have vasodilator effects in the renal

medullary circulation. Angiotensin II can increase medullary nitric oxide concentration

(272) and MBF (252) and these phenomena may be linked through the mechanism of
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'tubulovascular nitric oxide cross talk' (62). In anaesthetized rabbits, the MLDF

response to renal arterial boluses of angiotensin II is biphasic, consisting of an initial

reduction followed by a later increase (66, 206). This increase in MLDF is blur;-xl by

nitric oxide synthase-inhibition (206) or ATi-receptor antagonism (66) suggesting that

angiotensin II-induced release of nitric oxide within the medullary circulation depends

on activation of ATi-receptors. Intriguingly, our research group recently found that

renal arterial infusion of angiotensin II, at a dose that did not affect basal MLDF, greatly

blunted renal nerve stimulation induced reductions in MLDF but not CLDF (Figure 1.7)

(93). Collectively, these data have generated the hypothesis that angiotensin II

modulates responses of the renal vasculature to renal nerve stimulation in a regionally

specific manner. Thus, in vascular elements regulating MBF (juxtamedullary arterioles

and descending vasa recta), angiotensin II might stimulate nitric oxide release, which

could in turn blunt neurally mediated vasoconstriction.

In the current study we investigated the physiological significance of this phenomenon.

We tested the hypothesis that endogenous angiotensin II, via activation of ATi-

receptors, contributes to the differential impact of renal nerve stimulation on regional

kidney blood flow by blunting neurally-mediated vasoconstriction in the medullary

vasculature. We also tested whether prior ATi-receptor antagonism can alter the impact

of inhibition of nitric oxide synthase on responses to renal nerve stimulation, which

would indicate a direct interaction between these systems in modulating neural

regulation of intrarenal blood flow.

6.3 Methods

6.3.1 Animals

Twenty male New Zealand White rabbits (mean weight 2.66 ± 0.08 kg) were used in

this study.

6.1,2 Surgical preparations

These surgical procedures have been described in detail in Chpater 2, so will only be

described briefly here. Rabbits were anesthetized with pentobarbitone sodium and were

artificially ventilated. The left kidney was exposed via a left flank incision and placed in
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a stable cup. The nerves running parallel to the left renal artery were carefully isolated

and placed across a stimulating electrode. The nerves were then sectioned proximally to

the electrode. Paraffin oil was used to keep the nerves moist throughout the experiment.

RBF was measured using a transit-time ultrasound flow probe (type 2SB) placed around

the renal artery A needle-type laser Doppler flow probe (26 gauge, DP4s) was

advanced approximately 9 mm into the kidney with the use of a miromanipulator to

measure MLc >F. A standard plastic laser Doppler flow probe was placed on the dorsal

surface of the kidney to measure CLDF (DP2b). After completion of all surgical

procedures the infusion of Hartmaiin's solution was replaced with a solution containing

four parts Hartmann's solution and one part 10% vol/vol polygeline (Haemaccel). The

experimental protocol comrr^nc .\1 after a 30-60 min equilibration period.

6.3.3 Experimental protocol

We designed this study in a manner that allowed us to compare the effects of different

treatment regimens, on intrarenal blood flow responses to renal nerve stimulation, with

the respective control responses in the same rabbit (see below). This within-animal

design allowed us to eliminate the confounding effects resulting from variations in

responses of intrarenal blood flow to renal nerve stimulation in different rabbits.

Three groups of rabbits were studied (n = 6 per group, except group 2 where n = 8).

Rabbits in all three groups were subjected to three renal nerve stimulation sequences

(see below). In all these groups, the first renal nerve stimulation sequence served to

define control responses. The first group of rabbits served as the time- and vehicle-

control. In this group of rabbits, the vehicle for candesartan (154 mM NaCl: 1 ml/kg + 1

ml kg"1 h'1) was administered after the first stimulation sequence, and this infusion was

continued for the duration of the experiment. Twenty minutes after commencing this

infusion, rabbits were subjected to a second stimulation sequence. After a 10 min

equilibration period, following completion of the second stimulation period, rabbits of

this group received the vehicle for N -nitro-L-arginine (L-NNA; 154 mM NaCl: 4

ml/kg + 1 ml"1 kg*1 h"1), which was also infused for the remainder of the experiment.

Responses to renal nerve stimulation were re-tested 25 min after commencing this

vehicle infusion. Rabbits in groups 2 and 3 were subjected to similar procedures, but as

described below they received the relevant treatment regimens. Thus, the second group
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,-! u-Uof rabbits received the vehicle for candesartan (154 mM NaCl: 1 ml/kg + 1 ml kg" h")

after the first stimulation sequence and L-NNA (20 mg/kg + 5 mg kg"1 h"1 i.v.; Sigma

Chemical Company, St Lois, MO, USA) after the second stimulation sequence. This

experimental sequence allowed us to determine the role of endogenous nitric oxide in

modulating responses of regional kidney perfusion to renal nerve stimulation, in the

presence of an intact renin-angiotensin system. The third group of rabbits received

candesartan (10 ug/kg 4- 10 jag kg"'h"' i.v.; Astra Zeneca, Switzerland) after the first

stimulation sequence and L-NNA after the second stimulation sequence. This

experimental sequence therefore allowed us to determine whether endogenous

angiotensin II (acting via ATi-receptors) modulates responses of intrarenal perfusion to

renal nerve stimulation. It also allowed us to determine whether the effects of

endogenous nitric oxide are dependent on activation of ATi-receptors by endogenous

angiotensin II. Ten minutes after completing the third stimulation sequence, rabbits in

all three groups received three i.v bolus doses of angiotensin II (10, 100 and 1000

ng/kg) in ascending order. A 5-10 min recovery period was allowed between each dose

of angiotensin II (Figure 6.1).

6.3.4 Electrical nerve stimulation

The LabVIEW graphical programming language (National Instruments, Austin, TX)

was used to provide computer generated stimulation of the renal nerves. The voltage

that produced the maximum reductions in RBF, CLDF and MLDF were determined in

each rabbit by stimulating the renal nerves with various voltages (3-10 V) at 5 Hz for 60

s. This pre-determined voltage was used in all subsequent stimulation periods in that

rabbit. Each stimulation sequence consisted of five, 3 min stimulus trains (0.5, 1, 2, 4

and 8 Hz; 2 ms pulse duration). These frequencies were applied in random order.

Recovery periods of 8-10 min were allowed between each stimulus train.

so 111 oa



Chapter 6 Ansiotensin II and neural control of regional kidney perfusion

Group 1

Group 2

Group 3

Stimulation
sequence 1

Stimulation
sequence 1

Stimulation
sequence 1

Vehicle for
candesrtan

20 min

Vehicle for
candesrtan
20 min

• cdnUfisrtart •' •

::x°:nx::::::

Stimulation
sequence 2

Stimulation
sequence 2

Stimulation
sequence 2

Vehicle for
L-NNA
25 min

IMII

Stimulation
sequence 3

Stimulation
sequence 3

Stimulation
sequence 3

All

All

All

Figure 6.1 A schematic diagram of the experimental protocol. Rabbits in group 1

received vehicle infusions (154 mM Nad.) after stimulation sequences 1 and 2. Rabbits

in group 2 received vehicle for candesartan after stimulation sequence 1 and N -nitro-L-

arginine (L-NNA; 20 mg/kg + 5 mg kg"1 h"1) after stimulation sequence 2. Rabbits in

group 3 received candesartan (10 ug/kg + 10 jxg kg-'h*1) after stimulation sequence 1

and L-NNA after stimulation sequence 2. Once commenced, all infusions were

continued until the end of the experiment. Rabbits in all three groups received three i.v

bolus doses of angiotensin II (All; 10, 100 and 1000 ng/kg), ten minutes after

completing the third stimulation sequence.

6.3.5 Recording of haemodynamic variables

The ear artery catheters were connected to pressure transducers to measure arterial

pressure (Cobe, Arvarda, CO, USA). RBF was measured by connecting the transit-time

ultrasound flow probe to a model T208 flowmeter (Transonic systems) and CLDF and

MLDF were measured by connecting the laser Dopp 'er flow probes to a laser Doppler

flowmeter (DRT4, Moor instruments). A computer equipped with an analog-to-digital

acquisition card (Lab PC+, National Instruments, Austin, TX) and purpose written

software (Universal Acquisition, University of Auckland, New Zealand) provided 2 s

averages of mean arterial pressure (MAP; mmHg), heart rate (HR, determined from the

arterial pressure pulse; beats/min), RBF (ml/min), CLDF (perfusion units), and MLDF

(perfusion units). The values of CLDF (7 ± 1 units) and MLDF (9 ± 1 units), during the
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60 s immediately after the rabbit was humanely killed by overdose with pentobarbital

(300 mg), and artificial ventilation was ceased were subtracted from the values obtained

during the experiment, before data analysis was performed.

6.3.6 Statistics

All data are expressed as mean ± SE. P values < 0.05 were considered statistically

significant. Baseline levels of systemic and renal haemodynamic variables were

calculated by averaging the 30 s control periods immediately prior to each stimulation

train, across all five frequencies in each renal nerve stimulation sequence. Systemic and

renal haemodynamic responses to renal nerve stimulation were determined by

comparing the levels of each variable, during the last 30 s of each stimulation period,

with the control values during the 30 s immediately prior to stimulation. We used

analysis of variance (ANOVA) to test whether baseline levels of haemodynamic

variables, and responses to renal nerve stimulation, differed (i) between the three

experimental groups during the control period (Pa-uup) and (ii) during stimulation

sequence 2 compared with stimulation sequence 1, and during stimulation sequence 3

compared with stimulation sequence 2 within each treatment group (P-Treat)- We also

tested whether responses of MLDF to renal nerve stimulation differed from those of

CLDF (̂ Region). Therefore, we tested our key biological hypotheses, that the various

treatments affected baseline haemodynamics and responses to renal nerve stimulation,

in a 'within'subject fashion.

For analysis of responses to exogenous angiotensin II, levels of haemodynamic

variables during the final 30 s of the control periods, and periods of maximum

reductions and /or increases after the angiotensin II boluses, were subjected to repeated

measures ANOVA. We tested whether angiotensin II had dose-dependent effects in the

vehicle-control group (PDOSC), and whether each of the treatments affected these

responses (PGTOUP)- P values from within-subject factors in repeated measures analyses

were conservatively adjusted using the Greenhouse-Geisser correction (135).
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6.4 Results

6.4.1 Baseline haemodynamics

During the first (control) stimulation sequence, baseline levels of MAP, HR, RBF,

CLDF and MLDF, when averaged across all 20 rabbits, were 72 ± 2 mmHg, 245 ± 4

beats/min, 27 ± 2 ml/min, 264 ± 10 units and 67 ± 5 units respectively. These variables

did not vary according to the treatment that was to follow (PGTOUP ^ 0.1). In vehicle-

treated rabbits (group 1) baseline levels of all measured variables remained stable across

the course of the experiment (Table 6.1 A). In the rabbits of group 2, vehicle-treatment

was accompanied by little change in MAP, HR, RBF, and CLDF, but there was a

significant reduction in MLDF (-14 ± 4%; PjxcdX = 0.02). Subsequent L-NNA treatment

increased MAP (30 ± 9%), and reduced HR (-14 ± 4 %), RBF (-22 ± 4 %), CLDF (-13 ±

2%) and MLDF (-25 ± 5 %) (Table 6. IB). In the rabbits of group 3, candesartan alone

increased RBF (43 ±12 %) and CLDF (16 ± 3 %), but had little effect on MLDF or HR.

Candesartan also tended to reduce MAP (-7 ± 3%) but this did not reach statistical

significance. Subsequent administration of L-NNA reduced HR (-10 ± 2 %), RBF (-35

± 8 %), CLDF (-19 ± 5 %) and MLDF (-36 ± 6 %), but did not significantly alter MAP

(11 ± 5 % increase) (Table 6.1C).

6.4.2 Responses to renal nerve stimulation

Responses to renal nerve stimulation under control conditions During the initial

stimulation sequence, responses of RBF, CLDF and MLDF to renal nerve stimulation

did not differ significantly between the three treatment groups, so these data were

pooled. When averaged across all 20 rabbits, renal nerve stimulation caused

frequency-dependent reductions in RBF (-89 ± 3 % at 8 Hz; /"Frequency < 0.001), CLDF (-

90 ± 2 % at 8 Hz; /̂ Frequency < 0.001), and MLDF (-55 ± 5 % at 8 Hz; /̂ Frequency O.001).

Renal nerve stimulation induced significantly greater reductions in CLDF than in

MLDF (PRegion <0.001). Also, renal nerve stimulation caused a slight but significant

increase in MAP (7 ± 1 % at 8 Hz) but had little effect on HR (Figure 6.2).

Effects of vehicle, L-NNA and candesartan In the rabbits of group 1, responses

of RBF, CLDF and MLDF to renal nerve stimulation remained remarkably stable across
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the three stimulation sequences (Prrcut ^ 0.18) (Figure 6.3). In the rabbits of group 2,

responses of RBF, CLDF and MLDF to renal nerve stimulation were similar during

stimulation sequences 1 and 2 (after vehicle-treatment) (Ptrcat ^ 0.24) (Figure 6.4). In

contrast, renal nerve stimulation-induced reductions in RBF (Pircat = 0.003), CLDF

(/'Treat = 0.001) and MLDF (PTrcat = 0.03) were enhanced after L-NNA treatment (Figure

6.4). Enhancement of responses of MLDF to renal nerve stimulation was observed at

frequencies < 2 Hz. For example, 2 Hz renal nerve stimulation reduced RBF, CLDF and

MLDF by - 34 ± 5%, -31 ± 2 % and - 2 ± 6 % respectively, prior nitric oxide synthase-

blockade, and by - 43 ± 5%, -39 ± 5% and - 23 ± 5% respectively, after nitric oxide

synthase-blockade. In rabbits from group 3, renal nerve stimulation-induced reductions

in RBF (P-rrcat = 0.03), CLDF (/Vat = 0.007) and MLDF (PTreat = 0.04) were blunted

after candesartan treatment (Figure 6.5). For example, 4 Hz renal nerve stimulation

reduced RBF, CLDF and MLDF by - 81 ± 5%, -85 ± 5 % and -68 ± 4% respectively

under control conditions, but only by -71 ± 7%, -71± 7% and - 45 ± 5% respectively,

after candesartan-treatment. Subsequent administration of L-NNA enhanced renal nerve

stimulation-induced reductions in RBF (P-Treat= 0.04), and CLDF (P-Treat= 0.007) but not

MLDF (/Vat = 0.66), so that at 4 Hz reductions were - 80 ± 6%, - 85 ± 3% and - 47 ±

4% respectively (Figure 6.5). Renal nerve stimulation-induced reductions in CLDF were

always greater than those of MLDF, regardless of the treatment (vehicle, L-NNA,

candesartan or candesartan + L-NNA) administered (PRCgion < 0.001).

6.4.3 Responses to bolus doses of angiotemin II

In vehicle-treated rabbits (Group 1), intravenous angiotensin II caused dose-dependent

reductions in RBF and CLDF (PDose £ 0.01). The response of MLDF to bolus

angiotensin II was biphasic, consisting of an initial reduction (during the first 20 s of the

response) followed by a later increase (during the period 20-70 s after the bolus). Also,

angiotensin II dose-dependently increased MAP (by 21 ± 3 mmHg at 1000 ng/kg; Poose

= 0.003) but had little effect on HR. Compared to vehicle-treated rabbits, in rabbits

treated with L-NNA (Group 2) angiotensin II produced greater reductions in CLDF

(Prreat = 0.03) and tended to produce greater reductions in RBF (Pireat = 0.07) and

MLDF (Prreat = 0.09). Compared to rabbits treated with L-NNA alone, in rabbits treated

with candesartan plus L-NNA (Group 3), angiotensin II-induced reductions in RBF

(P-rreat = 0.004), CLDF (0.001) and MLDF (PTreat = 0.002), and also angiotensin II-
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induced increases in MAP (P-rrcai < 0.001) were significantly reduced. Angiotensin II-

induced increases in MLDF were virtually abolished by combined candesartan and L-

NNA treatment (Figure 6.6).
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Table 6.1 Mean baseline levels of systemic and renal haemodynamic variables

MAP HR RBF CLDF MLDF
(mmHg) (beats/min) (ml/min) (units) (units)

A: Effects of vehicle treatments (Group 1, n = 6)

Control

Vehicle 1

Vehicle 2

71 ±3

67 ±3

69 ±4

2 4 7 ± 1 1

243 ± 1 1

240 ± 11

31 ±2 285 ± 17 76±13

36 ±1 272 ±8 70 ±15

37 ±1 261 ±9 79 ±23

B: Effects of N -nitro-L-arginine (Group 2, n = 8)

Control

Vehicle 1

NG-nitro-L-
arginine

76±4

75 ±5

95 ±5**

230 ±9

230 ±9

195 ±9**

23 ±4 269 ±21 60 ±3

23 ±1 269 ±9 51 ± 1 *

17±1* 218± 10 36±2*

C: Effects of candesartan plus N -nitro-L-arginine (Group 3, n = 6)

Control

Candesartan

^-nitro-L-
arginine

70 ±2

64 ±2

72 ± 5

244 ±7

243 ±9

24 ±3 273 ±11 61 ±14

34±5* 313 ± 18 58± 11

220 ±10** 21 ±3** 256 ±26 34 ±6**

Data indicate mean ± SE. MAP, mean arterial pressure; HR, heart rate; RBF, renal

blood flow; CLDF, cortical laser Doppler flux; MLDF, medullary laser Doppler flux. *

P < 0.05; ** P < 0.01; *** P < 0.001 indicate the outcomes of analysis of variance,

testing whether baseline levels observed during stimulation sequence 2 differed from

those observed during stimulation sequence 1 arid whether baseline levels observed

during stimulation sequence 3 differed from those observed during stimulation sequence

2, within each group of rabbits

so 117



Chanter 6 An.?iotensin II and neural control of regional kidnev perfusion

(A)

- O - MAP
HR

1

Frequency (Hz)

8

Figure 6.2 Responses of (A) systemic- and (B) renal-haemodynamic variables

during the initial (control) renal nerve stimulation sequence. Symbols and error bars

indicate the mean ± SE of the average percentage changes of each variable during the

last 30 s of each stimulus train, compared with last 30 s immediately prior to

stimulation in all 20 rabbits. MAP = mean arterial pressure, HR = heart rate, RBF =

renal blood flow, CLDF = cortical laser Doppler flux, MLDF = medullary laser Doppler

flux.
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Figure 6.3 Effects of vehicle treatments on renal haemodynamic responses to

stimulation of the renal nerves. Symbols and error bars indicate mean ± SE of data from

rabbits in group 1 (n = 6). P values indicate the outcomes of analysis of variance, testing

whether renal haemodynamic responses during stimulation sequence 2 (•) differed from

those observed during the initial stimulation sequence (o), and whether responses during

stimulation sequence 3 (A) differed from those observed during stimulation sequence 2.

Stim = Stimulation. Other abbreviations as for Figure 6.2.
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Figure 6.4 Effects of NG-nitro-L-arginine (L-NNA; 20 mg/kg + 5 mg kg^h"1) on

renal hemodynamic responses to renal nerve stimulation. Symbols and error bars

indicate mean ± SE of data from rabbits in group 2 (n = 8). P values indicate the

outcomes of analysis of variance testing whether renal hemodynamic responses during

stimulation sequence 2 (•; performed after commencing vehicle-treatment) differed

from those observed during the initial stimulation sequence (o), and whether renal

hemodynamic responses during stimulation sequence 3 (A; performed after

commencing L-NNA-treatment) differed from those observed during stimulation

sequence 2. Abbreviations as for Figure 6.3.
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Figure 6.5 Effects of candesartan (10 ug/kg + 1 0 jj.g kg''h*') and subsequently

NG-nitro-L-arginine (L-NNA; 20 mg/kg + 5 mg kg^h"1) on renal hemodynamic

responses to renal nerve stimulation. Symbols and error bars indicate mean ± SE

of data from rabbits in group 3 (n = 6). P values indicate the outcomes of

analysis of variance testing whether responses during stimulation sequence 2 (•;

performed after commencing candesartan-treatment) differed from those

observed during the initial stimulation sequence (o), and whether responses

during stimulation sequence 3 (A; performed after commencing L-NNA

treatment) differed from those observed during stimulation sequence 2.

Abbreviations as for Figure 6.3.
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Figure 6.6 Responses to intravenous bolus doses of angiotensin II in rabbits

treated with vehicle only (o; Group 1; n = 6), NG-nitro-L-arginine (•; Group 2; n

= 8; L-NNA; 20 mg/kg + 5 mg kg^'h"1), or candesartan (10 ug/kg + 10 jig kg"'h*

') plus L-NNA (A: Group 3; n = 6). P values indicate the outcomes of analysis of

variance testing whether responses to angiotensin II differed in rabbits treated

with L-NNA compared with vehicle-treated rabbits, and in rabbits treated with

candesartan plus L-NNA compared with those treated with L-NNA only. MAP

= mean arterial pressure, HR = heart rate, RBF = renal blood flow, CLDF =

cortical laser Doppler flux, MLDF = medullary laser Doppler flux.
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6.5 Discussion

The aim of our study was to investigate the roles of endogenous angiotensin II acting at

ATi-receptors, and the significance of interactions between nitric oxide and angiotensin

II, in the differential regulation of regional kidney blood flow by renal nerve

stimulation. As shown previously by ourselves (69, 93, 94, 126), and others (220),

renal nerve stimulation reduced CLDF more than MLDF. Consistent with our previous

findings (69), nitric oxide synthase-inhibition alone enhanced neurally mediated renal

vasoconstriction, particularly at low frequencies within the medulla. Thus, endogenous

nitric oxide appears to play a key role in the mechanisms underlying the relative

insensitivity of the medullary circulation to low frequency renal nerve stimulation.

Our present data also demonstrate that ATp receptor antagonism with candesartan can

blunt renal nerve stimulation-induced reductions in RBF and CLDF. This confirms and

extends previous studies of the effects of ATi antagonists on responses of global RBF to

renal nerve stimulation (61, 67, 237, 257), and suggests that endogenous angiotensin II,

acting at ATi -receptors, augments renal nerve stimulation-induced vasoconstriction in

vascular elements regulating CBF.

There are two major novel findings of the present study. Firstly, the ATi-receptor

antagonist candesartan blunted responses of MLDF to renal nerve stimulation. We

conclude from this that the dominant role of endogenous angiotensin II, with regard to

neural control of MBF, is to enhance vasoconstrictor responses to renal nerve

stimulation within the medullary circulation. Secondly, we found that prior ATp

receptor antagonism abolished the ability of L-NNA-treatment to enhance MLDF

responses to renal nerve stimulation, while leaving its effects on responses of RBF and

CLDF intact. Therefore, in the renal medullary, but not the cortical, circulation the

ability of endogenous nitric oxide to blunt neurally-mediated vasoconstriction appears

to depend upon tonic activation of ATi-receptors. Thus, within the medullary

circulation, endogenous angiotensin II appears to have actions to both enhance and

blont neurally mediated vasoconstriction, with the former action predominating.

Renal sympathetic nerve activation (via stimulation of intrarenal P-adrenergic receptors)

can increase renin release and probably also angiotensin II concentrations in the kidney
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(117). Therefore, the blunted CLDF and MLDF responses to renal nerve stimulation

observed in candesartan treated rabbits could simply reflect abolition of the direct

vasoconstrictor activity of angiotensin II, produced in response to renal nerve

stimulation. However, this seems unlikely as previous studies have shown that

angiotensin converting enzyme inhibitors and receptor antagonists have little effect on

the renal vasoconstrictor response to noradrenaline (117). There is also a body of

evidence indicating that angiotensin II facilitates the release of noradrenaline from

adrenergic nerve terminals (232, 237). Thus, our present observations may reflect the

ability of angiotensin II to potentiate the release of noradrenaline from nerve terminals

iii both the cortical and medullary vasculature of the rabbit kidney. This hypothesis was

not tested in the present study and merits further investigation.

As we have shown previously (69), nitric oxide synthase-inhibition enhanced renal

nerve stimulation-induced reductions in RBF, CLDF and MLDF under conditions of an

intact renin-angiotensin system. Our major novel finding was that nitric oxide synthase-

inhibition enhanced renal nerve stimulation-induced reductions in CLDF, but not

MLDF, in rabbits pre-treated with candesartan. This finding suggests that the influence

of endogenous nitric oxide on neurally mediated vasoconstriction in the medullary

circulation depends on activation of AT]-receptors by endogenous angiotensin II.

Collectively, these data are consistent with the view that angiotensin II can release nitric

oxide in the renal medullary vasculature (272) which in turn blunts adrenergic

vasoconstriction within the medullary circulation (69, 206, 265). Our present data,

indicate that this effect is physiologically relevant, since it is induced by endogenous

angiotensin II acting at ATi-receptors. The corollary of this is that angiotensin II acts to

blunt responses of MBF to renal nerve stimulation, through the release of nitric oxide.

However, our present results indicate that this action is normally obscured by the

dominant effect of endogenous angiotensin II to enhance reductions in MBF to renal

nerve stimulation.

Our present observations are also consistent with our previous finding that renal arterial

infusions of angiotensin II can blunt reductions in MLDF in response to renal nerve

stimulation in anaesthetized rabbits (93). The apparent discrepancy between our present

observation, that candesartan blunted responses of RBF, CLDF and MLDF to renal

nerve stimulation, and our previous observation that exogenous angiotensin II either had
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no significant effect (RBF and CLDF) or blunted (MLDF) responses to renal nerve

stimulation, deserves comment. One possible explanation relates to differences in

bioavailability between exogenous angiotensin II, which is rapidly degraded in the

kidney (half life ~ 16 sees) (29), and that of the more stable candesartan (half-life ~ 9

lirs) (30). Thus, intravenously administered candesartan would likely reach similar

concentrations throughout the kidney, including vascular smooth muscle and its

assocrf-d sympathetic innervation. In contrast, angiotensin II infused into the renal

artery would reach relatively high concentrations within the vascular and tubular lumen,

and so be able to stimulate nitric oxide release from endothelial and/or epithelial cells

(62). However, the vascular endothelium and the interstitium would act as barriers for

diffusion of exogenous angiotensin II from sites within the vascular and tubular lumen

to vascular smooth muscle (and its associated sympathetic innervation).

A major advantage of our experimental approach using a 'within animal' design is that

our results are not confounded by between-rabbit variations in responses to renal nerve

stimulation. Importantly, our results do indicate that the responses to renal nerve

stimulation are very stable across the course of the experiment (Figure 6.3).

There are some limitations of this study. Firstly, there is evidence that nitric oxide can

inhibit release of noradrenaline from pre-junctional sites in response to renal nerve

stimulation (139). Thus, enhanced responses of RBF, CLDF and MLDF to renal nerve

stimulation in rabbits pre-treated v/ith L-NNA could be due to the facilitated release of

noradrenaline, to a post-juctional effect to enhance responses to noradrenaline, or both.

Our present results do not allow us to identify the precise mechanisms by which nitric

oxide, or endogenous angiotensin II, modulate renal haemodynamic responses to renal

nerve stimulation. Secondly, L-NNA reduced baseline levels of RBF, CLDF and MLDF

and candesartan increased baseline levels of RBF and CLDF. Therefore, the effects of

candesartan and L-NNA on responses of intrarenal blood flow to renal nerve stimulation

could be secondary to the effects of these treatments on baseline levels of svstemic and

renal haemodynamics. However, this seems unlikely as previous studies in our

laboratory have indicated that changes in renal vascular tone per se (93), and changes in

arterial pressure similar to those produced by L-NNA and candesartan in the current

study (70) have little impact on responses of regional kidney blood flow to renal nerve
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stimulation. Moreover, even large increases in renal perfusion pressure, produced using

an extracorporeal circuit preparation in anaesthetized rabbits, have little impact on the

responses of MLDF to RNS (95).

6.6 Conclusions

In conclusion, our present results suggest that endogenous angiotensin II enhances renal

nerve stimulation-induced vasoconstriction in vascular elements regulating both CBF

and MBF. Our data confirm that endogenous nitric oxide buffers neurally mediated

vasoconstriction in the renal cortical and medullary circulations. In the renal medulla,

but not the cortex, this effect of endogenous nitric oxide seems to depend on activation

of ATi- receptors by endogenous angiotensin II. Thus, endogenous angiotensin II

appears to produce competing effects to both enhance and blunt neurally-mediated

reductions in MBF. However, under physiological conditions, the action of endogenous

angiotensin II to enhance renal nerve stimulation-induced vasoconstriction in the

medullary circulation appears to predominate.
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Chapter Seven

General Discussion

7.1 Introduction

I have already discussed the significance of the findings of experiments described in this

thesis with respect to the relevant literature in Chapters 3-6. hi this chapter, the

significance of these findings will be discussed in a more broader physiological context,

paying particular attention to the implications of my work for future investigations of

the regulation of regional kidney perfusion.

7.2 Synopsis of experimental aims and findings

7.2.1 Roles of cytochrome P450-dependent aracludonate metabolism in responses of
regional kidney perfusion to hormones

The aim of the experiments described in Chapter 3 was to examine the roles of

arachidonic acid (AA) metabolites produced via cytochrome P450 (CYP450) mono-

oxygenase pathways, in modulating regional kidney blood flow responses to

angiotensin II, [Phe ,Ile ,Orn ]-vasopressin and noradrenaline. CYP450 enzymes

metabolize AA to 20-hydroxyeicosatetraenoic acids (20-HETE) and

epoxyeicosatrienoic acids (EETs). We tested the effects of renal arterial infusion of the

non-selective inhibitor 1-aminobenzotriazole (ABT) on regional kidney blood flow

responses to renal arterial vasoconstrictor infusions. In vehicle-treated rabbits,

[Phe2,Ile3,Orn8]-vasopressin reduced medullary laser Doppler flux (MLDF) but not total

renal blood flow (RBF) or cortical laser Doppler flux (CLDF) while angiotensin II and

noradrenaline reduced RBF and CLDF but had little effect on MLDF. ABT-treatment

had no significant effect on any of these responses. Biochemical analysis of the treated

kidneys revealed that ABT, at the dose given, failed to significantly inhibit CYP450-

dependent arachidonate metabolism. Therefore, we were unable to draw any

conclusions regarding the roles of CYP450 enzymes in responses of regional kidney

perfusion to angiotenisn II, noradrenaline and [Phe2,Ile3
>Orn8]-vasopressin.
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7.2.2 Roles of CYP450-dependent epoxygenase and (o-hydroxylase metabolites of

A A in responses of regional kidney perfusion to hormones

We then turned our attention to more potent and selective inhibitors of CYP450

dependent AA metabolism. In the experiments described in Chapter 4 we examined the

effects of renal arterial infusions of the selective epoxygenase inhibitor N-

methylsulfonyl-6-(2-propargyloxyphenyl)hexanamide (MS-PPOH), and the selective co-

hydroxylase inhibitor N-methylsulfonyl-12-12-dibromododec~ll-enamide (DDMS) on

regional kidney blood flow responses to angiotensin II and [Phe2,Ile3'Om8]-vasopressin.

As in the experiments described in Chapter 3, [Phe2,Ile3'Orn8]-vasopressin reduced

MLDF but not CLDF or RBF, while angiotensin II reduced RBF and CLDF, but not

MLDF, after vehicle-treatment. MS-PPOH had no significant effect on MLDF

responses to [Phe ,Ile ,Orn ]-vasopressin, but revealed reductions in RBF and CLDF.
"5 1 Q

DDMS had little effect on responses to [Phe ,He ,Om ]-vasopressin. DDMS revealed

moderate dose-dependent reductions in MLDF to angiotensin II but had no significant

effects on RBF and CLDF responses. MS-PPOH-treatment had no significant effects on

responses to angiotensin II. Biochemical analysis of the treated kidneys revealed that

MS-PPOH-treatment selectively inhibited the production of EETs, but DDMS-treatment

did not significantly reduce the production of 20-HETE. Furthermore, the formation of

EETs, dihydroxyeicosatrienoic acids (DiHETEs) or 20-HETE was not affected by

incubation of cortical homogenates with [Phe ,Ile ,Orn ]-vasopressin. Our findings

therefore suggest that vasodilator EETs blunt Vj-receptor-mediated cortical, but not

medullary, vasoconstriction. Indeed, after MS-PPOH-treatment [Phe2,Ile3,Orn8]-

vasopressin infusion produced similar reductions in CLDF and MLDF, indicating that

the relative insensitivity of cortical blood flow (CBF) to Vpreceptor activation can be

entirely accounted for by this mechanism. We found that [Phe2,Ile3,Orn8]-vasopressin

had little effect on CYP450 enzyme activity per se, so our data are consistent with the

notion that Vpreceptor activation enhances the liberation of AA, the substrate for

CYP450 epoxygenase. Our data also indicate that de novo synthesis of EETs does not

contribute to the responses of regional kidney blood flow to angiotensin II. Because

neither DDMS nor ABT (Chapter 3) inhibited 20-HETE production under our

experimental conditions, we cannot draw conclusions regarding the roles of co-

hydroxylase products of AA in regional kidney blood flow responses to the vasoactive

agents we tested.
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7.2.3 Prostaglandins and nitric oxide in regional kidney blood flow responses to
renal nerve stimulation

The aim of the experiments described in Chapter 5 (Prostaglandins and nitric oxide in

regional kidney blood flow responses to renal nerve stimulation) was to examine the

role(s) of cyclooxygenase (COX) products, and the interactions between these and nitric

oxide synthase, in modulating renal medullary vasoconstriction induced by renal nerve

stimulation. A recent study in our laboratory demonstrated that nitric oxide synthase

inhibition enhances responses of MLDF to rcnai nerve stimulation (69). However,

even after nitric oxide synthase blockade, renal nerve stimulation induced greater

reductions in CLDF than in MLDF, suggesting that nitrergic mechanisms do not

completely account for the differential impact on CLDF and MLDF of renal nerve

stimulation (69). In the experiments described in Chapter 5, we tested the responses of

regional kidney perfusion to renal nerve stimulation in anaesthetized rabbits under

control conditions, after COX inhibition, and then after subsequent nitric oxide synthase

inhibition. Renal nerve stimulation induced reductions in RBF and CLDF, and to a

lesser extent MLDF. The COX inhibitor ibuprofen did not significantly affect these

responses. In contrast, subsequent NG-nitro-L-arginine (L-NNA) treatment enhanced

renal nerve stimulation induced reductions in RBF and CLDF but not MLDF. These

data suggest that COX products per se do not contribute to the responses of CLDF and

MLDF to stimulation of the renal nerves. On the other hand, endogenous nitric oxide

appears to blunt renal nerve stimulation-induced vasoconstriction in the renal cortex.

This effect of nitric oxide seems to be independent of the activity COX metabolites, as

enhanced renal nerve stimulation-induced reductions in CLDF were also observed after

nitric oxide synthase inhibition alone, in a previous study (69). In the present study, L-

NNA had little effect on renal nerve stimulation-induced reductions in MLDF in

ibuprofen pre-treated rabbits. Contrary to this observation, Eppel et al in our laboratory

demonstrated that nitric oxide synthase inhibition can enhance MLDF responses to renal

nerve stimulation in the presence of an intact COX system (69). As outlined in the

Discussion section of Chapter 5, one interpretation of these findings is that endogenous

nitric oxide blunts the vasoconstrictor effects of renal nerve stimulation in the vascular

elements regulating MBF, chiefly by inhibition of vasoconstrictor prostaglandins. As

described below, Ms Rebecca Flower in our laboratory, in collaboration with me,

recently performed a supplementary study to test this hypothesis.
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Surgical preparations These procedures have been outlined in detail in Chapter z

All surgical procedures were identical to those described for the experiments in Chapter

5. Briefly, rabbits were anaesthetized with pentobarbitone sodium and were artificially

ventilated. The left kidney was exposed via a left flank incision and was placed in a

stable cup. The renal nerves running parallel to the left renal artery were then carefully

isolated and placed across a pair of stimulating electrodes. The nerves were then

sectioned proximally. A transit-time ultrasound flow probe was placed around the renal

artery to measure RBF. A needle-type laser Doppler flow probe was inserted

approximately 9 mm into the kidney with the use of a micromanupulater for

measurement of MLDF and a standard plastic laser Doppler probe was placed on the

surface of the kidney to measure CLDF.

Experimental protocol We designed this study in a manner which allowed us to

compare the effects of different treatment regimens on intrarenal blood flow responses

to renal nerve stimulation with the respective control responses in the same rabbit (as

for the experiments described in Chapter 5).

The rabbits were subjected to three renal nerve stimulation periods (as described in

Chapter 5). The first sequence of renal nerve stimulation served as the control response.

Rabbits received the nitric oxide synthase inhibitor, L-NNA (20 mg/kg + 5 mg kg^h"1)

after the first stimulation sequence and ibuprofen (12.5 mg/kg + 12.5 mg kg^h"1) after

the second stimulation sequence (see Figure 7.1). This experimental sequence allowed

us to test whether effects of L-NNA on responses of CLDF and MLDF to renal nerve

stimulation depend on the presence of COX metabolites.
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Stimulation
sequence 1
(Control)

L-NNA
25 min

. Stimulation.\ •. •
sequence. 2. \ \ \

. (after L,NNA)f.'

t
L-NNA i.v
(20mg/kg +

5 mg kg"1 h'1 for the
duration of the experiment)

lbuprofen
20 min

. Stimulation. •.•.-.•.•.•.•.•.•
• scqueitce.3.(afterL'-NNA. •.
. iSc'subsccpicnt ibuprofen)1. *

t
lbuprofen i.v

(12.5 mg/kg+12.5 mgkg-'h"
'for the duration of the

experiment)

Figure 7.1 The experimental protocol for the study investigating the effects of N -

nitro-L-arginine (L-NNA) and subsequent treatment with ibuprofen on responses of

intrarenal blood flow to renal nerve stimulation in anaesthetized rabbits (n = 6). The

voltage that produced the maximum reduction in renal blood flow was determined in

each rabbit by stimulating the renal nerves with various voltages (3-10 V) at 5 Hz for 60

s. This pre-determined voltage was applied in all subsequent stimulation periods in that

rabbit. Each stimulation sequence consisted of four, 3 min stimulus trains (0.75, 1.5, 3

and 6 Hz; 2 ms pulse duration). These frequencies were applied in random order.

Recovery periods of 8-10 min were allowed between each stimulus train.

Effects of L-NNA and subsequent ibuprofen on baseline ha^-odynamic variables

L-NNA increased MAP (34 ± 9%), and reduced HR (-13 ± 4%) but did not significantly

reduce RBF (-11 ± 5%) or CLDF (-1 ± 4%) (Table 7.1). MLDF tended to decrease (-24

± 14%) after L-NNA treatment but this did not reach statistical significance (P Treat =

0.06). Subsequent ibuprofen treatment did not significantly affect MAP, HR or MLDF,

but reduced CLDF (-13 ± 4%) and tended to reduce RBF (-25 ± 16%; P Treat = 0.06)

(Table 7.1).
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Table 7.1. Mean baseline levels of systemic and renal haemodynamic variables

MAP HR RBF CLDF MLDF
(mmHg) (beats/min) (ml/min) (units) (units)

Effects of N '-nitro-L-arginine (L-NNA) and subsequent ibuprofen (n = 6)

Control 70 ±3 249 ±10 28 ± 3 308 ± 29 80 ±12

L-NNA 91 ±3*** 210 ±12** 25 ± 3 299 ±26 55 ± 5

L-NNA + 94±3 211 ±17 22±2 264±25* 49±8
ibuprofen

Data indicate mean ± SE. MAP, mean arterial pressure; HR, heart rate; RBF, renal

blood flow; CLDF, cortical laser Doppler flux; MLDF, medullary laser Doppler flux. *

P < 0.05; ** P < 0.01; *** P < 0.001 indicate the outcomes of analysis of variance,

testing whether baseline levels observed during stimulation sequence 2 diflered from

those observed during stimulation sequence 1 and whether baseline levels observed

during stimulation sequence 3 differed from those observed during stimulation sequence

2, within each group of rabbits (

Effects of L-NNA and subsequent ibuprofen on responses to renal nerve stimulation L-

NNA augmented renal nerve stimulation-induced reductions in RBF (Pireat = 0.002),

CLDF (Pireat = 0.03) and MLDF (PTrCat = 0.03). For example, stimulation of the renal

nerves at 1.5 Hz reduced RBF, CLDF and MLDF by -47 ± 6%, -50 ± 10% and -20 + 6%

respectively after L-NNA, but only by -36 ± 4%, -43 ± 7% and -10 ± 9% respectively

before L-NNA (Figure 7.2). Subsequent ibuprofen treatment tended to blunt the

responses to renal nerve stimulation at 1.5 Hz. However, when analyzed across all four

frequencies, ibuprofen had little effect on the responses of RBF, CLDF and MLDF to

renal nerve stimulation (Prrcat ^ 0.12) (Figure 7.2). Regardless of the treatment

administered (L-NNA, or L-NNA plus ibuprofen), renal nerve stimulation always

reduced RBF and CLDF more than MLDF (PRegion < 0.001).
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Figure 7.2. Effects of NG-nitro-L-arginine (L-NNA; 20 mg/kg + 5 mg kg^h'1) and

subsequently ibuprofen (12.5 mg/kg + 12.5 mg kg^h*1) on renal haemodynamic

responses to renal nerve stimulation. Symbols and error bars indicate mean ± SE of data

from 6 rabbits. P values indicate the outcomes of analysis of variance testing whether

renal haemodynamic responses during stimulation sequence 2 (•; performed after

commencing L-NNA-treatment) differed from those observed during the initial

stimulation sequence (o), and whether renal haemodynamic responses during

stimulation sequence 3 ( • ; performed after commencing ibuprofen treatment) differed

from those observed during stimulation sequence 2.
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The i!is of this experiment provide little support for the hypothesis that nitric oxide

buffers renal nerve stimulation-induced medullary vosoconsiriction by inhibiting the

production of vasoconstrictor prostaglandins. If this hypothesis were true then one

would expect COX inhibition to blunt the effects of L-NNA on responses of MLDF to

renal nerve stimulation. Unfortunately, our results, at least in this respect, art equivocal.

Thus, ibuprofen did appear to blunt the effects of L-NNA on responses of MLDF to 1.5

Hz stimulation, but not at other frequencies. Across the full range of stimulation

frequencies tested, there was certainly no significant effect of ibuprofen on responses of

MLDF to renal nerve stimulation (P = 0,63). However, our results at least allow us to

more confidently reject the hypothesis that up-regulated production of vasodilator

prostaglandins accounts for the relative* insensitivity of the medullary circulation to

renal nerve stimulation under conditions of nitric oxide synthase inhibition. Thus, we

can confidently conclude that, while endogenous nitric oxide contributes to the relative

insensitivity of the medullary circulation to neuially-mediated ischaemia, other

mechanisms are also involved. Our present results provide strong evidence that these

'other mechanisms' do not include vasodilator prostaglandins, at least under the

conditions of our experiment. The reason(s) that we could not detect an effect of L-

NNA on responses of MLDF to renal nerve stimulation in ibuprofen pre-treated rabbits

(Chapter 5) is not clear. This could be due to the inability of the laser Doppler technique

to consistently detect small changes in MLDF. Because basal MLDF is lower than

CLDF, the laser Doppler technique provides a lower signal to noise ratio when

measuring the blood flow in the renal medulla. This will increase the coefficient of

variation and make it more difficult to detect effects in the renal medullary

microcirculation.

7.2.4 Endogenous angiotensin II and nitric oxide in neural control of intrarenal
blood flow

The aim of the experiments described in Chapter 6 was to examine the possibility that

endogenous angiotensin II, via activation of ATi-receptors and subsequent release of

nitric oxide, contributes to the relative insensitivity of MBF to renal nerve stimulation.

We first tested the effects of the ATi-receptor antagonist candesartan, on intrarenal

blood flow responses to renal nerve stimulation. We also tested the effects of the nitric

oxide synthase inhibitor L-NNA, with and without prior ATj -receptor antagonism, on

CLDF and MLDF responses to renal nerve stimulation, Candesartan blunted renal
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nerve stimulation-induced reductions in CLDF and MLDF, suggesting that endogenous

angiotensin II augments vasoconstrictior responses to renal nerve stimulation in both the

cortical and medullary circulations. As previously shown (69), nitric oxide synthase

inhibition enhanced CLDF and MLDF responses to renal nerve stimulation in control

rabbits. Nitric oxide synthase inhibition enhanced responses of CLDF, but not MLDF,

in rabbits pre-treated with candcsartan. Collectively, our observations suggest that

angiotensin II contributes to, while nitric oxide (as shown before) blunts, renal nerve

stimulation-induced vasoconstriction in the renal cortical and the medullary circulations.

This effect of nitric oxide seems to depend on the presence of endogenous angiotensin II

in the renal medullary circulation, but not the cortical circulation.

7.3 Broader significance and future directions

7.3.1 CYP450 metabolites ofAA in responses ofintrarenal blood flow to hormones

The roles of CYP450 metabolites of AA in the regulation of renal, as well as

pulmonary, cardiac and vascular function, remained relatively unknown until quite

recently, partly because of limited availability of selective inhibitors of CYP450 enzyme

cascades (212). We found that acute ABT-treatment (15mg/kg + 5 mg kg"1 h"1) did not

have a significant effect on CYP 450-dependent co-hydroxylase or epoxygenase activity

in the rabbit kidney (see Chapter 3). Recently, Santos et al demonstrated that chronic

ABT-treatment (50 mg/kg i.p for five dk/s) significantly reduced the formation of 20-

HETE (by 80%) and EETs (by 60%) and blunted the pressure natriuresis mechanism in

rats (224). These authors found that significant reductions in urinary excretion of 20-

HETE were not observed until the third day of ABT-treatment (224), suggesting that

chronic ABT-treatment is required to deplete the cel'ular phospholipid pools of CYP450

metabolites. Therefore, the study described in Chapter 3 should be repeated in rabbits

chronically treated with ABT (50 mg/kg i.v) (224), to test the hypothesis that CYP450

metabolites of AA modulate responses ofintrarenal blood flow to vasoactive hormones.

Dr John Falck (University of Texas Southwestern Medical Centre, Dallas, Texas, USA)

provided us the selective epoxygenase inhibitor, MS-PPOH and the selective co-

hydroxylase inhibitor, DDMS. Wv. .̂ecided that it would be more useful to first examine

intrarenal blood flow responses to hormones in rabbits treated with DDMS and MS-
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PPOH, before examining these responses in rabbits chronically treated with ABT. Due

to the time restrictions of my PhD candidature I could not perform the latter part of this

experiment. Our observation, that the selective epoxygenase inhibitor (MS-PPOH)

revealed reductions in RBF and CLDF in response to Vi-receptor activation, predicts

that chronic ABT- treatment should also have a similar effect on responses of RBF and

CLDF to [Phe2,Ile3,Orn8]-vasopressin. We examined the roles of EETs in modulating

CLDF and MLDF responses to only two vasoconstrictor hormones ([Phe2,Ile3,Orn8]-

vasopressin and angiotensin 11). Future studies should investigate the roles CYP450-

dependent co-hydroxylase and epoxygenase metabolites in modulating the responses of

intrarehal blood flow to other vasoactive factors such as noradrenaline, endothelin-1,

bradykinin and acetylcholine.

7.3.2 Novel approaches in examining the roles ofCYP450 metabolites in regulation
of intrarenal perfusion and blood pressure

At the time we performed the study described in Chapter 4, MS-PPOH and DDMS were

the only selective CYP450 inhibitors available to us. We were unable to demonstrate

effective inhibition of 20-HETE production in rabbit kidneys treated in vivo with

DDMS. Our observation is consistent with those of Hoagland et al, who also reported

that in their hands, DDMS does not effectively inhibit the production of 20-HETE in

vivo (102). DDMS binds to plasma proteins and this limits its capacity to diffuse into

target tissues to inhibit CYP450 metabolites of co-hydroxylase (212), Therefore, DDMS

should be effective in inhibiting products of co-hydroxylase pathway in vitro but not in

vivo when administered via a blood-borne route (212). More recent studies have shown

that N-hydrcxy-N - (4-butyl-2-methylphenyl)formamidine (HET-0016) is a highly

selective inhibitor of the co-hydroxylase pathway (102, 167). This compound is reported

to selectively inhibit 20-HETE formation at very low concentrations (< 10 nM) (212)

and to have little effect on other AA metabolite pathways (COX, lipooxygenase and

CYP450 dependent epoxygenase) at concentrations up to 1 uM (167). Another major

advantage of this compound (over DDMS) is that it dissolves in saline (102). Therefore,

future studies aimed at investigating the role(s) of CYP450 dependent co-hydroxylase

metabolites in responses of intrarenal blood flow to vasoactive hormones or activation

of the renal nerves should employ this new compound. Analogues of 20-HETE are

available (212). The most effective 20-HETE analogue, 20-hydroxyeicosa-6(Z),15(Z),-

dienoic acid appears to act as a 20-HETE antagonist (6), but this compound is
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reported to be effective only when used under in vitro experimental conditions as it

binds to plasma proteins (212). At present, it is difficult to selectively inhibit a

production of a single metabolite of the (o-hydroxylase pathway due to the high

homology among CYP4504A isoforms which are responsible for converting AA into

various co-hydroxylase metabolites (161). One sensible approach to overcome this

problem would be to use specific antisense oligonucleotides directed against specific

CYP450 isoforms responsible for production of 20-HETE. This approach appears to be

effective in examining the roles of this metabolite under in vivo experimental conditions

(161,212).

We demonstrated that MS-PPOH is an effective inhibitor when used under in vivo

experimental conditions. However, our data do not allow us to define the precise

metabolite(s) of the epoxygenase pathway that are responsible for buffering the

vasoconstrictor effects of Vi-receptor activation in the renal cortical circulation. Future

studies could further delineate the epoxygenase metabolites responsible for antagonising

Vi-receptor mediated cortical vasoconstriction by testing the CBF responses to

[Phe ,Ue ,Orn ]-vasopressin in animals pre-treated with a compound that inhibits the

conversion of EETs to DiHETEs (eg trichloropropropylene oxide or 4-phenyl-chalcone

oxide) (212). Future studies should also investigate whether Vj-receptor activation can

increase the release of AA and/or EETs from cellular lipids in the renal cortex. This

could be performed by measuring the levels of endogenous EETs and AA in renal

cortical tissues incubated with a Vi-receptor agonist in vitro. Selective receptor

antagonists for different epoxygenase metabolites should be useful in studying the

specific roles of different EETs in underlying the differential regulation of regional

kidney blood flow by nerves and hormones. These compounds await development

(212). Other approaches that could be useful in examining the rolc(s) of specific

CYP450 metabolites include over expression of specific proteins using gene transfer

technology, use of specific antisense oligonucleotides directed against specific CYP450

isoforms, and use of gene knockout mice (161). Also, there is evidence that production

of CYP450 metabolites is altered in different animal models of hypertension (32, 141).

Future studies should attempt to identify CYP450 genes involved in regulation of renal

and glomerular haemodynamics and blood pressure under normal physiological

conditions, as polymorphisms and mutations in these genes could contribute to the

development of human hypertension (177). In a recent review article on 20-HETE and

so 137 os



Chapter 7 General Discussion

the kidney, McGiff and Quilley (161) stated that "This area of research is in the

logarithmic phase of its development, offering boundless opportunities to biological

scientists. The challenges are great, the intellectual rewards are greater". This is

indeed true and future investigations should attempt to further characterize the roles of

CYP450 metabolites in regulation of regional renal perfusion and blood pressure with

the use of the aforementioned novel biochemical and pharmacological tools.

7.3.3 Pathophysiological implications of modulation of Vi-receptor mediated
cortical vasoconstriction by EETs

Vasopressin is an antidiuretic hormone which plays a central role in promoting water

retention when plasma osmolafity is high, as would occur under conditions of

haemorrhage and dehydration (208). Physiological increases in vasopressin

concentrations (eg during mild dehydration) have been shown to selectively reduce

MBF without affecting CBF (87). Under these conditions, a selective reduction in MBF

would enhance water reabsorption chiefly through improving counter-current exchange

mechanisms in medullary vasa recta (208). Sustaining RBF and CBF at normal

physiological levels would ensure that parallel reductions in glomerular filtration rate

(GFR) (and therefore sodium excretion) do not occur under conditions of dehydration.

Our findings indicate that EETs can buffer reductions in RBF and CBF mediated by Vi-

receptor activation under normal physiological conditions. Thus under

pathophysiological conditions of insufficient formation of EETs, Vi-receptor activation

could reduce RBF and possibly GFR.

There is evidence that conversion of EETs to DiHETEs is markedly increased during

the developmental phase of hypertension in spontaneously hypertensive rats (SHR)

(187). It is suggested that DiHETEs have considerably less potent vasodilator potency

than EETs (212). The metabolism of EETs to DiHETEs is suggested to be a key

mechanism for removing EETs from the biophase, particularly since DiHETEs do not

get incorporated into membrane lipids as readily as EETs (86). Thus, during the

developmental phase of hypertension in SHR the pools of lipid-stored EETs should be

low (86). There is also evidence that plasma vasopressin concentrations are higher than

normal in patients with severe hypertension and in various animal models of

hypertension (241). Under these conditions of low concentrations of EETs and high

concentrations of vasopressin, tonic Vj-receptor activation could cause chronic
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reductions in RBF and GFR. In fact, vasopressin has been shown to induce greater

reductions in RBF in SHR than in Wistar-Kyoto rats (WKY) under control conditions

and after inhibition of COX (82). This suggests that vasodilator prostaglandins do not

account for the differential sensitivity of the renal circulation to vasopressin between

these two strains. Also, 6-week old SHR have been shown to have a lower RBF and

GFR than age-matched WKY (63). In fact, reductions in RBF and GFR and sodium and

water retention coincides with the rapid developmental phase of hypertension in SHR

(21, 63) suggesting that chronic reductions in RBF and GFR could be central to the

pathogenesis of hypertension. Our findings suggest that low levels of lipid-stored pools

of EETs in SHR could contribute to the increased sensitivity of RBF to vasopressin in

this strain of rats. This hypothesis merits investigation in the future.

Information regarding CYP450 activity in the human kidney under physiological and

pathophysiological conditions is very limited. Formation of CYP450 metabolites has

been shown to be enhanced in a patient with hypertension (228) but more data are

clearly required to improve our understanding of the roles of CYP450 metabolites in

development of human essential hypertension.

7.3.4 Paracrine factors and responses ofintrarenal blood flow to renal nerves

Our data indicate that prostaglandins do not modulate responses of CBF and MBF to

renal nerve stimulation, but that nitric oxide does (see Chapter 5). However, renal nerve

stimulation reduced CLDF more than MLDF even after combined inhibition of nitric

oxide synthase and COX. Therefore, other paracrine factors such as metabolites of

CYP450 and lipoxygenase pathways could play key roles in protecting the renal

medullary circulation from the ischaemic effects of renal nerve stimulation. We are not

aware of any previous studies that have directly addressed this issue. We previously

found that esculetin, an inhibitor of lipoxygenase pathways, enhanced responses of RBF

and CLDF, and tended to enhance responses of MLDF, to noradrenaline. These data

suggest that lipoxygenase metabolites buffer noradrenaline induced renal

vasoconstriction (184). Future studies should therefore test the role(s) of CYP450 and

lipoxygenase metabolites of AA in modulating responses of intrarenal blood flow to

stimulation of the renal nerves.
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7.3.5 Does angiotensin II protect the renal medulla from the ischaemic effects of
neurally mediated vasoconstriction?

We demonstrated that L-NNA enhances responses of MBF to renal nerve stimulation in

vehicle-treated rabbits, but not in rabbits pre-treated with the ATi-receptor antagonist

candesartan (see Chapter 6). One plausible interpretation of this observation is that the

effects of endogenous nitric oxide on MBF responses to renal nerve stimulation depend

on the presence of endogenous angiotensin II. Further studies are required to confirm

this interpretation of our current data, and to further delineate the interactions between

angiotensin II and nitric oxide in protecting the renal medullary circulation from

neurally mediated vasoconstriction. In particular, it would be useful to determine

whether the ability of exogenous angiotensin II, to blunt responses of MLDF to renal

nerve stimulation (93), depends on an intact nitric oxide synthase. Experiments are

already underway in our laboratory to examine this proposition.

Also, future studies should focus on the pathophysiological implications of this unusual

action of angiotensin II, in protecting the renal medullary circulation from the ischaemic

effects of renal nerve stimulation. These studies should examine intrarenal blood flow

responses to renal nerve stimulation under conditions of increased levels of endogenous

angiotensin II (eg. 2-kidney 1-clip hypertension) to test whether the sensitivity of MBF

to renal nerve stimulation would be reduced or augmented, under these experimental

conditions. These experiments are also now underway in our laboratory.

Recently, Dickhout et al, using microtissue strips of the vascular bundles of the outer

medullary vasa recta of rats, demonstrated that angiotensin II can increase nitric oxide

concentrations in (i) isolated medullary thick ascending limbs and (ii) pericytes of

isolated vasa recta. However, pericite nitric oxide concentration only increased when

they were closely associated with medullary thick ascending limbs (62). These authors

concluded that within the outer medulla, angiotensin II induces nitric oxide formation in

the tubular epithelium (but not in the vascular endothelium) and that nitric oxide

diffuses from the tubular epithelium to vascular smooth muscle to buffer angiotensin II

induced vasoconstriction (62). These findings challenge the generally held view that

nitric oxide is chiefly released from the vascular endothelium. It would be of interest to

repeat this experiment by Dickhout and colleagues (62) using rabbit outer medullary
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vasa recta to determine whether this so called 'tubulovascular vascular nitric oxide

cross talk' occurs in the rabbit renal medullary vasculature as well.

7.3.6 Angiotensin II receptors and intrarenalperfmion

Angiotensin II can exert vasoconstrictor effects in the cortical and medullary

circulations (184, 185, 206). In addition, angiotensin II can also exert a paradoxical

vasodilator effect in the renal medullary circulation. Duke et al (66) investigated the

contribution of ATi- and AT2-receptors to angiotensin II-induced vasodilator and

vasoconstrictor effects in the renal medullary and cortical circulations. These authors

tested the responses of CLDF and MLDF to exogenous angiotensin II in either vehicle-,

candesartan- (ATi-receptor antagonist), PD 123319- (AT2-receptor antagonist), or

combined candesartan plus PD123319-treated rabbits. They found that candesartan

abolished, while PD 123319 enhanced angiotensin II-induced reductions in RBF and

CLDF (66). Candesartan also abolished the effects of PD 123319 on responses of RBF

and CLDF to angiotensin II (66). These observations suggest that AT2-receptor

mediated vasodilatation can blunt ATj-receptor mediated vasoconstriction in the

cortical circulation (66). Furthermore, Duke et al (66) observed that PD 123319 revealed

dose-dependent increases in MLDF in response to angiotensin II, which were abolished

by candesartan treatment suggesting that AT2-receptor activation can counteract ATi-

receptor mediated medullary vasodilatation.

More recently, Duke et al have shown that the ATi-receptor antagonist PD 123319 can

increase basal MLDF by about 20% in the non-clipped kidney of rats with 2-kidney, 1-

clip hypertension, and that this effect was abolished by ATi -receptor antagonism wiih

candesartan (Ms Lisa Duke; personal communication). Thus, in this model of

pathophysiological increases in circulating and intrarenal angiotensin II (178), AT2-

receptor activation appears to blunt ATi -mediated vasoconstriction. Taken collectively,

my data (Chapter 6), those of Duke et al, and those of Dickhout et al (62) have led us to

generate the hypothesis that AT2-receptor activation limits AT 1-receptor-mediated nitric

oxide release from thick ascending limbs of Henle's loop, and that during conditions of

activation of the renin/angiotensin system (eg renovascular hypertension and

sympathetic activation), angiotensin II-induced nitric oxide release will blunt reductions

in MBF induced by extrinsic vasoconstrictor factors (eg nerves and hormones). This

hypothesis is yet to be tested.

ftn 141 oa



Chapter 7 General Discussion

7.3.7 Pathophysiotogical implications of the actions of angiotensin II

Formation of reactive oxygen species such as superoxide (O2 ")• hydrogen peroxide

(H2O2) and hydroxyl radical (OH") is increased in genetic and experimentally induced

models of hypertension as v/ell as in human essential hypertension (211, 249).

Hypertension itself has also been suggested to induce the formation of reactive oxygen

species leading to a vicious cycle (211). The outer medullary region of the kidney has

been shown to have high concentrations of mitochondrial enzymes and nitcotinamide

adenine dinucleotide oxidase that produce reactive oxygen species (269). Reactive

oxygen species can react with and inactivate nitric oxide and thereby blunt nitric oxide-

mediated vasodilatation. (211). So low bioavailability of renal nitric oxide observed in

hypertension (122) could result from increased production of reactive oxygen species

within the kidney. Increased renal sympathetic nerve activity is also observed in various

animal models of hypertension and in human essential hypertension (59) and this in turn

can increase renin release and probably also angiotensin II concentrations in the kidney

(117). Angiotensin II can increase O2 "produced by medullary thick ascending limbs of

the loop of Henle in vitro (169). Under normal physiological conditions high

bioavailability of nitric oxide could protect the renal medullary circulation from the

ischaemic effects of O2' (169). In contrast, under pathophysiological conditions of

hypertension, increased production of reactive oxygen species could reduce the

bioavailability of nitric oxide rendering the medullary circulation susceptible to the

vasoconstrictor effects of C>2*(169).

We speculate that under these conditions of high circulation and intrarenal levels of

angiotensin II, and low bioavailability of nitric oxide, the vasoconstrictor component of

angiotensin II (which enhances renal nerve stimulation-induced reductions in MBF)

would be potentiated, while the 'vasodilator' component of angiotensin II (which

buffers neurally-mediated vasoconstriction in the medullary circulation) would be

diminished. Therefore, in animal models of hypertension and in human essential

hypertension, the sensitivity of the medullary circulation to vasoconstrictor effects of

renal nerves could be greatly enLai? cd which could potentially lead to chronic

reductions in MBF. This hypothesis remains to be tested. However, there is evidence

that the sensitivity of the medullary circulation to the vasoconstrictor activity of

angiotensin II is greatly enhanced in SHR (65) and Lyon hypertensive rats (225). This

could contribute to the relatively low levels of MBF observed in SHR (compared with
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WKY rats) (215) which in turn could increase sodium and water retention (by shifting

the pressure natriuresis relationship to the right) and thereby contribute to the

development of hypertension. Long- and short-term enalapril (angiotensin converting

enzyme inhibitor) treatment has been shown to shift the pressure natriuresis relationship

to the left in SHR, but the precise mechanism(s) by which this occurs remain unknown.

One possibility is that ACE-inhibition could increase MBF by elevation of nitric oxide

bioavailability, which buffers angiotensin II-induced reductions in MBF. In support of

this notion, Dukacz et al. have shown that nitric oxide synthase inhibition can cause

greater reductions in MBF in response to angiotensin II in SHR treated chronically with

enalapril, than in control SHR. This suggests that chronic ACE-inhibition increases the

basal levels of MBF in SHR by increasing renal nitric oxide bioavailability, and that this

in-turn buffers angiotensin II-induced reductions in MBF (65).

7.4 Measurement of regional renal perfusion in humans

Recent advances in technology have made it possible to measure regional kidney

perfusion in humans. Some of the techniques that could be used to measure regional

renal blood flow in humans include positron emission tomography (8, 133), computed

tomography (133, 218), and magnetic resonance imaging (40, 133, 204, 210, 256).

Roberts et al, using magnetic resonance imaging, estimated that CBF and MBF

averaged 278 ± 55 ml. 100 g"1- min"1 and 55 ± 25 ml. 100 g'1- min"1 respectively, in

seven human subjects (210). However, conventional magnetic resonance imaging

techniques have been reported to be of limited use, particularly if there is low perfusion

in the kidney, since these techniques have a low signal to noise ratio (227). A recent

study demonstrated that use of dynamic susceptibility-weighted gradient-echo imaging

in combination with an intravascular ultra small particle iron oxide contrast agent, can

be used for measurement of regional renal perfusion in humans, even when blood flow

to the kidney is reduced by more than fifty percent (227). With the use of these novel

techniques, future studies should aim to characterize the role(s) of CYP450 metabolites

of AA, angiotensin II and nitric oxide in regulation of intrarenal perfusion and

glomerular haemodynamics in hypertensive patients. Findings of these studies could be

useful in developing effective treatment(s) for human essential hypertension.
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7.5 Conclusions

The role of the renal medullary circulation in long-term blood pressure regulation is

now well established. We and others have previously shown that hormonal and neural

factors can differentially regulate CBF and MBF. This likely represents an important

regulatory mechanism in long-term blood pressure control but we are only beginning to

understand the mechanisms underlying it. The findings of the experiments described in

this thesis suggest that (i) EETs underlie the relative insensitivity of the cortical

circulation to Vi -receptor activation, (ii) neither prostaglandins per se, nor interactions

between prostaglandins and nitric oxide, modulate responses of intrarenal perfusion to

renal nerve stimulation and (iii) angiotensin II, and interactions between angio1 '\>-n II

and nitric oxide, play important roles in modulating responses of MBF «uial

sympathetic nerve activation. More studies are clearly required to further ie; • • :• J the

mechanisms that underlie the differential control of CBF and MBF by various hormonal

and neural stimuli. An understanding of how these mechanisms operate under normal

physiological conditions is of great interest, as failure of these mechanisms could be

central to development of hypertension and other related cardiovascular diseases.

144 oa



Bibliography

Bibliography

Abassi Z, Brod.sky S, Gealekman O, Rubinsteki I, Hoffman A, and Winaver J.

Intrarenal expression and distribution of cyclooxygenase isoforms in rats vvith

experimental heart failure. American Journal of Physiology 280: F43-F53, 2001.

Agmon Y and Brezis M. Effects of nonsteroidal anti-inflammatory drugs upon

intrarenal blood flow: selective medullary hypoperfusion. Experimental

Nephrology\\ 357-363, 1993.

Alberts B, Bray D, Lewis J, Raff M, Roberts K, and Watson JD. Molecular

Biology of The Cell. New York: Garlai.d Publishing, Inc., 1994.

Albrightson CR, Short B, Dytko G, Zabko-Potapovich B, Brickson B, Adarr»s

JL, and Griswold DE. Selective inhibition of 5-lipoxygenase attenuates

glomerulonephrities in the rat. Kidney International 45: 1301-1310, 1994.

Alonso-Galicia M, Drummond HA, Reddy KK, Falck JR, and Roman RJ.

Inhibition of 20-HETE production contributes to the vascular responses to nitric

oxide. Hypertension 29: 320-325,1997.

Alonso-Galicia M, Falck JR, Reddy K, and Roman RJ. 20-HETE agonists and

antagonists in the renal circulation. American Journal of Physiology 277: F790-

F796, 1999.

7. Alonso-Galicia M, Maier KG, Greene AS, Cowley AWJr, and Roman RJ. Role

of 20-hydroxyeicosatetraenoic acid in the renal and vasoconstrictor actions of

angiotensin II. American Journal of Physiology 283: R60-R68, 2002.

8. Alpert NM, Rabito CA, Correia DJ, Babich JW, Littman BH, Tompkins RG,

Rubin NT, Rubin, RH, and Fischman AJ. Mapping of local renal blood flow

with PET and H(2)(15)O. Journal of Nuclear Medicine 43: 470-475, 2002.

145 G3



Bibliography

9. Arima S, Ren YL, Juncos LA, Carretero OA, and Ito S. Glomcrular

prostaglandins modulate vascular reactivity of the downstream efferent

arterioles. Kidney International 45: 650-658, 1994.

10. Australian Institute of Health and Welfare (AIHW). Heart, Stroke and vascular

diseases-Australian facts 2004: AIHW Cat No CVD 27. Canberra: AIHW and

National Heart Foundation of Australia (Cardiovascular Disease Series No. 22),

2004.

11. Bachniann S, Bosse HM, and Mundel P. Topography of nitric oxide synthesis by

localizing constitutive NO synthases in mammalian kidney. American Journal of

Physiology 268: F885-'7898, 1995.

12. Badr KF. Glomerularnephritir.roles of lipoxygenase pathways in

pathophysiology and therapy. Cu rent Opinion in Nephrology and Hypertension

6: 111-118, 1997.

13. Ba.dzynska B, Grzelec-Mojzesowicz M, and Sadowski J. Prostaglandins but not

nitric oxide protect renal medullary perfusion in anaesthetised rats receiving

angiotensin II. Journal of Physiology 548.3: 875-880, 2003.

14. Badzynska B, Grzelec-Mojzesowicz M, Dobrowolski L, and Sadowski J.

Differential effect of angiotensin II on blood circulation in the renal medulla and

cortex of anaesthetised rats. Journal of Physiology 538.1: 159-166, 2002.

15. Baikir L, Bouby N, and Trinh-Trnag-Tan MM. Heterogeneity of nephron

anatomy. Kidney International 20: S25-S39, 1987.

16. Banks RO. Vasoconstrictor-induced changes in renal blood flow: role of

prostaglandins and histamine. American Journal of Physiology 254: F470-F476,

1988.

17. Barajas L and Powers K. Monoaminergic innervation of the rat kidney: a

quantitative study. American Journal oj Physiology 259: F5O3-F511, 1990.

so 146 oa



Bibliography

18. Barajas L, Liu L, and Powers K. Anatomy of the renal innervation:intrarenal

aspects of origin. Canadian Journal of Physiology and Pharmacology 70: 735-

749, 1992.

19. Baylis C, Slangen B, Hussain S, and Weaver C. Relationship between basal NO

release and cyclooxygenase products in the nonnal rat kidney. American Journal

of Physiology 271: R1327-R1334, 1996.

20. Beierwaltes WH. Cyclooxygenase-2 products compensate for inhibition of nitric

oxide regulation of renal perfusion. American Journal of Physiology 283: F68-

F72, 2002.

21. Beierwaltes WH and Arendshorst WJ. Electrolyte and water balance in young

spontaneously hypertensive rats. Hypertension 4: 908-915, 1982.

22. Bell-Quilley CP, Lin YSR, Hilchey SD, Druggc ED, and McGiff JC.

Renovascular actions of angiotensin II in the isolated kidney of the rat:

Relationship to lipoxygenases. Journal of Pharmacology and Experimental

Therapeutics 267: 676-682,1993.

23. Bergstrom G and Evans RG. Integrative aspects of the renal medullary

circulation. In: The Renal Circulation, edited by Anderson WP, Evans RG, and

Stevenson KM Vol 1: 235-253, JAI Press, Stamford, 2000.

24. Bergstrom G and Evans RG. Effects of renal medullary infusion of a vasopressin

Vi -agonist on renal aritihypertensive mechanisms in rabbits. American Journal

of Physiology 275: R76 - R85, 1998.

25. Bergstrom G, Gothberg G, Karlstrom G, and Rudenstam J. Renal medullary

blood flow and renal medullary antihypertensive mechanisms. Clinical and

Experimental Hypertension 20: 1-26,1998.

so 147



Bibliography

26. Birk R, Krzossok S, Knoll T, Braun C, Van Der Woude FJ, and Rohmeiss P.

Preferential COX-2 inhibitor, meloxicam, compromises renal perfusion in

euvolemic and hypovolemic rats. Experimental Nephrology 8: 173-180, 2000.

27. Blumenthal JA, Sherwood A, Gullette ECD, Georgiades A, and Tweedy D.

Biobehavioural approaches to the treatment of essential hypertension. Journal of

Consulting and Clinical Psychology 70: 569-589, 2002.

28. Brand-Schieber E, Falck JF, and Schwartzman M. Selective inhibition of

arachidonic acid epoxidation in vivo. Journal of Physiology and Pharmacology

51:655-672,2000.

29. Brooks DP, Chapman BJ, and Munday KA. The half-life of angiotensin II

analogues in the rat, determined from the decay of the pressor response

[proceedings]. Journal of Physiology 265: 35P-36P, 1977.

30. Burnier M. Angiotensin II type 1 receptor blockers. Circulation 103: 904-912,

2001.

31. Cane A, Breton M, Bereziat G, and Colard O. Phospholipase A2-dependent and

independent pathways of arachidonate release from vascular smooth muscle

cells. Biochemical Pharmacology 53: 327-337, 1997.

32. Capdevila JH and Falck JR. The CYP 450 arachidonic acid monooxygenases:

from cell signaling to blood pressure regulation. Biochemical and Biophysical

Research Communications 285: 571-576, 2001.

33. Capdevila JH, Wei S, Yan J, Karara A, Jacobson HR, Falck JR, Guengerich FP,

and DuBois RN. Cytochrome P-450 arachidonic acid epoxygenase. Regulatory

control of the renal epoxygenase by dietary salt loading. Journal of Biological

Chemistry 267: 21720-21726,1992.

148 G3



I
Bibliosraphv

34. Carmines PK, Morrison TK, and Navar LG. Angiotcnsin II effects on

microvascular diameters of in vitro blood-perfused juxtamedullary nephrons.

American Journal of Physiology 251: F610-F618, 1986.

35. Carroll MA, Balazy M, Margiotta P, Falck JR, and Mcgiff JC. Renal

vasodilator activity of 5,6,-epoxyeicosatrienoic acid depends upon conversion by

cyclooxygenase and release of prostaglandins. Journal of Biological Chemistry

268: 12260-12266, 1993.

36. Carroll MA, Balazy M, Huang DD, Rybalova S, Falck JR, and McGiff JC.

Cytochrome P450-derived renal HETEs: storage and release. Kidney

International 51:1696-1702, 1997.

37. Carroll MA, Balazy M, Margiotta P, Huang DD, Falck JR, and McGifY JC.

Cytochrome P-450-dependent HETEs: profile of biological activity and

stimulation by vasoactive peptides. American Journal of Physiology 271: R863-

869, 1996.

38. Carroll MA, Garcia MP, Falck JR, and McGiff JC. Cyclo-oxygenatc

dependency of the renovascular actions of cytochrome P-450 derived

arachidonate metabolism. Journal of Pharmacology and Experimental

Therapeutics 260: 104-109, 1992.

39. Casellas D and Mimran A. Shunting in renal microvasculature of the rat: a

scanning electron microscopic study of corrosion casts. The Anatomical Record

201:237-248,1981.

40. Chan AJ, Prasad PV, Prianta A, Mostafavai MR, Sunduram C, and Saltzman B.

Protective effect of aminophylline on renal perfusion changes induced by high-

energy Shockwaves identified by Gd-DTPA-enhanced first-pass perfusion MRI.

Journal of Endocrinology 14: 117-121, 2000.

80 149 oa



Bibliography

41. Christy IJ, Woods RL, Courneya CA, Denton KM, and Anderson WP. Evidence

for a renomedullary vasodepressor system in rabbits and dogs. Hypertension 18:

325-333, 1991.

42. Churchill PC and Churchill MC. Kidney cross transplants in Dahl salt-sensitive

and salt resistant rats. American Journal of Physiology 262: H1809-H1817,

1992.

43. Correia AG, Bergstrom G, Lawrence AJ, and Evans RG. Renal medullary

interstitial infusion of norepinephrine in anesthetized rabbbits: methodological

considerations American Journal of Physiology 211: Rl 12-R122, 1999.

44. Correia AG, Bergstrom G, Jia J, Anderson WP, and Evans RG. Dominance of

pressure natriuresis in acute depressor responses to increased renal artery

pressure in rabbits and rats. Journal of Physiology 538: 901-910, 2002.

45. Correia AG, Denton KM, and Evans RG. Effects of activation of vasopressin Vi

receptors on regional kidney blood flow and glomerular arteriole diameters.

Journal of Hypertension 19: 649-657,2001.

46. Correia AG, Madden AC, Bergstrom G, and Evans RG. Effects of renal

medullary and intravenous norepinephrine on renal antihypertensive function.

Hypertension 35: 965-970, 2000.

47. Cowley AW Jr. Role of the renal medulla in volume and arterial pressure

regulation. American Journal Physiology 273: R1-R15, 1997.

48. Cowley AW Jr, Mattson DL, Lu S, and Roman RJ. The renal medulla and

hypertension. Hypertension 25: 663-673, 1995.

49. Cowley AW Jr, Mori T, Mattson D, and Zou A-P. Role of renal NO production

in the regulation of medullary blood flow. American Journal of Physiology 284:

R1335-R1369,2003.

so 150 G3



Bibliography

50. Cowley AW Jr, Roman RJ, Fenoy FJ, and Mattson DL. Effect of renal

medullary circulation on arterial pressure. Journal of Hypertension 10: SI 87-

S193, 1992.

51. Cowley AW Jr, Szczepanska-sadowska E, Stepniakowski K, and Mattson DL.

Chronic intravenous administration of Vi arginine vasopressin agonist results in

sustained hypertension. American Journal of Physiology 267: H751-H756, 1994.

52. Croft KD, McGiff JC, Sanchez-Mendoza A, and Carroll MA. Angiotensin II

releases 20-HETE from rat renal microvessels. American Journal of Physiology

279: F544-551,2000.

53. Cupples WA, Sakai T, and Marsh DJ. Angiotensin II and prostaglandins in

control of vasa recta blood flow. American Journal of Physiology: F417-F424,

1988.

54. Darell LH and Jacobson HR. Functional effects of cytochrome P450

arachidonate metabolites in the kidney. Seminars in Nephrology 11: 148-155,

1991.

55. Denton KM and Anderson WP. Intrarenal haemodynamic and glomerular

responses to inhibition of nitric oxide formation in rabbits. Journal of

Physiology 41'5.1: 159-167, 1994.

56. Denton KM, Anderson WP, and Sinniah R. Effects of angiotensin II on regional

afferent and efferent arteriole dimensions and the glomerular pole. American

Journal of Physiology 279: R629-R638, 2000.

57. Denton KM, Fennessy PA, Alcorn D, and Anderson WP. Morphometric analysis

of the actions of angiotensin II on renal arterioles and glomeruli. American

Journal of Physiology 262: F367-F372,1992.

151 oa



Bibliography

58. Denton KM, Shweta A, Finkelstein L, Flower RL, and Evans RG. Effect of

endothelin-1 on regional kidney blood flow and renal arteriole calibre. Clinical

and Experimental Pharmacology and Physiology, in press.

59. Dibona GF. Sympathetic nervous system and the kidney in hypertnsion. Current

Opinion in Nephrology and Hypertension 11: 197-200, 2002.

60. DiBona GF and Kopp UC. Neural control of renal function. Physiological

Reviews 77: 75-197, 1997.

61. Dibona GF and Sawin LL. Effect of renal nerve stimulation on responsiveness

of the rat renal vasculature. American Journal of Physiology 283: F1056-F1065,

2003.

62. Dickhout JG, Mori T, and Cowely AW Jr. Tubulorvascular nitric oxide

crosstalk: buffering of angiotensin II induced medullary vasoconstriction.

Circulation Research 91: 487-493, 2002.

63. Dilley JR, Steir CT Jr, and Arendshorst WJ. Abnormalities in glomerular

function in rats developing spontaneous hypertension. American Journal of

Physiology 246: F12-F20, 1984.

64. Drost CJ. Vessel diameter independent volume flow measurements using

ultrasound. Proceedings of the Sandiego Biomedical Symposium 17: 299-302,

1978.

65. Dukacz SAW, Feng M-G, Yang L-F, Lee RMKW, and Kline RL. Abnormal

renal medullary response to angiotensin II in SHR is corrected by long-term

enalapril treatment. American Journal of Physiology 280: R1076-R1084, 2001.

66. Duke LM, Eppel GA, Widdop RE, Evans RG. Disparate roles of AT2-receptors

in the renal cortical and medullary circulations of anesthetized rabbits.

Hypertension 42: 200-205, 2003.

BO 152 OS



Bibliography

67. Egi Y, Matsumura Y, Miura A, Murata S, and Morimoto S. Interaction between

nitric oxide and ungiotensin II on antidiuresis and norepinephrine overflow

induced by stimulation of renal nerves in anesthetized dogs. Journal of

Cardiovascular Pharmacology 25: 187-193, 1995.

68. Eppel GA, Bergstrom G, Anderson WP, and Evans RG. Autoregulation of renal

medullary olood flow in rabbits. American Journal of Physiology 284: R233-

R244, 2003.

69. Eppel GA, Denton KM, Malpas SC, and Evans RG. Nitric oxide in responses of

regional kidney perfusion to renal nerve stimulation and renal ischaemia.

Pflugers Archiv-European Journal of Physiology AA1\ 205-213, 2003.

70. Eppel GA, Lee LL, and Evans RG. a-Adrenoreceptor subtypes mediating

regional kideny blood flow responses to renal nerve stimulation. Autonomic

Neuroscience: Basic and Clinical, 112:15-24, 2004.

71. Evans RG, Bergostrom G, and Lawrence AJ. Effects of the vasopressin Vi

agoinst [PHE ,ILE ,ORN ] vasopressin on regional kidney perfusion and renal

excretory function in anesthetized rabbits. Journal of Cardiovascular

Pharmacology 32: 571-581, 1998.

72. Evans RG, Correia AG, Weeks SR, and Madden AC. Responses of regional

kidney perfusion to vasoconstrictors: dependence on agent and renal artery

pressure. Clinical and Experimental Pharmacology and Physiology 27: 1007-

1012,2000.

73. Evans RG, Day KH, Roman RJ, Hopp KH, and Anderson WP. Effects of

intrarenal infusion of 17-octadecynoic acid on renal antihypertensive

mechanisms in anesthetized rabbits. American Journal of hypertension 11: 803-

812, 1998.

so 153 G3



Bibliography

74. Evans RG, Eppel GA, Anderson WP, and Denton KM. Mechanisms underlying

the differential control of blood flow in the renal medulla and cortex. Journal of

Hypertension, in press.

75. Evans RG, Hayes IP, and Luc.brook J. Effects of ct-adrenoreceptor antagonists

and clonidine on the haemodynamic response to acute hypovolaemia in

conscious rabbits. European Journal of Pharmacology 216: 265-272, 1992.

76. Evans RG, Madder. AC, and Denton KM. Diversity of responses of renal

cortical and medullary blood flow to vasoconstrictors in conscious rabbits. Ada

Physiologica Scandinavica, 169: 297-308, 2000.

77. Evans RG, Rankin AJ, and Anderson WP. Interactions of blockade of nitric

oxide synthase and angiotensin-converting enzyme on renal function in

conscious rabbits. Journal of Cardiovascular Pharmacology 24: 542-551, 1994.

78. Evans RG, Stevenson KM, Bergstrom G, Denton KM, Madden AC, Gribben

RL, Weekes SR, and Anderson WP. Sex differences in pressure

diuresis/natriuresis in rabbits. Acta Physiologica Scandinavica 169: 309-316,

2000.

79. Falck JR, Schueler VJ, Jacobson HR, Siddhanta AK, Pramanik B, and

Capdevilla J. Arachidonate epoxygenase: identification of epoxyeicosatrienoic

acids in rabbit kidney. Journal of Lipid Research 28: 840-846, 1987.

80. Farrugia E, Lockhart JC, and Larson TS. Relation between vasa recta blood flow

and renal interstitial hydrostatic pressure during pressure natriuresis. Circulation

Research 71:1153-1158, 1992.

81. Faubert PF, Chou S, and Porush JG. Regulation of papillary plasma flow by

angioteensin II. Kidney International 32: 472-478, 1987.

so 154 oa



Bibliography

82. Feng JJ and Ardendshorst WJ. Enhanced renal vasoconstriction induced by

vasoprssin in SHR is mediated by Vi receptors. American Journal of

Physiology 271: F304-F313, 1996.

83. Fenoy FJ and Roman RJ. Effect of volume expansion on papillary blood flow

and sodium excretion. American Journal of Physiology 260: F813-F822, 1991.

84. Fierens F, Vanderheyden PML, De Backer JP, and Vauquelin G. Binidng of the

antagonist [3H] candesartan to angiotensin II ATi receptor transfected Chinese

hamster ovary cells. European Journal of Pharmacology 367: 413-422, 1999.

85. Fisslthaler B, Popp R, Kiss L, Potente M, Harder DR, Fleming I, and Busse R.

Cytochrome P-450 2C is an EDHF synthase in coronary arteries. Nature 401:

493-497,1999.

86. Fleming I. Cytochrome P450 enzyme in vascular homeostasis. Circulation

Research 89: 753-762, 2001.

87. Franchini KG and Cowley AW Jr. Sensitivity of the renal medullary circulation

to plasma vasopressin. American Journal of Physiology 271: R647-R653,1996.

88. Franchini KG and Cowley AW Jr. Renal cortical and medullary blood flow

responses during water restriction: role of vasopressin. American Journal of

Physiology 270: R1257-R1264, 1996.

89. Fulton D, Balazy M, McGiff JC, and Quilley J. Possible contribution of platelet

cyclooxygenase to the renal vascular action of 5,6-epoxyeicosatrienoic acid.

Journal of Pharmacology and Experimental Therapeutics 277: 1195-1199,

1996.

90. Furchgott RF. Studies on endothelium-dependent vasodilation and the

endothelium -derived relaxing factor. Acta Physiologica Scandinavica 139: 257-

270,1990.

so 155 oa



Bibliography

91. Furchgott RF and Zawadzki JV. The obligatory role of endothelial cells in the

relaxation of arterial smooth muscle by acetylcholine. Nature 288: 373-376,

1980.

92. Grollman A, Muirhead EE, and Vanatta J. Role of the kidney in pathogenesis of

hypertension as determined by a study of the effects of bilateral nephreetomy

and other experimental procedures on the blood pressure of the dog. American

Journal of Physiology 157: 21-30,1949.

93. Guild S-J, Barrett CJ, Evans RG, and Malpas SC. Interactions between neural

and hormonal mediators of renal vascular tone in anaesthetized rabbits.

Experimental Physiology 88: 229-241,2003.

94. Guild S-J, Eppel GA, Malpas SC, Rajapakse NW, Stewart A, and Evans RG.

Regional responsiveness of renal perfusion to activation of the renal nerves.

American Journal of Physiology 283: Rl 177-1186, 2002.

95. Guild S-J, Malpas SC, Eppel GA, Nguang SK, and Evans RG. Effect of renal

perfusion pressure on responses of intrarenal blood flow to renal nerve

stimulation in rabbits. Clinical and Experimental Pharmacology and Physiology

31:35-45,2004.

96. Haas JA, Granger JP, and Knox FG. Effect of renal perfussion pressure on

sodium reabsorption from proximal tubules of superficial and deep nephrons.

American Journal of Physiology 250: F425-F429, 1986.

97. Harrison-Bernard LM and Carmines PK. Juxtamedullary micro vascular

responses to arginine vasopressin in rat kidney. American Journal of Physiology

267: F249-F256,1994.

98. Hartman JC, Olszanski DA, Hullinger TG, and Burden MN. In vivo validation

of a transit-time ultrasonic flow meter. Journal of Pharmacology and

Toxiological Methods 31: 153-160,1994.

so 156 oa



Bibliography

99. Healy DP, Ye M, and Troyanovskaya M. Localization of angiotensin II type 1

receptor subtype mRNA in rat kidney. American Journal of Physiology 268:

F220-F226, 1995.

100. Hercule HC and Oyekan AO. Cytochrome P450 co/ co -1 hydroxylase derived

eicosanoids contribute to endothelin A and endothelin B receptor mediated

vasoconstriction to endothelin-1 in the rat preglomerular arteriole. Journal of

Pharmacology and Experimental Therapeutics 292: 1153-1160, 2000.

101. Hercule HC and Oyekan AO. Role of NO and cytochrome P-450 derived

eicosanoids in ET-1 induced changes in intrarenal hemodynamics in rats.

American Journal of Physiology 279: R2132-R2141, 2000.

102. Hoagland KM, Flasch AK, and Roman RJ. Inhibitors of 20-HETE formation

promote salt -sensitive hypertension in rats. Hypertension 42: 669-f , 2003.

103. Holla VR, Makita K, Zahiropoulos PG, and Capdevila JH. The kidney

cytochrome P450 2C23 arachidonic acid epoxygenase is upregulated during

dietary salt loading. Journal of Clinical In vestigation 104: 751-760, 1999.

104. Huang C, Davis G, and Johns EJ. Effect of nitrendipine on autoregulation of

perfusion in the cortex and papilla of kidneys from Wistar and stroke prone

spontaneously hypertensive rats. British Journal of Pharmacology 111: 111-116,

1994.

105. Huang C, Davis G, and Johns EJ. A study of the action of angiotensin II on

perfusion through the cortex and papilla of the rat kidney. Experimental

Physiology76: 787-798,1991.

106. Imig JD. Eicosanoid regulation of the renal vasculature. American Journal of

Physiology 279: F965-F981, 2000.

157 oa



Bibliography

107. Imig JD and Deichmann PC. Afferent artcriolar responses to ANG1I involve

activation of PLA2 and modulation by lipoxygenase and P-450 pathways.

American Journal of Physiology 273: F274-F282, 1997.

108. Imig JD, Navar LG, Roman RJ, Reddy KK, and Falck JR. Actions of

epoxygenase metabolites on the preglomerular vasculature. Journal of the

American Society ofNephrology 7: 2364-2370, 1996.

109. Inokuchi K and Malik KU. Attenuation by prostaglandins of adrenergically

induced renal vasoconstriction in anesthetized rats. American Journal of

Physiology 246: R228-R235, 1984.

110. Ito O and Roman RJ. Regulation of P-450 4A activity in the glomerulus of the

rat. American Journal of Physiology 276: R1749-R1757, 1999.

111. Jenkins CM, Han X, Mancuso DJ, and Gross RW. Identification of calcium-

independent phosphoiipase A2 (iPLA2) p, and not iPLA2 y, as mediator

of arginine vasopressin-induced arachidonic acid release in A-10 smooth muscle

cells. Enantioselective mechanism-based discrimination of mammalian iPLA2S.

Journal of Biological Chemistry 211: 32807-32814, 2002.

112. Juncos LA, Ren YL, Arima S, Garvin J, Carretero OA, and Ito S. Angiotensin II

action in isolated microperfused rabbit afferent arterioles is modulated by flow.

Kidney International 49: 374-381, 1996.

113. Kakinuma Y, Fogo A, Inagami T, and Ichikawa I. Intrarenal localization of

angiotensin II type 1 receptor mRNA in the rat. Kidney International 43: 1129-

1235,1993.

114. Kalyan A, Eppel GA, Anderson WP, Oliver JJ, and Evans RG. Renal medullary

interstitial infusion is a flawed teclinique for examining vasodilator mechanisms

in anesthetized rabbits. Journal of Pharmacology and Toxiological Methods

2002: 153-159,2002.

£0 158 08



Bibliography

115. Kaplan MS and Nunes A. The psychosocial determinants of hypertension.

Nutrition Metabolism & Cardiovascular Diseases 13: 52-59, 2003.

116. Katoh T, Takahashi K, DeBoer DK, Serhan CN, and Badr KF. Renal

hemodynamic actions of lipoxins in rats. American Journal of Physiology 263:

F436-F442, 1992.

117. Keeton TK and Campbell WB. The pharmacological alteration of renin release.

Pharmacological Reviews 31: 81-227, 1981.

118. Kemick DP, Tooke JE, and Shore AC. The biological zero signal in laser

doppler fluximetry- origins and practical implications. Pflugers Archive-

European Journal of 'Physiology 437: 624-631,1999.

119. Kohagura K, Endo Y, Ito O, Arima S, Omata K, and Ito S. Endogenous nitric

oxide and epoxyeicosatrienoic acids modulate angiotensin II-induccd

constriction i:i the rabbit afferent arteriole. Acta Physiologica Scandinavica 168:

107-112,2000.

120. Kompanowska-Jezierska E, Walkowsa A, Johns EJ and Sadowski J. Early

effects of renal denervation in the anaesthetised rat: natiiuresis and increased

cortical blood flow. Journal of Physiology 531.2: 527-534, 200L

121. Kosonen O, Kankaanranta H, Malo-Ranta U, Ristimaki A, and Moilanen E.

Inhibition of nitric oxide-releasing compounds of prostacyclin production in

human endothelial cells. British Journal of Pharmacology 125: 247-254,1998.

122. Lahera V, Navarro-Cid J, Garcia-Estan J, and Ruilope LM. Nitric oxide, the

kidney, and hyertension. American Journal of Hypertension 10: 129-140,1997.

123. Ledderhos C, Gross V, and Cowley AW Jr. Pharmacological stimulation of

arterial chemoreceptors in conscious rats produces differential responses in renal

cortical and medullary blood flow. Clinical and Experimental Pharmacology

and Physiology 25: 536-540, 1998.

Jo 159 ca



Bibliography

124. Lee WK, Padmanabhan S, and Dominiczak AF. Genetics of hypertension: from

experimental models to clinical applications. Journal of Human Hypertension

14:631-647,2000.

125. Lehninger AL, Nelson DL, and Cox MM. Principles of Biochemistry. New

York: Worth Publishers, 1993.

126. Leonard BL, Evans RG, Navakatikyan MA, and Malpas SC. Differential neural

control of intrarenal blood flow. American Journal of Physiology 279: R907-

R916, 2000.

127. Leonard BL, Malpas SC, Denton KM, Madden AC, and Evans RG. Differential

control of intrarenal blood flow during reflex increases in sympathetic nerve

activity. American Journal of Physiology 280: R62-R68, 2001.

128. Lerman LO, Bentley MD, Fiksen-Olsen MJ, Strick DM, Ritman EL, and

Romero JC. Pressure dependency of canine intrarenal blood flow within the

range of autoregulation. American Journal of Physiology 268: F404-F409,1995.

129. Li PL and Campbell WB. Epoxyeicosatrienoic acids activate K+ channels in

coronary smooth muscle through a guanine nucleotide binding protein.

Circulation Research 80:877-884,1997.

130. Lopez B, Moreno C, Salom MG, Roman RJ, and Fenoy FJ. Role of guanylyl

cyclase and cytochrome P450 on renal response to nitric oxide. American

Journal of Physiology 281: F420-F427, 2001.

131. Lopez B, Sarkis A, Wenberg N, Santos E and Roman RJ. Effects of cytochrome

P450 inhibitors and a 20-HETE antagonist on renal function in rats [Abstract].

FASEB Journal: 18: 680.8, 2004.

132. Lopez R. Role of nitric oxide and cyclooxygenasc 2 in regulating the renal

hemodynamic response to norepinephrine. American Journal of Physiology 284:

R488-R493, 2003.

BO 160 G8



Bibliography

133. Lorenz CH, Powers TA, and Partain CL. Quantitative imaging of renal blood

flow and function. Investigative Radiology 27: SI 09-S114, 1992.

134. Lu SH, Mattson DL, and Cowley AW Jr. Renal medullary captopril delivery

lowers blood pressure in spontaneously hypertensive rats. Hypertension 23: 337-

345, 1994.

135. Ludbrook J. Repeated measurements and multiple comparisons in

cardiovascular research. Cardiovascular Research 28: 303 -311, 1994.

136. Ludbrook J. On making multiple comparisons in clinical and experimental

pharmacology and physiology. Clinical and Experimental Pharmacology and

Physiology 18: 379-392, 1991.

137. Ma J, Qu W, Scarborough PE, Tomer KB, Moomaw CR, Maronpot R, Davis

LS, Breyer MD, and Zeldin DC. Molecular cloning, enzymatic characterization,

developmental expression, and cellular localization of a mouse cytoclirome P-

450 highly expressed in kidney. Journal of Biological Chemistry 274: 17777-

17788, 1999.

138. Ma YH, Gebremedhin D, Schwartzman ML, Falck JR, Clark JE, Masters BS,

Harder DR, and Roman RJ. 20-Hydroxyeicosatetraenoic acid is an endogenous

vasoconstrictor of canine renal arcuate arteries. Circulation Research 72: 126-

136, 1993.

139. Maekawa H, Matsumura Y, Matsuo G, and Morimoto S. Effect of aodium

nitroprusside on norepinephrine overflow and antidiuresis induced by

stimulation of renal nerves in anesthetized dogs. Journal of Cardiovascular

Pharmacology 27: 211-217, 1996.

140. Maier KG, Henderson L, Narayaan J, Alonso-Galicia M, Falck JR, and Roman

RJ. Fluorescent HPLC assay for 20-HETE and other P-450 metabolites of

arachidonic acid. American Journal of Physiology 279: H863-H871, 2000.

BO 161 oa



Bibliography

141. Maier KG and Roman RJ. Cytochrome P450 metabolites of arachidonic acid in

the control of renal function. Current Opinion in Nephrology and Hypertension

10:81-87,2001.

142. Majid DSA, Godfrey M, and Omoro SA. Pressure natriuresis and autoregulation

of inner medullary blood flow in canine kidney. Hypertension 29: 210-215,

1997.

143. Majid DSA, Godfrey M, and Navar LG. Pressure natriuresis and renal medullary

blood flow in dogs. Hypertension 29: 1051-1057, 1997.

144. Majid DSA, Godfrey M, Griuham MB, and Navar LG. Relation between

pressure natriuresis and urinary excretion of nitrate/nitrite in anesthetized dogs.

Hypertension 25: 860-865, 1995.

145. Majid DSA and Navar LG. Medullar blood flow responses to changes in arterial

pressure in canine kidney. American Journal of Physiology 270: F833-F838,

1996.

146. Majid DSA, Williams A, and Navar LG. Inhibition of nitric oxide synthesis

attenuates pressure-induced natriuretic responses in anesthetized dogs. American

Journal of Physiology 264: F79-87, 1993.

147. Makino A, Skelton MM, Zou AP, Roman RJ, and Cowley AW Jr. Increased

renal medullary oxidative stress produces hypertension. Hypertension 39: 667-

672, 2002.

148. Malmstrom RE, Bjorne H, Alving K, Weitzberg E, and Lundberg JOT Nitric

oxide inhibition of renal vasoconstrictor responses to sympathetic cotransmitters

in the pig in vivo. Nitric Oxide: Biology and Chemistry 5: 98-104, 2001.

162 oa



Bibliography

149. Mathews JM, Dostal LA, Bend JR. Inactivation of rabbit pulmanory cytochrome

P450 in microsomes and isolated perfused lungs by the suicide substrate a-

aminobenzotriazole. Journal of Pharmacology and Experimental Therapeutics

235: 186-190, 1985.

150. Mattson DL. Importance of the renal medullary circulation in the control of

sodium excretion and blood pressure. American Journal of Physiology 284:

R13-27,2003.

151. Mattson DL and Higgins DJ. Influence of dietary sodium intake on renal

medullary nitric oxide synthase. Hypertension 29: 194-198,1996.

152. Mattson DL, Raff H, and Roman RJ. Influence of angiotensin II on pressure

natriuresis and renal hemodynamics in volume-expanded rats. American Journal

of Physiology 260: R1200-R1209, 1991.

153. Mattson DL, Roman RJ, and Cowley AW Jr. Role of nitric oxide in renal

papillary blood flow and sodium excretion. Hypertension 19: 766-769, 1992.

154. Mattson DL and Roman RJ. Role of kinins and angiotensin II in the renal

hemodynamic response to captopril. American Journal of Physiology 260: F670-

F679, 1991.

155. Mattson DL, Lu S, Nakanishi K, Papanek PE, and Cowley AW Jr. Effect of

chronic renal medullary nitric oxide inhibition on blood pressure. American

Journal of Physiology 266: H1918-H1926,1994.

156. Mattson DL, Lu S, Roman RJ, and Cowley AW Jr. Relationship between renal

perfusion pressure and blood flow in different regions of the kidney. American

Journal of Physiology 264: R578-R583, 1993.

157. Mattson DL, Li S, and Cowley AW Jr. Role of nitric oxide in the control of the

renal medullary circulation. Clinical and Experimental Pharmacology and

Physiology 24: 587-590, 1997.

go 163 os



Bibliography

158. Mayeux PR, Kadowitz PJ, and McNamara DB. Differential effects of ibuprofen,

indomethacin, and meclofenemate on prostaglandin endoperoxide H2

metabolism. Molecular and Cellular Biochemistry 87: 41-46, 1989.

159. McGiff JC. Cytochrome P-450 metabolism of arachidonic acid. Annual Reviews

in Pharmacology and Toxicology 31: 339-369, 1991.

160. McGiff JC and Quilley J. 20-hydroxyeicosatetraenoic acid and

epoxyeicosatrienoic acids and blood pressure. Current Opinion in Nephrology

and Hypertension 10: 231-237, 2001.

161. McGiff JC and Quilley J. 20-HETE and the kidney: resolution of old problems

and new beginnings. American Journal of Physiology 277: R607-623, 1999.

162. McGiff JC, Quilley CP, and Carroll MA. The contribution of cytochrome P450-

dependent arachidonate metabolites to integrated renal function. Steroids 58:

573-579,1993.

I
1

163. McLachlan EM and Luff SE. Sympathetic innervation of renal and extra-renal

arterial vessels. Kidney International 41: S56-S60,1992.

164. Mendelsohn FAO, Dunbar M, Allen A, Chou ST, Millan MA, Aguilera G, and

Catt KJ. Angiotensin II receptors in the kidney. Federation Proceedings 45:

1420-1425, 1986.

165. MIMS Annual. MIMS annual. Sydney: MediMedia, Australia, 2001.

166. Miyata N, Park, Li XF, and Cowley AW Jr. Distribution of angiotensin AT 1 and

AT2 receptor subtypes in the rat kidney. American Journal of Physiology 277:

F437-F446, 1999.

so 164



Bibliography

167. Miyata N, Taniguchi K, Seki T, Ishimoto T, Sato-Wantanable M, Yasuda Y, Doi

M, Kametani S, Tomishima Y, Ueki T, Sato M, and Kameo K. HET0016, a

potent and selective inhibitor of 20-HETE synthesizing enzyme. British Journal

of Pharmacology 133: 325-329, 2001.

168. Moncada S, Palmer RMJ, and Higgs EA. Nitric oxide: physiology,

pathophysiology, and pharmacology. Pharmacological Reviews 43, 1991.

169. Mori T and Cowley AW Jr. Angiotensin II-NAD(P)H oxidase-stimulated

superoxide modifies tubulovascular nitric oxide cross-talk in renal outer

medulla. Hypertension 42: 588-593, 2003.

170. Mori T, Dickhout JG, and Cowely AW Jr. Vasopressin increases intracellular

NO concentration via Ca2+ signaling in inner medullary collecting duct.

Hypertension 39: 465-469, 2002.

171. Muerhoff AS, Williams DE, Reich NO, CaJacob CA, Oritz de Montello PR, and

Masters BSS. Prostaglandin and fatty acid co and (co-1) oxidation in rabbit lung .

Acetylenic fatty acid mechanism based inactivators as specific inhibitors.

Journal of Biological Chemistry 264: 749-756, 1989.

172. Mugford CA, Mortillo M, Mico BA, and Tarloff JB. 1-Aminibenzotriazole-

induced destmction of hepatic and renal cytoclirome P450 in male Sprague-

Dawley rats. Fundamental & Applied Toxicology 19: 43-49, 1992.

173. Muirhead EE. The medullipin system of blood pressure control. American

Journal of hypertension 4: 556S-668S, 1991.

174. Muirhead EE, Germain GS, Armstrong FB, Brooks B, Leach BE, and Byers

LW. Endocrine-type antihypertensive function of renomedullary interstitial

cells. Kidney International 8: S271-S282, 1975.

so 165 oa



Bibliography

175. Nakanishi K, Mattson DL, and Cowley AW Jr. Role of renal medullary blood

flow in the development of L-NAME hypertension in rats. American Journal of

Physiology 268: R317-R323, 1995.

176. Nakanishi K, Matttson DL, Gross V, Roman RJ, and Cowley AW Jr. Control of

renal medullary blood flow by vasopressin Vi and V2 receptors. American

Journal of Physiology 269\ R193-R200,1995.

177. Naranjan R and Reddy MA. HETEs/EETs in renal glomerular and epithelial

cell functions. Current Opinion in Pharmacology 3: 198-203, 2003.

178. Navar LG, Harrison-Bernard LM, Nishiyama A, and Kobyri H. Regulation of

intrarenal angiotensin II in hypertension. Hypertension 39: 316-322, 2002.

179. Navar LG, Inscho EW, Majid DSA, Imig JD, Harrison-Bernard LM, and

Mitchell KD. Paracrine regulation of the renal microcirculation. Physiological

Reviews 76: 425-536,1996.

180. Nobes MS, Harris PJ, Yamada H, and Mendelsohn AO. Effects of angiotensin

on renal cortical and papillary blood flows measured by laser doppler flowmetry.

American Journal of Physiology 261: F998-F1006, 1991.

181. Oberg PA. Laser-doppler flowmetry. Critical Reviews in Biomedical

Engineering 18: 125-157,1990.

182. Ogungbade GO, >vkinsanmi LA, Jiang H, and Oyekan AO. Role of

epoxyeicosatrienoic acids in renal functional response to inhibition of NO

production in the rat. American Journal of Physiology 285: F995-F964, 2003.

183. Oliver JA, Sciacca RR, Pinto J, and Cannon PJ. Pjle of the prostaglandins in

norepinephrine release during augmented renal sympathetic nerve activity in the

dog. Circulation Research 48: 835-843, 1981.

so 166 oa



Bibliography

184. Oliver JJ, Eppel GA, Rajapakse NW, and Evans RG. Lipooxygenase and cyclo-

oxygenase products in the control of regional kidney blood flow in rabbits.

Clinical and Experimental Pharmacology and Physiology 30: 812-819, 2003.

185. Oliver JJ, Rajapakse NW, and Evans RG. Effects of indomethacin on responses

of regional kidney perfusion to vasoactive agents in rabbits. Clinical and

Experimental Pharmacology and Physiology 29: 873-879, 2002.

I 186. Omata K, Abraham NG, and Schwartzman ML. Renal cytochrome P-450-

r

arachidonic acid metabolism: localization and hormonal regulation in SHR.

American Journal of Physiology 262: F591-599, 1992.

187. Omata K, Abraham NG, Escalante B, and Schwartzman ML. Age-related

changes in renal cytochrome P-450 arachidonic acid metabolism in

m spontaneously hypertensive rats. American Journal of Physiology 262: F8-F16,

1992.
I

188. Oritz de Montellano PR and Correia MA. Inhibition of cytochrome P450

enzymes. In: Cytochrome P450; Structure, mechanism, and Biochemistry, edited

by Oritz de Montellano PR. Plenum Press:New York, 305-364, 1995.

189. Oritz de Montellano PR and Reich NO. Specific inactivation of hepatic fatty

acid hydroxylases by acetylenic fatty acids. Journal of Biological Chemistry

259:4136-4141, 1984.

190. Oritz MC, Fortepiani LA, Ruiz-Marcos FM, Atucha NM, and Garcia-Estan J.

Role of AT -1 receptors in the renal papillary effects of acute and chronic nitric

oxide inhibition. American Journal of Physiology 274: R760-R766, 1998.

191. Osanai T, Fujita N, Fujiwara N, Nakano T, Takahashi K, Guan W, and

Okumura, K. Cross talk of shear-induced production of prostacyclin and nitric

oxide in endothelial cells. American Journal of Physiology 278: H233-H238,

2000.

80 167 G8



Bibliography

192. Oyekan AO. Cytochrome P450-dependent metabolites of arachidonic acid and

renal function in the rat. Clinical and Experimental Pharmacology and

Physiology 27: 581-586, 2000.

193. Oyekan AO and McGiff JC. Cytochrome P-450-derived eicosanoids participate

in the renal functiona effects of ET-1 in the anesthetized rat. American Journal

of Physiology 274: R52-R61, 1998.

194. Pallone TL. Vasoconstriction of outer medullary vasa recta by angiotensin II is

modulated by prostaglandin E2. American Journal of Physiology 266: F850-

F857, 1994.

195. Pallone TL, Edwards A, and Kreisberg MS. The intrarenal distribution of blood

flow. In: The Renal Circulation, edited by Anderson WP, Evans RG, and

Stevenson KM Vol 1: 235-253, JAI Press, Stamford, 2000.

196. Pallone TL, Robertson CR, and Jamison RL. Renal medullary microciculation.

Physiological Reviews 70: 885-920, 1990.

197. Parekh N, Dobrowolski, L, Zou A-P, and Steinhausen M. Nitric oxide modulates

angiotensin II-and noropinephrine-dependent vasoconstriction in rat kidney.

American Journal of Physiology 270: R630-R635,1996.

198. Parekh N and Zou A-P. Role of prostaglandins in renal medullary circulation:

response to different vasoconstrictors. American Journal of Physiology 271:

F653-F658,1996.

199. Park F, Mattson DL, Skelton MM, and Cowley AW Jr. Localization of the

vasopressin Via and V2 receptors within the renal cortical and medullary

circulation. American Journal of Physiology 273: R243-R251, 1997.

200. Park F, Zou A-P, and Cowley AW Jr. Arginine vasopressin-mediated

stimulation of nitric oxide within the rat renal medulla. Hypertension 32: 896-

901, 1998.

so 168 G3



Bibliography

201. Passamore JC, Hartupee DA, and Jackson BA. Urinary and renal papillary

| solutes during cyclooxygenase inhibition with ibuprofen. Journal of Laboratory

1

& Clinical Medicine 110: 807-812, 1987.

202. Paxton WG, Runge M, Horaist C, Cohen C, Alexander RY, and Bernstein KE.

Immunohistochemical localization of rat angiotensin II ATi receptor. American

Journal of Physiology 264: F989-F995, 1993.

| 203. Fomposiello SI, Quilley J, Caroll MA, Falck JR, and McGif JC.

Epoxyeicosatrienoic acid mediates an enhanced renal vasodilatation to

arachidonic acid in the SHR. Hypertension 42: 548-554, 2003.

204. Prasad PV, Kim D, Kaiser AM, Chavez D, Gladstone S, Li W, Buxton RB, and
i

Edelman RR. Noninvasive comprehensive charachterization of renal artery

stenosis by combination of STAR angiography and EPISTAR perfusion

imaging. Magnetic Resonance in Medicine 38: 776-787, 1997.

| 205. Rahman M, Wright JT Jr, and Douglas JG. The role of the cytochrome P450-

dependent metabolites of arachidonic acid in blood pressure regulation and renal

function: a review. American Journal of Hypertension 10: 356-365, 1997.

206. Rajapakse NW, Oliver JJ, and Evans RG. Nitric oxide in responses of regional

kidney blood flow to vasoactive agents in anesthetized rabbits. Journal of

Cardiovascular Pharmacology 40: 210-219, 2002.

207. Rees DD, Palmer RMJ, Schulz R, Hodson HF, and Moncada. Charachterization

of three inhibitors of endothelial nitric oxide syrithase in vitro and in vivo.

British Journal of Pharmacology 101: 746-752, 1990.

208. Rhoades R and Pflanzer R. Human Physiology: Saunders College Publishing,

Sydney, 1996.

209. Riva CE. Basic principles of laser Doppler flowmetry and application to the

ocular circulation. International Ophthalmology 23: 183-189,2001.

#> 169 G5



Bibliography

ft

i

210. Roberts DA, Detre JA, Bolinger L, Insko EK, Lenkinski RE, Pentecost MJ, and

Leigh JS. Renal perfusion in humans:MR imaging with spin tagging of arterial

water. Radiology 196: 281-786, 1995.

211. Rodriguez-Iturbe B, Vaziri ND, Hercera-Acosta J, and Johnson RJ. Oxidative

stress, renal infiltration of immune cells, ind salt-sensitive hypertension: all for

one and one for all. American Journal ofPhysiok "286: F606-F616, 2004.

212. Roman RJ. P-450 metabolites of arachidom; r;id in the control of

cardiovascular function. Physiological Reviews 82: 131-185, 2002.

213. Roman RJ. Pressure-natriuresis in volume-expanded rats. Hypertension 12: 177-

183, 1988.

214. Roman RJ, Cowley AW Jr, Garcia-Estan J, and Lombard JH. Pressure-diuresis

in volume-expanded rats. Cortical and medullary hemodynamics. Hypertension

12: 168-176, 1988.

215. Roman RJ and Kaldunski ML. Renal cortical and papillary blood flow in

spontaneously hypertensive rats. Hypertension 11: 653-663, 1988.

216. Roman RJ and Lianos E. Influence of prostaglandins on papillary blood flow

and pressure-natriuretic response. Hypertension 15: 29-35, 1990.

217 Roman RJ and Smits C. Laser-Doppler determination of papillary blood flow in

young and adult rats. American Journal of Physiology 251: Fl 15-F124, 1986.

218. Romero JC and Lerman LO. Novel noinvasive techniques for studying renal

function in man. Seminars in Nephrology 20: 456-462, 2000.

219. Rubertsson S, Arvidsson D, Wiklund L, and Haglund U. Comparison of blood

flow measurement in the portal vein and pulmanory artery using transit-time

ultrasound flowmetry and thermodilution techniques. Surgical Research

Communications 13: 309-316,1993.

so 170 G8



Bibliography

220. Rudenstam J, BergstrOm G, Taghipour K, Gothberg G, and Karlstrtim G.

Efferent lena! sympathetic nerve stimulation i.n vivo. Effects on regional renal

haemodynamics in the Wistar rat, studied by laser-Doppler technique. Ada

Physiologica Scandinavica 154: 387-394, 1995.

221. Rudenstam J, Creutz J, Gothberg G, Karlstrom G, and Bergstrom G. Regional

renal haemodynamics of angiotensin II infusion under prostaglandin, kinin or

converting enzyme inhibition in the wistar rat. Blood Pressure 9: 169-175, 2000.

222. Salom MG, Lahera V, and Romero JC. Role of prostaglandins and endothelium-

derived relaxing factor on the renal response to acetylcholine. American Journal

of Physiology 260: F145-F149, 1991.

223. Salvemini D, Misko TP, Masferrer JL, Seibert K, Currie MG. Nitric oxide

activates cyclooxygenase enzymes. Proceedings of the National Academy of

Sciences of the United States of America 90 7240-7244, 1993.

224. Santos E, Dahly-Vernon AJ, Hoagland KM, and Roman RJ. Inhibition of the

formation of EETs and 20-HETE with 1-aminobenzotriazole attenuates

pressure-natriuresis. American Journal of Physiology: 287: R58-R68, 2004.

225. Sarkis A, Liu KL, Lo M, and Benzoni D. Angiotensin II and renal medullary

blood flow in Lyon rats. American Journal of Physiology 284: F365-F372, 2003.

226. Sarkis AG, Lopez B, and Roman RJ. Acute effect of cytoclirome P450 inhibitors

on pressure natriuresis (Abstract). FASEB Journal, 18: 680.19, 2004

227. Schoenberg SO, Amann S, Just A, Bock M, Knopp MV, Johansson LO, and

Ahlstrom H. Quantification of renal perfusion abnormalities using an

intravascular contrast agent (Part 2): results in animals and humans with renal

artery stenosis. Magnetic Resonance in Medicine 49: 288-298, 2003.

so 171 oa



Bibliography

228. Schwartzman ML, Martasek P, Rios AR, Levere RD, Solangi K, Good man AI,

and Abraham NG. Cytochrome P450-dependent arachidonic acid metabolism in

human kidney. Kidney International 37: 94-99, 1990.

I

229. Schwartzman ML, Ferreri NR, Carroll MA, Songu-Mize E, and McGiff JC.

Renal cytochrome P-450 related arachidonate metabolite inhibits Na+, K+

ATPase. Nature 314: 620-622, 1985.

230. Steinhausen M, Ballantyne D, Fretschner M, Hoffend J, and Prekh N. Different

responses of cortical and juxtamedullary arterioles to norepinephrine and

angiotensin II. Kidney International 30: S55-S59, 1990.

I

I

231. Stern MD, Bowen PD, Parma R, Osgood RW, Bowman RL, and Stein JH.

Measurment of renal cortical and medullary blood flow by laser-Doppler

spectroscopy in the rat. American Journal of Physiology 236: F80-F87, 1979.

232. Story DF and Ziogas J. Interaction of angiotensin with noradrenergic

neurofcffector transmisssion. Trends in Pharmacological Sciences 8: 269-271,

1987.

233. Strick DM, Fiksen-Olsen MJ, Lockhart JC, Roman RJ, and Romeo JC. Direct

measurement of rena! medullary blood flow in the dog. American Journal of

Physiology 267: R253-R259,1994.

234. Su P. Kaushal KM, Kroetz DL. Inhibition of renal arachidonic acid co-

hydroxylase activity with ABT reduces blood pressure in the SHR. American

Journal of Physiology 275: R426-438,1998.

235. Sugimoto Y, Namba T, Shigemoto R, Negishi M, Ichikawa A, and Narumiya S.

Discinct cellular localization of mRNAs for three subtypes of prostaglandin E

receptor in kidney. American Journal of Physiology 266: F823-I7828,1994.

172 oa

• : . - . - ^ • • • - i a :



Bibliography

236. Sun CW and Roman RJ. 20-HETE contributes to the inhibition of K+ channel

activity and the vasoconstrictor effect of angiotensin II in rat renal artrioles

(Abstract). Hypertension 34: 338, 1999.

237. Suzuki Y, Matsuraura Y, Egi Y, and Morimoto S. Effect of Losartan, a

nonpeptide angiotensin II receptor antagonist, on norepinephnne overflow and

antidiuresis induced by stimulation of renal nerves in anesthetized dogs. Journal

of Pharmacology and Experimental Therapeutics 263: 956-963, 1992.

238. Swierkosz TA, Mitchell JA, Warner TD, Botting RM and Vane JR. Co-

induction of nitric oxide synthase and cyclo-oxygenase:interactions between

nitric oxide and prostanoids. British Journal of Pharmacology 114: 1335-1342,

1995.

\!
I
\

239. Szczepanska-Sadowska E, Stepniakowski K, Skelton MM, and Cowley AW Jr.

Prolonged stimulation of intranal Vj vasopressin receptors results in sustained

hypertension. American Journal of Physiology 267: R1217-R1225,1994.

240. Takahashi K, Capdevila J, Karara A, Fatck JR, Jacobson HR, and Badr KF.

Cytochrome P-450 arachidonate metabolites in rat kidney: Charachterisation and

hemodynamic responses. American Journal of Physiology 258: F781-F789,

1990.

241. Thibonnier M. Vasopressin and blood pressure. Kidney International 34 :S52-

S56,1988.

242. Thomas CJ, Woods RL, Evans RG, Alcorn D, Christy IJ, and Anderson WP.

Evidence for a renomeduMary vasodepressor hormone. Clinical and

Experimental Pharmacology and Physiology 23: 777-785,1996.

243. Timmermans PBMWM, Wong PC, Chiu AT, Herblin WF, Benfield P, Carini

DJ, Lee RJ, Wexler RR, Saye JAM, and Smith RD. Angiotensin II receptors

and angiotensin II receptor antagonists. Pharmacological Reviews 45: 205-2551,

1993

JO 173 caa



Bibliography

244. Town C, Henderson L, Chang D, Mortillo M and Garland W. Distribution of 1-

aminobenzotriazole in male rats after administration of an oral dose. Xetwbiotica

23: 383-390, 1993.

245. Transonic Systems Inc. Flowmeters for Medicine and Research (catalog)

T106/T206 Manual: Ithaca, New York, 1994.

246. Ujie K, Yuen J, Hogarth L, Danziger R, and Star RA. Localization and

regulation of endothelial NO synthase mRNA expression in rat kidney.

American Journal of Physiology 267: F296-F302,1994.

247. Umnas JG and Levi R. Nitric oxide in the regulation of blood flow and arterial

pressure. Annual Review of Physiology 57:771-790, 1995.

%
248. Vanhoutte PM and Shimokawa H. Endothelium-derived relaxing factor and

coronary vasopasm. Circulation 80: 1-9, 1989.

249. Vaziri ND. Roles of oxidative stress and antioxidant therapy in chronic kidney

disease and hypertension. Current Opinion in Nephrology and Hypertension 13:

93-99, 2004.

250. Vazquez B, Rios A, and Escalante B. Arachidonic acid metabolism modulates

vasopressin-induced renal vasoconstriction. Life Sciences 56:1455-1466,1995.

251. Walker BR, Brizzee BL, and Harrison-Bernared LM. Potentiated vasoconstrictor

response to vasopressin following rneclofenamate in conscious rats. Proceedings

of the Society for Experimental Biology and Medicine 187: 157-164,1988.

252. Walker LL, Rajaratne AAJ, Blair-West JR, and Harris PJ. The effects of

angiotensin II on blood perfusion in the rat renal papilla. Journal of Physiology

519.1:273-278,1999.

174 cs



Bibliography

253. Wang MH, Brand-Schieber E, Zand BA, Nguyen X, Falck JR, Balu N, and

Schwartzman ML. Cytochrome P450-derived arachidonic acid metabolism in

the rat kidney: Characterization of selective inhibitors. Journal of Pharmacology

and Experimental Therapeutics 284: 966-973, 1998.

254. Welch WJ, Deng X, Snellen H, and Wilcox CS. Validation of miniature

ultrasonic transit-time flow probes for measurement of renal blood flow in rats.

American Journal of Physiology 26§\ F175-F178, 1995.

255. Wilkinson L. SYSTAT: Tlie System for Statistics, Evanston , IL, 1990.

256. Williams DS, Zhang W, Koretsky AP, and Adler S. Perfusion imaging of the rat

kidney with MR. Radiology 190: 813-818,1994.

257. Wong PC, Hart SD, and Timmermans PBMWM. Effect of angiotensin II

antagonism on canine renal sympathetic nerve function. Hypertension 17: 1127-

1134,1991.

258. Wong PY, Lai PS, Shen SY, Blosludtsev YY, and Falck JR. Post-receptor signal

transduction and regulation of 14(/?),15(iS)-epoxyeicosatrienoic acid (14,15-

EET) binding in U-937 cells. Journal of Lipid Mediators & Cell Signaling 16:

155-169,1997.

259. Wu XC, Richards NT, Micheal J, and Johns E. Relative roles of nitric oxide and

cyclo-oxygenase and lipoxygenase products of arachidonic acid in the

contractile response of rat reanl arcuate arteries. British Journal of

Pharmacology 112: 369-376,1994.

260. Yoshida H, Tamaki T, Aki Y, Kimura S, Takenaka I, and Abe Y. Effect of

angiotensin II on isolated rabbit afferent arterioles. Japanese Journal of

Pharmacology 66: 457-464,1994.

so 175 cs

••"•'" '• • • ' • • " . - • • • V . • " • . , ' ' < V "

••DA



Bibliography

261. Yu S, Huse LM, Adler P, Graham L, Ma J, Zeldin DC, and Kroetz DL.

Increased CYP2J expression and epoxyeicosatrienoic acid formation in

spontaneously hypertensive rat kidney. Molecular Pharmacology 57: 1011-

1020, 2000.

262. Zhang BL and Sassard, J. Eicosanoid-dependence of responses of pre-but not

postglomerular vessles to noradrenaline in rat isolated kidneys. British Journal

of Pharmacology 110: 235-238,1993.

263. Zhuo J, Alcorn, D, Allen AM, and Mendelsohn FAO. High resolution of

angiotensin II in rat renal medulla. Kidney International 42: 1372-1380,1992.

264. Ziyyat A, Zhang BL and Benzoni D. Interactions between nitric oxide and

prostanoids in isolated perfused kidneys of the rat. British Journal of

Pharmacology 119: 388-392,1996.

265. Zou A-P and Cowley AW Jr. a-Adrenergic receptor mediated increase in NO

production buffers renal medullary vasoconstriction. American Journal of

Physiology 279: R769-R777, 2000.

266. Zou A-P, Fleming JT, Falck JR, Jacobs ER, Gebremedhin D, Harder DR, and

Roman RJ. Stereospecific effects of epoxyeixosatrienoic acids on renal vascular

tone and K+-channel activity. American Journal of Physiology 270: F822-F832,

1996.

267. Zou A-P, Fleming JT, Falck JR, Jacobs ER, Gebremedhin D, Harder DR and

and Roman RJ. 20-HETE is an endogenous inhibitor of the large-conductance

Ca2+-activated K+ channel in renal arterioles. American Journal of Physiology

270: R228-R237, 1996.

268. Zou A-P, Imig JD, Kaldunski M, Oritz de Montello PR, and Sui Z, and Roman

RJ. Inhibition of renal vascular 20-HETE production impairs aucoregulation of

renal blood flow. American Journal of Physiology 266: F275-F2o2,1994.

so 176 G8



Bibliography

269. Zou A-P, Li N, and Cowley AW Jr. Production and action of superoxide in the

renal medulla. Hypertension 37: 547-553,2001.

270. Zou A-P, Ma YH, Sui ZH, Ortiz de Montellano PR, Clark JE, Masters BS, and

Roman RJ. Effects of 17-octadecynoic acid, a suicide-substrate inhibitor of

cytochrome P450 fatty acid oo-hydroxylase, on renal function in rats. Journal of

Pharmacology and Experimental Therapeutics 268: 474-481, 1994.

271. Zou A-P, Muirhead EE, Cowley AW Jr, Mattson DL, Falck JR, Jiang J, and

Roman RJ. Role of changes in renal hemodynamics and P-450 metabolites of

arachidonic acid in the reversal of one-kidney, one-clip hypertension. Journal of

Hypertension 13: 557-566,1995.

272. Zou A-P, Wu F, and Cowley AW Jr. Protective effect of angiotensin II-induced

increase in nitric oxide in the renal medullary circulation. Hypertension 31: 271-

276,1997.

so 177 G3

ft




