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SUMMARY

The experiments described in this thesis have examined the hypothesis that the renal medullary

f microcirculation plays a significant role both in the long and short-term regulation of arterial

I pressure. This hypothesis is based on the notion that increased renal arterial pressure stimulates the

$ activation of three renal antihypertensive mechanisms; n.nin release, pressure diuresis/natriuresis,

** and stimulation of release of the putative renal medullary depressor hormone. It is hypothesised that
f£ the latter two mechanisms are dependent on poor autoregulation of the renal medullary

^ microcirculation, for their expression.

In Chapter 3, a method was devised and tested, for the delivery of vasoactive agents (noradrenaline)

/ ; to the renal medullary interstitium of rabbits. Both chronic and acutely implanted catheters were

* tested, and the renal distribution of radiolabel was determined after infusion of [3H]-noradrenaline

for *20 min into the outer and inner medullary interstitium. Autoradiographic analysis determined

' that after outer medullary interstitial infusion of [3H]-noradrenaline, radiolabel was most

concentrated in the outer medulla and inner cortex. Therefore this technique was deemed suitable

\ for the delivery of vasoactive substances to the renal medulla, as the infused substance appears to
r% concentrate in the regions, which house the vasculature most likely to contribute to the regulation of

-.' medullary blood flow.

X' Employing the technique developed in Chapter 3, we were then able to test the effect of reducing

H medullary blood flow on the renal antihypertensive responses to increased renal artery pressure.

I Renal arterial pressure was increased step-wise from -65 to ~180 mmHg using an extracorporeal

^ circuit to attached to a roller pump. Medullary interstitial infusion of noradrenaline (300 ng/kg/min)
v-j.

s reduced medullary blood flow —30% and blunted both the pressure diuresis/natiruresis response,

^ and the fall in arterial pressure during increased renal artery pressure. Evidence available at that

<" time suggested that the acute depressor response to increased renal artery pressure resulted chiefly

A from release of an unidentified hormonal factor from the renal medulla. Intravenous infusion of the

5 same dose of noradrenaline produced <* < , •'. -eduction in cortical blood flow only, and did not

f blunt the renal antihypertensive rer;-• .<;;•••:•<* u< IMW' sed renal artery pressure. Thus medullary blood

^ flow appears to play an importar .->k i:» <i.c S W M . . n control of arterial pressure by modulating

I the pressure diuresis/natriuresis ., : ' ^ ?^ . . ;;n0 jvu iaps also the release of the putative renal

% medullary depressor hormone. h.nv.-u'f. vir conclusion regarding the putative renal medullary

% depressor hormone remained controversial, particularly since the observation was made that the
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diuresis/natriuresis increased exponentially with step increases in renal arterial pressure. This

prompted the experiments carried out in Chapter 5.

In Chapter 5, we tested the role of the pressure diuresis/natriuresis mechanism, and the inhibition of

renin release, in mediating the acute depressor response to increased renal artery pressure. As in

Jf Chapter 4, an extracorporeal circuit was established in anaesthetised rabbits, and we tested the

j | effects of increasing renal artery pressure on systemic arterial pressure, the pressure-natriuresis

-g mechanism, and levels of plasma renin activity. Furthermore, we tested the effects on the depressor

<| response to increased renal artery pressure on blocking the systemic haemodynamic effects of

$ pressure diuresis/natriuresis by infusing compound sodium lactate at a rate equivalent to urine flow,

J- and 'clamping' the renin-angiotensin system. Four groups of rabbits were studied. In a control

ji group, renal artery pressure was maintained at -65 mmHg. In the remaining three groups renal

^ artery pressure was increased to -160 mmHg. In two of these groups, compound sodium lactate was
4
i infused at a rate equivalent to urine flow. In addition, in one of these groups the renin-angiotensin

i
system was 'clamped' by simultaneous intravenous infusion of enalaprilat and angiotensin II. We

<? found that the depressor effect of increased renal artery pressure is abolished if the systemic
E

, haemodynamic effects of pressure natriuresis/diuresis are blocked by preventing cardiac output

s from falling. Based on these findings, we conclude that the depressor response, to increased renal

nl artery pressure in the extracorporeal circuit preparation in anaesthetised rabbits, occurs chiefly due

T to negative salt and water balance secondary to the pressure diuresis/natriuresis mechanism. In

I supplementary experiments (described hi Chapter 7) we obtained data indicating that similar
t

mechanisms mediate the acute depressor response to unclipping the renal artery in 1-kidney. 1-clip
<?

% hypertensive rats.

* The vascular elements that regulate medullary blood flow in vivo remain unknown. In the

^ experiments described in Chapter 6 we attempted to determine the vascular sites within the kidney,

$. responsible for reducing medullary blood flow in response to activation of the Vrreceptors. The

fj vasopressin V^agonist [Phe2, He3, Orn8]-vasopressin was infused intravenously into anaesthetized

*j rabbits and its renal effects were monitored using laser-Doppler flowmetry. This reduced renal

\ medullary blood flow approximately 30% without reducing cortical bio ilow. Since medullary

'r' blood flow is supplied entirely from the efferent arterioles of juxtamedullary glomeruli, we tested

<!\ whether vasoconstriction of juxtamedullary glomerular arterioles contributes to Vrreceptor

}- mediated reductions in medullary blood flow. On completion of the infusion (30 min), kidneys were

| immediately perfusion fixed at the final recorded MAP, and filled with methacrylate casting

% material. The diameters of afferent and efferent arterioles in the outer, mid and juxtamedullary

I cortex of the left kidneys were determined by scanning electron microscopy. We were, unable to
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detect any significant differences, between Vrantagonist and vehicle treatments on afferent or

efferent arteriole diameters in and region of the cortex. These results do not support a role for

juxtamedullary arterioles in producing V]-receptor mediated reductions in MBF, suggesting that

downstream vascular elements (e.g. outer medullary descending vasa recta) might possibly be

involved.

In conclusion, through the development of new techniques and experimental approaches, we are

gaining a better understanding of how the renal medullary circulation contributes to the regulation

of arterial pressure (both in the short and the long term), and how the medullary circulation is

regulated. Many issues surrounding the extent and level of involvement of so called 'renal

medullary antihypertensive mechanisms', particularly the putative renal medullary depressor

hormone, require further investigation. The results of the studies conducted and described in this

thesis have contributed to our understanding of these issues. However, there is a clear need for

further research in this area. In the future, vital information derived from such studies will move us

towards prevention or cure of hypertension, rather than just its control.

a
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Chapter 1. Introduction

Chapter One

LITERATURE REVIEW

1.0 Hypertension and the community

Essential hypertension, or high blood pressure of unknown aetiology, is a leading cause of human

cardiovascular morbidity and mortality in most developed countries. It remains largely

asymptomatic until late in its course when organ and vessel damage become irreversible. Despite

the numerous investigations undertaken to clarify the various mechanisms involved in the

regulation of blood pressure, the primary determinants of essential hypertension remain largely

unknown. Both environmental and genetic factors contribute to the development of hypertension

but while the role of some environmental exposures, such as high salt consumption or stress,

appears likely, the underlying determinants, genetic or otherwise, remain unknown.

Cardiovascular disease is a prevailing health problem amongst Australia's population, killing more

people alone than any other disease, thus producing enormous strain on the health care system. In

1997, deaths related to cardiovascular disease claimed more lives than those related to cancers and

other ailments (Armstrong et al, 1999),

Since the recognition of the prevalence of hypertension and its impact on the community,

researchers have taken various approaches to elucidate the factors underlying the development of

hypertension. A major recurrent theme has been the dependency of hypertension on interactions

between genetic predisposition and environmental factors. Although research directed towards

treatment of hypertension will always be required, it is important to direct more attention toward

research focused on generating knowledge of the underlying cause, so that a cure can be offered,

ahead of treatment.

The kidney appears to play major roles in the genesis of essential hypertension, as demonstrated by

experiments that show that hypertension can be 'transplanted'; so that when a kidney from a



Chapter 1. Introduction

hypertensive subject is donated to a normotensive recipient, the recipient develops hypertension.

The reverse is also true (Churchill and Churchill, 1992). Hypertension is common in patients with

renal disease, but may occur in the absence of reduced renal function (i.e., glomerular filtration

rate). By gaining a more complete understanding of the regulation of kidney function, and its role in

the regulation of arterial pressure, we can move towards prevention and cure, rather than just

treatment of this costly condition.

The renal medulla appears to play an important regulatory role in the long-term maintenance of

arterial blood pressure. Briefly, it has been proposed that the renal medulla, through its poor

autoregulatory capacity, has the ability to detect changes in the level of arterial pressure, via

associated changes in medullary blood flow (MBF) (Roman and Smits, 1986; Cowley et al, 1992).

Sodium and water reabsorption appears to be highly dependent on the level of MBF, through

mechanisms that remain to be completely defined (Cowley, 1997). This allows the kidney to adjust

the level of sodium and water excretion through the pressure diuresis/natriuresis mechanism and

\ return arterial pressure to normal, by adjusting the excretion of salt and water. Furthermore it is

hypothesized that the renal medulla possesses its own endocrine function. According to this

hypothesis the renal medulla releases a putative vasodepressor substance into the circulation,

presumably in response to increased renal artery pressure (RAP) (Muirhead, 1991; Cowley et al,

1992; Thomas et al, 1994; Bergstrom and Evans, 1998; Bergstrom and Evans, 2000).

The global aim of the experiments detailed in this thesis was to develop a greater understanding of

the role of the renal medulla, and the medullary microcirculation in particular, in blood pressure

regulation, and to attempt to determine the vascular elements responsible for MBF regulation. In

this chapter, a synopsis of the experimental aims and major findings of each of the studies

undertaken in this thesis will be given. This will then be followed by a review of the literature and

relevant background information concerning the kidney, with particular attention paid to the renal

medulla and its involvement in blood pressure regulation.

1.1 Synopsis of experimental aims and findings

The experiments described in Chapter 3 (Method for local delivery of vasoactive compounds to the

renal medullary interstitium), involved the development of methods for the local delivery of

vasoactive compounds to the renal medulla, so that blood flow in this region could be manipulated

both in acute and chronic experimental settings in conscious and anaesthetized rabbits. Briefly,

'i [3H]-noradrenaline was delivered to the renal medullary interstitium via acutely and chronically

1 V
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I

i
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positioned catheters. The kidneys were then removed, 'snap frozen', and sectioned and processed

for the determination of radiolabel concentration throughout the renal cortex, outer and inner

medulla, and the papilla, using autoradiography. Taken together with our previous study

investigating these techniques (Correia, 1997), these experiments demonstrated that vasoactive

compounds could be targeted to the renal outer medullary interstitium to reduce blood flow to this

region. Specifically, our present experiments demonstrated that infused radiolabel was concentrated

within a short distance from the infusion site. Our experiments also demonstrated that the catheters

were suitable for use in both chronic and acute experimental settings.

Having established a method for selectively reducing MBF by targeting vasoactive compounds to

the renal medulla (Chapter 3; Correia, 1997) our next aim (Chapter 4; Effects of renal medullary

and intravenous noradrenaline infusion on renal antihypertensive function) was to employ this

technique to investigate the role of MBF in renal antihypertensive mechanisms. An extracorporeal

circuit was established in anaesthetized rabbits, which allows RAP to be progressively increased

without direct effects on the systemic circulation. Thus, this technique allows activation of renal

antihypertensive mechanisms; reduced renin release, pressure diuresis/natriuresis, and perhaps also

release of a putative renal medullary depressor hormone. To examine the role of renal medullary

perfusion in these mechanisms, we tested the effects of infusion of noradrenaline, either into the

renal medullary interstitium (selective reduction of MBF) or intravenously (selective reduction of

cortical blood flow (CBF)), on responses to increased RAP in anaesthetized rabbits. When RAP was

increased in a stepwise fashion urine flow and sodium excretion increased exponentially and plasma

renin activity (PRA) and mean arterial pressure fell. Medullary interstitial but not intravenous

noradrenaline blunted the increased diuresis and diuresis/natriuresis, and the depressor response to

increased RAP, suggesting that reduced medullary blood flow caused by noradrenaline infusion

may blunt these renal antihypertensive mechanisms.

n

The depressor response to increased RAP observed in the extracorporeal circuit, model used in the

experiments described in Chapter 4 has been attributed to release of a depressor hormone from the

renal medulla (Christy et ai, 1991). However, in studies performed in Chapter 4 (Effects of renal

medullary and intravenous noradrer?aliT* • renal antihypertensive function), it.was observed that

the pressure-natriuretic and diuretic responses increased exponentially in conjunction with increases

in RAP and that this was blunted by medullary interstitial infusion of noradrenaline. Given the

important role of salt and fluid balance in the control of arterial pressure, it seemed likely that the

antidiuretic/anti-natriuretic effect of medullary interstitial noradrenaline played some role in its

ability to blunt the depressor response to increased renal artery pressure. Therefore, the aim of the
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studies described in Chapter 5 (Roles of pressure diuresis/natriuresis and inhibition of the renin-

angiotensin system in the depressor response to increased renal artery pressure) was chiefly to

determine the extent of the involvement of the pressure diuresis/natriuresis mechanism in the

depressor response to increased RAP in this model. Briefly, an extracorporeal circuit was

established in rabbits equipped with ascending aortic flow probes and RAP was increased and

maintained at 160 mmHg. During the period of increased RAP the excreted urinary volume was

measured on a minute per minute basis. In some animals, the excreted urine volume v/as then

returned intravenously during this period, in the form of compound sodium lactate. In other animals

the renin-angiotensin system was also "clamped" by intravenous enalaprilat (2 mg/kg plus 10

ug/kg/min) and MAP and RBF were returned to their original 'control' levels by an intravenous

angiotensin II infusion (40-50 ng/kg/min). The results of these experiments demonstrated that the

depressor response to increased RAP is abolished when cardiac output is maintained by maintaining

salt and fluid balance. Thus, neither the renin-angiotensin system, nor a putative renal medullary

depressor hormone, appear to play major roles in the depressor response to increased RAP in this

experimental model.

it

i

There is now considerable information regarding the effects of vasoactive hormones on MBF.

However, there is little information, particularly from in vivo studies, about the precise vascular

sites responsible for hormonal control of MBF. In the experiments described in Chapter 6 (Effects

of activation of vasopressin V,-recep'.ors on regional kidney blood flow and glomerular arteriole

diameters), renal MBF was selectively reduced (~30%), by an intravenous infusion of the V r

agonist [Phe2, He3, Orn8]-vasopressin. Kidneys were then perfusion fixed in vivo, filled with

methacrylate, and removed and processed for determination of afferent and efferent arteriolar

diameters throughout the outer, mid and juxtamedullary cortex, by scanning electron microscopy.

Although [Phe2, He3, Orn8]-vasopressin selectively reduced MBF by ~30%, we could detect no

effect of this agent on vessel diameter throughout each of the kidney regions (outer cortex, mid

cortjx, and juxtamedullary cortex). These observations raise the possibility that reductions in MBF

in response to activation of Vpreceptors might be mediated by vascular elements downstream from

the efferent arteriole, possibly the outer medullary descending vasa recta.
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1.2 The kidney and blood pressure control mechanisms

When RAP is acutely increased in animal models, renal antihypertensive mechanisms are

stimulated which act in concert to restore arterial pressure to normal levels. Renal renin release is

reduced, so that the activity of the pro-hypertensive renin-angiotensin system is inhibited. Urinary

excretion of salt and water increases exponentially with the increased RAP, so reducing cardiac

output. Thirdly, there is now considerable evidence for the release of a putative renal medullary

depressor hormone in response to increased RAP. Each of these systems, and their involvement in

blood pressure regulation, will be discussed below (see Figure 1.1).

Nerves and hormones ?

f Renal Perfusion Pressure

Medullary Blood Flow
Antihypertensive

"~ Therapy ?

Release of the putative
renomedullary vasodepressor

.k Interstitial Hydrostatic Pressure

Washout of the Medullary Solute Gradient , .
1 substance

Natriuretic Autocoids(eg NO, Prostanoids)

v • • • •

^ l m P * •
\

"Pressure Natriuresis'

Cardiac Output Total Peripheral Resistance

Arterial Pressure

Figure 1.1 Proposed sequence of events by which increased RAP initiates renal

antihypertensive mechanisms. Arrows with solid lines indicate the hypothesized mechanisms

mediating pressure diuresis/natriuresis. Arrows with dotted lines indicate the hypothesized control

mechanisms for the release of the renal medullary depressor hormone. Factors that modify

medullary blood flow (i.e. nerves and hormones) should therefore modulate these antihypertensive

responses. Figure modified from (Bergstrom and Evans, 2000).
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1.2.1 The renin-angiotensin system

1.2.1.1 Circulating renin-angiotensin system

The renin-angiotensin system plays a significant role in the long-term regulation and maintenance

of arterial blood pressure and sodium balance. Within the kidney the renin-angiotensin system plays

a major regulatory function which responds to changes in systemic arterial pressure or extracellular

fluid volume, through actions of angiotensin II at specific receptors within the renal vasculature,

mesangial and tubules to alter both renal vascular resistance and salt excretion (Admiraal et al,

1990). Hypernatremia, hypovolemia, hypotension, and activation of the sympathetic nervous system

stimulate the renin-angiotensin system.

H

The classical description of the renin-angiotensin system focuses on the circulating hormonal

system, where renin is released from specialized smooth muscle cells of the juxtaglomerular

apparatus of the afferent arteriole (Johns et al, 1987; Hackenthal et al, 1990). The main stimuli for

renin release are salt depletion, plasma volume reduction, and decreased arterial pressure (Navar et

al, 1996). Others may includi; renal sympathetic nerve activation ((3-adrenergic stimuli

stimulation), a reduction in circulating angiotensin II, vasopressin, and low plasma potassium

concentrations (Mene and Dunn, 1992).

Once released into the circulation renin cleaves angiotensinogen of hepatic origin to generate

angiotensin I, which is thereafter converted to angiotensin II through the action of angiotensin-

converting enzyme. This action is predominant in the lungs, which contain an abundance of the

angiotensin-converting enzyme in the luminal side of the capillary endothelium, but also occurs in

other organs (see below).

Having entered the systemic circulation, angiotensin II acts to raise arterial pressure, by affecting

both vascular tone (acute) and structure (chronic) (Guyton and Hall, 1996; Navar et al, 1996).

Within the kidney angiotensin II contributes to blood volume regulation through the enhancement

of sodium reabsorption either by direct stimulation of tubular sodium transport mechanisms, or

indirectly, through aldesterone release from the adrenal cortex which also promotes renal tubular

sodium reabsorption (Mene and Dunn, 1992; Guyton and Hall, 1996). Angiotensin II also has

important effects on regional renal haemodynamics, including the glomerular microcirculation, as

well as trophic functions where it acts on many renal and vascular cell types, to regulate cell

growth. Furthermore, direct links with other systems, such as kallikrein-kinins and the
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prostaglandins, and the sympathetic nervous system suggest that the renin-angiotensin system is

part of an inter-related neuro-humoral system involved in the control of kidney perfusion and renal

cellular function (Mene and Dunn, 1992).

Jn the circulation, the vasoconstrictor actions of angiotensin II are short lived due to its rapid

metabolism. However, it does produce concentration-dependent vasoconstriction of resistance

vessels in virtua11"' '-1 organs, although skeletal muscle and lung vessels display reduced sensitivity

to angiotensin II (Palmer et al, 1987; Mene and Dunn, 1992).

Aldosterone is secreted by the zona glomerulosa of the adrenal cortex, in response circulating levels

of angiotensin II. Its major physiological role is the stimulation of sodium transport from the

ascending limb of the loop of Henle, in exchange for potassium or hydrogen. Thus, it regulates the

balance of sodium and potassium concentration in the blood (Sherwood, 1993).

An indication of the significance of the renin-angiotensin system in the regulation of renal function,

and therefore arterial pressure, came from Siragy and colleagues who blocked components of the

intra-ienal renin-angiotensin system by simultaneous renal artery infusions of an angiotensin

converting enzyme inhibitor and an angiotensin II receptor antagonist. This treatment produced

increases in glomerular filtration rate (~60%), and renal plasma flow (~100%), a ten fold increase in

urinary sodium excretion, and an approximately six fold increase in urine flow in conscious, uni-

nephrectomized dogs (Siragy et al., 1990). Similarly, intra-renal iniusion of an angiotensin

converting enzyme inhibitor in the anaesthetized dog significantly increased glomerular filtration

rate, urinary sodium excretion and urine volume (Levens, 1990). These and other studies provide

evidence that angiotensin II tonically inhibits salt and water excretion, and constricts the renal

vasculature, so increasing arterial pressure.

1.2.1.2 Tissue ren in-angiotensin system

The concept of tissue specific renin-angiotensin systems is now recognized, and it is now accepted

that both renal and non-renal tissues express local angiotensin II biosynthetic ability. Such systems

have been identified in the brain, and in peripheral tissues such as the kidney, systemic vasculature,

adrenal glands, and heart, all of which locally produce angiotensin II (Navar et al., 1996). These

systems chiefly act directly within the organ, or may even secrete angiotensin II into the circulation

to act on angiotensin II receptors which have been localized on various tissues including vascular

smooth muscle cells, epithelial cells, and cells of the adrenal cortex and medulla, heart, and brain



Chapter 1. Introduction

(Navar et ai, 1996). The kidney itself has a well developed tissue rcnin-angiotensin system. Recent

evidence indicates that this system is regulated independently of the classic circulating renin-

angiotensin system, and plays a role in the regulation of renal function (Navar, 1986; Navar et al,

1996).

1.2.1.3 Paracrine and autocrine effects of angiotensin within the kidney

As discussed above, the actions of the renin-angiotensin system on renal function and blood

pressure control may not be entirely dependent on circulating angiotensin II being delivered to the

kidney. In the kidney also, some cells house all the necessary components for the production of

angiotensin II, which may be synthesized intraccllularly, and then secreted (Navar et al, 1996).

Immunohistochemical studies have shown that renin and angiotensin II are both present in

juxtaglomcrular cells of the afferent arteriolc within the same secretory granules (Ilackenthul et al.,

1990) and that monolayer cell cultures of juxtaglomcrular cells contain rcnin, angiotensin-

converting enzyme, and both angiotensin I and II (Rightsel et al., 1982). Proximal tubular cells may

also be able to synthesize their own angiotensin II from angiotensin I (Yanagawa et al., 1991).

These cells may also secrete angiotensin II into the surrounding interstitial environment,

contributing to the elevated interstitial angiotensin II levels (Navar et al., 1996).

The presence of functional angiotensin-converting enzyme in the kidney has been shown by

experiments demonstrating the conversion of ~20% of circulating angiolcnsin I to angiotensin II

during passage through the kidney (Rosivall et al., 1983; Rosivall et ai, 1984; Navar el al., 1996).

This activity has been localized to the vascular endothclial cells of the renal arteries, afferent and

efferent artcrioles, and glomcrular and pcritubular capillaries, but is also present on both the brush

border (luminal) and basolatcral membranes of the proximal tubule cells (Navar et ai, 1996).

Collectively, data suggests an intrarcnal generation of angiotensin II, providing it with both

paracrine and/or autocrine functions as well as the classical endocrine hormone functions. In turn,

angiotensin II acts at angiotensin receptors found throughout the kidney on glornerular mesangial

cells, prc and postglomcrular artcriolcs, vasa recta bundles of the inner stripe of the outer medulla,

medullary interstitial cells, and several tubular segments of the ncphron (Brown and Venuto, 1988;

Navar et ai, 1996).
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1.2.1.4 Renin-angiotensin system and hypertension

The renin-angiotensin system appears to be involved in the development of renovascular

hypertension and may be implicated in the pathogenesis of essential hypertension (Waeber et at,

1986). One proposition is that in hypertensive patients the basal level of arterial pressure is set at a

higher level because the kidney requires a higher perfusion pressure for the suppression of renin

release (Guyton and Hall, 1996). Angiotensin-converting enzyme inhibitor drugs and ATi

antagonists are beneficial in the treatment of certain cases of hypertension. By blocking the

generation or actions, respectively of angiotensin II, they blunt the ultimate salt and fluid

conserving actions and arteriolar constrictor effects of the renin-angiotensin system. There is

however no obvious correlation between measured plasma renin activity and blood pressure in

human essential hypertension or in the spontaneous-hypertensive rat (SHR), two forms of

hypertension characterized by relatively low levels of plasma renin activity (Folkow, 1982).

1.2.2 Pressure diuresis/natriuresis

According to the classical 'Guytonian' view of the role of the kidney in long-term blood pressure

control, whenever arterial pressure is elevated, sodium and water excretion is increased, until

arterial pressure is returned to control levels (Guyton et at, 1972; Cowley, 1992). This mechanism

is believed to be non-adaptive and largely responsible for the long term control of arterial pressure

(Cowley et at, 1992). According to this hypothesis, hypertension can only occur if the excretory

ability of the kidney is impaired. The mechanism(s) responsible for pressure diuresis/natriuresis

remain uncertain, however evidence indicates that it may be dependent on a poor autoregulatory

capacity of the renal medullary circulation relative to whole kidney blood flow, since increased

sodium excretion in response to increased RAP occur without changes in total renal blood flow

(RBF) or glomerular filtration rate (GFR) (Cowley et at, 1992; Roman and Zou, 1993; Cowley,

1997;Cowley and Roman, 1997;Tornel and Madrid, 2000;).

According to this theory, an increase in RAP produces a concurrent increase in inner MBF, which

triggers a sequence of events which act in concert to inhibit tubular sodium reabsorption, (Cowley et

at, 1992). Thus, increased RAP results in increased MBF, and so vasa recta blood flow, which in

turn leads to (i) washout of the medullary solute gradient, (ii) increased vasa recta capillary pressure

and so increased renal interstitial hydrostatic pressure, and (iii) presumably also the release of

diuretic/natriuretic autocoids such as nitric oxide and prostaglandins (Cowley et at, 1992; Cowley

and Roman, 1997; Bergstrom and Evans, 2000).
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1.2.2.1 Pressure diuresis/natriuresis and hypertension

The kidneys of hypertensive patients (Omvik et ai, 1980) and genetically hypertensive rats (Roman

and Cowley, 1985b; Roman and Zou, 1987; Khraibi and Knox, 1988; Roman and Kaldunski,

1988b;) require an elevated level of MAP in order to achieve similar levels of sodium and water

excretion, as do the stroke-prone strain of spontaneously hypertensive rat (SHR) (Nagaoka et al,

1981). The reason for the inability of 'hypertensive kidneys' to effectively excrete sodium and

water when perfused at normotensive pressures remains uncertain, however an intrinsic impairment

of the pressure diuresis/natriuresis mechanism, rather abnormalities of the neural and/or endocrine

control of the kidney seem likely (Liard, 1977; Cowley and Roman, 1983).

Under experimental conditions in which the neural and hormonal backgrounds are controlled,

through renal denervation, and maintenance infusion of vasopressin, aldosterone and noradrenaline,

increases in RAP of ~50 mmHg produce a nine-fold increase in urine flow and sodium excretion in

the normotensive Wistar-Kyoto normotensive rat (WKY), compared to only a four-fold increase in

the SHR (Roman and Cowley, 1985b). Not only does this response occur independently of external

influences, but also of changes in RBF, and glomerular filtration rate (GFR), which remained

similar between the two groups (Arenshorst, 1979; Roman and Cowley, 1985b). Therefore, under

these conditions, the diuretic and natriuretic responses to elevations in RAP are blunted ir. SHR

when compared to WKY normotensive rats, which is believed to contribute to the functional

resetting of the kidney toward higher perfusion pressures necessary for the development of

hypertension (Roman and Cowley, 1985b). Furthermore, these studies indicate that the level of RAP

markedly influences tubular reabsorption, indicating that small changes in arterial pressure may

have a greater influence on sodium and water excretion than had been previously recognized

(Roman and Cowley, 1985a).

Reduced renal MBF is the most apparent renal haemodynamic abnormality in the development of

hypertension in SHR, since total RBF, CBF, and GFR remain similar in young and adult SHR and

WKY rats (Khraibi and Knox, 1988; Roman and Kaldunski, 1988b). On the other hand, MBF is

reduced in SHR, even before hypertension has developed, and therefore renal medullary vascular

resistance is elevated in the SHR model (Roman and Kaldunski, 1988b; Lu et al., 1994). Based on

this evidence, it is hypothesized that in order for hypertension to occur, MBF must be reduced,

which in turn contributes to the haemodynamic resetting of the pressure diuretic/natriuretic

relationship (Cowley, 1992). This hypothesis was tested in vivo using a chronic infusion technique,

which allowed delivery of captopril (5 mg/kg/day) to the renal medullary interstitium to increase
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MBF, which was in turn monitored by chronic laser-Doppler flowmetry. The results confirmed that

a chronic increase in MBF in SHR, produced a left-ward shift in the pressure natnuretic relationship

and lowered arterial pressure (Lu et ah, 1994).

The role of changes in MBF in the development of hypertension has not been widely studied.

Ganguli et al. reported that papillary blood flow (PBF), measured using the albumin accumulation

technique, was lower in 17 week old SHR compared with WKY (Ganguli et al, 1976).

Relationships between RBF, CBF, PBF and RAP were compared in 3-5, 6-9, and 12-16 week old

SHR and WKY (Roman and Zou, 1987). It was found that MAP was -19 mmHg greater in 3-5

week old SHR than in age matched WKY rats, and that PBF measured at equivalent RAP was

significantly lower (about 30%) in all age groups of SHR compared with values measured in WKY

(Roman and Zou, 1987). These results are in general agreement with previous observations made in

adult SHR, which support the notion that an irregularity in inner MBF is responsible for the

abnormal pressure diuresis/natriuresis in hypertensive rats, and that this response is not attributable

to a defect in whole kidney haemodynamics (Arenshorst, 1979; Roman and Kaldunski, 1988b).

1.2.2.2 Autoregulation of renal medullary blood flow

Autoregulation is the intrinsic ability of an organ to maintain constant blood flow despite changes in

arterial perfusion pressure. The question of whether or not MBF is autoregulated has provoked

much research and debate (Pallone et al., 1990). Several studies, employing various techniques to

measure MBF, support the notion that it is efficiently autoregulated (Cohen et al, 1983; Majid and

Navar, 1996; Harrison-Bernard et al, 1996; Majid et al, 1997), while both earlier and more recent

reports indicate the converse (see below).

Thurau et al. studied autoregulatory behavior in the medulla by measuring the transit time of Evans

Blue dye (Tiwrau, 1964). As blood pressure increased, transit time decreased, indicating an increase

in MBF with increased MAP. Later studies using the H2 washout technique (Aukland, 1968), the

transit time of labeled red cells (Graensgoe and Wolgast, 1972), or the laser-Doppler technique

(Roman and Smits, 1986), however have produced varied results. Cohen et al.. demonstrated

autoregulation in the medulla up to a MAP of 120 mmHg, but at higher pressures MBF increased

(Cohen et al, 1983), even though total RBF continued to be autoregulated up to higher pressures

(-140-150 mmHg) (Zimmerhackl et al, 1985b).
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Recent studies by Cowlev, Roman, and colleagues, employing laser-Doppler flowmetry have

indicated that blood flow to the inner medulla in volume expanded rats is poorly autoregulated. In

these experiments RAP was altered in a stepwise fashion in hydropenic rats, from ~150 mmHg

(Roman and Smits, 1986; Roman and Cowley, 1988). They found that MBF reduced almost linearly.

with the fall in perfusion pressure even though blood flow in the deep cortex and outer medulla

remained efficiently autoregulated (see als*j Roman andZou, 1993; Cowley and Roman, 1997). This

is difficult to reconcile with the evidence that MBF is predominantly derived from the efferent

arterioles of juxtamedullary glomeruli, the pre-glomerular vasculature of which exhibits

autoregulatory capacity (; Casellas and Moore, 1990; Cohen et ah, 1983; Gonzalez et al., 1994;

Bouriquet and Casellas, 1995). Further investigations employing laser-Doppler flowmetry,

demonstrated that the superficial and deep cortex are autoregulated as well as is whole kidney blood

flow in volume expanded rats, but outer and inner MBFs are not well autoregulated (Mattson et al.,

| 1993; Roman and Zou, 1993).

The lack of inner MBF autoregulation in volume expansion is difficult to understand, since the

juxtamedullary glomeruli, which supply the renal medullary blood vessels, demonstrate efficient

autoregulation of single nephron glomerular filtration rate (Goransson and Sjoquist, 1984) and

glomerular capillary pressure (Carmines et al., 1990). The most plausible explanation for this is that

blood flow may be redistributed within the medullary post-glomerular circulation in response to

changes in RAP. The increase in shear stress resulting from an increase in flow through these

vessels may release vasoactive agents, which may act on the contractile elements in the vascular

network between the descending and ascending vasa recta in the outer medulla to redistribute post-

glomerular blood flow (Pallone et al., 1990). A study by Fenoy and Roman supports this

explanation, showing that local release of nitric oxide may play a role in the lack of autoregulation

of PBF in rats (Fenoy and Roman, 1992). In support of this, other studies have shown that PBF is

influenced by humoral factors (Kiberd et al, 1987a; Kiberd et al, 1987b; Zimmerhackl et al,

1987), and renal sympathetic tone (Hermansson et al, 1984), and that plasma levels of vasopressin,

angiotensin, atrial natriuretic factor, and renal nerve activity are all affected by changes in blood

volume (Roman and Cowley, 1988). Videomicroscopy studies indicate that the number of perfused

§1 vasa recta capillaries and the velocity of RBC in these vessels increased significantly after RAP is

I elevated (Roman and Cowley, 1988). The increase in PBF is caused by an increase in blood flow

through perfused capillaries as well as the recruitment of flow in non-perfused capillaries (Roman

and Cowley, 1988). This study therefore confirmed, using another method, that PBF is poorly

autoregulated in volume-expanded rats.
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Conversely, studies in dogs, by Majid and Navar also employing laser-Doppler technology found

that MBF measured throughout different regions of the renal medulla (outer and inner medullary

blood flows were measured) was well autoregulated (Majid and Navar, 1996; Majid et al, 1997).

Differences in experimental preparations, as well as the precise techniques used to measure MBF

may have contributed in part to these inconsistencies in the literature. The resolution of this issue

remains a key goal of research aimed at understanding the role of the medullary circulation in the

control of blood pressure.

1.2.2.3 Medullary blood flow and tubular sodium reabsorption

§

The concept that changes in renal MBF can alter tubular reabsorption of sodium first emerged

nearly 40 years ago. Early and Friedler observed that the natriuretic response to intravenous saline

was associated with a fall in urine osmolality and the renal extraction of para-aminohippurate (Early

and Friedler, 1965a; Early and Friedler, 1965b). With the assumption that para-aminohippurate is

only extracted in the renal medulla and that increased MBF reduces para-aminohippuric acid (PAH)

extraction, they concluded that volume expansion (or increased RAP) produces increases in MBF,

which inhibits water reabsorption in the thin descending loop of Henle, secondary to loss of the

medullary solute gradient. They suggested that the fall in water reabsorption from the thin

descending limb of Henle's loop reduces the sodium concentration of the fluid entering the

ascending limb of Henle's loop, and so reduces sodium reabsorption in this portion of the nephron

(Early and Friedler, 1965a; Early and Friedler, 1965b).

Similar findings have since been produced using the micropuncture technique, which have

demonstrated that elevations in RAP inhibit sodium reabsorption in the proximal tubule of

superficial nephrons and even more so in the proximal tubule and thin descending limb of the loop

of Henle of deep nephrons (Haas et al, 1986; Roman and CovAey, 1988). Other suggested sites

include the proximal tubule, thick ascending limb of Henle's loop and the collecting duct

(Arenshorst, 1979; Roman and Cowley, 1988). The pressure-diuresis phenomenon has also been

studied in isolated blood-perfused kidney preparations, which have provided results consistent with

these conclusions. However, these experiments have been difficult to interpret because

autoregulation of RBF and GFR is not as efficient in vitro as it is in the intact animal (see Roman

and Cowley, 1985a).

Thus, increased MBF dissipates the medullary urea gradient, which likely contributes to the

pressure natriuretic response through the inhibition of water reabsorption in the thin descending
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loop of Henle, and therefore increased reabsorption in this nephron segment (Roman and Zou,

1993) and by increasing the conductance of the paracellular pathway to ions in the proximal tubule,

thin descending loop of Henle and thin ascending loop of Henle, (which in the rat, are all highly

permeable to sodium and chloride) (see Roman and Zou, 1993). Furthermore, as discussed below,

elevations in vasa recta capillary pressure may inhibit water re-uptake from the medullary

interstitium and increase medullary interstitial pressure, which may participate in the pressure-

diuresis/natriuresis response by inhibiting tubular reabsorption of sodium and water (see Cowley,

1997).

1.2.2.4 Renal interstitial hydrostatic pressure

It is proposed that increased MBF is accompanied by increases in vasa recta capillary pressure, and

a transient inhibition of water uptake from the renai medullary interstitium, thereby increasing renal

interstitial hydrostatic pressure (RIHP) (Roman and Cowley, 1988; Roman and Zou, 1993).

Elevations in RAP in male Sprague-Dawley rats significantly increase RIHP, diuresis/natriuresis

and diuresis, but this response is blunted in the SHR (Roman and Cowley, 1985b; Roman, 1986;

Khraibi and Knox, 1988). The blunted effect of RAP on RIHP in the SHR may be responsible for

the blunted pressure diuresis/natriuresis and diuresis response observed in these rats, since this

relationship is shifted to higher pressures, when compared to WKY rats (Norman et ah, 1978).

Furthermore, evidence exists in support of the notion that the brisk diuresis/natriuresis and diuresis

observed in WKY rats, is related to the transmission of RAP to the renal interstitium due to poor

MBF autoregulation, leading to a significant increase in RIHP, decreases in sodium reabsorption in

various segments of the nephron, and thus diuresis/natriuresis and diuresis (Roman and Cowley,

1985b) (see Figure 1.2).

Intra-renal infusions of vasodilators such as acetylcholine, bradykinin (Mertz et ah, 1984), and

prostaglandin E2 produce significant increases in sodium excretion which are associated with

increases in MBF and RIHP (Knox et al, 1983; Haas et al, 1984; Granger and Scott, 1988;

Cowley et al., 1995). Furthermore, this rise in RIHP may be prevented by renal de-capsulation,

which greatly blunts renal Vusodilation-induced increased in sodium excretion (Haas et al, 1984;

Granger and Scott, 1988). Thus, alterations in MBF, either secondary to changes in RAP or tone in

vascular elements that regulate MBF, appear to be closely linked with changes in RIHP and tubular

sodium reabsorption. On the other hand, there are a number of aspects of this hypothesis that merit

further testing. In particular, the evidence that alterations in MBF shift the pressure

diuresis/natriuresis relationship arises from experimental models that allows RAP to be set to levels
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at or below systemic arterial pressure. It remains to be seen whether the influence of MBF on

pressure diuresis/natriuresis also holds true when RAP is increased to levels above systemic arterial

pressure (hypertensive levels), which might better reflect the antihypertensive function of the

pressure diuresis/natriuresis mechanism. This can be achieved using an extracorporeal circuit model

developed in our laboratory, which allows RAP to be set to any level, above or below RAP (Christy

et ah, 1991; Evans et ah, 1995). Thus, a major aim of the experiments described in this thesis was

to examine the effects of reducing MBF on pressure diuresis/natriuresis in this experimental model.
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Figure 1.2 Summary of proposed mechanisms responsible for pressure diuresis/natriuresis. (a)

Renal cortical responses to changes of renal arterial pressure (AP) show good autoregulation of

cortical blood flow and absence of measurable changes of peritubular capillary pressure (PTC) as

arterial pressure is changed, (b) Renal medullary responses indicate lack of autoregulation of

medullary blood flow with vasa recta capillary pressure and medullary interstitial fluid pressure

rising with arterial perfusion pressure. This rise of interstitial pressure transmitted throughout the

kidney is associated with an increase in renal excretion of sodium and water. UNaV, urinary sodium

excretion; gkwt, g kidney weight. From (Cowley, 1992).
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1.2.3 The putative renal medullary depressor horn le

A proposed third renal antihypertensive mechanism, the putative renal medullary depressor

hormone, has been the center of much debate and extensive research. This depressor substance

dubbed 'medullipin' by the late Eric Muirhead, is thought to be released from the renal medullary

| interstitial cells, in response to increased RAP (Muirhead, 1991; Muirhead, 1993). However,

despite strong evidence for the release of such a depressor substance from the medulla, the

physiology and identity of this hormone and its involvement in the aetiology of hypertension

require elucidation.

The idea that the renal medulla possesses the ability to release a depressor substance in response to

increases in RAP arose initially from three lines of experimental evidence. The first line of evidence

was initiated by Grollman et al, who compared the effects of ureteal ligation, with uretocaval

anastomoses. Ureteal ligation causes atrophy of the renal medulla, and development of a

'hydronephrotic kidney' (Grollman et al, 1949). Dogs prepared with ureterocaval anastomoses, and

therefore deprived of excretory ability failed to develop hypertension, whereas those with ureteral

ligation did. Muirhead and colleagues later discovered that the renal papillae of the ligated kidney

preparations were destroyed whereas the papillae of the anastomosed preparations were intact

(Muirhead et al, 1960a). This finding prompted Muirhead to propose that cells in the renal papilla

were involved in the prevention of hypertension in dogs with ureterocaval anastomoses (see

Muirhead, 1980). This hypothesis was supported by the finding that transplants of the renal medulla

(and no other region of the kidney, i.e. the cortex) prevented renoprival hypertension (Muirhead et

al, 1960b).

He then went on to report findings using transplants of fragmented renal medulla, cortex and other

tissues (liver and spleen) in experimental models of hypertension (in rats), including accelerated

renoprival hypertension, one-kidney, one clip hypertension, malignant hypertension, and extreme

salt loaded renoprival hypertension (Muirhead et al, 1975). Renomedullary tissue was

antihypertensive in all instances whereas renocortical and other tissues were not (see Muirhead,

1980). Similar transplantation studies from other laboratories have confirmed these findings (Solez

et al, 1976; Susie et al, 1978).

Muirhead's next observation was that the main cells surviving the transplants were in close

association with the capillaries (Muirhead et al, 1972a). His next challenge was to isolate these
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cells and determine their content. Using tissue culture techniques he was able to grow these cells

and determine that they contained abundant lipid droplets (Muirhead et al, 1972b). He was finally

able to link the antihypertensive effect of these renomeduUary interstitial cells in vivo by showing

that transplantation of these cultured cells into hypertensive rats produced antihypertensive effects

(Muirhead et ah, 1975) (see above). In other studies, Muirhead was able to provide lipid extracts,

from cultured renal medullary interstitial cells, whole renal medulla, and the venous effluent of

kidneys perfused at high pressure, that had blood pressure lowering effects (Muirhead el al., 1991a;

Muirhead et al, 1991b). The ultimate goal of complete chemical characterization of the active

principle(s) in these lipid extracts has remained elusive.

The second line of evidence came from studies in rats, which demonstrated that arterial pressure

could be rapidly 'normalized' following the removal of the renal arterial clip from renal

hypertensive rats (see Bing et al, 1981). This rapid reduction in MAP, according to several studies,

cannot be explained by either normalization of structural vascular changes, prostaglandins, the renal

kallikrein-kinin system, the renin-angiotensin system, vasopressin, endogenous opioids or the

pressure diuresis-natriuresis mechanism (Russell et al, 1982a; Russell et al, 1982b; Muirhead et

al, 1985). On the other hand, when rats were pretreated with 2-bromoethylamine to chemically

ablate the renal medulla, the reversal of the hypertension following renal artery unclipping occurred

much more slowly, suggesting that the depressor substance was released from the renal medulla

(Bingetal, 1981).

Thirdly, cross-circulation studies in rats, in which RAP could be increased by means of a pump,

cross-circulated in series with an intact 'assay rat', demonstrated that a humoral depressor

mechanism which lowered MAP was activated in the 'assay rat' (Karlstrom et al, 1989). A

depressor response could also be obtained under similar cross-circulation conditions, using

spontaneously hypertensive rats, although much higher perfusion pressures were required for the

activation of the depressor response, than in normotensive (WKY) rats (Karlstrom et al, 1991).

There is at least indirect evidence for a role of MBF in this depressor response, since it is blunted by

blockade of nitric oxide synthesis and electrical stimulation of the renal nerves; treatments that can

reduce MBF (Rudenstam et al, 1992; Bergs from, 1995; Bergs trom et al, 1995; Rudenstam et al,

1995; Bergstrom et al, 1996).

Our group has confirmed and extended these findings using a novel approach applied in rabbits and

dogs. In these studies, an extracorporeal circuit was established to perfuse the kidney in situ with

the animals1 own blood. A pump was used to circulate blood drawn from the aorta, and return it to
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the vena cava (rabbits, or the iliac vein in dogs), and the renal artery. By altering flow in the venous

limb of the circuit using a Starling resistor (but not altering total flow through the circuit), RAP and

RBF can be set and maintained to any level, without producing direct effects on the systemic

circulation. Using this model, powerful hypotensive responses were observed in response to the

doubling of RAP (170-190 rnmHg) in both anaesthetized dogs and rabbits. It was also found that

the depressor response to increased RAP was abolished when the animals were pre-treated with 2-

bromoethylamine to chemically ablate the renal medulla (Christy et al. 1991), (Figure 1.3). It was

,^gued in these experiments that the falls in MAP in these experiments were not due to volume

depletion triggered by 'he pressure-natriuretic-diuretic response, as all experimental animals were in

positr:-' ud balance uX all times (Christy et al, 1991). Other experiments indicate that the

depressor response is not due to prostaglandins, platelet activating factor, or suppression of the

renin-angiotensin system (Christy et al, 1993), nitric oxide release (Evans et al, 1995; Thomas et

al, 1995), or products of cytochrome P450 metabolism of arachidonic acid (Evans et al, 1998b).
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Figure 1.3 Mean systemic arterial pressure (SAP) before, during and after increasing renal

perfiasion pressure, using the extracorporeal circuit. Responses are shown for individual rabbits, (a)

Response in rabbits pretreated with 2-bromoethylamine to produce 'chemical medullectomy', (b)

response in normal rabbits. Adapted from (Christy et al, 1991).

Although there is no direct evidence linking the factor(s) responsible for mediating these depressor

responses of increased RAP to 'medullipin', the depressor substance is presumed to be housed in

the renal medullary interstitial cells. This remains to be shown definitively. The characteristic

component of these cells are their lipid inclusions, visible using both light and electron microscopy.
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These cells are interposed by cytoplasmic extensions between the tubules and blood vessels of the

renal medullary intersititum (Lemley and Kriz, 1991), closely resembling the rungs of a ladder

(Kriz, 1981), and anchor through cytoplasmic processes into the basement membrane of Henle's

loop and the vasa recta (Kriz, 1981).

Pitcock and colleagues (Pitcock et al, 1982; Pitcock et al, 1984; Pitcock et al, 1985), have

reported various morphological changes in renal medullary interstitial cells in some forms of

genetic hypertension, and a reduced number of these cells (and fewer lipid granules) in Dahl salt-

sensitive rats compared to salt-resistant rats. They also reported that Dahl salt-resistant rats, but not

Dahl salt-sensitive rats, respond to an increased salt diet with an increase in the number and size of

renal medullary interstitial granules.

While the components of the lipid inclusions have not been fully characterized, histochemical

studies have shown them to comprise largely of saturated and unsaturated lipids. Three possible

antihypertensive factors have been identified from isolated renal interstitial cells and also from renal

venous effluent from isolated kidneys perfused at high pressures (Muirhead et al., 1991a):

prostaglandin E2, antihypertensive polar renomedullary lipid (APRL; known to be identical to

platelet activating factor, PAF) and the antihypertensive neutral renomedullary lipid, collectively

known as medullipin I. Other components of these cells are; triglycerides, cholesterol esters and

free fatty acids as well as precursors of prostaglandins, (mainly prostaglandin E2), and

glycosaminoglycans, mainly hyaluronic acid /see TJiomas et al., 1996). Medullipin I is inactive, but

appear to require 'activation' by cytochrome P-450 during the passage through the liver to form

medullipin II, which has powerful depressor actions (Muirhead et al, 1991b). Despite intense

efforts in determining the molecular structure of both medullipin I and II, their identities remain

unknown.

One possible stimulus for the release of this putative renal medullary depressor hormone is

increased MBF in response to increased MAP. If MBF is poorly autoregulated (see discussion

above), the medullary microcirculation is m an ideal position to detect increased MAP, and in turn

initiate a caL't ide of events leading to release of this putative hormone. This hypothesis has to date

received little attention, and is a major focus of the experiments described in this thesis. We can

only speculate at present as to the precise mechanisms that might allow increased MBF to stimulate

release of the putative renal medullary depressor hormone. They might include changes in

intravascular sheer stress, inner medullary concentrations of ions or metabolites, medullary

interstitial osmolarity or hydrostatic pressure, or medullary oxygen levels.
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Although the experiments described above provide evidence of a depressor substance released from

the renal medulla in response to increased RAP, this evidence remains indirect. One of the major

focuses of the experiments described in this thesis is to more stringently test the hypothesis that this

hormone exists, and is released in response to increased RAP. Specifically, this hypothesis can only

be maintained if the depressor response to increased RAP can be demonstrated under conditions

where the other major renal antihypertensive mechanisms, inhibition of renin release and pressure

diuresis/natriuresis, are controlled for.

1.3 The renal circulation

The significance of local flow changes in the kidney was first suggested by Trueta and colleagues

(see Ofstad and Aukland, 1985), who claimed that 'redistribution' of intrarenal blood flow could

cause cortical hypoxia and tubular necrosis, as well as other types of renal abnormalities.

Subsequently, several hypotheses implied that important renal functions such as the maintenance of

the corticomedullary osmotic gradient (important for the concentration of urine and the excretion of

sodium chloride) might be regulated in part through regulation of local blood flow in the medulla.

Hence, the notion that the renal medullary circulation plays a significant role in the regulation and

maintenance of salt and fluid balance and circulatory homeostasis was born.

The unique arrangement of the cortical and medullary microcirculation is shown diagrammatically

in Figure 1.4. The cortical and medullary microcirculations are virtually 'in-series' and 'in parallel'

simultaneously. They are in series because all blood that flows to the medulla must first pass

through the cortex. On the other hand, however, MBF is derived from a sub-population of glomeruli

at the corticomedullary junction, so redistribution of blood flow between these juxtamedullary

glomeruli and those in other cortical regions could theoretically lead to large changes in MBF yet

little or no change in total CBF. As will be described in more detail below, there are also more

subtle mechanisms that could possibly allow for differential control of CBF and MBF. First,

however, we must consider the structural aspects of the renal circulation in detail.
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Figure 1.4 The renal circulation, and the microcirculatory resistance segments in the cortex

and outer medulla. The kidney is divided into the cortex, which contains glomeruli, neprhron

segments (not shown) and a dense capillary plexus (which branches from peritubular capillaries; not

shown). An arcuate artery gives rise to interlobular arteries from which afferent arterioles originate

at an angle that varies with cortical location. Blood is supplied to the renal cortex and medulla

principally from the efferent flow of superficial and juxtamedullaiy glomeruli, respectively.

Efferent arterioles of juxtamedullary glomeruli give rise to descending vasa recta (DVR) in the

outer stripe of the outer nedulla. In the inner stripe of the outer medulla, the DVR and ascending

vasa recta (AVR) returning from the inner medulla (IM) (not shown) form vascular bundles. The

DVR from the bundle periphery supply the interbundle capillary plexus of the inner stripe, while

those in the center supply blood to the inner medulla. The extent to which blood flow to the medulla

is supplied by pre-glomerular 'shunt' pathways is uncertain. Taken from (Pallone et al, 2000).
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1.3.1 Cortical microcirculation

The cortical circulation begins with the branching of the renal artery into (6-10) interlobar arteries.

These then ascend within the renal pelvis, penetrate the renal parenchyma, change direction, and

follow an arc-like direction near the corticomedullary border as arcuate arteries. The arcuate arteries

give rise to the interlobular arteries which ascend through the cortex it-ward the renal capsule and

give rise to afferent arterioles. The afferent arterioles enter the glomeruli, and exit as efferent

arterioles to form a peritubular capillary network (Beeuwkes, 1980; Pallone et al, 1990; Bertram,

2000).

1.3.1.1 Afferent arterioles

The angles at which the afferent arterioles arise from the interlobular arteries are dependent on their

position in the cortex. Those of the outer cortex enter the glomeruli in line with the parent vessel,

but those that supply the juxtamedullary glomeruli leave at a recurrent angle. Most afferent

arterioles are branches of the cortical radial (interlobular) arteries, although some juxtamedullary

afferent arterioles are direct branches of arcuate arteries (Bertram, 2000).

The afferent arteriole enters the glomerulus at the vascular pole and branches to form the

glomerular tuft. The wall of the afferent arteriole is composed of one to three layers of muscle cells

and elastic tissue (Pallone et al, 2000). These vascular components gradually diminish near the

glomerulus, as some muscle cells are replaced by renin containing granular cells of the

juxtaglomerular apparatus (Pallone et al, 2000). The afferent arterioles of juxtamedullary nephrons

contain fewer granular cells than those of the mid and outer cortical regions, possibly implying a

lower renin content.

In some species, muscular intra-arterial cushions exist at the origin of juxtamedullary afferent

arterioles. Their purpose is uncertain, but two possible roles have been hypothesized; their position

is well suited to the modulation of MBF, since it is accepted that the majority of MBF arrives from

these vessels. The second possible function of these cushions is a possible skimming role which acts

to reduce the haematocrit of medullary blood (Pallone et al, 1990).



Chapter 1. Introduction 23

1.3.1.2 Efferent arterioles

Efferent arterioles begin inside the glomerular tuft. As with afferent arterioles, those of the

juxtamedullary region are larger in size and have 2-4 layers of smooth muscle cells, compared with

the smaller arterioles of the mid and outer cortical regions, which contain only 1-2 layers (Bertram,

2000). This has been documented across many species, including; rabbits, dogs, rats, and humans

(Pallone et al, 1990; Pallone et al, 1998). Juxtamedullary efferent arterioles are also longer, and

cross the cortieomedullary junction to enter the outer stripe of the outer medulla where they give

rise to the descending vasa recta (Pallone et al, 2000).

1.3.2 Renal medullary blood flow

1.3.2.1 Medullary microcirculation

Although the renal medulla receives only -10% of total RBF it serves the important functions of

supplying oxygen and nutrients and removing carbon dioxide and metabolic end products from its

surrounding tissue. MBF also plays a significant role in blood pressure regulation through urine

concentration and dilution (Ullrich et al, 1962; Thurau, 1964; Fadem et al, 1982), and may

stimulate the release of the putative depressor hormone (Bergstrom and Evans, 1998).

Blood enters the renal medulla chiefly via the efferent arterioles of juxtamedullary glomeruli,

although alternate routes have been postulated (KHz, 1981; KHz, 1982; Pallone et al, 1990). These

efferent arterioles have larger diameters and a thicker endothelium than those of the cortex. They

are surrounded by two to four layers of smooth muscle cells, and are accompanied by sympathetic

innervation. As these vessels descend further into the renal medulla, the smooth muscle cells are

gradually replaced by pericytes, so that most, if not all contractile function, along with sympathetic

innervation is probably lost at the junction of the outer and inner stripe (Pallone et al, 1990). On

the other hand, contractile protein expression has been detected in inner medullary pericytes (Park

et al, 1997a), although its functional significance remains to be determined.

1.3.3 Outer medulla

The renal medulla is structurally divided into three sections; the outer medulla, which has two

sections of its own, the outer and inner stripe, and the inner medulla (Edwards, 1956; Smith, 1956).
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In the outer stripe, the efferent arterioles divide into as many as thirty descending vasa recta, to

resemble a 'horse tail' arrangement. At intervals these descending vasa recta branch off to form a

capillary plexus, which is most dense in the inner stripe, less dense in the outer stripe and even less

dense in the inner medulla (Kriz, 1981; Jamison and Kriz, 1982; Zimmerhackl et ah, 1987).

The most prominent characteristic of the medullary circulation is the distinct division of the

vascular and interbundie regions of the inner stripe (Pallone et ah, 1990), which spatially separates

blood perfusing different areas of the medulla. As the descending vasa recta travel further towards

the papilla, the endothelium thins and becomes fenestrated (Schwartz et ah, 1976; Jamison and

Kriz, 1982; Pallone et ah, 1990). The capillaries forming the plexus are also lined with a thin

fenestrated endothelium, and gradually become ascending vasa recta, which serve to remove blood

from the medulla and return it to the interlobular and arcuate veins. The capillaries forming the

plexus and the ascending vasa recta are morphologically indistinguishable from systemic capillaries

(Schwartz et ah, 1976; Jamison and Kriz, 1982), except that they have larger diameters

(Steinhausen et ah, 1981; Zimmerhackl et ah, 1985a; Zimmerhackl et ah, 1985b).

The inner stripe of the outer medulla remains the most constant (across species) of the medullary

circulation. It is present in all species, and its complexity appears to be related to urine

concentrating ability. The least complicated arrangement is found in rabbits, guinea pigs, dogs, cats,

some species of monkey, and humans. This 'simple' vascular arrangement comprises solely of

descending and ascending vasa recta (Kriz, 1981), with most of the ascending vasa recta originating

from within the bundles of the inner medulla (Pallone et ah, 1990), and ascending directly to the

cortex.

The 'complex' vascular bundle is more common in species with greater urine concentrating ability,

including rats, mice, Meriones, and Psammomys obesus (Kaissling et ah, 1975; Pallone et ah,

1990). This complex arrangement incorporates the descending thin limbs of nephrons with short

loops of Henle together with the descending and ascending vasa recta, such that the ratio of

ascending to descending vasa recta is -4:1 in the Psammomys (see Pallone et ah, 1990). In some

species, this complex bundle becomes even more complex, through the positioning of the

descending thin limbs of Henle's loop within the bundles, such as in the rat, and the incorporation

of extensive invaginations of the pelvis in the Psammomys. The structural arrangements act to

ensure optimum opportunities for countercurrent exchange between descending and ascending vasa

recta (see Pallone et ah, 1990).
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1.3.4 Inner medulla

The number of microvessels in the medulla decreases from the corticomedullary junction to the

papillary tip such that the vascular cross sectional area of the medulla decreases exponentially

(Knepper et al, 1977; Kriz, 1981). Soon after the junction of the inner and outer medulla, the

vascular bundles disappear and individual descending and ascending vasa recta become dispersed

amongst the tubular structures of the inner medulla (Lemley and Kriz, 1987). The proportion of

medullary tissue occupied by the interstitium is now increased from - 5 % in the outer medulla to

almost 30% near the papillary tip (Knepper et al., 1977). The inner medullary interstitial cells are

arranged between these structures and it has been postulated that they act to provide structural

support, and may act to inhibit the axial diffusion of solutes, preventing dissipation of

corticomedullary gradients (Kriz, 1981; Bankir and deRouffignac, 1985).

As in the outer medulla, ascending vasa recta outnumber descending vasa recta and have larger

diameters. In vivo observations (Zimmerhackl et al., 1985d) and mass balance calculations (Pallone

et al., 1984; Zimmerhackl et al, 1985d), have established that the ascending vasa recta out-number

the descending vasa recta by a ratio of approximately 2.3:1 in the Munich-Wistar rat, and 1.7:1 in

the hamster (Pallone et al, 1990).

Descending vasa recta have a non-fenestrated endothelium and are selectively permeable, but

gradually develop fenestrations as they turn to become ascending vasa recta. In the inner medulla,

the fenestrations cover ~50% of the surface area, but as they ascend closer to the cortex, these

fenestrations decrease to cover ~15-30% of the ascending vasa recta wall. The highly fenestrated

structure of the ascending vasa recta endothelium suggests a high permeability to water and small

solutes, and the increase in size and number of the ascending vasa recta (relative to descending vasa

recta) implies a larger surface area for transcapillary exchange and a slower blood flow rate, thereby

optimizing the time available for countercurrent exchange and reabsorption. At the

corticomedullary border, the ascending vasa recta of the medulla empty into the arcuate veins or

into the basal parts of interlobular veins. However, in some species (with high urine concentrating

ability) such as the rat, guinea pig, and especially the desert rodent Psammomys obesus, some of the

venous medullary vessels continue to ascend within the medullary rays of the cortex and finally

empty into middle or even upper parts of interlobular veins (see Pallone et al, 1990).
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1.3.5 Renal medullary interstitial cells

Renal medullary interstitial cells are unique to the renal medulla and are most prevalent towards the

papillary tip (Lemley and Kriz, 1991). They are best known for their ability to synthesize large

quantities of vasodepressor lipids or lipid precursors, including PGE2 and perhaps also medullipin I

(Muirhead et al, 1972b; Muirhead, 1991) The number of lipid droplets varies from species to

species, and amongst individuals within the same species, and from cell to cell within the same

individual. They are also frequently absent from cells (Kriz, 1981). It has been suggested that the

number of lipid droplets is correlated with the salt and water balance of the animal, however, these

data are controversial (Mandal et al, 1974; Pitcock et al., 1982). The renal medullary interstitial

cells typically bridge the interstitium between medullary blood vessels and thin limbs of Henle's

loops, forming a ladder-like arrangement with the long axis of the cells perpendicular to the long

axis of the papilla (Pallone et al, 1990). This anatomic arrangement suggests a number of

functions. The most frequently considered possible function of the medullary interstitial cells has

been the production of the medullary prostaglandins and the storage of prostaglandin precursors

(Muirhead et al, 1972b). However, these cells are not the only and possibly not the most important

source of renal prostaglandins, so this role remains open for speculation. Morphologically, due to

their position a structural role has also been considered, particularly in the prevention of vascular

collapse in situations where volume reabsorption is dependent on interstitial hydraulic pressures that

exceed those within the (ascending) vasa recta lumen (Pallone et al, 1998). In addition, due to their

orientation it has been proposed that they may hinder axial diffusion in the medulla thereby limiting

dissipation of the solute concentration gradient (Kriz, 1981). With respect to this latter point, it is

interesting to note that the kangaroo rat, which has the ability to produce highly concentrated urine,

has the greatest abundance of papillary renal medullary interstitial cells known (see Pallone et al,

1990). A further function for these cells has been postulated - contraction. Renal medullary

interstitial cells have contractile elements and cytoplasmic fibrils which are anchored to adjacent

blood vessels and Henle's loop (see Hughes et al, 1995; Park et al, 1997a). This putative

contractile function might add weight to the argument that these cells play a regulatory role in urine

production, as well as regulation of other renal medullary functions.
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1.4 Possible sites involved in the regulation of renal medullary blood flow

The medullary circulation is complex and ihere are many possible sites which could govern or

contribute to the control of MBF, either actively or passively (Pallone et al, 1990; Bergstrom and

Evans, 2000; Pallone et al, 2000). These are discussed in detail below (see Figure 1.5).

Since it is accepted that MBF is delivered almost entirely from the efferent arterioles of

juxtamedullary glomeruli, and that these constitute only about 10% of all glomeruli,

vasoconstriction or vasodilation of either the afferent or efferent arteriole(s) of these glomeruli

could theoretically produce a change in flow to the renal medulla but little or no change in total

RBF (Pallone et al, 1990). Furthermore, it has been suggested that 5-10% of the juxtamedullary

glomeruli possess shunt pathways, which run between afferent and efferent arterioles, allowing

blood supplying the renal medulla via these shunts to bypass the juxtamedullary glomeruli.

Therefore MBF could theoretically be altered without any change in glomerular perfusion and

filtration in deep nephrons. However these shunt pathways comprise only a small percentage of

total MBF and their functional significance requires clarification (Pallone et al, 1990).

Roughly 20% of juxtamedullary glomerular efferent arterioles supply only the inner cortex, and do

not enter the medulla (Chou et al, 1990). Differential control of blood flow to the two different

types of glomeruli would alter blood distribution between the inner cortex and medulla, although

this seems unlikely, because they represent such a small percentage of the overall blood flow to this

region.

The outer medullary descending vasa recta contain contractile elements (smooth muscle cells), are

innervated by the sympathetic nervous system, and respond to vasoactive agents in vitro (Harrison-

Bernard and Carmines, 1994; Silldorff et al, 1995). Contraction of these vessels will produce a

change in conductance of the vessels supplying the medulla, and may provide a mechanism by

which blood, when passing through the vascular network in the outer medulla, can be directed

either into the inner medulla or shunted back to the inner cortex (Pallone et al, 1990).

As described in previous sections of this chapter, renal medullary interstitial cells are irregular star

shaped cells with Jong cytoplasmic projections, interposed bcv-veen vasa recta and the thin limbs of

the loop of Henle throughout the medulla, forming a ladder like .HTangement. It is believed that

these medullary interstitial cells might participate in the control of MBF by constriction of their

cytoplasmic processes and thereby the interstitium and vascubture (Park et al, 1997a; Bergstrom
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et al, 1998). A further possible paracrine role of these cells in control of MBF might result from

local secretion of vasoactive substances, including PGE2 and medullipin I (Zusman and Keiser,

1977; Muirhead, 1991).

A further hypothesized mechanism which might be involved in the regional distribution of MBF is

the occurrence of passive changes in the vasculature responsible for the venous outflow from the

medulla, as the proximity of tubular structures to the venous drainage of the renal medulla might

alter outflow resistance in this region of the vasculature (Pallone et al, 1990). Renal kinins might

also participate in this response, since kinins are the chief mediators of increased MBF in response

to captopril treatment in rats, perhaps by reducing the vasa recta outflow resistance (Mattson and

Roman, 1991).

Afferent arterioles of juxtamedullary glomeruli are also distinctive by virtue of having specialized

structures at their origin from the interlobular artery. These, intra arteriolar 'cushions', contain a

smooth muscle cell like structure which protrudes into the lumen of the afferent vessel. They are

found in rat, cat, and dog, but not in rabbit guinea pig, hamster, pig, sheep, ox, or man

(Zimmerhackl et al., 1985b). Although the function of these cushions is uncertain, their location

makes them ideal candidates for the regulation of blood flow in the medulla (Pallone et al, 1990).

As the descending vasa recta reach further towards the renal papilla, the smooth muscle cells are

gradually replaced by pericytes which form an incomplete layer around these vessels. Pericytes are

considered as 'hybrid' cells as they contain microfilaments, suggesting a contractile capacity

(Hughes et al, 1995; Park et al, 1997a).

\%

II
I

Despite this abundance of information regarding the sites that could theoretically regulate MBF,

there is surprisingly little information about the vascular sites that regulate MBF in vivo. In one

sense this is hardly suiprising, given the inaccessibility of the medullary microcirculation. One of

the aims of the experiments described in this thesis, therefore, was to begin to investigate this issue.

Although the sites responsible for the control of MBF in vivo remain to be definitively determined,

there is now little doubt that circulating and locally acting hormones, and the renal sympathetic

nerves, can differentially regulate CBF and MBF. The diversity of responses of CBF and MBF to

these regulatory factors is discussed below.

1
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Cortex

Outer medulla

Inner medulla

Figure 1.5 Schematic representation of the microcirculation of the renal medulla. The

descending vasa recta are shown on the left side while the ascending vasa recta and venous

vasculature are shown on the right. Numbered arrows represent potential sites for control of

medullary blood perfusion.: (1) the afferent and efferent arterioles of juxtamedullary glomeruli; (2)

shunt pathways running between afferent and efferent arterioles, some connect afferent and efferent

arterioles in parallel with the glomeruli while others replace the glomerular circulation; (3) the

efferent arterioles of some of the juxtamedullary glomeruli only supply the inner cortex (~20%)

while others descend into the medulla; (4) the outer medullary descending vasa recta and the

vascular network in the outer medulla; (5) passive components of vascular resistance in the inner

medulla; (6) putative contractile elements in inner medullary vasa recta; (7) passive changes in the

venous outflow resistance from the medulla; (8) renal medullary interstitial cells. Taken from

(Bergstrom and Evans, 2000).
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1.5 Differential control of cortical and medullary blood flow by nerves and hormones

Intravenous infusion of vasoconstrictor agents can produce diverse effects on regional kidney blood

flow in intact conscious rabbits (Evans et al, 2000b). This provides support for the notion that

circulating and locally acting hormones, as well as renal sympathetic innervation, can differentially

regulate CBF and MBF under physiological conditions. There is accumulating evidence that the

medullary microcirculation plays an important role in the long-term control or arterial pressure, via

its influence on tubular sodium handling (Cowley, 1997) and perhaps also through its endocrine

function (Bergstrom and Evans, 1998) (sec above). It seems likely therefore, that hormones and

nerves can influence the long-term control of blood pressure by their individual and interactive

effects on the intrarenal distribution of blood flow.

/. 5.1 Renal nerves

The kidney is innervated with post-ganglionic sympathetic nerve fibers, which contribute to the

modulation of renal renin release, tubular function, and renal vascular resistance (Malpas et al.,

1996; DiBona and Kopp, 1997; Malpas and Evans, 1998; Pallone et al, 1998). However, until

recently the influence of renal nerves on regional kidney blood flow, and in particular blood flow in

the renal medulla, has been little understood.

Noradrenaline is the chief neurotransmitter of the sympathetic nervous system. It is stored in

vesicles aggregated in sympathetic nerve varicosities, and released by a calcium-dependent process

of exocytosis during depolarization of the post-ganglionic sympathetic cell membrane (see Esler et

al, 1985). Several lines of evidence support a physiological role for the sympathetic nervous

system in the regulation of renal function (see Bradley and Hjemdahl, 1984). Within the kidney,

noradrenaline is released from the sympathetic nerve endings, which innervate the smooth muscle

cells of the renal vasculature, the juxtaglomerular cells, and some tubular segments in the cortex

and outer medulla (Bradley and Hjemdahl, 1984; Hesse and Johns, 1985), and distal tubules.

Neuronally released noradrenaline has profound effects on the regulation of RBF, sodium

reabsorption, and renin secretion (DiBona and Kopp, 1997).

In vitro, noradrenaline causes contraction of outer medullary descending vasa within a

concentration range of 10'9-10'6 M (Edwards, 1983; Yang et al, 1995). Vasoconstriction of outer

medullary descending vasa recta by noradrenaline may therefore reduce medullary perfusion, and

thereby increase sodium and water reabsorption. In the isolated perfused rabbit (superficial
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microvessels) (Edwards, 1983), and hamster (Click et al., 1979) kidney, noradrenaline has a direct

vasoconstrictor effect on the interlobular artery and the afferent and efferent arterioles. Direct

microscopic observations of afferent and efferent arterioles have confirmed their ability to constrict

in response to noradrenaline (Yang et al., 1995).

Renal nerves are found on the afferent and efferent arterioles of juxtamedullary glomeruli, and

along the descending vasa recta throughout the outer, but not inner medulla (Chou et al, 1990).

Physiological studies on the influence of the renal innervation on MBF have been scant and

sometimes contradictory, but it seems that MBF may be reduced in response to increases in nerve

activity (Rudenstam et al, 1995).

Recent studies by our group, utilizing electrical stimulation of the renal sympathetic nerves and

simultaneous recordings of RBF, CBF, and MBF in anesthetized rabbits, suggest that the renal

nerves differently influence CBF and MBF (Leonard et al, 2000). MBF appears to be less sensitive

than CBF to a mean increase in renal sympathetic nerve activity, but is capable of responding to

higher frequencies of stimulation (Leonard et al, 2000; Navakatikyan et al, 2000). The relative

insensitivity of the medullary microcirculation to renal sympathetic nerve activity also appears to

extend to reflex increases in sympathetic drive, since chemoreceptor stimulation (hypoxia or

chemical stimulation) can reduce CBF but not MBF in anaesthetized rabbits (Leonard et al, 2001),

and conscious rats (Ledderhos et al, 1998). Collectively, these observations are largely consistent

with those of Rudenstam et al., who found a biphasic dependence on the frequency of stimulation

(in rats), such that papillary perfusion is increased at 2 Hz but decreased during stimulation at 5 Hz

(Rudenstam et al, 1995). On the other hand they do differ from some earlier studies using methods

other than laser-Doppler flowmetry, for example, Hermansson and colleagues found renal

denervation to produce increases in MBF (Hermansson et al, 1984).

The physiological mechanisms underlying a differential sensitivity of CBF and MBF to renal

sympathetic nerve activity still requires further investigation. Regional differences in innervation

density, the post-junctional responsiveness to noradrenaline or in the amount of vascular smooth

muscle (Kriz, 1981; Pallone et al, 1998) may contribute (see Leonard et al, 2000). There is both

structural and functional evidence that the renal innervation could differentially regulate regional

kidney perfusion by actions on the juxtaglomerular vasculature. Barajas and colleagues (Barajas et

al, 1984) reported that, in rats, afferent and efferent arterioles are endowed with dense adrenergic

innervation. McKenna and Angelakos provided similar observations in the dog and specifically

pointed out the innervation of vasa recta in the outer medulla (McKenna and Angelakos, 1968).
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Studies of the regional responses of afferent and efferent arterioles to renal nerve stimulation were

performed by Chen and Fleming (Chen and Fleming, 1993) in the hydronephrotic kidney. They

found that the afferent arterioles of juxtamedullary glonieruli were less responsive to renal nerve

stimulation than their outer cortical counterparts. Furthermore, juxtamedullary afferent and efferent

arterioles have greater diameters than their outer and mid cortical counterparts (see Pallone et al,

1990), and according to Poiseuille's relationship an equivalent level of smooth muscle fiber

shortening, will produce greater changes in vascular resistance in the smaller vessels outside the

juxtamedullary region. Thus, differences in responsiveness to nerve stimulation per se, as well as

differences in vessel geometry, probably contribute to the lesser sensitivity of MBF.

There is now good evidence that increased sympathetic nerve activity, particularly that directed at

the kidney, plays a role in the pathogenesis of hypertension. Elevated renal sympathetic nerve

activity manifested as increased renal vascular resistance and decreased RBF has been demonstrated

in human essential hypertension (Plato and Osborne, 1996). Greater increases in RBF are observed

in response to intrarenal arterial administration of phentolamine (a- antagonist) in human essential

hypertensive patients than in normotensive control subjects (Hollenberg et al, 1975). Also, SHR

exhibit greater renal sympathetic nerve activity than age matched normotensive WKY rats as

evidenced by both whole nerve and single fiber recordings (Judy et al, 1976; Judy and Farell,

1979). The onset of hypertension in these models may be delayed or blunted by renal denervation

(Hard, 1977; Norman and Dzielak, 1982; Plato and Osborne, 1996).

In further support of the importance of renal sympathetic drive in the long-term control of arterial

pressure intrarenal noradrenaline infusions in chronically instrumented dogs (Katholi et al, 1977;

Cowley and Lohmeier, 1979; Reinhardt et al, 1995) and rats (Kleinjans et al, 1984; Smits et al,

1987) caused significant reductions in RBF and increases in plasma renin activity, and resulted in

sustained hypertension. Additionally, similar doses of noradrenaline administered intravenously

were not capable of producing chronic arterial hypertension, which also appears to be the case in

humans (see Katholi et al, 1977).

1.5.2 A rginine vasopressin

In the kidney, receptors for arginine vasopressin (Vla and V2 subtypes) are located predominantly in

the medulla (Ostrowlski et al, 1992). The Vla receptor subtype is primarily associated with vascular

structures in the inner stripe of the outer medulla (Ostrowlski et al, 1992) and mediates
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vasoconstriction through activation of phospholipase C (Howl and Wlieatley, 1995), while the V2

receptor mostly exists on tubular structures and stimulates recruitment of aquaporin molecules into

the cell membrane, by stimulation of adenylate cyclase (Howl and Wheatley, 1995; Park et al,

1997b).

Vi receptor activation in the kidney produces a variety of responses, including selective reduction in

MBF, and diuresis and diuresis/natriuresis (Franchini et al, 1997; Evans et al, 1998a). For

example, in anesthetized rats and rabbits, acute renal medullary interstitial or intravenous infusion

of the vasopressin V;>-agonist, [Phe2, He3, Orn8]-vasopressin, selectively reduces MBF and

paradoxically increases urine flow and sodium excretion (Nakanishi et al., 1995b; Ledderhos et al,

1995; Evans et al, 1998a). It may also act to inhibit the release of the putative renal medullary

depressor hormone in response to increased RAP (Bergstrom and Evans, 1998). Chronic infusion of

[Phe2, He3, Orn8]-vasopressin either intravenously (Cowley et al, 1994) or directly into the renal

medulla (Szczepanska-Sadowska et al, 1994) causes sustained hypertension, in normotensive

animals, which may be reversed by renal medullary administration of a V| antagonist [Cowley,

1994 #4021; (Szczepanska-Sadowska et al, 1994). Also, chronic antagonism of arginine vasopressin

receptors attenuates the development of hypertension in SHR (Feng and Arendshorst, 1996).

Physiological concentrations of arginine vasopressin also decrease MBF without changing the much

larger cortical flow (Zimmerhackl et al, 1985c; Kiberd et al, 1987a; Nakanishi et al, 1995b). This

action seems to be chiefly mediated through activation of the Vrreceptor, although there have been

reports that V2-receptor activation can produce both increases and decreases in MBF (Nakanishi et

al, 1995b; Kiberd et al, 1987a). In vitro studies of isolated perfused vessel preparations have

found that the afferent arterioles of juxtamedullary glomeruli are most sensitive to the

vasoconstrictor effects of arginine vasopressin compared with the other vessel segments studied

(Turner and Pallone, 1997; Harrison-Bernard and Carmines, 1994). On the other hand, arginine

vasopressin does constrict both outer medullary descending vasa recta as well as upstream pre- and

postglomerular arterioles (; Harrison-Bernard and Carmines, 1994; Navar et al, 1996; Turner and

Pallone, 1997)

1.5.3 Endothelin

As the level of renal MBF appears to be an important determinant of long-term arterial pressure, the

relative insensitivity of the medullary microcirculation to the vasoconstrictive effects of endothelin-

1 may have important implications for the influence of endothelins on the iong term control of
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arterial pressure. Endothelin-1 is the most potent vasoconstrictor known to exist, and has been

implicated in the pathogenesis of kidney disease and animal models of hypertension (Fujita et al,

1995a; Fujita et al, 1995b; Hocher et al, 1996). Small increases in the circulating concentration of

endothelin-1 produces hypertension in rats, dogs, and sheep (Mortensen and Fink, 1992; May el al,

1993; Wilkins et al, 1993). Similarly, endothelin blockade lowers arterial pressure in normotensive

human subjects (Haynes et al, 1996) and rabbits (Evans et al, 2000c).

Within the kidney endothelin receptors have been identified on collecting ducts, vascular bundles

and renal medullary interstitial cells (Terada et al, 1992a) and endothelin constricts afferent and

efferent arterioles, arcuate and interlobular arteries (Navar et al, 1996; Pallone et al, 1998) and

outer medullary descending vasa recta (Silldorjfet al, 1995).

In contrast to these in vitro observations, endothelin-1 appears preferentially to reduce blood flow in

the renal cortex, with little or no effect on MBF, in anaesthetized rats and dogs, and rabbits (see

Evans et al, 1998c; Evans et al, 2000b; Evans et al, 2000c;). Bolus injection of endothelin-1 (a

mixed endothelin ETA and ETB receptor agonist) have been shown to selectively reduce CBF while

transiently increasing MBF, and these effects were inhibited by blocking ETA and ETB receptors

respectively (Gurbanov et al, 1996). These findings are consistent with the hypothesis that

endothelins do not constrict vascular elements controlling MBF when delivered to the vessel lumen

in vivo. However, the results of in vitro studies (Silldorff et al, 1995), and those in the

hydronephrotic kidney (Endlich et al, 1996), suggest that endothelin-1 may produce

vasoconstrictor effects on outer medullary descending vssa recta when applied to the adventitia.

1.5.4 Angiotensin II

Despite the fact that a large number of studies have investigated the impact of angiotensin II on

regional RBF, its effects on MBF remain unclear. A high density of angiotensin II receptors have

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

suggesting that angiotensin II could have a direct effect on vasa recta function.

In vitro, angiotensin II constricts outer medullary descending vasa recta (Pallone, 1994). Consistent

with this, renal arterial infusion of low doses of angiotensin II reduces PBF in dogs (Chou et al,

1990). However, the effect of angiotensin II on the medullary circulation may be dependent on the

dose and the species to which it is administered. For example, studies in rats and rabbits have

shown that exogenous angiotensin II either does not alter MBF (Parekh et al, 1996; Zou, 1996;
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Evans et al, 2000b; Parekli and), or can increase MBF (Nobes et al, 1991; Evans et al, 1998a;

Evans et al, 2000a).

However, despite the controversy regarding the effects of angiotensin II on the medullary

circulation resulting from its administration, pharmacological blockade of angiotensin II formation

by inhibition of angiotensin-converting enzyme has generally resulted in an increase in MBF,

independent of effects on CBF (Roman and Kaldunski, 1988a), and changes to vasa recta diameter

(Cupples et al., 1988; Navar et al, 1996). Under most experimental conditions this effect appears to

be largely due to increased bradykinin levels, although there is some experimental support for a role

of reduced angiotensin II formation, particularly in salt-replete dogs (Mattson and Roman, 1991;

Omoro et al, 1999; Omoro et al, 2000).

1.5.5 Atrial natriuretic peptide

Atrial natriuretic factor is released from the heart in response to volume expansion, and is believed

to play a role in sodium and water homeostasis (Cowley, 1992). Atrial natriuretic peptide increases

PBF in rats (see Chou el al, 1990; Pallone et al, 1990) and enhances the diuresis and

diuresis/natriuresis associated with elevations in RAP, suggesting a possible role in blood pressure

control mediated by alterations in medullary haemodynamics (Pallone et al, 1990). However,

although much research has been directed towards the mechanism by which atrial nafriuretic

peptide produces these effects it remains unknown whether the increased MBF occurs as an indirect

effect secondary to increased volume reabsorption in the collection duct, or a direct effect mediated

by vasodilation of the renal microvasculature (see Roman et al, 1991; Bergstrom and Evans, 2000).

Much of the evidence suggests that both mechanisms operate, and this notion is supported by the

observation that atrial natriuretic peptide vasodilates resistance vessels in the juxtamedullary

circulation (Pallone et al, 1990).

1.5.6 Prostaglandins

Prostaglandins have been implicated in the control of both CBF and MBF (Pallone et al, 1990).

They are synthesized by renal medullary interstitial cells and by medullary collecting duct cells

(Zimmerhackl et al, 1985b). PGE2 and PGI2 are vasodilators, and appear to sustain MBF by

counteracting the effects of other vasoactive agents. Prostaglandin synthesis inhibitors consistently

decrease MBF in anaesthetized animals (Chou et al, 1990; Roman and Lianos, 1990; Roman et al,

1991; Parekh et al, 1996). The mechanism of their actions on MBF remains to be determined,
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however it is believed that prostaglandins selectively dilate the vasculature in the juxtamedullary

region. This notion is supported by the observation of redistribution of CBF toward the inner cortex

and juxtamedullary nephrons during stimulation of prostaglandin production, while during

inhibition of prostaglandin production, blood flow is directed towards the superficial cortex

(Itskovitz et al, 1973; Larsson andAnggard, 1974; Lemley et al, 1984). There is little information

regarding the influences of specific prostaglandins on MBF (i.e. PGE2, PGI2, PGF2ot).

1.5.7 Kinins

Kinins are formed from circulating kininogen by the enzyme kallikrein, located in the cells of the

distal and collecting tubules. Bradykinin is a vasodilator that appears to increase MBF. Within the

kidney, bradykinin B2 receptors are found on tubular structures and on the renal medullary

interstitial cells (not the vasculature), and are most concentrated in the outer stripe (Manning and

Snyder, 1989). B2-kinin receptor antagonists decrease PBF without affecting CBF or GFR, and

further studies using these antagonists have demonstrated a role for endogenous bradykinin in

increasing PBF during volume expansion (Fenoy and Roman, 1992). Increasing intrarenal kinin

levels, either by inhibition of kinin breakdown or intrarenal infusion of bradykinin, selectively

increases inner CBF and PBF (Bailie and Barbour, 1975), and this effect can be blocked by

inhibition of nitric oxide synthesis with L-NAME (Mattson and Cowley, 1993). Additionally,

sodium excretion is reduced by B2-receptor antagonism during volume expansion, indicating a role

for endogenous kinins in baseline PBF and the natriuretic response to volume expansion (see Navar

et al, 1996).

Bradykinin also appears to play a role in the increased MBF following inhibition of angiotensin-

converting enzyme (Omoro et al, 2000). The site at which endogenous bradyldnin acts to increase

inner MBF remains to be determined. As well as an involvement with the pressure

diuresis/natriuresis mechanism, there is evidence of interactions between the kinin and angiotensin

systems in the control of MBF. In the isolated perfused rat kidney, angiotensin II increases

bradykinin levels, which in turn attenuates the vasoconstrictor effects of angiotensin II (Gardes et

al, 1990). Thus there is compelling evidence that renal kinins may influence the distribution of

RBF and the excretion water and electrolytes through paracrine mechanisms.
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1.5.8 Adenosine

Intra-renal infusion of adenosine in dogs produces an initial decrease followed by an increase in

RBF, which (during the latter response) produces a preferential increase in blood flow to the inner

cortex (Spielman et al, 1980; Hall et al, 1985). The effect of adenosine on MBF has only recently

been examined. High doses (15 ug/min) of adenosine administered to the renal artery of rats almost

doubled blood flow to the ascending and descending vasa recta. However, lower doses (2-15

jig/min) produced a marked diuresis and diuresis/natriuresis, but no effect on vasa recta blood flow

(Miyamoto et al, 1988). In vitro, low concentrations (1 pM- 10 nM) of adenosine produce

vasoconstriction, presumably via activation of Ai-receptors, while A2-receptor activation produced

by higher concentrations of adenosine (>100 nM) causes vasodilation (Silldorff et al, 1996) of outer

medullary vasa recta. These results led to the notion that Ai-receptors mediate reduced MBF, while

A2-receptors mediate increased MBF. More recent studies using laser-Doppler flowmetry have

confirmed this hypothesis (Agmon et al, 1993), and demonstrated a potential role of adenosine

acting at A2- receptors in the physiological regulation of MBF (Zou et al, 1999).

1.5.9 Nitric oxide

Evidence now exists in support of an important role for nitric oxide in the control and modulation of

renal MBF and in the regulation of arterial pressure. All isoforms of nitric oxide synthase have been

detected in the renal inner and outer medulla (Mattson and Higgins, 1996). The first indication that

endothelial cells of vasa recta were capable of producing nitric oxide was provided by Biondi et al.,

who demonstrated that cyclic guanosine monophosphate (cGMP) production in both renal cortical

and medullary slices increases in response to endothelium dependent (i.e. acetybholine, bradykinin)

vasodilators, and that the highest cGMP levels are found in the inner and middle portions of the

inner medulla (Biondi et al, 1990). Nitric oxide synthase III mRNA has been localized in the inner

medullary collecting duct and glomeruli with smaller signals in the inner medullary thin limb, vasa

recta, and arcuate artery (Terada et al, 1992b). These data suggest that the renal medulla is a major

site of constitutive synthesis of nitric oxide in the kidney.

Experimental evidence from both in vivo and in vitro studies indicate that the renal medullary

microcirculation is more dependent on nitric oxide than the cortical circulation in terms of resting

nitrerergic vasodilator tone (Bergstrom et al, 1996; Navar et al, 1996). In vitro, isolated

descending vasa recta from the inner stripe of the outer medulla contract when superfused with



Chapter 1. Introduction 38

nitric oxide inhibitors (Yang et al, 1995). The effects of blockade of nitric oxide synthase on renal

MBF have been documented in a number of studies, with reduced MBF being observed after both

acute and chronic administration. Systemic blockade of nitric oxide synthesis reduces both CBF and

MBF in anaesthetized rabbits (Bergstrom and Evans, 1998) and rats (Parekh et al, 1996). On the

other hand, Lockhart et al. found mat systemic inhibition of nitric oxide synthase with L-NMMA in

volume expanded rats increased blood pressure and selectively decreased MBF without changing

CBF (Lockhart et al, 1994). Furthermore, intravenous infusion of N°-nitro-L-argnine methyl ester

in conscious rats reduces MBF but not CBF (Nakanishi et al, 1995a). Long term administration of

nitric oxide synthase inhibitors produces sustained hypertension (Mattson et al, 1992; Mattson et

al, 1994) that appears to be related to a shift of the renal pressure diuresis/Wtriuresis relationship to

higher levels of arterial pressure (Majid et al, 1993; Cowley et al, 1995; Evans et al, 1995). hi

support of this finding, acute inhibition of nitric oxide synthase is associated with a fall in RBF

(Baylis et al, 1993; Majid et al, 1993), and GFR (Baylis et al, 1993), and increases in both pre-

and post-glomerular vascular resistance (Salom et al, 1992). Collectively, these data suggest that

nitric oxide plays an important role in regulating MBF.

1.6 Summary and aims of the studies undertaken in this thesis

The renal medulla appears to play an important role in the long-term control of arterial pressure

(Cowley et al, 1995). The precise mechanism(s) involved, remain uncertain, however considerable

evidence supports the notion that the poor autoregulatory capacity of the renal medulla plays a key

role in mediating pressure diuresis/natriuresis (Cowley et al, 1995). It is also possible that the

relationship between RAP and MBF plays a key role in mediating the release of the putative renal

medullary depressor hormone (Bergstrom and Evans, 1998). On the other hand, definitive evidence

for the existence of this hormone is still lacking. If the level of MBF plays important roles in

regulating these renal antihypertensive mechanisms, circulating and locally acting hormones, and

the renal nerves, might influence long-term control of arterial pressure through their effects on

MBF. There is certainly good evidence for differential control of CBF and MBF by nerves and

hormones, although little definitive information is available about the vascular sites that regulate

MBF in vivo. The main focus of the experiments performed in this thesis has therefore been to

determine the role of the renal medullary circulation in the renal antihypertensive responses to

increased RAP, and to obtain more information of the vascular sites responsible for the regulation

of MBF.
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The specific aims of each experimental study were;

To develop a method for the local delivery of vasoactive compounds (noradrenaline) to

the renal medulla, and specifically, to determine the regional distribution of infused

radiolabelled noradrenaline through the utilization of autoradiographic techniques

(Chapter 3).

To investigate the effect of reducing MBF on the renal antihypertensive response to

increased RAP. This was addressed using an extracorporeal circuit in anaesthetized

rabbits. We tested the effects of reduced MBF (medullary interstitial noradrenaline) and

CBF (intravenous noradrenaline) on the pressure diuresis/natriuresis response, the

inhibition of plasma renin activity, and the depressor response to increased RAP

(Chapter 4).

To determine the role of the pressure diuresis/natriuresis mechanism and inhibition of

renal renin release in the depressor response to increased RAP (Chapter 5).

To determine in vivo, the roles of juxtamedullary afferent and efferent arterioles in

mediating reduced MBF in response to activation of vasopressin V r receptors.
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Chapter Two

GENERAL METHODS

2.0 Introduction

In this chapter the methods employed in the experiments conducted in this thesis are described in

general terms. Experimental protocols, and methods unique to particular studies, are described in

the experimental chapters themselves (Chapters 3-6).

Studies investigating the regional renal distribution of [3H]-noradrenaline, following renal

medullary interstitial infusions administered via either acute or chronically positioned catheters in

anaesthetised rabbits arc described and discussed in Chapter 3. The common methods employed in

these experiments are outlined within Sections 2.2.1, 2.2.3, 2.3.2, and 2.6, of this chapter.

Studies investigating the renal antihypertensive responses to increased RAP are described in

Chapters 4 and 5, and the methods common to these experiments are described below Sections 2.2.1

and 2.2.3. Section 2.2.6 is specific to protocols in Chapter 4, and 2.3.3 to Chapter 5.

Studies investigating the role of the afferent and efferent glomerular arterioles in the control of

regional blood flow are described in Chapter 6. The general methods employed in these studies are

outlined in Sections 2.2.2, 2.2.5, 2.2.6, 2.4, and 2.5 below.

2.1 Rabbits: breeds and housing

All experiments were performed on rabbits bred specifically for experimental purposes (Monash

University Central Animal Services, Gippsland and Baker Medical Research Institute, Prahran).

Prior to experimentation, rabbits were housed individually in special purpose built cages, where

they had visual but not physical contact with rabbits in adjoining cages. Water was made available
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ad libitum. Rabbits were either meal fed (100 g of pellets5 Lucerne chaff and oat chall in a 4:1:1.2

mixture; Chapters 5 and 6), or food was available ad libitum (Chapters 3 and 4). All experiments

were conducted in accordance with the Australian Code of Practice for the Care and Use of Animals

for Scientific Purposes and were approved in advance by the Monash University Department of

Physiology/Central Animal Services Animal Ethics Committee. At the conclusion of the

experiment, rabbits were killed with an intravenous overdose of pentobarbitone sodium (300 mg).

2.2 Surgical procedures for acute non-recovery experiments

2.2.1 General surgical preparation for acute studies in anaesthetised rabbits

Catheters were placed in both central ear arteries and marginal ear veins under local anaesthesia

(1.0% lignocaine; Xylocaine; Astra Pharmaceuticals, North Ryde, NSW, Australia). Rabbits were

then anaesthetised with pentobarbitone sodium (90-150 mg i.v. Nembutal; Boehringer Ingelheim,

Artarmon, NSW, Australia) which was immediately followed by endotracheal intubation and

artificial ventilation (Model 55-3438 Respirator, Harvard Instruments; MA, USA). Throughout

surgery and subsequent experimentation, anaesthesia was maintained by intravenous pentobarbitone

infusion (30-50 mg/hr). To replace lost fluids, and maintain plasma volume during surgery rabbits

received an intravenous infusion of Ilartmann's solution (compound sodium lactate; Baxter

Healthcare Pty. Ltd., Toonagabbie, NSW, Australia) at a rate of 0J8 ml/kg/min. Surgery was

performed on a heated table (Baker Medical Research Institute, Model 165) and oesophageal

temperature was maintained between 36 and 38 °C throughout the experiments using a servo-

controlled infrared lamp (Digi-Sense temperature Controller; Cole Palmer Instrument Company,

Chicago, IL, USA).

2.2.1.1 Renal preparation

Renal denervation (Chapter 3) or nephrectomy (Chapters 4, and 5) of the right kidney occurred via

a right retroperitoneal incision. Renal denervation was performed by manually stripping all visible

nerves from the renal artery and vein, and painting the area with 10% w/v phenol (C6H6O; Sigma

Chemical Co. St Louis, USA) in ethanol. To perform a right nephrectomy the renal artery and vein

were cleared and tied in two places along their length away from the kidney with 3-0 silk suture

(Dynek. Pty. Ltd. Sydney, Australia), the vessels were then cut between the ties, and the kidney

removed. The right retroperitoneal wound was also closed with 3-0 silk suture (non-sterile, Dynek

Pty. Ltd.).
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The left kidney was exposed and denervated (as above) via a left flank retroperitoneal incision and

the rabbit was placed and supported in an upright crouching position. Ureters were cannulated for

urine collection (Silastic tubing, 0.5 mm ID, 0.95 mm OD; Dow Corning Co. Midland, Michigan,

f' USA). For experiments using laser-Doppler flowmetry (Section 2.2.6) the left kidney was freed

^ from the peritoneal lining and surrounding fat and placed dorsal side up in a stable cup (cushioned

4 by gauze soaked in Hartmann's solution).

2.2.2 Transit-time ultrasound flowmetry for renal blood flow

L *

i The transonic ultrasound flowprobe uses large crystals which generate ultrasonic waves so that the

transit time of these waves between upstream and downstream signals can be calculated. Due to its

availability in many sizes, its main advantage is that it may be used to measure blood flow

* irrespective of the vessel size. Absolute flow values can be obtained and several probes can be

placed in the same animal, both in acute and chronic studies (Welch et ah, 1995; Evans et al,

<-* 1997). The technical limits, are the set sizes of the probes and their cost.

In experiments other than those involving the extracorporeal circuit, a transit time ultrasound flow

probe (type 2SB, Transonic Systems, Incorporated, Ithaca, NY, USA) was placed around the renal

artery, and coupled acoustically with Nalco absorbent gel (Nalco Chemical Company, Maperville,

{ IL, USA). For measurements of RBF in extracorporeal circuit experiments (Chapters 4 and 5), an

] in-line flow probe (type 4N, Tansonic Systems) was incorporated into the renal limb of the circuit.

2.2.3 Construction and implantation of acutely positioned medullary interstitial catheters

Catheters constructed from two 30 gauge needles, were positioned 2 cm apart on the midline aspect

of the kidney, on either side of the medullary laser-Doppler flow probe (Section 2.2.6). Their tips

were advanced 8.5 mm below the cortical surface, so that they lay in the outer medullary

interstitium or 10.5 mm below the cortical surface for inner medullary interstitial infusion. To

maintain catheter patency, sodium chloride solution (154 mM; 10 ul/kg/min) was infused via each

catheter until the experimental procedures commenced.
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2.2.4 General preparation and establishment procedures for the extracorporeal circuit

Ess

B

A right nephrectomy was performed to remove the confounding influence of the right kidney,

which would otherwise be perfused at systemic arterial pressure (Section 2.2.1.1). The rabbit was

positioned in an upright crouching position and a left flank incision was made for exposure of the

abdominal aorta, vena cava and renal artery. These vessels were then cleared for cannulation and

establishment of the circuit. The renal artery was denervated (as above; Section 2.2.1.1), except

phenol was not used, as this was found to vasoconstrict the renal artery and so impede its

cannulation. The left ureter was cannulated (silastic catheter., 0.5 mm ID, 0.95 mm OD), and the

rabbit received an intravenous bolus dose of heparin (15,000 IU in 3.0 ml; Monoparin, Fisons

Pharmaceuticals, NSW, Australia) prior to the circuit being established.

The circuit dead space (24 ml) was filled with 10% (wt/vol) dextran 40 in 154 mM NaCl (Gentran

40, Baxter Healthcare, NSW, Australia) containing 50 lU/ml heparin (Monoparin, Fisons

Pharmaceuticals, NSW, Australia). First the aorta was cannulated, distal to the branching of the

renal artery (2.60 mm ID, 3.00 mm OD), followed by the vena cava (1.58 mm ID, 2.16 mm OD). A

roller pump (Masterflex, model 7521-45, Barnant Co., Barrington, IL. USA) was used to circulate

blood through the circuit. The circuit was initially set at to withdraw blood from the distal aorta and

returned to the vena cava at a rate of 70 ml/min. The renal artery was then cannulated (0.80 mm ID,

1.60 mm OD), and the pump rate increased to 90-110 ml/min and blood was now also returned to

the renal artery. Averaged across all experiments, renal ischemic time was 4.6 ±0.17 min. Blood

flow to the renal artery was controlled by a starling resistor on the venous return limb and a

windkessel was used on the renal artery limb to dampen the pulse pressure. RAP was measured

directly via a side arm catheter proximal to the cannula inserted into the renal artery (PE 10, 0.28

mm ID, 0.61 mm OD) (Figure 2.1).

Once the circuit was established, RAP was set at ~ 65 mmHg for a 60 -90 minute equilibration

period. At the beginning of this period, rabbits were given a bolus dose of [3H]-inulin (4 uCi. NEN

Research Products, Boston, MA, USA), administered in 1.0 ml of 154 mmol/L NaCl. An infusion

of 10% (vol/vol) polygeline (Haemaccel, Hoechst; Melbourne, Australia) containing 200 IU/ml

sodium heparin and 0.3 uCi/ml [3H]-inulin was then initiated (replacing the maintenance infusion of

Hartmann's solution). This infusion (0.18 ml/kg/min) continued throughout the duration-of the

experiment.
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Figure 2.1 Diagram of the extracorporeal circuit used to perfuse the left kidney. Blood is

drawn from the distal abdominal aorta and returned to the rabbit via the renal artery or inferior vena

cava. (A), Pump draws blood from aorta (E) at constant rate. (B), Renal perfusion pressure, and (C),

RBF can be set at any level by adjusting resistance of the Starling resistor (D) on the venous return

limb. Systemic arterial pressure is measured via rear artery catheter. (F), vena cava. Taken from

Anderson et al, 1995.

2.2.5 Preparation for renal fixation

Rabbits were prepared for surgery as outlined above. A left flank incision was made and the left

kidney, aorta (superior and inferior), vena cava, and left ureter were exposed. The left and right

ureters were cannulated with silastic tubing (OD 0.037 in, ID 0.02 in; Dow Corning, Midland, MI,

USA). The left kidney was denervated by manually stripping all visible nerves, and placed in a

stable cup for the positioning of laser-Doppler flow probes so that MBF and CBF could be

measured. A transit-time ultrasonic flow probe (2SB, Transonic Systems, Ithaca, NY, USA) was
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placed around the left renal artery for RBF measurements. A heparin bolus (5,000 IU i.v., Fisons

Thornleigh, NSW, Australia) was administered, and an infusion of 30 IU/min was commenced. A

large bore cannula (3 mm, OD; 2 mm, ID) was placed in the aorta distal to the renal arteries, which

was later connected to a perfusion apparatus. The abdominal aorta was also exposed rostral to the

renal arteries, and a ligature was placed around it so that it was readily occluded during the fixation

process.

2.2.6 Laser-Doppler flowmetry

The laser-Doppler technique was first used ;o measure regional kidney blood flow in rats by Stern

et al. (1977), and the technique has since been extensively evaluated (Stern et al, 1977; Stern et al,

1979; Hansell, 1992; Roman and Smits, 1986; Takezawa, et al, 1987; Hansel! et al, 1990; Fenoy

and Roman, 1991). For example Roman and Smits demonstrated a linear relationship between the

laser-Doppler flow signal obtained from the renal cortex of rats with whole kidne*. blood flow, and

a linear relationship (r = 0.92) between the laser-Doppler blood flow signal from the papilla of rats

with papillary blood flow rates determined by the accumulation of 51Cr-labeled red blood cells

(Roman and Smits, 1986; Smits et al, 1986).

The laser-Doppler flowmeter emits a beam of monochromatic light, which travels through a fibre

optic probe, to illuminate the tissue under study (~lmm3). The laser beam is scattered by reflective

components within the tissue, and a portion of the light is reflected back via the probe's receiving

fibre, and received by a photo detector inside the flowmeter. Two different signals are recorded; one

is proportional to the velocity of moving particles in the measured volume and the second signal is

the reflected amplitude, which is proportional to the amount of moving particles in the measured

volume. These signals together produce a laser-Doppler flow signal, which is represented as a flux

value. Although the technique does not enable measurement of absolute flow, it provides a

continuous measurement and relative index of tissue perfusion within various regions of the kidney

(Bonner et al, 1981; Vongsavan and Matthews, 1993).

The technique also provides a means with which to study blood flow simultaneously, in multiple

regions in both conscious and anaesthetised preparations. The laser-Doppler flowprobes are

relatively non-invasive, and. produce little tissue damage (Evans et al, 2000). Histological damage

is confined to within 200 Jim of the fibre track, and produces no disruption to the microcirculatory

region beyond the fibre tip where flow is determined (Hansell, 1992)± The technique also allows for
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inter animal and between group comparisons of tissue red blood cell flows (Roman et al, 1991;

Cowley, 1997).

I

i

However, laser-Doppler flowmetery does have some limitations. For example, it cannot calibrated

against other methods, is unable to distinguish the direction of flow (i.e. between ascending and

descending vasa recta in the renal medulla), or determine whether a change in flow has occurred

due to capillary recruitment (Roman et al., 1991). Despite these concerns, agreement between laser-

Doppler and videomicroscopy (Fenoy and Roman, 1991) and 51Cr-labeled red blood cell

accumulation (Roman andSmits, 1986) has been demonstrated.

I
im

i

1
m
M

I
i

In the experiments described in Chapter 3, three laser-Doppler flow probes were used to

simultaneously monitor cortical and medullary perfusion. A 19gauge needle (Thermo Medical Co.

Elkton, MD, USA) was used to pierce the renal capsule (midline aspect) for the insertion of a single

fibre laser-Doppler flow probe (0.5 mm diameter; University of Linkoping, Sweden) 10 mm below

the cortical surface, using a micromanipulator (Narishige, Japan). Two cortical laser-Doppler

(single fibre) flow probes were also positioned 0.5 mm below the cortical surface, on opposite sides

of the dorsal aspect of the kidney. Insertion of laser-Doppler flow probes resulted in minimal

bleeding, which stopped within a few minutes. Blood flow is measured in front of each laser-

Doppler flow probe (approximately 1 mm3), away from any tissue damage (Lu et al., 1993). On

completion of experimental preparation, the rabbits wounds were covered with gauze soaked in

Hartmann's solution, which was then covered with silicone gel (Wacker Chemie, Munich,

Germany; 10 parts RTV-E 604A, 1 part RTV-E 604B, 1 part KATLY.DL) to minimize fluid loss

during both the equilibration and experimental periods.

i
i

m

Alternatively, in experiments described in Chapters 4 and 6, a 26 gauge needle type probe (DP4s,

Moor Instruments Ltd., Millwey, Devon, England) was advanced 10 mm below the mid-region of

the lateral surface of the kidney, so that it lay in the outer medulla using a micromanipulator

(Narashige, Tokyo, Japan). A laser-Doppler flow probe (Standard plastic straight probe (DP2b),

Moor Instruments Ltd.) was placed on the dorsal surface of the kidney, for measurement of

superficial MBF. The wounds of these rabbits were covered in gauze soaked in Hartmann's solution

and coated with a layer of melted agar which cooled to form a seal over the wound and helped to

minimize fluid loss during experimental procedures.

W
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2.3 Recovery surgery

2.3.1 General

Prior to any incisions being made, rabbits were shaved in the operative area, and the region was

washed with an aqueous antiseptic solution (0.05% w/v chlorohexidine acetate 0.5% w/v;

Centrimide; Baxter Healthcare, NSW, Australia). Rabbits subjected to medullary interstitial

infusion of noradrenaline (Chapter 3) and those in which CO was to be measured (Chapter 5),

underwent preliminary surgery 7-21 days prior to acute experimentation. A marginal ear vein was

catheterized (Jelco, 24 gauge, Jolmson & Johnson Medical, NSW, Australia), and anaesthesia was

induced with propofol (10 mg/kg Diprivan; ICI, Melbourne, Australia). Following endotracheal

intubation, general anaesthesia was maintained with halothane (1-4%, Fluothane, ICI, Victoria,

Australia). Prior to any incision being made, rabbits received an intramuscular injection (0.2 ml) of

a broad spectrum antibiotic (Tribressen; Trimethoprim 80 mg/ml, Sulfadiazine 400 mg/ml; Jurox

Pty. Ltd. Silverwater, NSW, Australia), and a subcutaneous injection (0.1 ml) of the narcotic

analgesic buprenophine hydrochloride (0.065 mg; Temgesic; Reckitt and Colman Pharmaceuticals,

West Ryde, NSW, Australia). Additional analgesia was provided by instillation of 1% w/v

lignocaine (Xylocaine; Astra Pharmaceuticals, North Ryde, NSW, Australia) at wound sites.

Throughout surgery rabbits received an intravenous infusion of NaCl (0.1 ml/min) to maintain

extracellular fluid volume. Surgery was performed on a heated table, under sterile conditions.

2.3.2 Implantation of chronic medullary interstitial catheters

Rabbits were prepared as above (Section 2.3.1). Chronically positioned catheters were implanted 7-

14 days prior to the acute experiment. A left flank incision was made, and the kidney was gently

exteriorized. The tip of a single polyethylene catheter (ID 0.28 mm, OD, 0.61 mm; Critchley

Electrical) was introduced into the ventral side of the kidney, slightly rostral to the midline aspect,

at an angle directed toward the renal pelvis. The catheter was then advanced so that its tip lay either

8.5 (n=8) or 10.5 mm (n=9) below the surface of the kidney. Correct insertion resulted in minimal

bleeding, which stopped almost immediately. A small piece of nylon mesh (1.5 cm diameter; Hilton

Hosiery, Coolaroo, Victoria, Australia) attached to the catheter was anchored to the surface of the

kidney with cyanoacrylate glue (Loctitie; Caringbah, NSW, Australia). The catheter was tunneled

subcutaneously so that its end lay between the shoulder blades, and a pre-primed osmotic mini

pump (Alzet 2ML2; 5 ul/h for 14 days, Alza Co., Palo Alto, CA, USA) filled with 154 mM saline

was attached to the end of the catheter to maintain catheter patency.
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In preliminary studies it was found that the depth of 8.5 mm (outer medullary interstitial catheters)

corresponds approximately with the junction of the inner and outer stripes of the outer medulla,

whereas the depth of 10.5 mm placed the catheter in the inner medulla. When possible, gross

postmortem examination of the kidneys was performed and the catheters were always found to be

positioned correctly. Furthermore, no evidence of gross disruption of kidney tissue or scar tissue

due to implantation of the medullary interstitial catheters was found from examination of the frozen

sections taken for further analysis.

2.3.3 Implantation of ascending aortic flowprobes

Rabbits were prepared as above (Section 2.3.1) and instrumented with flow probes around the

ascending aorta 2-3 weeks prior to the date of the acute experiment. This period allows the

formation of scar tissue around the probe, which provides acoustic coupling of the probe and vessel.

An incision was made above the left second intercostal space, and the heart was exposed via

thoracotomy. The second and third ribs were spread using a retractor, for access to the ascending

aorta. Once the pleural cavity was open, rabbits were artificially respired (Phipps and Bird;

Richmond, Virginia). A space around the ascending aorta was cleared and a transit-time ultrasonic

flow-probe (6SB, Transonic Systems, Ithaca, NY, USA) was positioned around the aorta, so that

when secured the probe lay parallel with the vessel. The lungs were inflated by occluding the

expiratory tube from the ventilator and the ribs were brought together and secured with a single

suture (3.0 propylene, Johnson and Johnson Medical, Sydney, NSW, Australia).

IX
\t

The wound was closed with a series of sutures, first the two separate muscle layers (5.0 Surgilene;

Davis and Geek, Wayne, NJ, USA), the first acting as a seal for the wound made above the

intercostal space, which was made at a right angle to the ribs. The second muscle layer was i.&de in

line with the muscle fibres and ran parallel to the ribs. The subcutaneous layer (5.0 Surgilene), and

finally the cutaneous layer (3.0 silk; Davis and Geek, Wayne, NJ, USA) were then closed. Care

was taken not to tighten sutures too firmly, to avoid post operative tissue necrosis. Supporting

stitches were also made around the cutaneous layer to hold the wound in place, and Neosporin

antibiotic cream (Polymyxin Sulphate, zinc bacitracin, neomycin sulphate; Glaxo Wellcome;

Boronia, Victoria, Australia) was applied to the closed wounds to prevent infection.

The flow probe cable was tunneled subcutaneously so that its plug lay between the shoulder blades,

for retrieval and connection to a fiow-meter on the experimental day (Transonic systems, model
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T208). This wound was closed with a silk suture (3.0 Dynek, Pty. Ltd., Australia). An infant

feeding tube filled with sterile NaCl solution had also been tunneled through the same wound once

the probe was in position. Once all wounds were closed, the lungs were re-inflated, and the infant

feeding tube was connected to a 20-ml syringe, used to drain out any air still remaining in the

pleural cavity.

Throughout surgery, halothane anaesthesia v/as gradually reduced to promote spontaneous

breathing once the lungs were re-inflated and, the respirator was turned off. Not all rabbits

responded immediately, in which case the respirator was turned back on for 1-2 breaths and off

again until rabbits resumed breathing on their own.

2.3.4 Post-operative care of rabbits

it

On completion of surgical procedures, rabbits were kept in a warm environment and closely

monitored until fully conscious, and all signs of anaesthesia had worn off (2-4 hours). They were

then returned to their individual housing, which was lined with straw. Normal eating and drinking

habits returned almost immediately. Rabbits were monitored daily for signs of discomfort or

irritation, and wounds were checked to ensure that sutures and supporting stitches were still intact.

Any wound break-down was repaired under local anaesthesia (0.5% Lignocaine; Astra

Pharmaceuticals, North Ryde, NSW Australia) and an antibiotic (Tribressen; Trimethoprim 80

mg/ml, Sulfadiazine 400 mg/ml; Jurox, NSW, Australia) was injected into the wound and

Neosporin antibiotic cream was re-applied to the exterior, to prevent infection.

2.4 Renal fixation and casting

Rabbits were prepared for surgery as outlined above (Section 2.2.5). One liter of 2.5%

paraformaldehyde in 0.1 M phosphate buffer (pH 7.3-7.4) at room temperature was perfused

retrogradely through the distal aorta at a pressure equivalent to MAP (during the final minute of the

experiment for each rabbit). The aorta was clamped rostral to the kidneys, and the vena cava vented

as soon as perfusion of the fixative commenced. Immediately following the fixation process, a

mixture of methacrylate and accelerator (20:1) (Mercox CL-2B-5;MIII, Japan) was perfused into

the aorta (and so the left and right kidneys) at the same "physiological" pressure. Both kidneys

were then clamped above the renal hilus, and the methacrylate solution was allowed to harden in

situ for 30 min.
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2.5 Analysis of methacrylate casts

2.5.1 Preparation of methacrylate casts for scanning electron microscopy

Only the left kidneys were examined. Following removal from the rabbit, each kidney was stored

individually in the remaining fixative to allow complete polymerization of the methacrylate (24-48

hours). To eliminate the tissue from the vascular casts, each kidney was sliced coronally (2-3 cm

thick) and placed in fresh containers of potassium hydroxide (KOH) solution (20% w/v) for 1 week,

or until the tissue was completely dissolved. The casts were rinsed daily in distilled water and fresh

KOH solution was added, so that all the dissolved tissue surrounding the casts was removed. The

containers were incubated in a water bath at 55 °C. Once the tissue had been completely dissolved,

the remaining casts were rinsed in distilled water, and placed in 5% w/v sodium hipchlorite for 1

hour at room temperature. The casts were then rinsed several more times in distilled water, and

were air dried in individual containers, on filter paper. At this stage the casts were coded so that the

observer was blinded to treatment.

Dried vascular casts were mounted on scanning electron microscope stubs and gold coated (S150B

sputter coater, Bal-Tec, Liechtenstein) for 4 min under 30 mA of current, which was increased to 6

min at 20 mA for larger samples.

2.5.2 Scanning electron microscopy

Once coated, samples were ready for examination under the scanning electron microscope (Hitachi

S-570, Hitachi City, Japan) at 20 kV. Diameters of afferent and efferent arterioles of inner and outer

cortical glomeruli were assessed from scanning electron microscope micrographs (saved to a CD

and printed, magnification 350 X). Diameter measurements were made along each vessel from its

s;:e jf entry or exit to or from the glomerulus to its first branching point and measured at 25 um

intervals using a digitizing tablet (Summagraphics; resolution 100 lines/mm, accuracy (0.25 mm,

Calgraph, Fullerton, CA, USA)) and the MEASURE program (Capricorn Scientific Software,

Victoria, Australia).

Six afferent and efferent vessels were randomly selected for analysis from each region of the cortex

(superficial, mid, and juxtamedullary). However, not all data sets were complete. Afferent arterioles

were identified by locating their origin on interlobular arteries, and efferent arterioles began at the

glomerulus and branched into peritubular capillaries. Glomeruli pertaining to different regions of
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the cortex were classified as; (i) superficial glomeruli were attached to afferent arterioles at the

junction to the interlobular artery, and had efferent arterioles which were thinner and tended to

branch less than those in other regions, (ii) mid-cortical glomeruli were defined as those having

shorter afferent arterioles attached to the interlobular arteries and their efferent arterioles were often

also short, and branched several times to form peritubular capillaries, (iii) juxtamedullary glomeruli

were defined as those having afferent arterioles which branched close to the arcuate arteries, and

their efferent arterioles were often noticeably thicker and longer. Occasionally their branching into

the unique "horsetail" arrangement of the vasa recta (Kriz, 1982; Pallone et al, 1990) could be

observed.

2.6 Autoradiography

Frozen kidneys which had received medullary interstitial infusion of [3H]-noradrenaline (Chapter 3)

were sliced into 50 (am coronal sections at -19 °C using a cryostat (Leica, CM 1800), and mounted

onto glass slides (subbed with 10% gelatin; BDH Chemicals Ltd. Poole, England). These sections

were left to dry ovei night at room temperature in trays, which were coves ed with foil to prevent

dust from settling on them. Once dried, the slides were mounted on to sheets of Hyperfilm-[3H]

(high performance autoradiography film, Amersham International, Sweden) in cassettes. The

cassettes were stored in the dark for a suitable time to allow development (6-8 weeks). Developed

autoradiograms were quantified using an MCID M4 image analysis system (Imaging Research, St.

Catherines, Ontario, Canada) as previously described (Ashworth-Preece et al., 1997). Each kidney

section was divided into four regions, cortex, outer medulla (outer stripe), medulla (excluding the

outer stripe and papilla), and the papilla (defined as the portion of the inner medulla that protrudes

into the renal pelvis), for separate quantification.

2.7 Measurement of haemodynamic and renal variables

2.7.1 Measurement of systemic and renal haemodynamics in anaesthetised rabbits

Systemic arterial pressure was measured by connecting an ear artery catheter (Chapters 3,4, and 6)

or side branch of an abdominal aortic catheter (Chapter 5), to a pressure transducer (Cobe; Arvada,

CO, USA) calibrated at the level of the rabbit's heart using a mercury manometer. Heart rate (HR;

beats/min) was measured via a cardiotachometer activated by the arterial pressure pulse. RAP

(mmHg) in protocols involving the extacorporeal circuit (Chapters 4 and 5) was measured via a

side-arm catheter, 3 mm proximal to the tip of the cannula inserted into the renal artery. In these
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studies left RBF (ml/min) was measured as blood flow through the renal limb of the circuit, using

an in-line transit time ultrasound flow probe (type 4N, Transonic Systems Inc, Ithaca, NY, USA). In

rabbits not connected to the extracorporeal circuit, left RBF was measured by a perivascular transit

time ultrasound flow probe placed around the renal artery (type 2SB, Transonic Systems Inc.)

which was coupled acoustically with Nalco gel (Nalco Chemical Company, Maperville, IL, USA).

Cardiac output (Chapter 6) was measured using the previously implanted ascending aortic transit-

time ultrasound flow probe (6SB, Transonic Systems, Ithaca, NY, USA). The transit time flow

probes were connected to a flowmeter (Transonic systems, model T208). Laser-Doppler flow

probes were connected to a laser-Doppler flowmeter (DRT4, Moor Instruments Ltd., Devon,

England) These signals were amplified, recorded, and digitized, as previously described (Bergstrom

and Evans, 1993), to provide 60 second means. CBF and MBF were expressed as perfusion units

(equivalent to the instrument output in mV x 10). Signals were amplified and recorded on a

Neotrace pen recorder (Neomedix Systems, Sydney, Australia) and monitored on-line using an

analogue-to digital converter on an Olivetti M280 computer which provided 20 second and 60

second means of each variable.

2.7.2 Processing of blood and urine samples

Arterial blood samples were centrifuged (Model C312; Jouan) at 4 °C for 10 minutes at 3,000 rpm

to separate plasma from red blood cells. Haematocrit was determined by the capillary tube method

using a mirco-haematocrit reader (Hawksley and Sons, England) before the samples were

centrifuged. The volumes of the timed urine samples were measured gravimetrically (Denver

Instrument XL-410, Denver, USA). Twenty ul triplicates of plasma and urine samples were taken

and added to (5ml) scintillation vials containing 2 ml of scintillation fluid (Ecoscint A; National

Diagnostics, Atlanta, Georgia, USA). The remaining piusrna was aspirated and the samples frozen

and stored at -20 °C for later analysis. The concentration of radiolabel in e?ch of the samples was

measured by liquid scintillation counting (Model LS 500 TA, Beckman; Beckman Instruments;

Fullerton, CA, USA). Sodium concentrations were measured by flame photometry (Instrumentation

Laboratory 943, Milan, Italy).

2.7.3 Plasma renin activity

Arterial blood (2.5 ml) for measurement of plasma renin activity was collected into chilled tubes

containing 20 ul of an inhibitor cocktail (0.21 % (w/v) NaH2PO4.2H2O, 0.74% (w/v) Na2HPO4,

1.0% neomycin sulphate, 3.72% (w/v) ethylenediaminetetraacetate, and 1.0% (v/v) 2,3 dimercaptol-
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1-propanol: a renin inhibitor, pH 7.4). Plasma renin activity was measured as the rate of angiotensin

I generated from endogenous angiotensinogen in vitro and is therefore expressed as ng Angiotensin

I/ml/hr. Angiotensin I was measured by radioimmunoassay using the method outlined by Oliver et

al. (Oliver et ah, 1990). The radioimmunoassay for angiotensin I was performed over two

consecutive days. On the first day plasma samples were slowly thawed in iced water and 50 ul of

the sample was added to 50 ul of ice cold incubation buffer (0.53% (w/v) Na2HPO4, 2.5% (w/v)

Na2PO4.H2O, 3.7% (w/v) Na2ethylenediaminetetraacetate, 0.1% (w/v) neomycin sulphate, 0.24%

(w/v) 1, 10, phenanthroline; pH 6.2) and the sample was then incubated at 37 °C for two hours.

Incubation was stopped and 300 ul of ice cold assay buffer (0.64% (w/v) Na2HPO4, 0.37% (w/v)

Na2ethylenediaminetetraacetate, 0.1 % (w/v) neomycin sulphate, 0.1% (w/v) casein, 0.9% (w/v)

NaCl and 0.08% (w/v) NaH2PO4.2H2O; pH 7.4) was then added to the sample. Fifty ul of the

incubated sample was then added to 100 ul of the primary antibody (1:30,000 dilution; angiotensin

1 antibody raised in rabbit; Baker Medical Research Institute, Prahran, Victoria, Australia). One

hundred ul of the trace (l25I-angiotensin I, 10,000 counts per min: Amersham, UK) was then added

to the sample and all tubes were then vortexed and left at 4 °C for 20-24 hours. On the second day,

2 ml of dextran- 10 coated charcoal (2.5% (w/v) activated charcoal, 0.25% (w/v) concentrated HC1;

1:5 dilution with cold 0.9% (w/v) NaCl) was added to each sample. The samples were then

centrifuged (Minifuge GL, Heraeus Christ, Hanover, Germany) at 4500 rpm for 20 min at 4 °C. The

supernatant was aspirated and the number of disintegrations in the pellet were then detennined over

a one minute period (model 550, Auto gamma counter: Packard, Downers Grove, IL, USA).

2.8 Calculations

2.8.1 Calculations of renal clearance variables

•I
if 2.8.1.1 Renal plasma flow

| RBF (determiner! by transit-time ultrasound flowmetry) was multiplied by the proportion (by

I volume) of the blood that is plasma 1 - haematocrit.
1

In rabbits receiving [3H]-PAH infusion, this was determined by dividing the urine volume by the

plasma PAH concentration (detennined by scintillation counting) to determine the amount of

plasma flowing through the kidneys, and multiplying it by the urinary PAH concentration, since

PAH is filtered and not reabsorbed to determine the overall renal plasma flow.



I
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2.8.1.2 Glomerular filtration rate

[3H]-Inulin is a polysaccharide which is freely filtered and not reabsorbed from or secreted into the

tubules. Since all the glomerular filtrate formed is cleared of inulin, the volume of plasma cleared of

inulin per minute equals GFR, which is calculated as ihe urinary concentration of inulin divided by

the plasma concentration of inulin, all multiplied by the urinary volume per min. In some

experiments these values were divided by the kidney dry weight to achieve units as ml/min/g dry

kidney weight.

2.8.1.3 Effective renal blood flow

Para-aminohippuric acid (PAH) is freely filtered but not reabsorbed, but differs from inulin in that it

is actively secreted from the peritubular capillaries into the tubules. Thus, PAH is virtually

completely (90-95%) removed from all of the plasma that flows through the kidneys. The plasma

clearance for PAH is therefore used to estimate renal plasma flow. Effective RBF was calculated as

renal plasma flow divided by 1- haematocrit.

2.8.1.4 Filtration fraction

Filtration fraction (FF) is the fraction of the plasma flowing through the glomerulus that is filtered,

and was calculated as GFR ([3H]-inulin clearance) divided by renal plasma flow [I4C]-PAH

clearance or determined from transit-time ultrasound flowmetry corrected for haematocrit. In this

thesis it is presented as a percentage value.

I 2.8.15 Fractional sodium excretion

This was calculated as the clearance of sodium divided by the clearance of [ H]-inulin (GFR), and is

expressed as a percentage. The clearance of sodium was derived by dividing the concentration of

sodium excreted by the kidney (mM) by the concentration of sodium in the urine by the

I concentration of sodium in the plasma, and multipying this figure by urine flow. This value is

expressed as percentage in this thesis.

I
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2.8.1.6 Fractional urine excretion

This was calculated as the excreted urine volume (measured either volumetrically or

gravimetrically) divided by the clearance of [3H]-inulin (GFR). This volume is expressed as a

percentage.

2.8.2 Calculation of vascular lumen resistance and conductance values

Where

The relative vascular resistances of the arterioles were calculated according to Poiseuille's equation;

R = calculated vessel resistance

7= viscosity of the fluid (blood),

/ = length of the vessel, and

r = radius of the vessel.

In the calculations presented in Chapter 6, / was assumed to be constant, so that values of vessel

resistance are expressed per unit vessel length. Blood viscosity was also assumed to be constant and

treated in the same way as /. A mean value for the radius was calculated for each vessel from the

measurements made along the vessel length including the one closest to the glomerulus, and relative

resistances were therefore expressed as R = 1 / m'4. Vessel conductance for the entire vessel length

was calculated as 1 / R.

2.9 Overview of statistical analyses

Full details of the specific statistical analyses are described in the relevant chapters. Listed below

the statistical methods used in each of the experimental chapters.

Chapter 3

Chapter 4

Chapter 5

Chapter 6

analysis of variance

paired / test, repeated measures analysis of

two way analysis of variance

paired / test, unpaired i test

paired / test, 2-way analysis of variance, 3-way

analysis of variance
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All statistical tests were performed using the computer software package SYSTAT (Wilkinson,

1990), except t-tests which were performed using EXCEL spreadsheets (Microsoft office 1995) and

P values < 0.05 were considered to be statistically significant.

To protect against the increased risk of comparison-wise Type 1 error resulting from compound

asymmetry, all of the P values derived from repeated measures analysis of variance were

conservatively adjusted using the Greenhouse-Geisser correction factor (Ludbrook, 1994).
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Chapter Three

METHODS FOR RENAL MEDULLARY INFUSION OF
VASOACTIVE COMPOUNDS: METHODOLOGICAL

CONSIDERATIONS

\ 3.0 Summary

J

I 1. There is accumulating evidence implicating the renal medullary microvasculature in the long

term regulation of arterial pressure. To study the role of the medullary microcirculation in

} arterial pressure regulation we required a technique for selectively altering MBF.

2. The aims of the current study were to develop and validate techniques for the delivery of

vasoactive compounds to the renal medulla, to determine the optimal position of the catheter tip

* for maximum distribution of the radiolabel in the renal medulla and to determine whether

•i chronically implanted medullary interstitial catheters would remain patent at least 6 weeks after

\ implantation.

3. [3H]-Noradrenaline was infused into either the renal medullary interstitium of anaesthetised

rabbits via catheters that were positioned in the outer medulla or the inner medulla, and were

r either chronically or acutely positioned. The intrarenal distribution of radiolabel was

determined by autoradiography.
4. In a supplementary study, catheters were chronically positioned in the outer medullary

<

interstitium so that conscious rabbits could receive a saline infusion for up to six weeks.

5. Radiolabel concentration was eight times greater in the medulla than the cortex, of kidneys

* receiving outer medullary interstitial infusion of [3H]-noradrenalinc.

6. Inner medullary interstitial infusion of the radiolabel resulted only in low levels of radiolabel

within the kidney.

' 7. When tested 6 weeks after implantation, chronically implanted outer medullary interstitial

i catheters remained patent.

8. We conclude that outer medullary interstitial infusion is a useful technique for the delivery of

rapidly metabolized vasoactive agents to the renal medulla, that the level of distribution is
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largely dependent on the infusion site, and that this technique is adaptable to chronic infusion in

conscious rabbits.

3.1 Introduction

Increasingly more evidence is being presented which implicates a role of the renal medullary

microvasculature in the regulation of arterial pressure. Although the renal medulla receives only

-10% of total RBF, evidence indicates that the level of renal MBF may be an important determinant

of sodium and water reabsorption, (Cowley et al, 1995; Cowley, 1997), and may also play a role in

the release of the putative renal medullary depressor hormone (Bergstom and Evans, 1998). The

renal medullary microcirculation may therefore be well placed to transduce changes in arterial

pressure into homeostatic responses that restore normal arterial pressure.

One technique for studying the role of the renal medullary microcirculation in the long-term control

of arterial pressure has been the infusion of vasoactive agents into the renal medulla. Cowley and

colleagues (Cowley et al, 1992; Lu et al, 1992; Lu et al, 1994; Mattson et al, 1994; Szczepanska-

Sadowska et al, 1994; Cowley et al, 1995; Cowley, 1997), have employed this technique in rats,

combined with laser-Doppler flowmetery. Their studies have shown that chronic medullary

interstitial infusion of vasoconstrictor agents such as N°-nitro-L-arginine methyl ester (Mattson et

al, 1994) and the vasopressin Vragonist [Phe2, Ile3,Orn8]-vasopressin (Szczepanska-Sadowska et

al, 1994), at doses that reduce MBF but not CBF, results in the development of sustained

hypertension. Conversely, medullary interstitial infusion of the vasodilator captoprii in SHR, which

increases MBF but not CBF, ameliorates their hypertension (Lu et al, 1992).

In longitudinal studies such as those described above, there are considerable advantages to

employing larger species such as the rabbit which would allow simultaneous long term recordings

of hormonal status (Evans et al, 1994), cardiac output (Evans et al, 1993), RBF (Tomoda et al,

1996), regional kidney blood flow (Evans et al, 2000), and renal sympathetic nerve activity

(Malpas and Evans, 1998).

In a previous study (Correia, 1997), we performed a number of experiments aimed at validating

techniques for the delivery of vasoactive agents to the renal medulla of rabbits. Noradrenaline was

chosen as the vasoactive agent because it is readily available in tritiated form and rapidly

metabolized in vivo, minimizing the confounding effects of spillover into the systemic circulation.

These studies attempted to correlate the systemic and renal haemodynamic effects of infused [3H]-
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noradrenaline with the regional distribution of the intrarenal infused radiolabel. In brief, we found

that outer medullary interstitial infusion of noradrenaline (300 ng/kg/min), using acutely or

chronically positioned catheters reduced both CBF (15%) and MBF (23-31%). Inner medullary

infusion did not affect renal haemodymanics, whereas intravenous infusion of the same dose

selectively reduced CBF (15%) without significantly affecting MBF. During outer medullary

infusion of [3H]-noradrenaline, much of the radiolabel spilled over into the systemic circulation

(-40% with chronically positioned catheters). Nevertheless, tissue solubilization analysis showed

the concentration of radiolabel was about seven fold greater in the infused medulla than the cortex.

Inner medullary infusion resulted in much of the radiolabel being excreted in urine. We concluded

that outer medullary interstitial infusion in rabbits provides a useful method for targeting

compounds to the renal medulla, but given the considerable systemic spillover with outer medullary

infusion, its utility is limited to substances that are rapidly metabolized in vivo (Correia, 1997).

Although our previous analysis of the regional distiibution of radiolabel within the kidneys after

outer and inner medullary infusion of [3H]-noradrenaline indicated some localisation of the

radiolabel within the medulla, the absence of autoradiographic data meant that no information

regarding local tissue distribution was obtained, and furthermore any differences between the two

infusion sites could not be quantified. The present study had two aims. The first was to use tissue

obtained in our previous study, to more closely characterize and quantify the anatomical distribution

of radiolabel after medullary interstitial infusion of [3H]-noradrenaline. To achieve this, we used

autoradiographic techniques. Our second aim was to establish whether chronically positioned

medullary interstitial catheters remained patent 6 weeks after implantation.

3.2 Methods

In order to test the regional kidney distribution of [3H]-noradrenaline after medullary interstitial

infusion (16-24 nCi/kg/min in 100 ng/kg/min noradrenaline), twenty six rabbits of a multicolored

English strain of either sex and weighing 2.3-3.1 kg (mean 2.7 kg) were used in acute experimental

studies. Of these rabbits, nine received the infusion via acutely positioned catheters, while the

remaining 17 received the infusion via chronically implanted catheters, positioned either in the

outer medullary (n=8) or inner medullary (n=9) interstitium. After medullary interstitial infusion of

[3H]-noradrenaline, the left (infused) kidneys of these rabbits, were removed and.subjected to

autoradiographic analysis for quantitative determination of concentration of the radiolabel

throughout the kidney.



Chapter 3. Method for drug delivery to the renal medullary interstitium 60

To investigate the adaptability of these techniques to chronic longitudinal studies, a supplementary

study was conducted using six rabbits, also of the same strain and of either sex, weighing 2.3 - 2.8

kg (mean 2.6 kg). These rabbits received a chronic infusion of saline for up to 6 weeks via catheters

that were chronically implanted such that their tips lay in the outer medullary interstitium. On

completion of these studies, the infused kidneys were removed, and Evans Blue dye was injected

for visual determination of catheter patencv.

3.2.1 Experimental preparation

The surgical preparation of rabbits receiving a 20 min [3H]-noradrenaline infusion, administered via

either acute, or chronically positioned catheters is described in detail in Chapter 2, Sections 2.2.3,

and 2.3.2. Briefly, following the induction of anaesthesia, both kidneys were denervated, and both

ureters were cannulated. A transit-time ultrasound flow probe was placed around the renal artery,

and the tips of three single-fiber laser-Doppler flow probes (0.5 mm diameter) were placed 0.5

(cortical), 0.5 (cortical) and 10 mm (medullary), •espectively, below the cortical surface.

Haemodynamic data from these studies have been rep' rted elsewhere (Correia, 1997).

3.2.2 Implantation of medullary interstitial catheters

3.2.2.1 Acutely positioned catheters (9 rabbits)

Catheters, constructed using 30 gauge needles, were placed 2 cm apart on the midline aspect of the

kidney, on either side of the medullary laser-Doppler flow probe, with their tips positioned 8.5 mm

below the cortical surface (in the outer medullary interstitium). Sodium chloride (154 mM; 10

fil/kg/min) was infused via each catheter throughout the experiment.

3.2.2.2 Chronically positioned catheters (23 rabbits)

Chronically positioned catheters were implanted 7-14 days prior to the experiment, under halothane

anaesthesia and employing sterile conditions. This procedure is explained in detail in Chapter 2,

Section 2.3.2. Briefly, a left flank incision was made, and the kidney was gently exteriorized. The

tip of a single polyethylene catheter was introduced into the ventral side of the kidney, at an angle

directed toward the renal pelvis. The catheter was then advanced so that its tip lay either 8.5 (8

rabbits subjected to one acute infusion of [3H]-noradrenaline. and a further 6 rabbits subjected to

longitudinal study) or 10.5 mm (9 rabbits, all subjected to acute infusion of [3H]-noradrenaline)
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below the kidney surface. A small piece of nylon mesh attached to the catheter was anchored to the

kidney surface with cya.oacrylate glue. The catheter was tunneled subcutaneously so that its end

lay between the shoulder blades, and was kept patent by attachment to an osmotic pump (Alzet

2ML2; 2.5 ul/h for 28 days, Alza Co., Palo Alto, CA, USA) filled with 154 mM saline.

3.2.3 Experimental protocols

3.2.3.1 Renal medidlaty interstitial infusion of fH]-noradrenaline

On the experimental day, rabbits were anaesthetisedand prepared as outlined above. Following a 1

hour equilibration period [3H]-noradrenaline (16-24 nCi/kg/min in 100 ng/kg/min noradrenaline)

was infused into the medullary interstitium for 20 min. This entire dose was delivered directly to the

outer (n=8) or inner medullary interstitium (n=9) of rabbits that had chronically implanted catheters,

and was divided so that one half of the dose was equally distributed between the two acutely

positioned outer medullary catheters (n=9). Urine produced by both kidneys was collected during

the 2 min before the infusion commenced and for each 2 min period throughout the [3H]-

noradrenaline infusion. Ear arterial and renal venous blood samples (0.5 ml each) were collected at

the mid point of each urine collection period. Data derived from these measurements, which

characterize the disposition of radiolabel by the kidney during the infusions, have been reported

elsewhere (Correia, 1997). At the completion of the 20 min [3H]-noradrenaline infusion, the infused

kidney was quickly retrieved, de-capsulated, and halved coronally. Kidney halves were frozen in

liquid nitrogen and stored at -70°C for subsequent analysis.

3.2.3.2 Chronic renal medullary interstitial infusion (6 rabbits)

Following a 2-week recovery period, the osmotic mini pump positioned between the rabbits'

shoulder blades was changed to a fresh saline (154 mM NaCl) infusion. Osmotic pump volumes

were 2.0 ml for each pump and pumped at a rate of 2.5 ul/h over 28 day periods. Prior to their

implantation, osmotic pumps were primed by being filled with sterile saline, and kept in sterile

containers also containing saline. On completion of these experiments (6 weeks after catheter

implantation), kidneys were removed, and Evans Blue dye was injected through the catheter.

Patency of the catheter was determined by dissection and visual inspection of the kidney.
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3.2.4 Autoradiography

These methods are described in detail in Chapter 2, Section 2.6. Briefly, coronal 50 urn sections of

the frozen left kidney were cut on a cryostat at -19°C and mounted on glass slides (subbed with

10% gelatin; BDH Chemicals, Poole, UK). These sections were left to dry for 1-2 h at room

temperature. Subsequent to drying, slides were apposed to tritium sensitive film (Ar.jcrsham

Hyperfilm, Sweden) in the presence of tritium microscales (Amersham) for 6-8 weeks. Developed

autoradiograms were quantified using an MCID M4 image analysis system (Imaging Research, St.

Catherines, Ontario, Canada) as previously described (Ashworth-Preece et al, 1997). Each kidney

section was divided mio four regions; cortex, outer stripe of the outer medulla (outer stripe),

medulla (excluding the outer stripe and papilla), and the papilla (defined as the portion of the inner

medulla that protrudes into the renal pelvis), for separate quantification.

3.2.5 Statistical analyses

The levels of radioactivity in the various kidney regions for the infused kidneys were subjected to

ANOVA, the factors comprising rabbit, and the kidney region (cortex (C), outer medulla (OS),

medulla (M), and papilla (P)).

Comparisons made beiween specific kidney regions and different infusion sites (outer medullary vs.

inner medullary) were conducted using paired and unpaired t-tests respectively.

3.3 Results

3.3.1 Intra-renal distribution ofradiolabel: acute catheters

Autoradiographic analysis of the coronal kidney sections demonstrated that the levels of

radioactivity in the cortex of the infused kidney were 3.4 ± 0.6, 5.6 ± 0.8, and 8.0 ± 0.8 fold lower

than those in the outer stripe, medulla, and papilla, respectively (Figures 3.1a and 3.2a).

3.3.2 Intra-renal distribution ofradiolabel: chronic catheters

Autoradiographic analysis of the coronal kidney sections demonstrated that with outer medullary

infusion, the levels of radioactivity in the cortex of the infused kidney were 10.3 ± 2.3, 14.0 ± 3.3,

and 8.8 ± 2.8 fold lower than those in the outer stripe, medulla, and 'papilla, respectively. After inner
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medullary infusion, the levels of radioactivity in the cortex of the infused kidney were 6.6 ± 1.6, 8.7

± 2.2 and 8.2 ± 2.4 fold lower than those in the outer stripe, medullary, and papillary regions,

respectively (Figures 3.1 and 3.2).

3.3.3 Comparison of intra-renal distribution

Densiometric analysis of outer medullary infused kidneys revealed that radiolabel infused via

chronically positioned catheters resulted in greater concentrations of radiolabel in the outer stripe of

the outer medulla (180 ± 20 dpm/mm2) and in the medulla (209 ± 33 dpm/mm2), than was the case

with acutely positioned catheters (79 + 11, and 140 + 19 dpm/mm2" respectively). Radiolabel

concentrations in the cortex and papilla were similar with the two infusion sites (Figure 3.2).

3.3.4 Intra-renal distribution of radiolabel using chronically positioned catheters: effect of

infusion site

A comparison of radiolabel concentration throughout the kidneys receiving their infusions via

chronically positioned catheters in the outer or inner medullary interstitium demonstrated that outer

medullary interstitial infusion resulted in greater concentrations of radiolabel being isolated in the

outer stripe of the medulla (179 ± 20 dpm/mm2), and the medulla (209 + 33 dpm/mm2), when

compared to inner medullary infusion (74 ±15, and 88 ± 16 dpm/mm2). Radiolable concentration in

the cotex and papilla were similar with the two infusion sites (Figure 3.2).

3.3.5 Chronic medullary interstitial infusion

At post mortem, Evans Blue dye (-0.5 ml) was infused into the medullary interstitial catheter and

was found to stain areas within the renal medulla (Figure 3.3).



i ••

< 0

/
" !

Figure 3.1 Typical autoradiograms, showing radiolabel distribution throughout kidneys
tbiiowing pH]-noradrenaline (16-24 nCi/kg/min in 100 ng/kg/min noradrenaline) infusion via two
acutely positioned catheters (A), or chronically positioned catheters, so that the tip lay in the outer
medullary interstitium (B). or in the inner medullary interstitium (C). C, cortex; OS. outer stripe of
outer medulla; M, medulla; P. papilla.
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Figure 3.2 Density of radiolabel expressed as disintegrations per minute per square mm (dpm/mm2),

determined from autoradiographic analysis of infused kidneys at end of 20 min infusions of [3H]

noradrenaline (16- 24 nCi/kg/min noradrenaline in 100 ng/kg/min noradrenaline), administered via; A, 2

acutely positioned catheters in outer medullary interstitium (n=5), B, chronically positioned catheter in outer

medulla (n=7), C, chronically positioned catheter in inner medulla (n=9). Columns and error bars represent

means ± SE. P values represent outcomes of a partitioned ANOVA testing for a difference between levels of

radioactivity in the cortex compared with other three kidney regions. C, cortex; OS, outer stripe of outer

medulla; M, medulla; P, papilla. See Methods for definitions of these regions.



Figure 33 Photographs of kidneys following chronic infusion catheters, positioned in the
outer medullary interstitium. Evans Blue Dye infused at post mortem shows that the dye
reached the renal medulla. Thus, these catheters remained patent for at least 6 weeks.
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3.4 Discussion

The aim of this study and our previous study (Correia, 1997) was to design and validate techniques

for the delivery of pharmacological agents into the renal medullary interstitium of rabbits, and to

d • tcrmine the renal distribution and disposition of the infused radiolabelled substance. Similar

techniques have been developed in rats (Lu et ah, 1992; Lu et al, 1994; Mattson et al, 1994;

Szczepanska-Sadowska et al, 1994), and have helped provide considerable information regarding

the role of the renal medulla, and in particular the renal medullary microcirculation, in the control of

blood pressure (Cowley et al, 1992; Cowley et al, 1995; Cowley, 1997).

Taken together with our previous results (Correia, 1997), the results of the present study suggest

that in the rabbit, outer medullary interstitial infusion of pharmacological agents, administered via

either acutely or chronically implanted catheters, provides a useful method for targeting

pharmacological agents to the renal medulla, for alteration of MBF. In this respect, the key finding

of the present study was that infusion of [3H]-noradrenaline into the outer medulla resulted in a

much greater concentrations of the infused radiolabel in the medulla than in the cortex.

Previously (Correia, 1997), we found that medullary interstitial infusion of noradrenaline delivered

to the outer medulla of the rabbit kidney, via either acutely or chronically positioned catheters

caused an increase in MAP and reductions in HR, total RBF and both CBF and MBF. The reduction

in CBF was significantly less than that of MBF (P < 0.001, for acutely positioned catheters) and

appeared to have occurred chiefly due to the systemic spillover and re-circulation of noradrenaline

(-40%) during infusion. This conclusion was based on our observation of similar reductions in CBF

when the same dose of noradrenaline was administered intravenously. Inner medullary interstitial

infusion of noradrenaline caused a slight increase in MAP, but had no significant effect on either

total RBF or CBF or MBF. We concluded that the absence of renal haemodynamic effects of

noradrenaline via this route was due to the fact that most of the infused noradrenaline (measured as

[3H]) was excreted in the urine. We found that intravenous infusion of noradrenaline (300

ng/kg/min) also increased MAP, and while it reduced total RBF and CBF similarly to outer

medullary interstitial infusion, did not affect MBF. This suggests that the intravenous route might

provide a useful control for the systemic and renal cortical effects of outer medullary interstitial

infusion of noradrenaline.

A tissue solubilization technique also employed in our previous study demonstrated considerable

variation associated with the levels of radiolabel in the kidney tissue, particularly during outer
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medullary infusion of radiolabel (Correia, 1997). It was clear, however, that much greater levels of

the radiolabel remained in the kidney during outer, compared with inner medullary infusion of [3H]-

noradrenaline. However, although these results provided useful information regarding the renal

distribution of radiolabel in gross tissue sections, we were unable to assess the tissue distribution of

radiolabel in detail.

Therefore in the current study, autoradiographic analysis was employed, using tissue from our

previous study so that the regional renal distribution of the infused radiolabel could be more

precisely determined. Using this technique, we were able to analyze the distribution of radiolabel in

specific regions; the cortex, outer stripe of the outer medulla, inner medulla, and the papilla. These

data confirm and extend those from our previous study (Correia, 1997), and clearly show that the

concentration of infused radiolabel was much greater in the medulla of the infused kidney, than in

the cortex or papilla, after outer medullary interstitial infusion. Furthermore, outer medullary

interstitial infusion achieves high concentrations of this agent at regions of the kidney likely to

contain the vascular sites important in the control of MBF. Since MBF is derived entirely from the

efferent arterioles of juxtamedullary glomeruli (Kriz, 1982), of the juxtamedullary cortex, then

vasoconstriction of either the afferent or efferent arterioles of these glomeruli should result in

reduced MBF. Contractile elements are present in the outer medullary descending vasa recta in the

outer medulla, but for the most part disapear as these vessels form the "typical" horsetail

arrangement (Pallone et al, 1990; Harrison-Bernard and Carmines, 1994). Since high

concentrations of radiolabel were detected in the outer medullary and medullary regions of the

kidney following both tissue solubilization and autoradiographic analysis, it seems likely that the

infusion could have acted on these vascular elements to produce a vasoconstriction and therefore

reduction in blood flow to this region of the kidney. Indeed, our previously reported measurements

of regional kidney blood flow during this experiment confirm this hypothesis (Correia, 1997).

An important aspect of our previous study was the information we obtained about renal handling,

and therefore disposition, of the infused substance with respect to the infusion site. Outer medullary

infusion of the radiolabel caused much of the infusion to be spilled over into the systemic

circulation (~40%), whereas during inner medullary infusion approximately 60% of the infused

radiolabel was excreted by the infused kidney associated with much lower concentrations of the

radiolabel in the kidney (Correia, 1997; present study). The reason for this difference between the

outer medullary and inner medullary infusions remains to be determined but may relate in part to

the presence of mechanisms for tubular secretion of noradrenaline (Kopp et al, 1983) and to the

relatively lower levels of blood flow in the inner medulla compared with the outer medulla (Pallone
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et ah, 1990). It is unlikely to reflect leakage of [3H]-noradrenaline due to damage to the papillary

tissue from implantation of the catheter, because no such damage was observed in the frozen

sections submitted for autoradiography.

Renal handling of infused substances appears to differ between rats and rabbits (Lu et ah, 1992;

Correia, 1997). For example during outer medullary interstitial infusion in rabbits, a large

percentage (-40%) of the infusion spilled over into the systemic circulation, whereas inner

medullary infusion in rats resulted in a much greater localization of the infused radiolabel being

concentrated in the medulla and papilla (92%; outer zone, inner zone, and papilla), with limited

spillover and re-circulation to the renal cortex, resulting in the infused kidney retaining a

radioactivity level forty seven times greater than the contralateral kidney (Lu et ah, 1992). An

important point to note is that although autoradiography provides a more accurate method of

quantification, the data presented are only representative of the 50 urn sections of tissue subjected

for analysis, even though these sections were collected from along the line of the catheter and

therefore infusion site. In the current study, because only the infused kidney was subjected to

autoradiography, half of each of the infused and contralateral kidneys were subjected to tissue

solubilization. Although this is a more 'crude' method of analysis, it does provide a complete

indication of the regional distribution throughout the entire kidney (infused and contralateral)

(Correia, 1997).

In our rabbit studies, although it was found that the infused kidney retained a much greater

concentration of the radiolabel than the contralateral kidney, this difference was only twenty two

and twenty four times greater for the medulla and papilla respectively, during outer medullary

infusion (acute catheters), (Correia, 1997). A further possible explanation for this variance, aside

from less spillover in the rat, may have related to the differences in methods of analysis employed

in these studies, autoradiography (Lu et ah, 1992) versus the tissue solubilization technique

(Correia, 1997). Our present experiment allowed us to test this hypothesis, since we now have data

using both methods from our experiment. A comparison of these two techniques in the rabbit,

indicates similar results in terms of regional distribution of radiolabel throughout the infused

kidney, suggesting that species differences in the handling of infused substances are likely.

A further possible explanation for the apparent differences between the handling of substances

infused into the medullary interstitium in these two species may arise due to varying abilities of the

renal medulla to "trap" substances infused into the interstitium and could reflect differences in

medullary structure between the two species (KHz, 1981). For example, the rabbit renal medulla has
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a "simple" structure, with relatively small vascular bundles containing only ascending and

descending vasa recta. In the more "complex" rat renal medulla, larger vascular bundles are found

that also contain descending thin limbs of short loops of Henle (Pallone et ah, 1990). Conversely,

our results are in agreement with those of Cowley and colleagues (Lu et al, 1992; Cowley et ah,

1995), in rats, at least to the extent that in both species during medullary interstitial infusion of a

radiolabelled small molecule ([14C]-clentiazem in their case and [3H]-noradrenaline in the present

study), the radiolabel within the infused kidney was mostly concentrated in the medulla and papilla

with very little radiolabel in the cortex of the infused kidney or in the contralateral kidney.

A strength of our previous study was the estimation, during medullary interstitial infusion of [3H]-

noradrenaline, of the amount of radiolabel spilled ever from the infused kidney into the renal vein,

the amount of this radiolabel that re-entered the kidney via the renal artery, and the amount of

radiolabel excreted by both the infused and contralateral kidneys. Although it should be

acknowledged that much of the radiolabel in these biological fluids reflect metabolites of [3H]-

noradrenaline, we argue that most small, uncharged molecules should be handled similarly by the

kidney during medullary interstitial infusion (in rabbits). In the case of noradrenaline and other

molecules that are rapidly metabolized in vivo, the proportion of the radiolabel that represents intact

[3H]-noradrenaline must become less in proportion with the distance traveled from the infusion site.

A limitation of our studies is that although we were able to determine the level of radiolabel exiting

and re-circulating from and to the kidney, we were unable to determine the concentration of

"active", non metabolized noradrenaline. Nevertheless, the dose related pressor effects which were

observed indicate that significant quantities of intact noradrenaline do spill over during o. ter

medullary interstitial infusion. This demonstrates that the technique must be limited to substances

that are rapidly metabolized, or to experimental settings where the effect of spillover can be

controlled for. Using this technique, we were also able to establish that during inner medullary

interstitial infusion of the same dose of [3H]-noradrenaline, -60% of the infused radiolabel exited

the kidney via the ureter, and therefore produced no significant systemic effect.

The aim of the current study was to develop a method for the for the delivery of substances to the

renal medulla of rabbits and to establish the optimum catheter design and catheter length for these

infusions. Two different catheter lengths were tested, and chronically implanted, so that their tips

lay in the outer medullary (8.5 mm below the cortical surface) and inner medullary (10.5 mm below

the cortical surface) interstitium. Our results indicate that catheter position within the kidney was

important, since outer medullary interstitial infusion produced a greater concentration of radiolabel

within the areas of the kidney likely to control regional MBF. Inner medullary infusion resulted in
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much of the radiolabel bein exited from the kidney, and produced no change in regional kidney

blood flows (Correia, 1997).

Having established that a catheter tip positioned in the outer medullary interstitium is optimal for

infusions intended to manipulate MBF, a further comparison was made to establish any possible

differences between acute and chronically positioned catheters. It was found that although both

catheter types produced similar levels of radiolabel concentration throughout the kidney,

chronically positioned catheters achieved significantly higher concentrations throughout the outer

stripe, when compared to acutely implanted catheters. On the other hand, a disadvantage of the

chronically implanted catheter is the need for a preliminary surgical procedure.

Another important finding of our current study was that catheters chronically implanted in the

kidney remain patent in vivo for up to six weeks following implantation. This result combined with

the acquired knowledge of how the rabbit kidney handles infused substances with respect to

regional distribution (current study) and disposition (Correia, 1997) has provided us with the

information required for the adaptation of this technique to longitudinal studies in rabbits.

This technique is therefore suitable for acute and chronic medullary interstitial infusion of

substances that are rapidly metabolized in vivo. With the caveats discussed above in mind, there are

considerable advantages to employing a larger species to longitudinal studies. In the case of the

conscious rabbit, it is possible to obtain long-term and simultaneous data regarding hormonal status

(Evans et al, 1994), cardiac output (Evans et al, 1993), RBF (Tomoda et al, 1996), renal

sympathetic nerve activity (Malpas and Evans, 1998), and more recently MBF and CBF (Evans et

al, 2000), therefore providing more complete data regarding the responses to short and long term

changes in renal MBF.
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3.5 Conclusions

Taken together with those of our previous study (Correia, 1997), the findings of the current study

show that outer medullary interstitial infusion is a useful method for targeting vasoactive agents to

the renal medulla. This is hve not only for acutely positioned catheters, but also for chronically

implanted catheters, that remain patent for at least 6 weeks. On the other hand, at least in the rabbit,

this technique is apparently limited to the use of compounds which are readily metabolized, since

the infused radiolabel is circulated and redistributed throughout the animal and the kidney. In the

experiments described in the next chapter, we used this technique to investigate the effects of

reduced MBF on renal antihypertensive mechanisms.
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Chapter Four

EFFECTS OF RENAL MEDULLARY AND INTRAVENOUS
NORADRENALINE ON RENAL ANTIHYPERTENSIVE FUNCTION

4.0 Summary

1. Evidence suggests that increasing RAP activates three renal antihypertensive mechanisms;

reduced renin release, pressure diuresis/natriuresis, and the release of a putative renal medullary

depressor hormone.

2. In previous studies, we found that intravenous noradrenaline infusion (300 ng/kg/min)

selectively reduces CBF, whereas medullary interstitial infusion of the same dose selectively

reduces MBF. This provides a useful tool for studying the role of MBF in a variety of different

experimental settings.

3. Therefore in the current study, medullary interstitial and intravenous infusions of noradrenaline

were employed to study the roie of MBF responses to increased RAP.

4. In order to test the involvement of MBF in renal antihypertensive mechanisms, an

extracorporeal circuit was established in anaesthetised rabbits. This circuit enables RAP to be

altered independently of the systemic circulation. A right nephrectomy was performed, and the

left ureter was cannulated for urine sample collection. CBF and MBF were determined by laser-

Doppler flowmetry, and total RBF was measured by transit-time ultrasound flowmetery.

5. The experiment consisted of two phases. During Phase I, RAP was set at -65 mmHg and

rabbits received either an intravenous or medullary interstitial infusion of noradrenaline (300

ng/kg/min). During phase two, these infusions were continued, and RAP was increased in

stepwise fashion from - 6 5 to -160 mmHg.

6. With RAP at -65 mmHg, intravenous and medullary interstitial noradrenaline infusions

similarly increased MAP (by 12-17% of baseline), and reduced total RBF (by 16-17%) and

CBF (by 13 - 19%), but only medullary interstitial noradrenaline reduced MBF (by 28%).
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7. When RAP was increased to ~160 mmHg, urine output and sodium excretion increased

exponentially, while plasma renin activity and MAP fell.

8. Medullary interstitial but not intravenous noradrenaline attenuated the increased diuresis and

natriuresis and the depressor response to increased RAP.

9. Our findings indicate that noradrenaline can act within the renal medulla to attenunit" the

pressure diuresis/natriuresis response and perhaps also release of the putative renal medullary

depressor hormone.

4.1 Introduction

It has been hypothesized that the level of renal MBF is an important determinant of urinary sodium

excretion, and may be the key initiating factor in the pressure diuresis/natriuresis response (Cowley,

1997). In turn, the impact of MBF on the pressure natriuretic mechanism provides an explanation

for the effects of chronic changes in MBF on the long-term control of arterial pressure (Cowley,

1997). Thus, in rats, chronic reductions in MBF shift the pressure diuresis/natriuresis relationship

toward higher pressures and lead to hypertension in normotensive animals. Conversely, chronic

increases in MBF shift the pressure diuresis/natriuresis relation toward lower pressures and

ameliorate hypertension in spontaneously hypertensive rats (Cowley, 1997).

From studies using an extracorporeal circuit in anaesthetised rabbits (Bergstom and Evans, 1998),

our group have obtained preliminary evidence indicating that influences on the release and/or

actions of the putative renal medullary depressor hormone might also contribute to the impact of

MBF on the long-term control of arterial pressure. In this model, three major renal antihypertensive

mechanisms can be studied simultaneously. Thus, when RAP is acutely increased in this model,

plasma renin activity (PRA) is reduced (indicating reduced renal renin release), urine flow and

urinary sodium excretion increase exponentially (pressure diuresis/natriuresis), and systemic MAP

is reduced. The depressor response to increased RAP appears to be largely independent of the

reduced activity of the renin-angiotensin system, in view of the fact that it is little affected by

blockade of angiotensin-converting enzyme (Christy et al, 1993). Presently available data also

indicates that it is largely independent of the associated diuresis and diuresis/natriuresis, in view of

the fact that haernoconcentration is not observed (Christy et al., 1991; Christy et al., 1993;

Bergstom and Evans, 1998). There is, however, clear evidence for a role of the renal medulla, in

that the depressor response is abolished by chemical medullectomy (Christy et al., 1991).
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In a recent study performed in our laboratory, the depressor response to increased RAP was blunted

by medullary interstitial infusion of [Phe2, lie3, Orn8]-vasopressin, a treatment that selectively

reduced MBF (Bergstom and Evans, 1998). These results indicate a possible role of MBF in the

release of this putative hormone. However, it was difficult to determine whether this effect of

medullary interstitial infusion of the Vragonist was specifically due to reduced MBF or to some

other action of the infused agent. For example, this treatment also reduced total RBF and CBF. It

was also no possible to exclude roles of non-flow-mediated extra-vascular actions on Vrreceptors

in the kidney, or even extra-renal Vi receptors, which might blunt the release and/or actions of the

putative renal medullary depressor hormone (Bergstom and Evans, 1998).

The aim of the current study was to more directly test the role of the medullary microcirculation in

modulating the antihypertensive responses to increased RAP. The development and validation of

the technique of renal medullary interstitial infusion of noradrenaline now makes this possible

(Correia, 1997; Chapter 3). In particular, we showed that medullary interstitial infusion of

noradrenaline reduces MBF twice as much as CBF, whereas intravenous noradrenaline reduces only

CBF, in rabbits. Therefore, the effects of medullary interstitial infusion and intravenous infusion of

noradrenaline were compared, on the antihypertensive responses to increased RAP. The use of this

experimental design makes it possible to control for the effects of noradrenaline exerted outside the

renal medulla. The results of this study provide further support for the hypothesis that MBF plays a

critical role in the long term regulation of arterial pressure, through its impact on pressure

natriuretic /diuretic mechanisms and perhaps also via its effects on the release of the putative renal

medullary depressor hormone.

4.2 Methods

4.2.1 Experimental preparation

Twenty-nine male New Zealand White rabbits, weighing 2.50 - 2.94 (mean 2.62) kg, were studied.

On the experimental day, catheters were placed in both central ear arteries and marginal ear veins,

the rabbits were anaesthetized, a right nephrectomy was performed, and an extracorporeal circuit

was established. To test the effects of noradrenaline infusion on systemic and renal

haemodynamics, rabbits received either an intravenous (n=7) or medullary interstitial (n=6; outer

medulla) infusion of noradrenaline, or its vehicle. Intravenous noradrenaline infusion was

previously shown (Correia, 1997) to cause a selective reduction in CBF with no significant effect

on MBF, whereas outer medullary interstitial infusion causes a marked reduction in MBF.
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Therefore these infusions were continued throughout the remainder of the experiment during which

RAP was progressively increased from ~65 to -160 mmHg, in order to test the effects of reduced

CBF and MBF on responses to increased RAP.

4.2.2 Extracorporeal circuit

Rabbits were prepared for surgery, according to Section 2.2.1 of Chapter 2. Briefly, a right

nephrectomy was first performed to remove any confounding influence of the contralateral kidney,

and an extracorporeal circuit was then established, as described in detail in section 2.2.4 of Chapter

2. This circuit allows RAP to be set to any level, above or below systemic arterial pressure without

changing total flow through the circuit or directly affecting systemic haemodynaniics. Regional

kidney blood flow was monitored throughout the experiment by the positioning of lascr-Doppler

flow probes in the outer medullary interstitium and on the superficial cortical surface, as described

in detail in Section 2.2.6 of Chapter 2. In fourteen rabbits, medullary infusion catheters were acutely

positioned laterally, 10 mm either side of the laser-Doppler flow probe, and advanced so that their

tips lay at the junction of the outer and inner stripes of the outer medulla (8.5 mm below the cortical

surface) (Section 2.2.3, Chapter 2).

Once the extracorporeal circuit was established, RAP was set at ~ 65 mmHg for a 60 min

equilibration period. A bolus dose of [3H]-inulin (4 pCi, NEN Research Products) was administered

in 1.0 ml of 154 mM NaCl. An infusion of 10% (vol/vol) polygeline (Hemaccel, Hoechst,

Melbourne, VIC, Australia) containing 200 IU/ml sodium heparin and 0.3 uCi/ml [3H]-inulin was

then initiated (0.18 ml/kg/min) which continued for the duration of the experiment.

4.23 Measurements

Systemic (MAP and HR) and renal haemodynamics (RAP, RBF, CBF, MBF) were measured

throughout the experiment, and are described in detail in Sections 2.7.1, Chapter 2. Briefly, RAP

was measured in a side-arm catheter, 3 mm proximal to the tip of the cannula inserted into the renal

artery while MAP was measured via a catheter in a central ear artery. Blood flow through the renal

limb of the circuit was measured with an in-line ultrasonic flow probe (type 4N, Transonic Systems

IneV These signals were amplified, recorded, and digitized, as described in Section 2.7.1 of Chapter

2.
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Plasma renin activity and urinary concentrations of [3H]-inulin and sodium were determined as

detailed in Sections 2.7.2 (processing of blood and urine samples) and 2.7.3 (plasma renin activity),

[3H]-inulin clearance was used to estimate glomerular filtration rate (GFR). At the completion of

each experiment, the left kidney wiis removed, decapsulated and desiccated, and its dry weight was

determined. All values of renal blood flow, GFR, urine flow, and urinary sodium excretion are

therefore expressed per gram of dry kidney weight (expressed as g [mean 1.77 ± 0.03 g]).

4.3 Experimental protocols

4.3.1 General

Each experimental protocol consisted of 2 phases. Phase 1, which followed the 60 minute

equilibration period, tested the effects of either outer medullary interstitial (Protocol 1) or

intravenous (Protocol 2) infusion of noradrenaline on systemic and renal haemodynamics. The

second phase of each protocol involved testing the effect of these treatments on the responses to

increased RAP (Figure 4.2).

4.3.2 Effects of outer medullary interstitial noradrenaline: protocol 1

After 10 minutes of stable baseline recordings, outer medullary interstitial infusion of either

noradrenaline (300 ng/kg/min; n=6) or its vehicle (154 mM NaCl, 20 ul/kg/min; n=8) commenced

and continued for the remainder of the experiment. Twenty minutes later, RAP was set at ~ 65, 85,

110, 130, and 160 mmHg for consecutive 20 minute periods and, once set, was not readjusted.

Urine produced by the left kidney was collected during the final 15 minutes of each period. Arterial

blood (1 ml) for clearance measurements was collected from an enr artery catheter at the midpoint

of each 15 minute clearance period, and samples (1 ml) for determination of plasma renin activity

were collected at the midpoint of the first, third, and fifth clearance periods. Blood volume was

replaced by an equivalent volume of 10% polygeline solution (Hemaccel). At the end of the fifth

clearance period, RAP was returned to ~65 mmHg for a further 20 min.

4.3.3 Effects of intravenous noradrenaline: protocol 2

This protocol was identical to protocol 1, except noradrenaline (300 ng/kg/min; n=7) or its vehicle

(20 ul/kg/min; n=8) were administered intravenously via an ear vein catheter.
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Figure 4.1 Schematic representation of experimental protocol. During a 60-min equilibration

period, renal artery pressure (RAP) was set and maintained at 65 mmHg. Phase 1; following 10

min of stable baseline recordings, rabbits received a 20-min infusion of either noradrenaline (300

ng/kg/min) or vehicle (20 uJ/kg/min) delivered either intravenously or to the outer medulla. This

infusion was continued until the end of the experiment. During Phase 2; RAP was re-set and

maintained at 65, 85,110,130 and 160 mmHg for consecutive 20-min periods. During the final 15

min of each 20-min period urine was collected for urinary clearance measurements (shaded areas;

U1-U5), 1 ml blood samples were collected at the mid point of each collection period (A1-A5) for

renal clearance measurements and haematocrit, and at every second period a further 1 ml blood

sample was collected for determination of plasma renin activity (Rnnl-Rnn3).

4.4 Statistical analysis

4.4.1 Phase I

These data were first submitted to repeated measures analysis of variance, to determine whether

responses to noradrenaline differed from those of the saline vehicle. To test whether each of the

noradrenaline or vehicle treatments altered baseline systemic and renal haemodynamics, average

levels of each variable during the period 10 to 20 minutes after the initiation of the infusion were

compared with the levels during the 10 minute control period by paired / test.
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4.4.2 Phase II

These data were analyzed by ANOVA adapted for repeated measures analysis of variance. To test

whether increasing RAP altered each variable, a 1-way analysis was first performed on all vehicle

treated rabbits to provide the main effect of increasing RAP (.PRAT)- The interaction term between

RAP and treatment (vehicle or noradrenaline) was then determined from 2-way analyses for each

route (intravenous and medullary interstitial). This tested for effects of noradrenaline infusion on

the responses to increased RAP.

4.5 Results

4.5.1 Phase I: Effects of renal medullary interstitial and intravenous noradrenaline infusions

4.5.1.1 Effects of renal medullaiy interstitial noradrenaline on systemic and renal haemodynamics

Renal medullary interstitial infusion of noradrenaline (300 ng/kg/min) was accompanied by

progressive haemodynamic changes that reached steady state by 10 minutes after the infusion began

(Figure 4.2). The changes included increases in RAP (by 19 ± 4% of its baseline level during the

period 10 to 20 minutes after beginning the infusion) and MAP (by 17 ± 4%) and reductions in RBF

(16 ± 3%), CBF (13 ± 2%), and MBF (28 ± 9%) but no significant change in HR (1 ± 2% change).

Medullary interstitial infusion of the vehicle had no significant effect on any of these variables

(Table 4.2).

4.5.1.2 Effects of intravenous noradrenaline on systemic ami renal haemodynamics

Intravenous noradrenaline (300 ng/kg/min) was also accompanied by reductions in RBF (by 17 ±

9% of its baseline value) and CBF (by 19 ± 3%) and by increases in MAP (12 ± 4%) and RAP (4 ±

1%). However, unlike renal medullary noradrenaline, intravenous noradrenaline had no significant

effect on MBF (1 ± 8% change). Intravenous infusion of the vehicle was accompanied by small

variations in MAP (4 ± 1%), HR (1 ± 1%), and RBF (-4 ± 2%) but no significant changes in RAP,

CBF, or MBF (Figure 4.3, Table 4.1).
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4.5.2 Phase II: Effects of increasing renal artery pressure in anaesthetised rabbits

4.5.2.1 Renal haemodynamic variables (vehicle infusion)

As shown in Figure 4.4, as RAP was increased from 66 ± 1 to 158 ± 3 mmHg, there were

progressive increases in RBF (from 13 ± 1 to 29 ± 2 ml/min/g) and GFR (from 0.8 ± 0.1 to 3.0 ± 0.4

•iWrnin/g) (PRAP O.001). Renal vascular resistance and filtration fraction responded biphasically.

As RAP was increased from -65 to ~110 mmHg, renal vascular resistance increased from 5.9 ± 0.8

to 7.7 ± 2.3 mmHg/ml/min/g before decreasing to 6.9 ± 0.6 mmHg/ml/min/g when RAP was

increased to ~ 160 mmHg (PRAP =0.05). Filtration fraction also responded in a similar manner,

increasing from 3.5 ± 1.1% to 9.3 ± 1.9% as RAP was increased from -65 to ~110 mmHg, before

decreasing to 8.0 ± 1.4% when RAP was increased to -160 mmHg (PRAP < 0.001) (Figure 4.4,

Table 4.2).

4.5.2.2 Regional renal blood flows (vehicle infusion)

As shown in Figure 4.5, as RAP was increased from 66 ± 1 to 158 ± 3 mmHg, CBF increased

progressively from 235 ± 31 to 329 ± 45 perfusion units (PRAP =0.01) whereas although MBF did

not change significantly.

4.5.2.3 Renal excretory variables (vehicle infusion)

As shown in Figure 4.6, as RAP was increased form -65 to -160 mmHg, there were progressive

increases in urine volume (from 0.09 ± 0.02 to 1.24 ± 0.09 ml/min/g) and urinary sodium excretion

(from 12 ± 2 to 161 ± 13 umol/min/g) and in the fractional excretions of urine (from 12 ± 1% to 43

± 3%) and sodium (from 11 ± 2% to 40 ± 3%) (PRAP O.001).

4.5.2.4 Systemic haemodynamic variables (vehicle infusion)

As shown in Figure 4.7, as RAP was increased from -65 to -160 mmHg, MAP fell progressively

from 78 ± 3 to 50 ± 5 mmHg and at an increasing rate of 0.04 ± 0.06 to 0.96 ±0.15 mmHg/min

(/'RAP O.001). Haematocrit decreased gradually from 22.1 ± 0.9% to 21.6 ± 0.9% as RAP was

increased from -65 to -110 mmHg and increased thereafter to 22.5 ± 0.9% when RAP was

increased to - 160 mmHg (PRAP =0.04). Heart rate tended to decrease (from 266 ± 5 to 253 ± 8

beats/min) as RAP increased to - 160 mmHg (PRAP =0.05).
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4.5.2.5 Plasma renin activity (vehicle infusion)

Plasma renin activity fell as RAP was increased, averaging 14 ± 3, 12 ± 2, and 7 ± 3 ng angiotensin

I/ml/h when RAP was -65, 110, and 160 mmHg, respectively ( / W =0.04), Figure 4.8.

4.5.3 Effects of medullary interstitial and intravenous noradrenaline on responses to increased

renal artery pressure

The RAP-dependent increases in RBF and CBF were significantly attenuated by medullary

interstitial noradrenaline (Figures 4.4and 4.5). RAP dependent increases in urine volume and

urinary sodium excretion (Figure 4.5) and decreases in MAP (Figure 4.6) were significantly

attenuated, but no significant effect on plasma renin activity was observed. Medullary interstitial

noradrenaline also significantly altered the response of haematocrit to increased RAP, ?'tenuating

the increase in haematocrit as RAP was increased to —110 mmHg. Intravenous infusion of

noradrenaline did not significantly influence any of these responses to increased RAP (Figures 4.3 -

4.7).

4.5.4 Effects of resetting renal artery pressure to ~65 mmHg

When RAP was reset to ~ 65 mmHg, RBF returned to levels similar to those observed during the

initial period (most leftward point in Figure 4.4) in vehicle-treated rabbits (-3 ± 4% different from

its previous level, during the period 15 to 20 minutes after RAP was reset to -65 mmHg) and in

rabbits treated with medullary interstitial noradrenaline (-13 ± 4%) and intravenous noradrenaline

(39 ± 27%). MAP rose when RAP was reset to -65 mmHg but did not completely recover to its

previous level in vehicle-treated rabbits (-28 ± 5%) and in rabbits treated with outer medullary

noradrenaline (-14 ± 6%) and intravenous noradrenaline (-30 ± 10%).
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Figure 4.2 Fffects of renal medullary interstitial infusion of noradrenaline (300 ng/kg/min)

on systemic and renal haemodynamic variables. (O) Vehcile (20 jil/kg/min; 154 mM NaCl;

n=8). (•) Noradrenaline (300 ng/kg/min; n=6). Lines show 1 min means, while symbols show 5

min means ± SEM for each variable. P values test whether the response to noradrenaline
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RAP dependent (Ppressure'Treatmcnt), and independent (Pi-reaimem) effects of these treatments are

given in Table 4.2. (P pressure»Trcatn>cnt) tested whether noradrenaline treatment altered the response

to increased RAP.
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noradrenaline on responses of plasma renin activity to progressively increasing RAP. Symbols,

error bars, and P values (given in Table 4.2) are as for Figure 4.2.
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Table 4.1 Effects of medullary interstitial and intravenous noradrenaline on systemic and

renal haemodynamics (Data presented as percentage change).

Medullary Interstitial Infusion Intravenous Infusion

Vehicle Noradrenaline Vehicle Noradrenaline

MAP

HR

RAP

RBF

CBF

MBF

2.4 ±1.4

0.7 ± 2.3

0.3 ± 2.0

0.8 ±2.5

0.3 ±2.3

3±10

17±4

2 ± 1

19±4

-16±3

-13 ±2

-28 ±9

3.5 ±

1.3 ±

0.8 ±

-3.7 ±

0.3 ±

-0.4 ±

0.6

0.5

1.0

5.8

5.8

4.1

12±

-0.02 ±

-17±

-17±

-19±

-1.3 ±

4

3

9

9

3

7.

.0

5

MAP, mean arterial pressure; HR, heart rate; RAP, renal arterial pressure: RBF, renal blood flow:

CBF, cortical blood flow; MBF, medullary blood flow.
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Table 4.2 Outcomes of repeated measures analyses of variances for the data depicted in

Figures 4.4-4.8.

Variable Pressure

Renal

RAP

RBF

GFR

RVR

FF%

Medullary

Treatment

Haemodynamics: Figure 4.4

O.001

<0.001

<0.001

0.05

0.001

Regional Kidney Perfusion

CBF

MBF

Renal

UVOL

FEVOL

U N a + V

FEjva+

0.005

0.34

Excretory Function:

O.001

<0.001

<0.001

<0.001

Systemic Haemodynamics:

MAP <0.001

DMAP/dt <0.001

HR

Hct

0.05

0.04

0.39

0.05

0.53

0.15

0.44

: Figure 4.5

0.31

0.47

Figure 4.6

0.01

0.20

0.01

0.14

Figure 4.7

0.02

0.03

0.75

0.12

Noradrenaline

Press*Treat

0.51

0.003

0.76

0.01

0.06

0.01

0.55

0.04

0.07

0.03

0.16

0.05

0.92

0.19

0.02

Intravenous

Treatment

0.39

0.10

0.33

0.16

0.65

<0.001

0.49

0.29

0.91

0.32

0.44

0.38

0.52

0.05

0.27

Noradrenaline

Press*Treat

0.57

0.76

0.72

0.27

0.82

0.62

0.13

0.58

0.68

0.39

0.84

0.11

0.89

0.40

0.17

Plasma Renin Activity: Figure 4.8

PRA 0.04 0.98 0.39 0.22 0.29

Each P value was derived from a repeated measures ANOVA which tested whether noradrenaline

treatment altered the responses to increased RAP. PressTreat, Pressure "Treatment. RAP= renal

arterial pressure, RBF = renal blood flow, GFR = glomerular filtration rate, RVR = renal vascular

resistance, FF = filtration fraction, CBF = cortical blood flow, MBF = medullary blood flow, UVOL=

urine flow, FEVOL^ fractional excretion of urine, UNa+V= urinary sodium excretion, FENa+=

fractional excretion of sodium, MAP = mean arterial pressure, HR = heart rate, Hct= haematocrit,

PRA= plasma renin activity.
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4.6 Discussion

We have recently shown in anaesthetised rabbits that medullary interstitial infusion of noradrenaline

(300 ng/kg/min) reduces MBF more than CBF, and that intravenous infusion of the same dose only

reduces CBF (Correia, 1997). Consistent with this observation, medullary interstitial infusion of

[3H]-noradrenaline resulted in greater levels of radiolabel in the medulla than in the cortex (Chapter

3). In the present study, we used these findings as a tool to examine the role of MBF in modulating

the renal antihypertensive responses to increased RAP. Our major finding was that medullary

interstitial noradrenaline, but not intravenous noradrenaline, attenuated both the pressure

diuresis/natriuresis response and the depressor response to increased RAP. These observations

provide further support for the hypothesis that MBF plays an important role in the control of arterial

pressure, both through its involvement in the mechanisms mediating pressure diuresis/natriuresis

and possibly also in the mechanisms mediating release of the putative renal medullary depressor

hormone.

Consistent with our previous observations in a conventional anaesthetised rabbit preparation

(Correia, 1997), in the extracorporeal circuit model, infusion of noradrenaline increased MAP and

reduced RBF and CBF similarly by the two routes. This indicates significant systemic spillover into

the renal cortex, consistent with our previous extensive characterization of this method (Correia,

1997; Chapter 3). However, our results also indicate that these renal cortical and extra-renal effects

of noradrenaline can be effectively controlled for by intravenous infusion. The striking difference

between the effects of noradrenaline infused by the two routes was that medullary interstitial

infusion of noradrenaline reduced MBF by -30%, whereas intravenous noradrenaline had little or

no effect on MBF. Thus, our present experimental design provided a good paradigm for examining

the effects of reduced MBF on the renal antihypertensive responses to increased RAP. We can also

be fairly confident that these infusions provided relatively constant renal haemodynamic effects,

inasmuch as in all experimental groups, RBF levels were similar at the end of the experiment, when

RAP was reset to -65 mmHg, compared with RBF levels during the initial period at this level of

RAP.

One surprising finding in this study was that MBF did not increase as RAP was increased. On face

value, these data suggest that MBF is well autoregulated in the extracorporeal circuit model. On the

other hand, data concerning MBF throughout the course of Phase II of the experiment may have

been confounded by changes in kidney size in response to changes in RAP. Since the medullary

laser-Doppler flow probe was held and supported in a stable position independent of the kidney, as
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the kidney increased in size, it is likely that it was forced to move back along the line of the flow

probe. This action would have resulted in MBF being measured in different regions of the medulla

throughout the course of the experiment, tending towards the papilla as RAP is increased. Evidence

suggesting poor autoregulation of MBF in response to increased RAP (Roman and Zou, 1993)

would indicate that throughout the course of phase II MBF should have increased. Since blood flow

to the renal papilla is substantially less than that in the outer medulla (Pallone et al, 1990), it

remains possible that the relative stability of MBF in the face of increased RAP reflects a technical

limitation of the laser-Doppler flowmetery technique under the conditions of our experiment.
r

Our major finding (i.e. medullary interstitial, but not intravenous, infusion of noradrenaline

attenuates both the pressure diuresis/natriuresis response and the depressor response to increased

RAP) provides evidence for a role of the renal medulla in renal antihypertensive mechanisms.

Because intravenous infusion of noradrenaline did not significantly affect these responses, we can

confidently exclude roles of noradrenaline mediated outside the kidney that are related, for example,

to its systemic pressor effect, modulation of hormone release from extra-renal sites, or inhibition of

the peripheral response to the putative renal medullary depressor hormone. We can also probably

exclude contributions mediated solely in the cortical microvasculature, inasmuch as RBF and CBF

were similarly reduced by medullary interstitial and intravenous infusions of noradrenaline. Roles

for the renin-angiotensin system also appear unlikely in view of the fact that plasma renin activity in

rabbits receiving medullary interstitial infusions of noradrenaline was indistinguishable from that in

vehicle-treated control rabbits.

4.6.1 Pressure diuresis/natriuresis

Medullary interstitial, but not intravenous noradrenaline attenuated the diuretic and natriuretic

responses to increased RAP. This effect is also likely to account for the statistically significant

influence of medullary interstitial noradrenaline on haematocrit responses to increased RAP,

because the reduced diuresis/natriuresis would attenuate haemoconcentration at high levels of RAP.

Tubular element^ probably play a key role in mediating the attenuated diuresis/natriuresis, because

medullary interstitial noradrenaline did not significantly affect the relation between GFR and RAP.

Our results indicate a role of the renal medulla in mediating the effects of medullary interstitial

infusion of noradrenaline on the pressure diuresis/natriuresis response, but our present experiment

does not definitively demonstrate that these effects were mediated by the actions of noradrenaline

on MBF. In particular, a direct effect of noradrenaline on tubular function in the medulla cannot be
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discounted, because tubular adrenoceptors are certainly known to directly influence fluid and

sodium reabsorption in the kidney (Hesse and Johns, 1984; Gellai, 1990).

On the other hand, our present results are consistent with the large body of work by Cowley and

colleagues (Cowley, 1997) showing that treatments that alter MBF, but not those that influence CBF

alone, profoundly influence the pressure diuresis/natriuresis response. They have argued that the

chief initiating factor in the pressure diuresis/natriuresis response is increased MBF and that this

leads to a rise in renal interstitial hydrostatic pressure, which in turn inhibits tubular sodium

reabsorption (Cowley, 1997). <

However, there is still considerable controversy regarding this hypothesis (Majid et al, 1997), so its

further critical evaluation is important. In this respect, the present study is significant because it has

used an experimental model, with an extracorporeal circuit, that differs from conventional models

for studying pressure diuresis/natriuresis, in which RAP is altered by adjustable clamps on the aorta

or renal artery (Roman and Cowley, 1985; Majid et al, 1997). In our laboratory, other experiments

performed using this experimental model have previously shown that another treatment that reduces

MBF, blockade of nitric oxide synthesis with A^-nitro-L-arginine, also attenuates the pressure

diuresis/natriuresis response (Evans et al, 1995). Conversely, manipulating CBF only by intrarenal

infusion of endothelin- i, or systemic administration of endothelin antagonist, has little effect on

pressure diuresis/natriuresis responses in this model (Weekes et al, 2000).

Importantly, our experimental model allows RAP to be set at levels considerably greater than MAP,

so that the pressure diuresis/natriuresis response can be investigated over a wide range of RAP. The

renal vascular responses to increased RAP in the extracorporeal circuit model differ from those in

conventional preparations (Roman and Cowley, 1985), in that RBF and CBF increases considerably

as RAP is increased. However, as has been argued previously, autoregulation in this model is seen

as an increase in renal vascular resistance in response to increased RAP, but its effect on RBF is

limited by the fixed rate of the pump and high resistance of the vena caval limb (Christy et al,

1993).

4.6.2 Putative renal medullary depressor hormone

As has been observed previously (Bergstom and Evans, 1998), increased RAP was accompanied by

pressure-dependent reductions in MAP. This response has been extensively characterized

previously and appears to be unrelated to the accompanying inhibition of the renin-angiotensin
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system (Christy et al, 1993), or increase in urinary volume and urinary sodium excretion (Christy et

ah, 1991; Bergstom and Evans, 1998). On the basis of the finding that the depressor response is

abolished by chemical rnedullectomy, it has been proposed that this response to increased RAP is

mediated chiefly by release of an as yet to be characterized depressor hormone from the renal

medulla (Christy et al, 1991; Tlxomas et al, 1996). It may be that this putative hormone is

identical, or similar, to "medullipin'1, which has been isolated but not yet fully chemically

characterized (Brooks et al., 1994).

Previous studies have shown that some (Rudenstam et al, 1992; Bergitom et al, 1995; Bergstom

and Evans, 1998), but not all stimuli that reduce MBF (Evans et al, 1995), attenuate the depressor

response to increased RAP. In the present study, we found that the depressor response to increased

RAP was greatly blunted by medullary interstitial, but not intravenous, infusion of noradrenaline.

Thus, our results provide the most direct evidence yet obtained, suggesting that the level of MBF

influences the release of the putative renal medullary depressor hormone.

Nevertheless, we cannot as yet completely exclude the possibility that some other action of

noradrenaline in the renal medulla, such as the direct action on renal medullary interstitial cells, the

proposed site of storage and release of medullipin (Thomas et al, 1996), inhibits the release of the

putative renal medullaiy depressor hormone. However, given our previous finding that medullary

interstitial infusion of [Phe2, He3, Orn5]-vasopressin reduces MBF and attenuates the depressor

response to increased RAP (Bergstom and Evans, 1998), a role for the medullary microvasculature

seems worth of further investigation. To this end, future studies should replicate this experimental

paradigm with other pharmacological agents that might selectively decrease and increase MBF.

4.7 Conclusions

Our findings indicate that noradrenaline can act within the renal medulla to attenuate the pressure

diuresis/natriuresis response and the release of the putative renal medullary depressor hormone. At

present, we cannot be certain that this effect of noradrenaline is mediated by the accompanying

reduced MBF, but we; have strong circumstantial evidence that this is so. Any vasoactive agent is

likely to have extravascular effects that might influence the antihypertensive responses to increased

RAP. Therefore, the only way we can dissect out the relative role of effects on MBF from other

actions mediated within the renal medulla is to examine the effects of a range of agents that alter

MBF. Our experience so far with extracorporeal circuit models such as that used in the present

study is that only treatments that alter MBF influence these renal medullary antihypertensive



Chapter 4. Noradrenaline infusion and renal antihypertensive mechanisms 95

mechanisms (Rudenstam et ah, 1992; Bergstom et ah, 1995; Evans et al., 1995; Bergstom and

Evans, 1998;). Therefore, it seems likely that the medullary microvasculature plays a key role in the

mechanisms controlling blood pressure in the long term, not only via actions on the renal handling

of salt and water but also by influencing the release of the putative renal medullary depressor

hormone.

On the other hand, to date there have been no studies that have directly tested whether the depressor

response to increased RAP is completely independent of the changes in urinary salt and water

excretion, and the renin-angiotensin system, that accompany increased RAP. This is the subject of

the next chapter of this thesis. <
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Chapter Five

ROLES OF PRESSURE DIURESIS/NATRIURESIS AND
INHIBITION OF THE RENIN-ANGIOTENSIN SYSTEM,

IN THE DEPRESSOR RESPONSE TO INCREASED
RENAL ARTERY PRESSURE.

5.0 Summary '

1. Increasing RAP activates renal antihypertensive mechanisms; reduced renin release, pressure

natriuresis/diuresis, and perhaps also release of the putative renal medullary depressor hormone,

which act together to reduce MAP.

2. Evidence indicates the involvement of the renal medulla and MBF in the long-term regulation

of systemic arterial pressure. Treatments which reduce MBF shift the pressure

diuresis/natriuresis relationship to higher pressures, and also blunt the depressor response to

increased RAP.

3. The aim of this study was to determine the extent to which these antihypertensive mechanisms

are linked. That is, we tested the involvement of the pressure diuresis/natriuresis mechanism

and inhibition of renal renin release in the depressor response to increased RAP.

4. Ascending aortic flowprobes were implanted 2-3 weeks prior to the acute experiment so that

cardiac output could be monitored throughout the establishment of the extracorporeal circuit,

and the experimental manipulation of RAP.

5. We tested the effects of increasing RAP on systemic MAP, the pressure diuresis/natriuresis

mechanism, and levels of plasma renin activity. Furthermore, we tested the effects on the

depressor response to increased RAP by blocking the systemic haemodynamic effects of the

pressure diuretic/natriuretic response by an infusion of compound sodium lactate at a rate

equivalent to urine flow, and 'clamping' the renin-angiotensin system by simultaneous

administration of enalaprilat and angiotensin II.

6. Four groups of rabbits were studied. In a control group, RAP was maintained at ~65 mmHg. In

the remaining three groups RAP was increased to ~ 160 mmHg during which time urine volume

was measured each minute. One group received no other treatment, but in the other two
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compound sodium lactate was infused at a rate equivalent to urine flow. One of these groups

also received intravenous infusions of enalaprilat and angiotensin II to 'clamp' the renin-

angiotensin system.

7. Our results show that the depressor effect of increased RAP is abolished if the haemodynamic

effects of the pressure natriuretic/diuretic response are blocked by preventing cardiac output

from falling by infusion of compound sodium lactate. No further efiect of

enalaprilat/angiotensin II pretreatment was observed.

8. We conclude from these studies that the fall in MAP seen when RAP is increased in this

extracorporeal circuit preparation in the anaesthetised rabbit, occurs chiefly due to negative salt

and water balance secondary to the pressure diuresis/natriuresis mechanism, and not due to

inhibition of renal renin release or the release of a putative renal medullary depressor hormone.

5.1 Introduction

As observed in the experiments described in Chapter 4, an acute increase in RAP in anaesthetised

animals stimulates the activation of renal antihypertensive mechanisms which act in concert to

restore arterial pressure to normal levels. Renal renin release is reduced, so that the activity of the

pro-hypertensive renin-angiotensin system is inhibited (Navar et a!., 1996). Urinary excretion of

salt and water increases exponentially with the increased RAP, so reducing cardiac output (Cowley

et ah, 1995). Thirdly, evidence now exists to support the release of a putative depressor hormone

from the renal medulla in response to increased RAP (Muirhead, 1993; Thomas et al, 1996;

Bergstrom et al, 1998).

Evidence provided by Muirhead et al (Muirhead, 1980; Muirhead, 1993), in a series of elaborate

experiments indicates the presence of a putative vasodepressor hormone, which is housed in the

renal medullary interstitial cells, and released in response to an increase in RAP. The identity of this

depressor substance has proven difficult to determine, contributing to the difficulty in confirming

and extending Muirhead's experimental findings. Several physiological models have been

employed in an effort to elucidate both the chemical identity of the medullary depressor substance

and to determine the physiological processes mediating its release and activation within the

circulatory system. One of the experimental approaches used has been to employ experimental

models which allow perfusion of the kidney in vivo, and allow the effects of increased RAP on

systemic haemodynamics to be observed.
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Perhaps the simplest of these models is that produced in renal hypertensive rats, in which arterial

pressure is 'normalized' following the removal of the renal arterial clip (Muirhead and Brooks,

1980). In these models, the depressor response to unclipping is blunted by chemical medullectomy

by BEA-pretreatment (Bing et al, 1981; Taverner et ah, 1984), and by pre-treatment with a

cytochrome P450 inhibitor (Zou et al, 1995), consistent with the hypothesis that it is dependent at

least in part on the release of 'medullipin' from the renal medulla.

In our laboratory, we have used a technique based on the same general principle, in which a pump is

used to circulate blood drawn from the aorta, and return it to the vena cava (rabbits, or the iliac vein

in dogs), and the renal artery (Anderson et al, 1995). RAP can be set and maintained at any

pressure, independently of the systemic circulation by altering the resistance in the venous limb of

the circuit, using a Starling resistor.

A major advantage of this experimental paradigm is the perfusion of the kidney in situ at any level

above or below systemic arterial pressure (Anderson et al, 1995). Using this model, powerful

hypotensive responses are observed in response to increased RAP in both anaesthetised dogs and

rabbits (Christy et al, 1991; Thomas et al, 1996). The depressor response appears not to be due to

prostaglandins, platelet activating factor, or suppression of the renin-angiotensin system (Christy et

al, 1993), nitric oxide release (Evans et al, 1995; Thomas et al, 1995), or products of cytochrome

P450 metabolism of arachidonic acid (Evans et al, 1998b). It has further been argued that the

depressor response to increased RAP in this model is not due to hypovolaemia secondary to the

associated pressure diuretic/natriuretic response, as all experimental animals were said to be in

positive fluid balance at all times (Christy et al, 1991; Christy et al, 1993).

On the other hand, the depressor response to increased RAP in this model has been attributed to a

depressor hormone housed in the renal medulla, since this response was prevented in animals

subjected to prior chemical medullectomy (Christy et al, 1991). This concept has also been

examined in cross-circulation studies in rats in which RAP is increased by means of a pump to a

kidney, cross-circulated in series with an intact 'assay rat' (Karlstrom et al, 1989). In this model,

increased RAP in the pump-perfused kidney reduces MAP in the 'assay rat' (Bergstrdm, 1995).

This depressor response could also be obtained under similar cross-circulation conditions, using

spontaneously hypertensive rats, although much higher perfusion pressures were required for the

activation of the depressor response than in normotensive (WKY) rats (Karlstrom et al, 1991).
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Although the experiments described above provide evidence of a depressor substance released from

the renal medulla in response to increased RAP, this evidence remains indirect. Studies described in

the previous chapter (Chapter 4) provided the observations that increases in RAP from -65 to -160

mmHg were accompanied by an exponential increase in renal sodium and water excretion, and a

progressive fall in MAP, and that these responses were both blunted by selective reduction of MBF

(medullary interstitial noradrenaline) but not CBF (intravenous noradrenaline). The objective of the

current experiments was to directly determine the extent of the involvement of the pressure

diuresis/natriuresis mechanism in the depressor response to increased RAP. As discussed above,

previous studies using this preparation have provided indirect evidence that the depressor response

to increased RM> is independent of the accompanying increased salt and water excretion and

reduction in plasma renin activity. However, this hypothesis remains to be tested directly, which is

the chief aim of the present study.

As in the experiments described in the previous chapter (Chapter 4), an extracorporeal circuit was

established in anaesthetised rabbits so that the left kidney could be perfused in situ and RAP could

be increased to levels above systemic arterial pressure. Four groups of rabbits were studied, all of

which were instrumented with ascending aortic flow probes three to four weeks prior to the

experimental day. We determined the magnitude of the depressor response to increasing RAP from

~65 to ~160 mmHg for 30 min, and how this response was affected by (i) infusion of compound

sodium lactate at a rate to replace urine flow and so maintain cardiac output ('cardiac output

clamp') and (ii) additionally 'clamping' the renin-angiotensin system by combining angiotensin-

converting enzyme blockade with an intravenous infusion of angiotensin II. We also made detailed

observations of the haemodynamic status of animals during establishment of the extracorporeal

circuit, so as to determine whether they diverge greatly from normal physiological conditions.

5.2 Methods

5.2.1 Experimental preparation

Twenty four New-Zealand White, male rabbits were studied (body wt 2.10 -2.93 kg; mean 2.53 ±

0.03 kg). On the experimental day, rabbits were prepared in a similar manner to the experiments

described in Chapter 4 with an extracorporeal circuit being established so that RAP could be

controlled and altered independently of direct effects on systemic haemodynamics. Rabbits were

randomly assigned to four groups. In the first group, RAP was maintained at a constant control level

of -65 mmHg, and urine volume was collected and recorded each minute during the control,
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experimental and recovery phases (30 min each). In group two, after the 30 min control period,

RAP was increased to -160 mmHg for 30 min and, urine volume was also collected and recorded

(volumetrically). RAP was also increased to -160 mmHg in groups 3 and 4, during the 30 min

experimental phase of the experiment. These animals also received an intravenous infusion of

compound sodium lactate at a rate equivalent to urine flow ('cardiac output clamp'). The protocol

for Group 4 differed slightly, in that angiotensin converting enzyme was blocked to prevent

production of angicisnsin II (by enalaprilat (2.0 mg/kg plus 10 ug/kg/min), and angiotensin II was

infused intravenously to restore MAP and RBF to their control levels ('renin-angiotensin system

clamp'). This experiential model allowed us to directly determine the relative roles of pressure

diuresis/natriuresis and inhibition of the renin/angiotensin system in the depressor response to

increased RAP (Figure 5.1). Furthermore, as the extracorporeal circuit remains a useful tool for

manipulating RAP in anaesthetised rabbits, preliminary observations were made in these studies

between conscious, anaesthetised, and extracorporeal circuit states. These comparisons were made

to enable a better understanding of the circulating conditions present in the extracorporeal circuit

model.

(a) 15 min
< •

Group
Group
Group
Group

1, control
2, RAP 160
3, RAP 160, CO damp
4, RAP 160, CO clamp

and RAS clamp

RAP 65 mmHg RAP 65/160 mmHg RAP 65 mmHg

(b)

Enalaprilat
bolus

2.0 mg/kg

7-10 min

Enalaprilat
10 ug/kg/min

Angiotensin II Adjust Angiotensin II

Rnn 1

111, A1 U2, A2

— •

U3, A3

Rnn 2

U4, A4 U5, A5

Rnn 3

U6, A6

- •

AngI
10 ng/kg

100 ng/kg

Figure 5.1 Schematic diagram of the experimental protocol. Following establishment of the

extracorporeal circuit, renal artery pressure (RAP) was set and maintained at 65 mmHg for a 60 min

equilibration prior to the start of the experiment. Four groups of rabbits were studied (n=6 in each

group). In all rabbits were RAP was set and maintained at 65 mmHg for a 30 min period, and was
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either maintained at 65 mmHg (group 1) or increased to 160 mmHg (groups 2-4) for a further 30

min, before being returned again to 65 mmHg. Each period comprised two consecutive 15 min

periods during which urine was collected (U1-U6). Ear arterial blood samples (1.0 ml) were

collected for plasma sodium determination and haematocrit at the mid-point of each period. A

further 1 ml arterial blood sample was collected at the mid-point of each 30 min period for

determination of plasma renin activity (Rnn 1-3). The excreted urine volume (U1-U6) was

measured volumetrically on a minute per minute basis for all rabbits. In rabbits in groups 3 and 4

(CO; 'cardiac-output clamp') and equivalent volume of compound sodium lactate was infused

intravenously. At the end of LJ6, nine rabbits were selected at random, and the effects of alternating

doses of angiotensin I were tested on arterial pressure. Rabbits in group 4 ('renin-angiotensin

system' clamp (RAS)) were given intravenous enalaprilat (2.0 mg/kg, plus 10 ug/kg/min) and

angiotensin II at a dose which restored MAP and RBF to their original control levels.

5.2.2 Implantation of cardiac output flowprobes

Rabbits were instrumented with flow probes 2-3 weeks prior to the experiment to allow the

formation of scar tissue around the probe, which provides acoustic coupling of the probe and vessel.

Flow probes were implanted around the ascending aorta (6SB, Transonic Systems, Ithaca, NY,

USA), under halothane (1-4% Fluothane; ICI, Victoria, Australia) anaesthesia and sterile conditions

(Shweta et al, 1999). This procedure was explained in detail in Sections 2.3.1 and 2.3.3 in Chapter

2 and will only be described briefly here. Firstly an incision was made above the left second

intercostal space and the muscle layers were opened individually. The heart was exposed via the

second intercostal space so that a space around the ascending aorta could be cleared for the

positioning of a transit-time ultrasound flowprobe. The lungs were then re-inflated, and the ribs

were brought together and secured. The skin wound was closed with a series of sutures, so that each

muscle layer was sealed and the subcutaneous and cutaneous layers could be closed. The flowprobe

plug was then tunneled subcutaneously so that its end lay between the shoulder blades, and it could

be retrieved and connected to a flowmeter on the experimental day. This skin wound was closed

with a silk suture (3.0 Dynek, Pty. Ltd., Australia). Following surgery rabbits were kept in a warm

comfortable environment and closely monitored until fully conscious (2-4 hours). They were then

returned to their individual housing and cared for as described in Section 2.3.4, Chapter 2.
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5.2.3 Minor procedures on the experimental day

On the experimental day, prior to induction of anaesthesia, MAP, HR and CO were measured in

conscious rabbits for 30 min. To prepare for this, the flow probe plug was exteriorized under local

analgesia (0.5% Lignocaine; Astra Pharmaceuticals) for connection to a transit-time ultrasound

flowmeter (Transonic systems, model T208) to provide ascending aortic flow. Catheters were

placed in the central ear arteries and ear veins. MAP and HR were measured by connecting an ear

artery catheter to a pressure transducer (Cobe, Arvarda, CO, USA). HR was measured by a

tachometer activated by the pulse pressure. During these preparations and the recordings each rabbit

was individually housed in a 15 x 40 x 18 cm box, fitted with a wire mesh lid.

5.2.4 Surgical preparation and establishment of the extracorporeal circuit

This has been described in detail in Chapter 2, and was similar to that for the experiments described

in Chapter 4. Induction of general anaesthesia was by intravenous pentobarbitone sodium (90-150

mg). Artificial ventilation was commenced, and an incision was made in the neck for exposure of

the jugular vein. A catheter (SV 50; 0.75 mm ID, 1.45 mm OD; Dural Plastics and Engineering,

Dural, NSW, Australia) was then introduced into the jugular vein and advanced ~5 cm for

measurement of central venous pressure (CVP). The extracorporeal circuit was then established (see

below). After its establishment, RAP was set and maintained at ~65 mmHg. A bolus dose of [3H]

inulin (4 uCi) was then administered in 1.0 ml of 154 mN NaCl. The infusion of Hartmann's

solution (0.18 ml/kg/min) that was given throughout the surgery was replaced with 10% vol/vol

polygeline (Haemaccel) solution containing 200 IU/ml sodium heparin, and 0.3 uCi/ml [3H] inulin.

On completion of the surgical preparations, the rabbit's wounds were covered with gauze soaked in

154 mM NaCl solution to minimize fluid loss.

5.2.5 Measurements

Systemic (MAP, HR, CVP and CO) and renal (RAP and RBF) haemodynamics were measured

throughout the experiment, as described in Section 2.7. Plasma renin activity, and urinary

concentrations of [3H] inulin and sodium were determined as detailed in Sections 2.7.3 and 2.7.2. At

the completion of each experiment, the left kidney was removed and desiccated, and its dry weight

determined. All values of RBF, GFR, UVOL, and UNa
+V are therefore expressed per gram of dry

kidney weight (expressed as g [mean 1.65 ± 0.05g]).
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5.3 Experimental protocols

5.3.1 General

MAP, HR and CO were measured in conscious rabbits for 30 min prior to induction of anaesthesia.

Haemodynamic variables were also monitored during establishment of the extracorporeal circuit, to

provide detailed information about the status of the circulation under these conditions, relative to

normal circulatory conditions in conscious and anaesthetised rabbits. Following establishment of

the extracorporeal circuit and a 60 min equilibration period, rabbits were randomly assigned into

one of the 4 experimental groups (n=6 for each group). RAP was first set to 65 mmHg for a 30 min

control period in all groups. RAP was then either set at 160? mmHg for 30 min (3 groups) or

remained at 65 mmHg (1 control group). This period was then followed by a 30 min recovery

period (RAP ~65 mmHg). In all rabbits, urine output was determined each minute during the 90

min experimental period. The three groups in which RAP was increased to 160 mmHg received

either (i) no treatment, (ii) a 'cardiac output clamp', consisting of intravenous infusions of

compound sodium lactate (Hartmann's solution) to replace urine output each minute during the

period when renal artery pressure was increased, or (iii) a 'renin-angiotensin system clamp',

consisting of enalaprilat (2.0 mg/kg plus 10 ug/kg/min) to block angiotensin converting enzyme and

an intravenous infusion of angiotensin II (40-50 ng/kg/min) to restore MAP to its pre-enalaprilat

level (Christy et al, 1993), as well as the 'cardiac output clamp'. The bolus dose of enalaprilat was

administered intravenously after 30 min of stable baseline recordings after establishment of the

extracorporeal circuit (that is, at the mid-point of the 60 min equilibration period), and the infusion

of angiotensin II commenced 10 min later.

5.3.2 Responses to angiotensin 1

To test the effectiveness of the 'angiotensin II clamp', following the recovery period 9 rabbits (4

from the 'renin-angiotensin system clamp' group and 5 from the other groups) received bolus

intravenous doses of angiotensin I (10 and 100 ng/kg). These doses were given in random order

approximately 20 min apart.
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5.3.3 Statistical analyses

5.3.3.1 Systemic and renal haemodynamic variables in conscious rabbits, and during establishment

of the extracorporeal circuit

Data collected from rabbits during the preparative phase of the experiment were analyzed as two

separate groups; those that received the enalaprilat/angiotensin II treatment (group 4) and those that

did not (groups 1-3). Average levels were determined for conscious (15 min before induction of

anaesthesia), anaesthetised (15 min before establishing the extracorporeal circuit) and

extracorporeal circuit states (final 15 min of the 60 min equilibration period). Analysis of variance

was used to make comparisons between each state (conscious, anaesthetised and "circuit

established") within each of the two groups, and also between the two groups. These analyses of

variance were partitioned so we could make specific contrasts between the various states (Table

5.1). To protect against the increased risk of type 1 error as a result of these multiple comparisons,

P values were adjusted using the Dunn-Sidak correction (Ludbrook, 1994).

5.3.3.2 Systemic and renal haemodynamic variables, and renal excretory responses to increased

renal artery pressure

To determine the effects of increasing RAP within each of the 4 groups, paired t-tests were used to

contrast the levels of variables during the final 15 min of the period of increased RAP, with the final

15 min of the control period (see Figure 5.1). To determine whether these responses differed across

the 4 groups, unpaired t-tests were used to contrast the % changes in each variable between these

experimental periods.

5.3.3.3 Angiotensin I infusion

Unpaired t-tests were used to contrast responses to angiotensin I between 'renin-angiotensin system

clamp' rabbits and rabbits not receiving this treatment.
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5.4 Results

5.4.1 Observations during establishment of the extracorporeal circuit

5.4.1.1 Conscious rabbit recordings

Recordings of conscious MAP, HR and CO were made for 30 min prior to induction of anaesthesia.

Data for the final 15 min of this period are presented in Figures 5.2 and 5.3, which show that

systemic haemodynamics had stabilized during this period. Across all 24 rabbits, MAP averaged 85

± 2 mmHg, HR averaged 218 ± 5 beats/min, and CO averaged 153 ± 7 ml/min/kg (Figure 5.2, Table

5.1). SV and SVR were also calculated for this period and averaged 0.73 ± 0.03 ml/kg and 0.58 ±

0.04 mmHg/ml/min/kg respectively (Figure 5.3, Table 5.1).

5.4.1.2 Anaesthetised baseline recordings (A)

Baseline levels of haemodynamic variables in anaesthetised rabbits during the 15 min prior to

establishment of the extracorporeal circuit are shown as (A) in Figures 5.4-5.5. When averaged

across all rabbits, MAP was 25 ± 1 mmHg less, CO was 28 ± 1 ml/min/kg less, and SV was 0.21 ±

0.01 ml/kg less than in the conscious state. HR, increased (35 ± 1 beats/min) after anaesthetisia but,

SVR remained unchanged (Table 5.1).

5.4.1.3 Heparin bolus (B)

Intravenous administration of a 2.5 ml bolus dose of heparin (2,500 IU) caused a transient reduction

and then sustained increase in MAP. That is, it initially fell 3 ± 2 mmHg before increasing to be 6 ±

2 mmHg greater than before heparin administration. This was accompanied by reduced HR by 20 ±

3 beats/min during the first 2 min after administration of the heparin bolus, compared with the 2

min before it was administered (from 251 ± 10 to 231 ± 7 beats/min). Little or no changes were

observed in CVP, CO, SV or SVR (Figures 5.4 and 5.5).

5.4.1.4 Occlusion of the aorta (C)

The most pronounced response to tying off the aorta (distal to the renal arteries) was an increase in

MAP of 7 ± 2 mmHg during the first 2 min after aortic occlusion. MAP then continued to increase

so that it was a further 11 ± 2 mmHg greater during the final 2 min of this period (C) when
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compared to (B). This was accompanied by increases in CVP (1.0 ± 0.6 mmHg) and SVR (0.13 ±

0.02 ml/irmi/kg) during the first 2 min of (C) and reductions in SV (0.04 ± 0.01 ml/kg) and CO (7 ±

2 ml/min/kg), which continued to decrease a further 20 ± 2 ml/min/kg during the final 2 min of this

period. Little or no change was seen in HR.

5.4.1.5 Starting the peristaltic pump (70 ml/min) (D)

When the peristaltic pump was set to withdraw blood from the abdominal aorta (70 ml/min) and

return it to the vena cava, MAP fell by (12 ± 1 mmHg). SV initially decreased 0.04 ± 0.01 ml/kg in

the first 2 min of this period before increasing to be 0.21± 0.01 ml/kg greater than in the final 2 min

of the previous period. CO and SVR also behaved similarly, initially decreasing 12 ± 5 ml/min/kg

and 0.06 ± 0.03 ml/min/kg respectfully, before each increasing a total of 49 ± 1 ml/min/kg and 0.37

± 0.06 ml/kg/min by the end of that period (D) (Figures 5.4 and 5.5). CVP and HR each fell (0.7 ±

0.2 mmHg and 7 ± 4 beats/min respectively) in the first 2 min after the pump was started, but

recovered slightly (during equilibrium) to only 0.1 ± 0.3 mmHg and 4 ± 3 beats/min less than that

prior to the start of the period.

However, if blood flow through the extracorporeal circuit is excluded from these calculations,

values of CO was found to initially fall 40 ± 3 ml/kg/min during the first 2 min of the pump being

increased, before increasing to 23 ± 5 ml/kg/min greater than at the end of the previous period (C).

SVR showed the opposite response, initially increasing 0.5 ± 0.2 mmHg/ml/kg/min during the first

2 min after the pump commenced. However by the end of this period (D) it had reduced 0.27 ± 0.05

mmHg/ml/kg/min to equilibrium at the end of (C) (Figure 5.6).

5.4.1.6 Increasing the peristaltic pump rate to 110 ml/min (E, F)

Once the renal artery catheter was implanted and tied in position (E), the kidney was included in the

perfusion circuit, and the pump rate was increased to 110 ml/min (F). This had little or no effect on

any of the measured variables (Figures 5.4 - 5.6).

5.4.1.7 Establishment of the extracorporeal circuit (G)

Point 'G' in Figures 5.4-5.6 shows the beginning of the final 15 min of the equilibration period,

after the circuit had been established for at least 60 min and all variables had stabilized. The average

levels of these variables during this period are shown in Table 5.1. Apart from a small difference in
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MAP, which was 3 ± 1 mmHg greater during the first 2 min of this period, as compared to the final

2 min of (F), all haemodynamic variables were similar to their level when the circuit was first

established.

5.4.2 Haemodynamics during conscious, anaesthetised, and extracorporeal states

Once the circuit had been established, systemic haemodynamic variables returned to similar levels

to those observed in the conscious state. In rabbits which did not receive the angiotensin II block,

MAP was 17 ± 1 mmHg less in the anaesthetised than the conscious state, but increased 12 ± 1

mmHg once the circuit was established. CO was also similar in the conscious and extracorporeal

circuit suites in these rabbits, but was 22 ± 1 ml/min/kg lower in the anaesthetised state, compared

to the conscious state. SV showed a similar pattern to CO. HR was greater once anaesthesia was

induced. All other variables were similar across the three states for this group of rabbits (Table 5.1).

Levels of all haemodynamic variables, including RBF and RVR were closely similar in rabbits

treated with enalaprilat/angiotensin II ('renin-angiotensin system clamp') compared with those in

rabbits not given this treatment (Table 5.1).

5.4.3 Renal haemodynamic responses to increased renal artery pressure

5.4.3.1 Time control (Group 1)

As depicted in Figure 5.7 and Table 5.2, RBF and RVR remained relatively stable across the 90 min

course of the experiment when RAP was maintained at -65 mmHg.

5.4.3.2 Effects of increasing renal artery pressure on renal haemodynamic variables

Group 2

When RAP was increased to -160 mmHg RBF increased from 1 2 ± 2 t o 3 9 ± 6 ml/min/g and R.VR

did not change significantly (Figure 5.7, Table 5.2).

Group 3 ('cardiac output clamp')

When RAP was increased to ~160 mmHg and the excreted urine volume was returned as

intravenous compound sodium lactate, RBF increased 331 ± 64% from 14 ± 2 to 57 ± 8 ml/min/g

(during the period 15-30 min after RAP was increased) and RVR decreased 40 ± 6% from 5.4 ±
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0.95 to 3.1 ± 0.43 mmHg/ml/min/g. These responses were not significantly different from those

seen in group 2 (Figure 5.7, Table 5.2).

Group 4 ('cardiac output clamp 'plus 'renin-angiotensin system clamp')

When RAP was increased to ~160 mmHg, together with both 'cardiac output' and 'renin-

angiotensin clamp', RBF increased 254 ± 50% from 12 ± 2 to 39 ± 3 ml/min/g and RVR decreased

26% from 6.1 ± 0.7 to 4.3 ± 0.4 mmHg/ml/min/g. These responses were not significantly different

from those seen in group 3 (Figure 5.7, Table 5.2).

5.4.4 Renal excretory responses to increased renal artery pressure

5.4.4.1 Time control (Group 1)

As depicted in Figures 5.8 and Table 5.2, all renal excretory variables remained relatively constant,

during the 90 min experimental period when RAP was maintained ~65 mmHg.

5.4.4.2 Effects of increasing renal artery pressure on renal excretory function

Group 2

When RAP was increased to -160 mmHg GFR increased 304 ± 133% (from 1.5 ± 0.5 to 4.3 ± 0.7

ml/min/g), urine flow increased 2846 ± 50% (from 0.07 ± 0.04 to 1.47 ± 0.33 ml/min/g), sodium

excretion increased 575 ± 93% (from 9 ± 5 to 186 ± 14 ml/min/g), and the fractional excretion of

sodium and urine increased (from 9 ± 1 to 45 ± 3% and from 7 ± 1 to 41 ± 2% respectively).

Filtration fraction did not change significantly.

Group 3 ('cardiac output clamp')

When RAP was increased and maintained at ~160 mmHg and the excreted urine volume was

returned as an intravenous infusion of compound sodium lactate, all aspects of renal excretory

function significantly were increased, with the exception of FF. GFR, urine flow and sodium

excretion increased from 1.24 ± 0.03 to 5.4 ± 0.9 ml/min/g, from 0.07 ± 0.02 to 1.7 ± 0.2 ml/min/g,

and from 7 ± 2 to 101 ±22 umol/min/g, respectively. The fractional excretion of sodium and urine

also increased from 10 ± 3 to 37 ± 4% (P < 0.001) and from 13 ± 4 to 47 ± 4% respectively. These

changes were not significantly different from those in group 2, (Figure 5.8, Table 5.2).
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Group 4 ('cardiac output clamp 'plus 'renin-angiotensin system clamp')

When RAP was increased to -160 mmHg, together with both cardiac output and renin angiotensin

clamps, renal excretory function responded similarly to group 3 (Figure 5.8, Table 5.2). GFR, urine

flow, and sodium excretion each increased from 1.1 ± 0.1 to 6.0 ± 0.6 ml/min/g, from 0.06 ± 0.01 to

1.8 ± 0.1 ml/min/g, and from 6 ± 2 to 200 ± 12 umol/min/g, respectively)- Fractional excretion of

sodium and urine also increased from 5 ± 2 to 22 ± 3% and from 10 ± 2 to 42 ± 2% respectively.

Filtration fraction also significantly increased (from 9 ± 2% to 13 ± 2%) but this response was not

significantly different from that seen in group 3.

5.4.5 Systemic haemodynamic responses to increased renal artery pressure

5.4.5.1 Time control (Group 1)

As depicted in Figures 5.9 and 5.10 and Table 5.2, systemic haemodynamic variables remained

relatively stable during the 90 min experimental period when RAP was maintained ~65 mmHg.

5.4.5.2 Effects of increasing renal artery pressure on systemic haemodynamic variables

Group 2

When RAP was increased to -160 mmHg, MAP fell (35 ± 5%) from 83 ± 4 to 54 ± 5 mmHg. SVR

also decreased from 0.63 ± 0.04 to 0.52 ± 0.05 ml/min/kg. CVP was also reduced from 2 ± 2 to 0 ±

1 mmHg.

When RAP was increased to -160 mmHg, CO fell (20 ± 5%) from 132 ± 6 to 105 ± 4 ml/min/kg,

while SV, HR and Hct remained relatively constant across the 90 min experimental period.

Group 3 ('cardiac output clamp')

When RAP was increased to -160 mmHg and CO was maintained by intravenous infusion of

compound sodium lactate, CVP was reduced 2 ± 1 to 1 ± 1 mmHg while MAP and SVR did not

change significantly, CO, SV, HR and Hct also did not change significantly.

Group 4 ('cardiac output clamp 'plus 'renin-angiotensin system clamp')

When RAP was increased to -160 mmHg, together with both 'cardiac output' and 'renin

angiotensin clamps', systemic haemodynamic responses were similar to those of group 3. CVP was
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reduced from 2 ± 1 to 1 ± 1 mmHg while MAP, SVR, CO, SV, HR and Hct did not change

significantly.

When RAP was increased to ~160 mmHg, systemic haemodynamic responses were similar for

groups 3 and 4, but MAP was reduced significantly more in group 2 which had not received the

'cardiac output clamp', when compared to group 3 (P — 0.001). MAP fell 36 ± 5% in group 2, but

only 8 ± 4% and 6 ± 5% in groups 3 and 4 respectively. Furthermore, CO was reduced significantly

more in group 2 (20 ± 5 %) than group 3 (2 ± 2%) (P = 0.008), as was SV (group 2, 18 ± 4%; group

3, 3 ± 2%; P =0.03).

5.4.6 Plasma renin activity

Plasma renin activity did not change significantly over the course of the experiment in any of the 4

groups (Figure 5.11, Table 5.2).

5.4.7 Effects of angiotensin I infusion on mean arterial pressure

These data are depicted in Figure 5.12. In rabbits from groups 1-3, angiotensin I administered at 10

ng/kg caused MAP to increase by 3 ± 1 mmHg from, 66 ± 10 to 69 ± 10 mmHg. At a dose of 100

ng/kg, angiotensin I caused an even greater increase in MAP of 8 ± 2 mmHg, (from 66 ± 9 to 71 ± 9

mmHg). In rabbits from group 4 ('angiotensin II clamp'), neither dose of angiotensin I significantly

increased MAP.
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pressure; HR, heart rate; CO, cardiac output.
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of paired t-test which compared MAP after each angiotensin I bolus to baseline MAP values.



Table 5.1 Resting haemodynamic variables in rabbits according to state (conscious, anaesthetized or with the extracorporeal circuit established) and
group (control or 'renin-angiotensin system clamp').

MAP HR CO CVP SVR SV RAP RBF RVR

Control (n=18)

Conscious (15 min)
84 ±2 224 ±6 157 ±7

Anaesthetised (15 min)
62 ±5*** 256 ±6* 132 ±11*

Circuit established (15 min)
83±3 + + t 260 ±6* 143 ± 9

0.58 ± 0.04 0.68 ± 0.03

1.13 ±1.84 0.54 ±0.07 0.53 ±0.06

1.75 ± 0.69 0.61 ± 0.04 0.56 ± 0.04 66 ± 0.4 14.2 ±1.2

STATE < 0.001 0.02 0.29 0.56 0.58 0.05

'Renin-angiotensin system clamp' (n=6)

Conscious (15 min)
90±3 201±6 151 ±19

Anaesthetised (15 min)
67 ±5* 246 ±9* 109 ±10*

Circuit established (15 min)
80 ± 4 250 ±7** 157 ±8

0.62 ±0.06 0.77 ±0.08

0.08 ± 1.02 0.67 ± 0.09 0.45 ± 0.04*

0.83 ± 0.75 0.5 i ± 0.03 0.63 ± 0.04 66 ± 0.4 10.9 ±0.7

5.5 ± 0.4

6.2 ±0.3

PSTATE

PGROUP

0.02
0.89

0.006
0.42

0.08
0.65

0.57
0.81

0.38
0.80

0.02
0.40 0.97 0.12 0.35

Values are given as the mean ± SE mean. MAP, mean arterial pressure; HR, heart rate; CO, cardiac output; CVP, central venous pressure; SVR, systemic
vascular resistance; SV, stroke volume: RAP, renal arterial pressure; RBF, ren?1 blood flow; RVR, renal vascular resistance. PGROUP tests whether the
mean levels of variables differed between the two groups of rabbits (df 1,22-42), PSTATE tests for heterogeneity according to state within each group (df 1-
2, 4-42). Specific contrasts within each group were also made: * P <0.05, ** P <0.01, *** P <0.001 for difference from conscious state; f P <0.05,+t P
<0.01, t f t P < 0.001 for difference between anaesthetized state and extracorporeal circuit (df 1,4-32).



Table 5.2 Outcomes of paired t-tests determining whether variables changed within each

group across the course of the experiment. Data are depicted in Figures 5.7-5.11.

Control RAP 160 RAP 160
volume

replacement

RAP 160 return
volume replacement

plus 'RAS damp'
Renal Hemodynamics: Figure 5.7

I RAP

I RVR

RBF

I Renal Excretory

" UvOL

\. FF%

I GFR

\ FE N a + %

i FEVOL%

0.58

0.84

0.80

< 0.001

0.51

0.02

Function: Figure 5.8

0.56

0.82

0.60

0.94

0.71

0.50

E Systemic Hemodynamics: Figures 5

I MAP
1 %AMAP

1 SVR
1 CVP

I C0

I SV

1 HR
I Hct

0.16

0.55

0.60

0.37

0.10

0.34

0.32

0.12

< 0.001

0.45

0.01

< 0.001

< 0.001

< 0.001

9 and 5.10

0.003

0.01

0.02

0.004

0.02

0.09

0.46

0.30

< 0.001

0.03

< 0.001

< 0.001

0.22

0.003

< 0.001

< 0.001

< 0.001

0.10

0.11

0.24

0.01

0.49

0.07

0.15

1.00

< 0.001

0.04

< 0.001

< 0.001

0.001

0.003

< 0.001

< 0.001

< 0.001

0.29

0.54

0.97

0.05

0.09

0.10

0.85

0.46

Plasma Renin Activity: Figure 5.11

PRA 0.44 0.88 0.65 0.07

Average levels of each variable during the second (control) and fourth (15-30 min after RAP was

increased in groups 2-4) experimental periods were compared by paired t-test. RAP, renal arterial

pressure; RVR, renal vascular resistance; RBF, renal blood flow; UVOL, urine flow; FF, filtration

fraction; GFR, glomerular filtration rate; IWV, urinary sodium excretion; FENa+, fractional

excretion of sodium; FEVOL, fractional excretion of urine; MAP, mean arterial pressure; %A MAP,

% change in MAP; SVR, systemic vascular resistance; CVP, central venous pressure; CO, cardiac

output; SV, stroke volume; HR, heart rate; Hct, haematocrit; PRA, plasma renin activity; RAS,

renin-angiotensin system.
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5.5 Discussion

The major novel finding of the current study was that the depressor response to increased RAP

could be abolished in rabbits in which salt and fluid balance, and so cardiac output, was maintained

by intravenous infusion of compound sodium lactate. We conclude that the depressor response to

increased RAP in this model can be completely accounted for by reduced cardiac output, secondary

to increased salt and water excretion. Therefore, neither release of the putative renal medullary

depressor hormone, nor inhibition of renal renin release appear to contribute significantly to the

depressor response to increased RAP in this experimental model.

Comparisons made across animals throughout the three different states; conscious, anaesthetised,

and once the extracorporeal circuit had been established, demonstrated that MAP and CO were

substantially reduced and HR increased in anaesthetised rabbits, when compared to the conscious

state. On the other hand, CO and MAP in rabbits with an established extracorporeal circuit were

closely similar to that observed in the conscious state. These observations further validate our major

findings and conclusions, in that they show for the first time that systemic haemodynamics in the

extracorporeal circuit model remain within a physiologically relevant range.

The 'cardiac output clamp' employed during these studies in rabbits in groups 3 and 4 worked

effectively as CO was titrated and maintained throughout the experiments. The 'renin-angiotensin

system clamp' was also effective in blocking the renin-angiotensin system since (i) bolus doses of

angiotensin failed to increase MAP, in rabbits which had received this treatment, and (ii) resting

systemic and renal haemodynamics and renal excretory variables in rabbits that had received this

treatment were similar to those in rabbits from the other three experimental groups.

When RAP was increased in anaesthetised rabbits which did not receive the 'cardiac output clamp',

MAP fell. This depressor response was associated with increased urine flow and sodium excretion,

and reduced CVP and CO, and a small but significant reduction in SVR. Thus, it appears to result

chiefly from the pressure diuresis/natriuresis mechanism that caused CO to fall due to negative salt

and fluid balance. This hypothesis was confirmed by the results from the group of rabbits treated

with the 'cardiac output clamp'. In this group, in which the reduction in CO was prevented by

maintenance of salt and fluid balance, no significant depressor response was observed. This

treatment also abolished the reduction in SVR seen in group 2, suggesting that this might be

secondary to the depressor response itself, either through local autoregulatory mechanisms or

inhibition of sympathetic drive due to acute central hypovolaemia (Evans et al, 2001).
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Our results also suggest that the renin-angiotensin system plays little or no role in mediating the

depressor response to increased RAP, since responses to increased RAP in rabbits receiving both

the 'cardiac output clamp' and the 'renin-angiotensin system clamp' were indistinguishable from

those in the group receiving only the 'cardiac output clamp'. This hypothesis is further supported by

our observations of unchanged PRA throughout the course of the experiment, indicating that

although renal renin release might be inhibited by increased RAP, the relatively long circulating

half-life of renin prevents substantial changes in circulating levels of this enzyme.

These present findings seem to be at odds with those of Christy et al. (1991) who first tested this

circuit in rabbits. Those experiments were conducted with the intention of determining the effect of

increased RAP on MAP in rabbits with intact and chemically ablated renal medullas. It was

hypothesized that increases in RAP would produce a depressor response due to the release of a

putative hormone from the renal medulla. Consistent with this hypothesis, they observed that the

depressor response was abolished in rabbits in which the renal medulla had been ablated by BEA-

treatment. However, they also observed that the pressure diuresis/natriuresis response was

significantly blunted in chemically medullectomized rabbits. Therefore, the blunted depressor

response may have occurred due to a reduced ability of these rabbits to excrete sodium and water,

rather than removal of the source of the putative renal medullary depressor hormone.

Our present observations also seem at odds with another study performed in our laboratory.

Bergstrom and Evans, found that selective reduction of MBF by renal medullary interstitial infusion

of the V,-agonist [Phe2, He3, Orn8]-vasopressin also blunted the depressor response to increased

RAP (Bergstrom and Evans, 1998). This study is a little more difficult to reconcile with our present

findings since in rabbits receiving the vasopressin Vragonist, the pressure natriuresis-diuresis

response was if anything slightly greater than that of the control rabbits. However, our recent study

of the disposition of [3H]-noradrenaline during medullary interstitial infusion has shown that renal

medullary interstitial infusion of vasoactive compounds results in spillover into the systemic

circulation. In the case of [3H]-noradrenaline, around 40% of the infused radiolabel spilled over into

the systemic circulation (Correia, 1997). Based on comparison of the systemic effects of medullary

interstitial and intravenous [Phe2, He3, Orn8]-vasopressin (Evans et al, 1998a), it seems likely that

this agent has comparable systemic spillover when administered into the medullary interstitium.

Thus, we cannot exclude the possibility that [Phe2, He3, Orn8]-vasopressin acted outside the kidney

to blunt the depressor response to increased RAP. We can probably exclude a non-specific effect

secondary to the pressor action of [Phe2, He3, Orn8]-vasopressin, since intravenous noradrenaline,
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which also had a pressor action, did not blunt the depressor response to increased RAP (Chapter 4).

One possibility that merits investigation is that 'he2, He3, Om8]-vasopressin acts in the central

nervous system, to support arterial pressure in the ace of falling cardiac output. In this regard it is

of interest that the systemic haemodynamic response to increased RAP resembles that to

haemorrhage and other maneuvers that acutely reduce central blood volume (Evans et al, 2001).

Furthermore, there is some evidence for roles of both central nervous system (Johnson et al, 1998)

and peripheral (Schadt and Nasser, 1991) Vrreceptors in recovery from decompensated

hypovolaemia, although vasopressin itself seems to play little role in the acute response to central

hypovolaemia (Evans et al., 2001).

Based on these observations it may be necessary to reinterpret previous studies which employed the

extracorporeal circuit, as observations of the systemic haemodynamic responses to increased RAP
t

have been largely interpreted in the context of the putative renomedullary depressor hormone,

which according to these findings, appears to be an incorrect assumption. On the other hand,

although the findings of this study provide convincing evidence that the pressure diuresis/natriuresis

mechanism as the main cause of the depressor response in this experimental model, these findings

in no way indicate that the depressor substance is not released or does not exist. They simply show

that this experimental model is not an assay for its release.

In the experiments described in Chapter 4, we found that the depressor response to increased RAP

was blunted by medullary interstitial infusion of noradrenaline, which reduced MBF. However, the

pressure diuresis/natriuresis relationship was also blunted by medullary interstitial noradrenaline.

Taken together with the results of the present study, it seems likely that the effect of medullary

interstitial noradrenaline on the depressor response to increased RAP was due chiefly to the effect

of this treatment on the pressure diuresis/natriuresis relationship, rather than (as we had previously

concluded) on release of the putative renal medullary depressor hormone. This conclusion is

consistent with the notion that MBF has a profound impact on long-term blood pressure control,

chiefly through its role in modulating urinary salt and water excretion (Cowley, 1997).

In summary, the results of this study indicate that the depressor response to increased RAP in the

extracorporeal circuit model is abolished if extracellular fluid volume is maintained by a 'cardiac

output clamp' indicating that in this particular model the depressor response occurs due to the

effects of the pressure diuresis/natriuresis mechanism and not the putative renal medullary

depressor hormone. This finding implies that the extracorporeal circuit model is not suited for
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experiments aimed at studying the putative depressor hormone, even though the circuit provides a

presumed stimulus for the release of this hormone; increased RAP.

5.6 Conclusions

The extracorporeal circuit model provides a useful tool with which to study renal antihypertensive

mechanisms in anaesthetised rabbits, because it allows perfusion of the kidney independently of the

systemic circulation. The results of these studies provide evidence that the pressure

diuresis/natriuresis mechanism dominates the kidneys ability to regulate arterial pressure under

these experimental conditions. This is based on our observation that the depressor response

observed during increased RAP was abolished in rabbits in which the Dressure diuretic/natriuretic

response was blocked. Inhibition of the renin-angiotensin system appears to play little orf no role in

mediating the acute depressor response to increased RAP in this model, presumably because to the

long circulating half-life of renin. We also conclude that release of the putative renal medullary

depressor hormone makes little or no contribution to the depressor response to increased RAP in

this extracorporeal circuit experimental model in anaesthetised rabbits.
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Chapter Six

EFFECTS OF ACTIVATION OF VASOPRESSIN«V,-RECEPTORS ON
REGIONAL KIDNEY BLOOD FLOW AJSD GLOMERULAR

ARTERIOLE DIAMETERS

6.0 Summary

1. Intravenous infusion of the vasopressin Vragonist [Phe2, He3, Orn8]-vasopressin selectively

reduces renal MBF in anaesthetised and conscious rabbits. Since MBF is derived entirely from

the- efferent arterioles of juxtamedullary glomeruli, the aim of the current study was to test

whether vasoconstriction of juxtamedullary glomerular arterioles contributes to Vrreceptor

mediated reductions in MBF.

2. Experiments v.ere performed in anaesthetised rabbits. The right kidney remained innervated

while the left kidney was denervated and placed in a stable cup. Regional and total kidney

blood flows were measured by a perivascular flow probe placed around the renal artery, and by

laser-Doppler flow probes positioned in the outer medulla, and on the cortical surface.

Throughout the experiment urine was collected via catheters placed in each of the ureters, and a

perfusion apparatus was connected to a large-bore catheter in the abdominal aorta for fixation

of the left kidney.

3. Following a 30 min control period, rabbits received a 30 min intravenous infusion of the V,-

agonist [Phe2,Ile3,Orn8]-vasopressin (30 ng/kg/min) or its vehicle. During this time, left and

right kidney urine samples, and arterial blood samples were collected. On completion of the

infusion, kidneys were immediately perfusion fixed at the final recorded MAP, and filled with

methacrylate casting material.

4. The diameters of afferent and efferent arterioles in the outer, mid and juxtamedullary cortex of

the left kidneys were determined by scanning electron microscopy.

5. Intravenous [Phe2, He3, Orn8]-vasopressin increased MAP (19 ± 3%) and reduced MBF (30 ±

9%), but had no effect on CBF or total RBF. Vehicle treatment did not affect these variables.

There were no significant differences in afferent or efferent arteriole diameter, in any of the

cortical regions, between [Phe2, lie3, Orn8]-vasopressin and vehicle treated rabbits.
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6. These results do not support a role for juxtamedullary arterioles in producing V,-receptor

mediated reductions in MBF, suggesting that downstream vascular elements (e.g. outer

medullary descending vasa recta) might possibly be involved.

6.1 Introduction

Although only about 10% of total RBF perfuses the renal medulla, there is now evidence that the

medullary microcirculation plays a key role in the long-term regulation of blood pressure, chiefly

through its influence on renal salt and water handling (Cowley, 1997). Therefore, in order to

understand the mechanisms underlying the long-term regulation of blood pressure, we require a

more complete understanding of the factors regulating MBF.

In both conscious and anaesthetised rats and rabbits, intravenous infusion of low doses of arginine

vasopressin (Zimmerhackl et al, 1985; Franchini et al, 1997) or the selective the Vj-agonist -

[Phe2, He3, Orn8] vasopressin (Evans et al, 1998; Evans et al., 2000) can reduce MBF without

affecting CBF or total RBF. There is also good evidence that arginine vasopressin plays an

important role in the physiological regulation of MBF (Franchini and Cowley, 1996). The precise

mechanisms mediating the selective effect of arginine vasopressin on MBF remain unknown, but

they could theoretically involve vasoconstriction of afferent and/or efferent arterioles of

juxtamedullary glomeruli (the source of MBF), or downstream vascular elements (vasa recta)

(Pallone et al, 1990). On the other hand, we can exclude vasoconstriction at vascular sites

upstream from the afferent arteriole, which would be expected to also reduce CBF and RBF. We

can probably also exclude a role for proposed contractile elements in inner medullary descending

vasa recta (Pallone et al, 1990), since Zimmerhackl et al., (1985), using video microscopy, were

unable to detect arginine vasopressin induced changes in the diameters of these vessels, even

though erythrocyte velocity within them was significantly reduced (Zimmerhackl et al, 1985).

In support of the hypothesis that Vi-receptor mediated decreases in MBF are mediated by

vasocon^viion of juxtamedullary arterioles and or outer medullary descending vasa recta, V r

receptor ml-.HA has been located in these vascular elements (Park et al, 1997). There is also good

evidence from in vitro studies that arginine vasopressin can constrict juxtamedullary arterioles

(Edwards et al, 1989; Harrison-Bernard and Carmines, 1994;Tamaki et al, 1996) and outer

medullary descending vasa recta (Edwards et al, 1989). On the other hand, in the study by

Harrison-Bernard and Carmines (1994), using the blood perfused juxtamedullary nephron

preparation, arginine vasopressin at physiological concentrations (>10"12 M) was found to constrict
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afferent arterioles of juxtamedullary glomeruli but not outer medullary descending vasa recta.

Furthermore, in the one study demonstrating vasoconstriction of outer medullary descending vasa

recta to vasopressin in vitro, the concentrations required (~10"10 M) were about one order of

magnitude greater than those encountered in plasma under physiological conditions (Turner and

Pallone, 1997). Thus, on balance this evidence supports a role for vasoconstriction of

juxtamedullary glomerular arterioles in mediating reduced MBF in response to activation of V r

receptors. However, as yet there is no evidence from in vivo studies to confirm or reject this

hypothesis.

Therefore, in the current study we directly tested this hypothesis in anaesthetised rabbits by

examining the effects of an intravenous infusion of [Phe2, lie3, Orn8] vasopressin on RBF, CBF. and

MBF and employing the technique of vascular casting to measure the luminal dimensions of

afferent and efferent arterioles in the outer, mid, and juxtamedullary cortical regions (Denton et ah,

1992; Denton et ah, 2000).

6.2 Methods

6.2.1 Experimental preparation

Fourteen, New-Zealand White, male rabbits were used (body weight 2.18 ± 2.62 kg; mean 2.41 ±

0.03 kg). Preparation of the rabbits on the experimental day is described in detail in Chapter 2,

Sections 2.2.1, 2.2.2, 2.2.5, and 2.2.6. Briefly, catheters were placed in both central ear arteries and

marginal ear veins, the rabbits were anaesthetised with pentobarbitone (90-150 mg ), and prepared

for measurement of RBF, CBF, and MBF, and collection of urine from both kidneys. Rabbits

received an intravenous infusion of either [Phe2,Ile3,Orn8]vasopressin (n=7) or its vehicle (n=7).

Thirty minutes later, the left kidney was perfusion fixed and methacrylate filled for later analysis of

the glomerular arterioles using scanning electron microscopy.

6.2.2 Surgery

Rabbits were prepared for surgery according to Section 2.2.1 of Chapter 2. Briefly, the left kidney

was denervated and placed in a stable cup for the positioning of laser-Doppler flow probes in the

inner medulla and on the superficial cortex. A transit time ultrasound flow probe was placed around

the renal artery for measurement of RBF. Both ureters were cannulated for urine collection. A large

bore cannula was placed in the aorta distal to the renal arteries, which was later connected to the
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perfusion apparatus for fixation. The abdominal aorta was isolated above the renal arteries so it

could be occluded during the fixation process.

6.2.3 Experimental protocols

On completion of the surgery, bolus doses of [3H]-inulin (4 u.Ci; NEN Research Products, Sydney,

Australia) and [14C]-PAH (1 p.Ci; NEN Research Products) were administered intravenously, and

the maintenance infusion of Hartmann's solution (0.18 ml/kg/min) was replaced with a solution

containing 300 nCi/ml [3H]-inulin and 83 nCi/ml [I4Cj-PAH, in 4 parts Hartmann's solution and 1

part 10% v/v polygeline (Haemaccel; Hoechst, Melbourne, Australia). Following a 60 min

equilibration period, and a 30 min control period, rabbits received a 30 min intravenous infusion of

either the Vragonist [Phe2,Ile3,Orn8] vasopressin (Peninsula Laboratories Inc., Belmont, CA, USA;

30 ng/kg/min; n=7), or its vehicle (50 ul/kg/min 154 mM NaCi; n=7) for 30 min. Urine produced by

the left and right kidneys was collected during the final 20 min of both the control and infusion

periods. Arterial (3.0 ml) blood samples were collected at the mid point of each period for

determination of plasma renin activity, plasma sodium concentration and haematocrit (Figure 6.1).

Perfusion fixation of both kidneys commenced immediately at the end of the second urine

collection. One liter of 2.5% paraformaldehyde in 0.1 M phosphate buffer (pH 7.3-7.4) at room

temperature was perfused retrogradely through the distal aorta at a pressure equivalent to MAP

during the final 2 minutes of the [Phe',Ile3,Om8] vasopressin or vehicle infusion for each rabbit. The

upper aona was clamped above the kidneys and the vena cava vented as soon as perfusion of the

kidney commenced. Immediately following fixation, a mixture of methacrylate and accelerator

(20:1) (Mercox CL-2B-5; Mill; West ChcshT, PA, USA) was perfused into the left and right

kidneys at the same pressure as the fixative. Both kidneys were than clamped above the renal hilus,

and the methacrylate resin was allowed to harden in situ for 30 min. The left kidneys were removed,

weighed (13.37 ± 0.33 g) and stored in 2.5% paraformaldehyde for later processing.
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Vehicle (50 ul/kg/min)

Figure 6.1 Schematic diagram of experimental protocol for study investigating the effect of

[Phe2,He3,Orn8] vasopressin infusion on afferent and efferent arteriolar diameters and systemic and

renal haemodynamics. Following a 90 min equilibration period, and 10 min of stable baseline

recordings, urine was collected from both the right and left ureters for 20 min (Ul), at the mid point

of this period, ear arterial blood samples (3.0 ml) were collected for determination of plasma renin

activity (Rnnl) and plasma sodium concentration and haematocrit (Al). During the second phase of

the experimental period, an infusion of either the "V*!-agonist (30 ng/kg/min) or its vehicle (50

ul/kg/min) was commenced, and following 10 min the first experimental period was repeated.

Shaded areas represent urine collection periods. The left kidney was perfusion fixed and filled with

methacrylate at the end of the second urine collection period (U2).

6.2.3.1 Haemodynamic variables

MAP was measured throughout the experiment using a side arm catheter, 3 mm proximal to the tip

of the cannula inserted into the aorta. The remaining haemodynamic variables, HR and renal

haemodynamics (RBF, CBF, and MBF) were measured throughout the experiment as described in

detail in Section 2.7, Chapter 2.

6.2.3.2 Analysis of urine and blood samples

Blood and urine samples were processed for measurement of plasma renin activity, li.iematocrit,

and determinations of sodium, [3H]-inulin and [14C]-PAH concentrations. GFR and effective RBF

were calculated as detailed in Sections 2.7.2 and 2.7.3 (Figure 6.1).
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6.2.3.3 Preparation ofmethacrylate casts for scanning electron microscopy

Only the left kidneys were examined. Following removal from the rabbit, each kidney was stored

individually in fixative to allow complete polymerization of the methacrylate (24-48 hours). The

preparation of the vascular casts for scanning electron microscopy is explained in detail in Section

2.5.1 of Chapter 2. Briefly, the kidneys were sectioned and incubated for 1 week in tissue

solubilizer potassium hydroxide (KOH) for removal of the tissue from the casts. The remaining

casts were then washed, mounted, and gold coated (SCD 005 Sputter Coater; Bal-Tec,

Liechtenstein) before being examined in a scanning electron microscope at 20 Kv (Hitachi S-570,

Hitachi City, Japan).

Luminal diameters of afferent and efferent arterioles of outer, mid, and juxtamedullary glomeruli

were measured from scanning electron micrographs (final magnification 660 X). Diameter

measurements were made at 25 urn intervals (Figure 6.2) along each vessel from its junction with

the glomerulus to its first branching point. Six afferent and efferent vessels from each region of the

cortex were measured. These were selected and classified as previously described (Denton et ah,

1992; Denton et al, 2000). The vascular casts were coded and randomised before the micrographs

were taken, Measurements along the arteriolar lengths were made using a digitizing tablet

(Summagraphics; resolution 100 lines/mm, accuracy ± 0.25 mm, GTCO Calcorp, USA) and the

MEASURE program (Capricorn Scientific Software, Victoria, Australia). Vessel selection and

measurement procedures are described in greater detail in Section 2.5.2 (Scanning electron

microscopy) in Chapter 2.

6.2.3.4 Vascular diameter, resistance and conductance

These calculations are explained in Section 2.8.2 of Chapter 2. Briefly, mean values for the radius

(r) and diameter of each vessel were derived from the measurements made along the vessel length.

Relative resistances (R) were calculated according to Poiseulle's relationship (R=l//-4) and

expressed per unit length (Denton et al, 1992; Denton et al, 2000), see Table 6.2.
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6.2.4 Statistical analysis

6.2.4.1 Haemodynamic data

To test whether [Phe2,Ile3,Orn8]-vasopressin or its vehicle altered baseline systemic and renal

haemodynamic variables, the average levels of each variable during the first 10-30 min after

commencing the infusion were compared with levels during the initial control period by paired t-

test.

6.2.4.2 Glomerular arteriole dimensions

To test whether the [Phe2,Ile3,Orn8]-vasopressin treatment altered vessel diameter in comparison to

vehicle infusion, the average diameter of the treated vessels in each cortical region (outer, mid,

juxtamedullary) were compared with those in control animals by unpaired t-test. Paired t-tests were

used to test for differences between afferent and efferent arteriole diameters in the various regions

of the cortex.

6.3 Results

6.3.1 Baseline levels during the control period

Systemic and renal haemodynamic variables (Figures 6.3 & 6.4), and renal excretory variables

(Figure 6.4) during the control period were similar to those previously observed by us under similar

experimental conditions (Denton et al, 1992; Correia, 1997; Evans et al, 1998; Denton et al.,

2000). There were no systemic differences in these variables between the two groups of rabbits (P >

0.05).

6.3.2 Haemodynamic and renal responses to [Phe2,Ile3,Orn8]-vasopressin and vehicle

treatment

Intravenous [Phe2,Ile3,Orn8]-vasopressin (30 ng/kg/min) increased MAP (19 ± 3%) and haematoc.it

(7 ± 2%), and reduced HR (16 ± 2%) and MBF (30 ± 8%), but RBF, CBF and renal vascular

resistance did not significantly change (Figure 6.2, Table 6.1). Vehicle treatment did not

significantly affect any of the measured variables with the exception of haematocrit, which

decreased by 3 ± 1% (Figure 6.2, Table 6.1).
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[Phe2,He3,Orn8]-vasopressin treatment had no significant affect on effective RBF in either kidney.

In both the left (denervated) and right (and innervated) kidney, [Phe2,He3,Orn8]-vasopressin

treatment significantly increased GFR (58 ± 13 and 109 ± 38%, respectively), urine flow (166 ± 32

and 355 ± 78%, respectively) and sodium excretion (118 ± 21 and 290 ± 82%, respectively).

Following vehicle treatment there were small but statistically significant increases in GFR in the

right kidney (33 ± 10%), urine flow in the left kidney (32 ± 14%), and sodium excretion in both the

left (36 ± 15%) and right (42 ± 16%) kidneys, but no significant changes in effective RBF (Figure

6.4).

6.3.3 Vessel lumen diameters and calculated relative resistances

No evidence of focal constriction was observed along the length of any of the arterioles. Therefore,

mean diameter was calculated for each afferent and efferent arteriole in the different regions, as an

arithmetic mean of each measurement (every 25 um) along the length of the vessel from the

glomerulus.

There were no significant differences in glomerular afferent or efferent arteriole lumen dimensions

between vehicle and [Phe2,Ile3,Orn8]-vasopressin agonist treated rabbits (Figure 6.5). In particular,

juxtamedullary afferent and efferent arteriolar diameters were closely similar in the two groups of

rabbits. There was, however, a tendency for mid cortical efferent arteriolar diameter to be less in

[Phe2,Ile3,Orn8]-vasopressin treated than in vehicle treated rabbits (P = 0.07, Figure 6.5). Calculated

relative resistance per unit vessel length was closely similar in vehicle and [Phe2,Ile3,Orn8]-

vasopressin agonist treated rabbits for all arterioles (Figure 6.4), except for mid cortical efferent

arterioles in which a tendency for increased relative resistance was observed in the [Phe2,Ile3,Orn8]-

vasopressin treated rabbits (P = 0.07).

When averaged across both groups of rabbits, afferent arteriole lumen diameters in the outer, mid,

and juxtamedullary cortex were 15.06 ± 0.70, 13.87 ± 0.52, and 15.48 ± 1.20 um, respectively.

Compared with these afferent arterioles, the corresponding efferent arterioles had smaller diameters

in the outer cortex (12.37 ± 1.00 um, P = 0.02) and mid cortex (12.13 ± 0.61 um, P = 0.03), but

greater diameters in the juxtamedullary cortex (17.62 ± 1.48 um, P = 0.02).



Figure 6.2 Scanning electron microscope image of juxtameduUary glomeruli. A. afferent

arteriole; E. efferent arteriole; G, glomerulus; OMDVR, outer medullary descending vasa recta.
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Figure 6.5 Diameters of vascular casts of glomerular arterioles in the superficial, mid, and
juxtamedullary cortex, after intravenous infusion of [Phe2,Ile3,Orn8]-vasopressin (filled columns;
30 ng/kg/min) or its vehicle (hatched columns; 154 mM NaCl, 50 ul/kg/min). Columns and error
bars represent the between rabbit mean ± SEM (n=7). P values represent the outcomes of
unpaired t-tests, testing whether diameters of vessels in [Phe2,Ile3,Orn8j-vasopressin- treated
rabbits differed from the corresponding vessels in vehicle- treated rabbits.
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Table 6.1 Effects of intravenous infusion of vehicle (50 ul/kg/min; n=7) or [Phe2, Ile3,Orn8]-

vasopressin (30 ng/kg/min; n=7) on systemic and renal haemodynamic variables. Data are presented

as percentage change from baseline measurements.

Vehicle [Phe2, He ,Orn ] vasopressin

MAP

HR

HCT

RBF

CBF

MBF

-1±3

-1±2

- 3 ± 1 *

3 ± 1

-1±2

-5 ± 4

1 9 ± 3 *

-16±2***

7 ± 2 *

6 ± 4

-1±5

-30 ± 1 0 *

Each value represents the mean ± SEM of the percentage difference for each variable, between the

baseline levels, and the levels 10-30 min following commencement of the infusion of Vragonist or

vehicle. *P < 0.05, **P < 0.01, ***P < 0.001 for outcome of paired t-test. MA]3, mean arterial

pressure; HR, heart rate; HCT, haematocrit; RVR, renal vascular resistance; RBF, renal blood flow;

CBF, renal cortical blood flow; MBF, renal medullary blood flow.

Table 6.2 Effects of intravenous infusion of [Phe2, He3, Orn8]-vasopressin (30 ng/kg/min) or

its vehicle (50 u.l/kg/min) on relative resistance.

TREAT

Vehicle

V r agonist

Vehicle

V r agonist

VESSEL

Afferent

Afferent

Efferent

Efferent

OUTER

CORTEX

0.051 ±0.018

0.087 ±0.041

0.293 ±0.051

0.417 ±0.073

MID

CORTEX

0.064 ±0.017

0.080 ±0.022

0.189 ±0.039

0.375 ± 0.083

JUXTA

MEDULLARY

0.060 ±0.021

0.128 ±0.058

0.124 ±0.036

0.174 ±0.059
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6.4 Discussion

As previously demonstrated (Evans el ah, 1998; Evans et ah, 2000), intravenous infusion of the V*i

-receptor agonist [Phe2, He3,Orn8] vasopressin selectively reduced MBF compared with CBF and

RBF in rabbits. Our present aim was to determine whether this selective effect of the V, -receptor

agonist [Phe2, He3,Orn8]-vasopressin on MBF is mediated by selective vasoconstriction of

juxtamedullary glomerular arterioles, using a previously characterized vascular casting technique

(Denton et al, 1992; Denton et a!., 2000). We found that intravenous infusion of [Phe2, Ile3,Orn8]-

vasopressin reduced MBF by 30 ± 8% but we could not detect a change in the diameters of afferent

or efferent juxtamedullary arterioles. These data are not consistent with a role of juxtamedullary

arterioles in mediating the effects of [Phe2, Ile3,Orn8]-vasopressin on MBF. Since vasoconstriction

of vascular elements upstream from glomerular arterioles (i.e. interlobular or arcuate arteries)

should produce reductions in CBF (and RBF) as well as MBF, our data raise the possibility of a role

for downstream vascular elements in mediating MBF responses to [Phe2, Ile3,Orn8]-vasopressin.

The outer medullary portions of the descending vasa recta are the most likely candidates, since

these have previously been shown to be responsive to both arginine vasopressin and [Phe2,

Ile3,Orn8]-vasopressin in vitro (Turner andPallone, 1997).

In the current study, our combination of in vivo measurements of RBF, CBF and MBF together with

data from ex- vivo analysis of vascular casts from the same animals, provided a unique opportunity

for direct correlation of the actions of [Phe2, Ile3,Orn8]-vasopressin on regional kidney blood flow

and glomerular arteriole dimensions. The laser-Doppler technique for measurement of regional

kidney blood flow has previously been validated (HanselI, 1992), and used extensively by others

(Franchini and Cowley, 1996; Cowley, 1997; Franchini et al., 1997) and ourselves (Correia, 1997;

Evans et al, 199S; Evans et al, 2000; also Chapter 4) to demonstrate the diversity of responses of

regional kidney blood flow to hormonal agents. The vascular casting technique used in the present

study involves rapid tissue fixation at physiological pressure, after which the renal vasculature is

filled with methacrylate resin material. Although some artifact is associated with the vascular

casting procedure, the vascular casting technique has previously been extensively validated

(Gattone et al, 1983; Gattone and Evan, 1986; Kimura et al, 1990; Denton et al, 1992; Denton et

al, 2000). Importantly, the glomerular arteriole diameters derived from the vascular casts in the

present study are comparable to those previously reported in rabbits using several techniques,

including vascular casting (Denton et al, 1992; Denton et al, 2000), stereology (Kaissling and

Kriz, 1979), and isolated arteriole preparations (Ito and Carretero, 1990; Weihprecht et al, 1991)

We also observed regional differences in glomerular arteriole diameters, which is consistent with
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previous studies in this (Kaissling and Kriz, 1979; Denton et al, 1992; Denton et ah, 2000) and

other species (Gattone et ah, 1983; Dwarkin and Brenner, 1996). Furthermore, previous studies

using the technique of vascular casting have demonstrated vasoconstriction in glomerular arterioles

in response to angiotensin II (Denton et al, 1992; Denton et ah, 2000) and noradrenaline (Kimura

et al, 1990) and vasodilatation in response to atrial natriuretic peptide (Kimura et al, 1990). We

can therefore be confident that the vascular casting technique can be used to detect changes in renal

arteriole dimensions.

Consistent with the lack of effect of [Phe2, Ile3,Orn8]-vasopressin on CBF and RBF, we observed no

significant differences between vehicle and [Phe2, Ile3,Orn8]-vasopressin treated rabbits in the

diameters of afferent or efferent arterioles in superficial and mid cortical regions of the cortex. If the

30% reduction in MBF were entirely due to vasoconstriction in juxtamedullary arterioles, we would

have expected fbased on Poiseulle's relationship, where resistance is inversely proportional to the

fourth power of the vessel radius) juxtamedullary arteriole diameter to have been about 9% less in

[Phe2, Ile3,Om8]-vasopressin treated compared with vehicle treated rabbits. However, the diameters

of juxtamedullary afferent and efferent arterioles were indistinguishable in the two groups of

rabbits, and indeed if anything were numerically (-3%) greater in [Phe2, Ile3,Orn8]-vasopressin

treated than in vehicle treated- rabbits.

Our failure to detect significant differences in juxtamedullary glomerular arteriole diameter between

vehicle- and [Phe2, Ile3,Orn8]-vasopressin treated rabbits reflect some inherent insensitivity of the

casting technique. However, we believe this is unlikely, since previous studies in our laboratory

have detected decreases of ~1 um in outer cortical efferent arteriole diameter in rabbits receiving

renal arterial infusions of angiotensin II (1 ng/kg/min), that caused a 35% reduction in RBF (Denton

et al, 2000). In the current study, to decrease MBF by ~30%, mean juxtamedullary afferent

arteriole diameter would have had to decrease by ~9%, which corresponds to changes in arteriolar

diameter of 1.4 um (afferent) to 1.6 um (efferent).

Our ex-vivo data are therefore not consistent with a role of juxtamedullary glomerular arterioles in

mediating the selective effects of [Phe2, Ile3,Orn8]-vasopressin on MBF, and in this respect are at

odds with the results of in vitro studies showing constriction of juxtamedullary afferent arterioles in

response to physiological concentrations of arginine vasopressin (Harrison-Bernard and Carmines,

1994). Nevertheless, this is the first study we are aware of that has addressed this issue under in vivo

conditions, and it is likely that the responsiveness of renal vascular elements to activation of V r

receptors is highly dependent upon the intrarenal hormonal milieu. Furthermore, although they
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appear less sensitive than afferent arterioles under in vitro conditions (Harrison-Bernard and

Carmines, 1994), outer medullary descending vasa recta do respond to arginine vasopressin and

[Phe2, He3,Orn8]-vasopressin (Turner and Pallone, 1997). Taken together, these data suggest a

possible role for outer medullary descending vasa recta in mediating the selective effect of [Phe ,

He3,Om8]- vasopressin (and so perhaps also that of arginine vasopressin) on MBF. This hypothesis

will be difficult to test under in vivo conditions, since there are considerable technical impediments

to the use of casting techniques for measuring the dimensions of outer medullary descending vasa

recta. This could not be achieved in the present study, because the outer medullary descending vasa

recta were either inadequately filled with casting material, or when adequately filled, they often

detached from the efferent arterioles during preparation of the cast. In future smdies we hope to

overcome this problem, and also increase the resolution of the technique so as to investigate the role

of outer medullary descending vasa recta in mediating reduced MBF during activation of renal V r

receptors.

The present study also allowed us to make a number of interesting observations about the systemic

haemodynamic and renal effects of [Phe2, Ile3,Orn8] vasopressin. Intravenous infusion of this agent

increased MAP, GFR, urine flow, and sodium excretion. The diuretic and natriuretic effects of

[Phe2, Ile3,Orn8]-vasopressin have been described previously in both rats (Ledderhos et al, 1995)

and rabbits (Evans et al, 1998). These effects appear to result chiefly from a direct tubular action of

activation of Vrreceptors, and are at least in part independent of the pressor effect of [Phe2,

Ile3,Orn8]-vasopressin (Ledderhos et al, 1995). In the present study we also found that [Phe2,

Ile3,Orn8] vasopressin increased GFR. This effect has not been previously described, but is

consistent with the pressor effect of this agent, and the lack of evidence in our casting data for

autoregulatory vasoconstriction in [Phe2, Ile3,Orn8]-vasopressin treated rabbits. Indeed, the only

vessels in which there was any evidence of vasoconstriction were the efferent arterioles of mid

cortical glomeruli, in that the average diameters of these vessels tended to be about 11% less in

[Phe2, Ile3,Orn8]-vasopressin treated than in vehicle treated rabbits (P = 0.07). Our casting data are

therefore consistent with the hypothesis that glomerular capillary pressure increases during

intravenous infusion of doses of [Phe2, Ile3,Orn8]-vasopressin that increase MAP. This hypothesis

merits direct testing with micropuncture.
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6.5 Conclusions

In conclusion, the results of the present study are not consistent with an important role of

juxtamedullary glomerular arterioles in mediating the selective effect of [Phe2,Ile3,Orn8]-

vasopressin on MBF. A role for downstream vascular elements, and in particular outer medullary

descending vasa recta, remains possible. However, since our present in vitro data are at odds with

the results of previous studies, they require confirmation by future experiments.
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Chapter Seven

GENERAL DISCUSSION

7.0 Introduction

The main impetus for the studies described in this thesis came from the hypothesis that the renal

medullary microcirculation plays a significant role in the long term control of arterial pressure,

chiefly through modulation of the pressure diuresis/natriuresis response, and possibly also the

release of a putative renal medullary vasodepressor hormone. In this final chapter, I will summarize

the main findings from this thesis, and discuss future directions for research aimed at answering

some of the important questions that arise from my work.

7.1 Renal handling of infused [3H]- noradrenaline

Renal medullary interstitial infusion of [3H]-noradrenaline, delivered to the outer medullary

interstitium, results in the infused radiolabel being most concentrated in the juxtamedullary region;

the inner cortex and the outer medulla. This finding was consistent with our previous observation

that MBF was selectively reduced during medullary interstitial infusion of noradrenaline, adding

further weight to the argument that the juxtamedullary and outer medullary vasculature is chiefly

responsible for regulating MBF (Correia, 1997). Furthermore, the results of this study, taken

together with our previous findings (Correia, 1997), indicate that outer medullary interstitial

infusion of vasoactive substances provides a useful tool for studying the role of MBF (in rabbits) in

the regulation of arterial pressure.

However, the scope of these studies were limited, in that only one agent, noradrenaline, was tested.

It is likely that the intrarenal distribution, and effect of the infused substance on the renal

circulation (in particular MBF), will depend on its handling by the kidney. In the case of [3H]-

noradrenaline, it was previously shown that approximately half of the outer medullary interstitially

infused radiolabel spilled over into the systemic circulation (40 %), or exited the kidney via the



Chapter 7. General discussion 146

ureter (4 %), limiting this technique to substances which are rapidly metabolized and therefore

produce their strongest effect within a small distance from the infusion site (Correia, 1997).

If the use of this technique is extended to other substances, the physico-chemical and biological

characteristics of each substance will likely influence its effects and distribution within the kidney.

These characteristics might include: (i) the size and charge of the molecules involved, (ii) possible

interactions with other hormones in the interstitium and circulation, such as nitric oxide and

eicosanoids, (iii) any potential involvement of renal uptake mechanisms, particularly within the

renal tubules, (iv) direct/indirect effects on renal water and sodium handling, (v) vasoactive actions,

(vi) possible regionally specific effects within the kidney (i.e. vasopressin reduces MBF but usually

not CBF, irrespective of its site of administration), (viii) systemic effects resulting from spill-over

and, (vii) the rate of metabolism of the substance, and any metabolic by-products.

With these considerations in mind, and based on the observations of our previous studies (Correia,

1997; Evans et al, 1998), and those of others in rats (Lu et al, 1992;, it may be postulated that

substances of a comparable charge and size to noradrenaline might be handled in a similar manner.

Thus, following renal medullary interstitial infusion of most water soluble molecules, it might be

expected that approximately half of the infused substance will spillover into the systemic

circulation, and a much smaller portion (~5%) will exit via the ureter. The distribution and

disposition of larger, non-polar, or highly charged polar molecules, on the other hand, might be very

different from that of noradrenaline. Clearly therefore, future use of this technique with other

substances requires detailed information about the factors that determine their distribution within

the kidney.

7.2 Role of renal medullary blood flow in renal antihypertensive responses to increased

renal artery pressure

Having developed a method for the selective reduction of MBF in anaesthetised rabbits, we were

then able to test the effects of reducing MBF on responses to increased RAP. This was tested

through the establishment of an extracorporeal circuit, which enabled RAP to be manipulated

independently of direct effects on systemic arterial pressure. In the experiments described in

Chapter 4, the effects of increasing RAP were tested during both reduced CBF (intravenous

noradrenaline infusion; 300 ng/kg/min), and reduced MBF (medullary interstitial noradrenaline

infusion; also 300 ng/kg/min). Using this circuit we were able to test the roles of the cortical and

medullary circulation in three proposed renal antihypertensive mechanisms; pressure natriuresis,
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the renin-angiotensin system, and the putative renal medullary humoral depressor mechanism.

With regard to the latter mechanism, at the time we performed these experiments it was believed

that the depressor response to increased RAP in this model was at least in part due to release of this

putative humoral depressor substance.

It was concluded that medullary interstitial noradrenaline infusion blunted both the pressure

natriuresis response and the release of the putative renal medullary depressor hormone, since the

depressor response in these rabbits was blunted in comparison to those receiving intravenous

noradrenaline (reduced CBF). Since a reduction in CBF did not affect these responses, these

findings add further weight to the hypothesis that MBF plays a significant role in the regulation of

arterial pressure. This conclusion is further supported by the results of other studies using this

experimental model, showing that other treatments that reduce MBF such as blockade of nitric

oxide synthase (Evans et al, 1995), and medullary interstitial infusion of [Phe2, He3, Orn8]-

vasopressin (Bergs trom and Evans, 1998) can inhibit one or both of these antihypertcnsivc

responses to increased RAP. In contrast, they appear to be little affected by treatments that only

affect CBF, such as renal arterial infusion of endothelin-1 or ETA/ETB-receptor blockade (Weekes

et al, 2000). This conclusion is also supported by the large body of work by Cowley and

colleagues, showing the pro-hypertensive effects of medullary interstitial infusions of

vasoconstrictors in rats (see Cowley, 1997). Therefore, it seems likely that the .nedullary

microvasculature plays a key role in the mechanisms controlling blood pressure in the long term.

On the other hand, future studies are required to further delineate the precise mechanisms

underlying the role of MBF in blood pressure control.

7.2.1 Further approaches to understanding the roles of medullary blood fl&w in blood pressure

control mechanisms

One approach which has not been tested in the extracorporeal circuit model, and may warrant

investigation, is to determine effects of selective increases in MBF, on responses to increased RAP.

This would further test the hypothesis that the level of ME? modulates the pressure

diuresis/natriuresis mechanism, which predicts that treatments that in., -ease MBF should enhance

the diuretic/natriuretic responses to increased RAP.

In order to selectively increase MBF, vasodilators could be infused into the renal medullary

interstitium using the technique developed in Chapter 3. Renal arterial infusion may provide a

method for selectively increasing CBF with the same vasodilator substance. Suitable vasodilator

L
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substances for such studies might include acetylcholine, adrenomedullin, or nitric oxide donors. In

preliminary studies, these agents have been shown to produce sustained increases in total RBF

during renal arterial infusion, and do not spill-over in sufficient quantities to reduce arterial pressure

(Guild etal, 2001).

Future studies, therefore, should compare the effects of renal arterial and renal medullary interstitial

infusions of these agents. The results of these experiments should provide the background

information necessary for the design of an experiment along the lines of that described in Chapter 4,

to test whether increased MBF enhances pressure diuresis/natriuresis in this extracorporeal circuit

model. On the other hand, this approach has already been taken in experiments in hypertensive rats,

using a more conventional model of pressure diuresis/natriuresis (Lu et al, 1992). These

experiments showed that when MBF is increased by medullary interstitial infusion of the calcium

antagonist diltiazem, the pressure diuresis/natriuresis relationship is shifted to the left. The

experiments I propose in rabbits should confirm this finding under different experimental

conditions, and with an experimental design that allows the systemic and renal cortical effects of the

vasodilator agent to be controlled for.

7.2.2 Autoregulation of medullary blood flow

A further unresolved issue arising from this study was our inability to detect increases in MBF

during increased RAP. There is presently considerable controversy as to the degree to which MBF

is autoregulated (See 1.2.2.2), but given that even CBF is relatively poorly autoregulated in this

extracorporeal circuit model, our finding with regard to MBF is surprising. One possibility is that

our observation reflects a technical problem with our measurement of MBF under the conditions of

the extracorporeal circuit model. When RAP is increased in this model, the kidney expands. Given

that the medullary probe is held in place outside the kidney, renal expansion might result in the

probe moving further towards the papilla, and so into medullary regions of lower relative flow. This

issue requires clarification by further experiments.

One approach might be to chronically implant a laser-Doppler flowprobe so that its tip is positioned

in the outer medullary interstitium (~8 mm from surface) and the probe is adhered to the renal

capsule. This technique has previously been used in rabbits in our laboratory (Evans et al, 2000).

Using this method in the extracorporeal circuit setup would allow a different approach to the

measurement of MBF. Using this approach, if the kidney expands when RAP is increased, if

anything the probe tip would retract out towards the cortex, since it is no longer held stationary by a
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micromanipulator, but adhered to the renal capsule. This should allow us to determine whether the

observations described in Chapter 4 were artifactual, due to movement of the probe tip when MBF

is increased.

On the other hand, if our observation is correct, and MBF is well autoregulated in the extracorporeal

circuit model, this might have important consequences for our understanding of the mechanisms

underlying pressure diuresis/natriuresis. As outlined in detail in Chapter 1, poor autoregulation of

MBF is thought to be critical for the full expression of the pressure diuresis/natriuresis mechanism

(Cowley, 1997). On the other hand, others (Majid and Navar, 1996; Majid et al, 1997; Majid et al,

1998) have observed pressure diuresis/natriuresis in the absence of measurable changes in MBF. It

may be then, that the extracorporeal circuit model provides a new way to address this issue, and

perhaps further resolve a role of MBF in mediating, as opposed to modulating, the pressure

diuresis/natriuresis mechanism.

7.3 Factors mediating depressor responses to increased renal artery pressure

7.3.1 Role of pressure diuresis/natriuresis an the renin-angiotensin system in the depressor

response to increased renal artery pressure

A probing question arising from the experiments conducted in Chapter 4 was, to what extent did the

pressure diuresis/natriuresis mechanism contribute to in the depressor response to increased RAP.

This question arose from the observation that renal excretion of sodium and water increased

exponentially when RAP increased from ~65 to ~ 160 mmHg kidney dry weight. For example, urine

flow increased from 0.1 to 1.5 ml/min/g, which one might predict, would lead to a fall in

extracellular fluid volume, and therefore cardiac output, and arterial pressure.

The design of the studies described in Chapter 5 allowed us to test the roles of pressure

diuresis/natriuresis and inhibition of renin release in the depressor response to increased RAP. In

brief, these experiments demonstrated that the depressor response was chiefly the result of increased

salt and water excretion, and not the actions of a putative renal medullary depressor substance, or

inhibition of the renin-angiotensin system. These results suggest that, the extracorporeal circuit is

not a good model of 'medullipin' release. On the other hand, the results of the experiments

described in Chapter 5 do not prove that a depressor substance was not released from the medulla

under the conditions of our experiment, although if it was, any effect it might have had was

obscured by the powerful depressor response resulting from pressure diuresis/natriuresis and so
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hypovolaemia. It is also possible that our experiment did not provide the optimal conditions for

stimulation of release of this putative renal medullary depressor hormone. Specifically, we did not

test the effects of gradually increasing RAP. It may be that -160 mmHg is outside the physiological

range for release of this putative depressor hormone.

7.3.2 Is the renal medullary depressor hormone released within a specific physiological range?

It remains possible that the renal medullary depressor hormone is released only within a certain

physiological range of RAP, and this mechanism is blunted outside that range. In this context, it is

of interest to note that Thomas et al (TJwmas et al, 1994) found that depressor responses could be

observed in this extracorporeal circuit model when RAP was increased in steps from 95 mmHg up

to 185 mmHg. As in the studies described in this theses, the fall in blood pressure in these

experiments was accompanied by natriuresis and diuresis that were both pressure related and

progressive with each increase in RAP (95, 125, 155, and 185 mmHg). In these experiments urine

excretion was 0.39 ±0.11 ml/min when RAP was set at ~95 mmHg but increased to 2.06 ± 0.36

ml/rnin when RAP was -185 mmHg. This was accompanied by reductions in MAP of 4.2 ± 0.7 (at

RAP - 95 mmHg) and 18.1 ±5.3 mmHg/min (at RAP ~185 mmHg) respectively. These figures are

comparab)? to those presented in Chapter 5, in that we observed a urinary excretion rate of 1.5 ± 0.3

ml/min whei. RAP was set at -165 mmHg and a fall of 16.3 ± 3.7 mmHg/min in MAP. Thus,

despite previous claius these animals were not in positive fluid balance at all times during these

extracorporeal circuit experiments (Floyer, 1975; Neubig and Hoobler, 1975).

Therefore, an observation which was overlooked in the Thomas et al studies was that although the

fall in blood pressure continued proportionally with the rise in RAP and therefore urine production,

the intravenous maintenance infusions in these rabbits remained constant (10 ml/kg/hr, - 0.4

ml/min). In our experiments we were able to show that the fall in blood pressure could be prevented

in rabbits in which these maintenance infusions were adjusted to maintain fluid balance.

Nevertheless, the experiments described in Chapter 5 should be replicated with a design involving

step-wise increases in RAP, from -65 - -160 mmHg. The probability that the putative

vasodepressor hormone produces physiological effects outside this 'physiological' range is unlikely

since we have shown that the fall in arterial pressure at RAP of-160 mmHg occurs chiefly due to

negative salt and water balance and hypovolaemia.

u-
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7.3.3 Cross perfusion studies

Before the implementation of the extracorporeal circuit in larger species, such as the dog and rabbit,

the most convincing physiological evidence for the release of the putative renal medullary depressor

hormone came from the cross circulation studies in rats, where an isolated kidney was

extracorporeally perfused with blood from an intact 'donor' rat (Karlstrom and Gothberg, 1987).

This setup is similar to the extracorporeal circuit detailed in Chapters 4, and 5 in that it allows RAP

of the isolated kidney to be regulated independently of direct effects on the systemic circulation of

the intact 'assay' rat, since blood flow through the circuit remains constant (Gothberg and

Karlstrom, 1991).

In this model it has been demonstrated that increased RAP in the cross perfused isolated kidney

produces a reduction in blood pressure in the assay rat, possibly via release of a humoral depressor

substance from the renal medulla. It was suggested that the stimulus for the release of this depressor

substance was increased RAP and/or the concomitant increase in RBF (Gothberg and Karlstrom,

1991). It was even suggested that the renal medullary depressor hormone stimulated a

diuretic/natriuretic response in these rats, since urine flow and sodium excretion increased not only

in the isolated kidney perfused at high pressure, but also in the recipient kidney, in which arterial

pressure fell (Karlstrom et al, 1988). This observation also raises the question as to whether the

depressor response to increased RAP in this model could be due to hypovolaemia secondary to

increased salt and water excretion. My calculations, based on the data in Karlstrom et al. (1988), are

equivocal on this matter. Taking the urine produced by both the isolated recipient kidney and the

kidneys of the donor rat during high pressure perfusion (about 70 ul/min) and subtracting that from

the maintenance infusion (about 50 ul/min), we can predict a negative volume balance of about 20

ul/min. This seems unlikely to account for the dramatic depressor response to increased RAP in this

model. On the other hand, given my present results, this possibility warrants testing by direct

experimentation.

7,3.4 Unclipping effects of renal hypertensive rats

Another model employed in studies aimed at studying the physiology of the putative renal

medullary depressor hormone is the rapid depressor response after unclipping the 1-kidney-1 clip

renal hypertensive rat (Ledingham and Cohen, 1962; Liard and Peters, 1973). It is stated in these

reports that the depressor response to unclipping occurs independently of urinary volume losses,

even though an increase in sodium and water excretion was observed (Liard and Peters, 1970).



Chapter 7. General discussion 152

However, it should be noted that while 'fluid loss' was prevented in these experiments by

maintenance infusions, these infusions were not increased in a compensatory manner proportional

with increases in renal excretory1 volumes, after unclipping (Ledingham and Cohen, 1962; Liard

and Peters, 1970; Liard and Peters, 1973).

In the 2-kidney, 1 -clip hypertension model it was found that the initial fall in blood pressure in

response to unclipping was 'blunted' in rats in which the renal medulla had been chemically

ablated, leading to the interpretation that the depressor response to increased RAP occurred due to

the release of a depressor hormone from the renal medulla (Bing et al, 1981; Taverner et al, 1984).

It should be noted however that little attention was given to the level of urinary excretion or activity

of the renin-angiotensin system in these studies, system so roles for these factors in the depressor

response to unclipping cannot be completely excluded.

In a study by Neubig and Hoobler, (Neubig and Hoobler, 1975) a volume of saline, equal to the

volume of urine excreted, was infused intravenously every 15-30 min following removal of the

renal arterial clip. It was found that MAP in this group of rats behaved in a similar manner to that of

rats, in which volume was not maintained after unclipping. That is, similar depressor responses

were observed in both groups. These observations are consistent with those of Liard and Peters

(1973), who observed that ligation of the ureter did not abolish the initial (6 hr) depressor response

to unclipping 1-kidney, 1-clip hypertensive rats. On the other hand, they contrast with those of

Muirhead and Brooks (1980), who showed that the normalisation of arterial pressure after

unclipping 1-kidney, 1-clip rats was prolonged by ureto-caval anastomosis or ureteral ligation.

Thus, despite the widespread presumption that the initial depressor response to unclipping 1-kidney,

1-clip hypertensive rats reflects, at least in part, a humoral depressor mechanism arising from the

renal medulla, an important role for the pressure diuresis/natriuresis mechanism in this phenomenon

has still not been excluded. Thus, an experiment directly assessing this issue was called for.

7.3.5 Role of pressure diuresis/natriuresis in the depressor response to unclipping of renal

hypertensive rats

I was recently (August- September 2000) granted the opportunity to undertake such a study. I took a

similar approach to that described in Chapter 5, but using the unclipping model in renal

hypertensive rats. These experiments were performed at the University of Goteborg (Sweden),

under the supervision of Associate Professor Goran Bergstrom. It should be noted that my time

spent in Goteborg was limited (4 weeks) and therefore insufficient for completion of the study.
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During my time there I did manage to develop a suitable protocol and conduct several preliminary

studies, including some experiments used in the final analysis. I would like to take this opportunity

to thank Dr. Jia Jing for teaching me how to perform the procedures described below in rats, as my

experience to this time was limited to rabbits, and to further thank her for completing the remaining

experiments and compiling the data presented below. I also thank Associate Professor Bergstrom

and Dr. Jing for allowing me to present the results of these studies here.

The objective of these studies was to test the role of the pressure diuresis/natriuresis mechanism in

the depressor response to unclipping of renal hypertensive rats. In brief, under anaesthesia a right

nephrectomy was performed and a clip was placed around the left renal artery of normotensive rats

(WKY rats; body weight 150-210 g) 8 weeks prior to the date of the acute experiment. Only rats

with arterial blood pressures greater than 150 mmHg were used in the acute experiment. On the

experimental day, rats were weighed, anaesthetized (Inactin; 150 mg/kg, subcutaneously) and

subjected to the following protocol.

Experimental preparation following anaesthesia; Once a surgical level of anaesthesia was reached

(i) a tracheotomy was performed (PE 240), (ii) the tail artery was cannulated for measurement of

MAP and blood sample collections for haematocrit determination, (ii) the jugular vein was

cannulated (PE 50; 0.75 mm ID, 1.45 mm OD) for measurement of CVP, and the delivery of saline

and haemacell for plasma volume maintenance throughout surgery and the experiment, (iii) the left

ureter was cannulated for urine collection (PE 10; 0.28 mm ID, 0.61 mm OD), and (iv) scar tissue

surrounding the renal artery and arterial clip was cleared for later easy removal of the clip.

Following surgery, a 60 min equilibration period was allowed for blood pressure and volume levels

to stabilize. A further 30 min of stable baseline measurements were then made prior to experimental

manipulations.

Experimental groups; Following 30 min of stable baseline recordings, rats were subjected to one of

the three following procedures (i) In a control group, the clip was manipulated but not removed, (ii)

in the second group, the renal artery clip as removed, (iii) in the third group, the clip was removed

and the rat received an intravenous infusion of 154 mM NaCl equivalent to urine flow. Urine flow

was determined in all animals at five minute intervals for the 60 min experimental duration, which

commenced immediately following removal of the renal artery clip, or sham unclipping. Two

haematocrit readings were made (collected directly into capillary tubes), one at the mid-point of

equilibration and another 30 min following sham/renal artery unclipping (see Figure 7.1).
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Figure 7.1 Schematic diagram of the experimental protocol. Following a 60 min equilibration

period, stable baseline recordings of mean arterial pressure, central venous pressure (not shown)

and heart rate were taken for 30 min prior to sham/removal of the renal artery clip. For the

remaining 60 min of the experiment urine was collected and measured gravimetrically at 5 min

intervals and two arterial blood , ̂ mples were collected for haematocrit determination ((HI, H2);

data not shown). Three groups of rats were studied (i) sham unclipping, (ii) unclipping of the renal

artery, and (iii) unclipping of renal artery, and intravenous infusion of 154 mM NaCl at a rate

equivalent to urine flow.

The data presented in Figure 7.2 show that, as has been shown previously, renal artery unclipping is

followed by a rapidly developing depressor response (Muirhead and Brooks, 1980). These data also

show that his depressor response is abolished if urinary excretion is compensated for by saline

infusion. Thus, like the depressor response to increased RAP in the extracorporeal circuit mode, the

rapid depressor response to unclipping 1-kidney, 1-clip hypertension seems to be chiefly dependent

on hypovolaemia secondary to pressure diuresis/natriuresis. Neither of these models, therefore,

appear to be appropriate 'assays' for the putative renal medullary depressor hormone.

Two important points arise from these findings. The first is that the pressure diuresis/natriuresis

mechanism seems to play a dominant role in blood pressure regulation, even over the relatively

short time periods of these experiments. The second important point relates to the existence of the

renal medullary depressor hormone. These experimental models have played a major role in
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underpinning the physiological evidence supporting the concept of the renal medullary depressor

hormone. Thus, we should now critically re-evaluate this concept.
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Figure 7.2 Mean arterial pressure (MAP) and heart rate responses to renal unclipping or sham

unclipping of anaesthetised renal hypertensive rats. The line with no symbols represents the sham

unclipping group. Open triangles represent rats in which the renal artery clip was removed. Closed

triangles represent rats in which the renal artery clip was removed, and an infusion of 154 mM NaCl

was administered to compensate for urinary excretion.

7.4 Vasopressin Vragonist effects on renal blood flow and glomerular arterioles

The experiments described in Chapter 6 concentrated on the mechanisms controlling MBF, rather

than the role of MBF in blood pressure control. This study was designed to provide more

information about the vascular sites responsible for the control of MBF. MBF in anaesthetised

rabbits was selectively reduced) by an intravenous infusion of the V,-agonist [Phe2, He3, Orn8]-

vasopressin. The rabbits' kidneys were then perfusion fixed, and renal casts were made by

methacrylate infusion. The main findings were, that intravenous [Phe2, He3, Orn8]-vasopressin

produced a selective reduction in MBF, but we were unable to detect changes in the diameters of

juxtamedullary afferent or efferent arterioles. This finding gives rise to two possible explanations,

either (i) the vascular elements responsible for the reduced MBF in response to the V,-agonist are
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not in the renal cortex, but instead in the outer medulla (outer medullary descending vasa recta ?),

or (ii) that the casting technique was not sensitive enough to detect changes in juxtamedullary

glomerular arterioles.

The main advantage of the experimental approach taken in Chapter 6, was the combination of in

vivo measurements of regional and total RBFs together with ex-vivo analysis of vascular casts from

the same animals. However, this approach did present its disadvantages. Firstly due to the terminal

nature of the experiment, within animal comparisons between [Phe2, He3, Orn8]-vasopressin and

vehicle infusion could not be made, and secondly due to the delicate nature of the casts and

excessive handling, some degree of artifact is likely to be associated with this procedure.

It is accepted that the supply of MBF is derived (almost) entirely from the efferent arterioles of

juxtamedullary glomeruii (Pallone et al, 1990). Therefore it may been reasoned, that in order for

[Phe2, He3, Orn8]-vasopressin to produce a selective reduction in blood flow to the renal medulla,

vasoconstriction of either the juxtamedullary arterioles or outer medullary descending vasa recta

must occur. Although V] -receptors have been located in the outer medullary descending vasa recta

(Park et al, 1997), and they have been shown to constrict in response to Vrreceptor activation ///

vitro (Turner and Pallone, 1997), to date there is no information from in vivo studies that bears on

this issue. In a large part, this is due to the inaccessibility of this region of the kidney. Clearly,

resolution of this issue is of major importance for an understanding of the factors regulating MBF in

vivo.

7.4.1 Possible future directions in measuring in-vivo changes with ex-vivo micwscopy

If the observed reduction in MBF in response to infusion of [Phe2, He3, Orn8]-vasopressin is chiefly

due to vasoconstriction of outer medullary descending vasa recta, then based on the results

presented in Chapter 6, this may be difficult to resolve using scanning electron microscopy. This

arises particularly because comparisons have to be made between animals, rather than within the

same vessels in the same animal. An alternate approach may be through the implementation of a

more sensitive technique, which preferably allows measurements to be made in real time in vivo.

These techniques await development.

One approach that I have trialed in preliminary studies is confocal microscopy. Although it still

requires vascular casting and between-group comparisons, it does provide certain advantages over

the scanning electron microscope technique. For example: (i) Following staining of the renal casts,
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no further processing is required and the size of the cast is limited only by the size of the stage

under the microscope lens, not the size of the stubb used in the scanning electron microscope, (ii) 3-

dimentional images of vessels selected under the microscope are compiled and generated, by

computer, and in most instances 2-dimentional measurements may be made, as well as 3-

dimentional determination of the 'volume' of the scanned image, which can be calculated 'on

screen' and does not require the use of a digitizing tablet, and (iii) perhaps the most important

advantage of this method is greater image resolution.

However, a major limitation of confocal microscopy which we encountered, was that the computer

program used for calculating arteriolar dimensions was unable to distinguish these vessels as a

separate entities from the glomeruli. Various approaches were taken to circumvent this problem,

which included mathematical formulas, and communication with the software developers, but in the

end we were limited by the time restrictions of my PhD candidature, and returned to the previously

validated scanning electron microscope method. However, this technique may warrant further

investigation since, due to the minimal tissue handling required, and higher resolution, it may in the

near future be possible to make measurements of outer medullary descending vasa recta, as well as

glomerular arterioles.

7.5 Conclusions

Clearly, we have only just begun to develcp an understanding of how the renal medullary

circulation contributes to the regulation of arterial pressure, both in the short and the long term.

Many issues surrounding the extent and level oi involvement of these mechanisms, particularly the

renal medullary depressor hormone still warrant further investigation. My experimental results

certainly reinforce the 'Guytonian' view, that the pressure diuresis/natriuresis mechanism plays an

overriding dominant role in the long-term control of arterial pressure. Further understanding of the

factors underlying this mechanism, including MBF, must therefore be a central goal of hypertension

research in the future. This information may help us towards prevention or cure of hypertension,

rather than just its treatment.
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tial infusion of norepinephrine in anesthetized rabbits: meth-
odological considerations. Am. J. Phytiol. 277 (Jiegulatoiy
Integrative Comp. Phytiol. 46): R112-R122,1999.—We tested
methods for delivery of drugs to the renal medulla of anesthe-
tized rabbits. Outer medullary infusion (OMI) of norepineph-
rine (300 pg-kg'^min"'), using acutely or chronically posi-
tioned carters , reduced both cortical (CBF; 15%) and
medullary perfusion (MBF; 23-51%). Inner medullary infu-
sion (IMI) did not affect renal hemodynamics, whereas intra-

-» venous infusion reduced CBF (15%) without changes in MBF.
During OMI of [3H]norepinephrine, much of the radiolabel
(-40% with chronically positioned catheters) spilled over
systemically. Nevertheless, autoradiographic analysis showed
the concentration of radiolabel was about fourfold greater in
the infused medulla than the cortex. In contrast, during IMI,
only —6% of the infused radiolabel spilled over into the
systemic circulation and —64% was excreted by the infused
kidney. The resultant intrarenal levels of radiolabel were
considerably less with IMI compared with OMI. In rabbits,
OMI therefore provides a useful method for targeting agents
to the renal medulla, but given the considerable systemic
spillover with OMI, its utility is probably limited to sub-
stances that are rapidly degraded in vivo.

hypertension; laser-Doppler flowmetry; renal blood flow; re-
nal medulla

THERE IS ACCUMULATING evidence implicating the renal
medullary microvasculature in the control of arterial
pressure, In particular, the level of renal medullary
blood Sow (MBF) appears to be an important determi-
nant of sodium and water reabsorption (4, 5) and is
perhaps also important for the release of the putative
renal medullary depressor hormone (2). Furthermore,
although there is evidence to the contrary (16, 17),
some studies have shown that renal MBF can be poorly
autoregulated, at least under volume-expanded condi-
tions (4, 5), The renal medullary microrirculation may
therefore be well placed to transduce changes in arte-
rial pressure into homeostatic responses that restore
normal axterialtpressure.

One technique that has been a useful tool for study-
ing the role of the renal medullary microcirculation in
the long-term control of arterial pressure has been
infusion of vasoactive substances into the renal me-
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dulla. Cowley and colleagues (4-6,13,14,19,23) employed
this technique in rats, combined with laser-Doppler flow-
metry for evaluation of regional kidney blood flow (22).
They showed that chronic medullary interstitial infusion
of vasoconstrictor agents such as W-nitro-L-arginine
methyl ester (19) and the vasopressin Vj-agonist
[PheJ,nea,Om«]vasopressin (23), at doses that reduce
medullary but not cortical blood flow (CBF), results in
the development of sustained hypertension. Conversely,
medullary interstitial infusion of captopril in spontane-
ously hypertensive rats, which increases medullary but
not CBF, ameliorates their hypertension (13).

In longitudinal studies such as those described above,
there are considerable advantages to employing larger
species. In the case of conscious rabbits, we are able to
obtain long-term and simultaneous data regarding
hormonal Etatus (10), cardiac output (months; 9), renal
blood flow (weeks; 25), and renal sympathetic nerve
activity (weeks; 18). Therefore, in the present study we
investigated methods for infusion of vasoactive. agents
into the renal medulla of rabbits. We chose norepineph-
rine (NE) as our test agent, because it is rapidly broken
down in vivo, minimizing the confounding effects of
spillover into the systemic circulation. We first tested
whether outer medullary interstitial infusion of NE via
acutely implanted needle catheters in anesthetized
rabbits affected renal hemodynamics and function in
the infused and contralateral kidney. We paid particu-
lar attention, to the effects of the infusion on cortical
and medullary perfusion, determined by laser-Doppler
flowmetry. This was correlated with examination of the
distribution of radiolabel after medullary interstitial
infusion of PH]NE and the removal of the radiolabel
from the infusion site via the renal venous and urinary
excretory routes. Subsequently, similar studies were .
performed 7-14 days after implantation of catheters
designed for chronic implantation, in which we com-
pared the effects, distribution, and disposition of NE/
radiolabel during infusion of NE into the outer and
inner medulla. These studies suggest thattaedullary
interstitial infusion of vasoactive agents provides a
useful method for selectively manipulating renal MBF
in rabbits. However, the positioning of the catheter tip
is critical for the distribution of the infused agent and
the effects observed.

METHODS

Animals

Thirty-three rabbits of a multicolored English strain of
either sex and weighing 2.3-3.1 kg (mean 2.7 kg) were used.
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Before experimentation all rabbits were allowed food and
water ad libitum. On completion of experimental procedures,
rabbits were killed with an intravenous overdose of pentobar-
bital sodium (300 mg). All procedures were performed in
accordance with the Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes and were approved
by the Animal Ethics Committee of the Department of
Physiology, Monash University.

Experimental Preparation

This has been described in detail previously (8), so is
described only briefly here. Catheters were inserted into both
central ear arteries and marginal ear veins for collection of
arterial blood, measurement of arterial pressure, and intrave-
nous infusion. Anesthesia was induced and maintained by
intravenous administration of pentobarbital sodium (90—150
mg plus 30-50 mg/h Nembutal; Boehringer Ingelheim, Artar-
mon, NSW, Australia) and Immediately followed by endotra-
cheal intubation and artificial respiration. Depth of anesthe-
sia was monitored by cornea! and toe pinch re&exes and also
by monitoring arterial pressure and heart rate (HR). During
surgery, Hartznann's solution (compound sodium lactate;
Baxter Healthcare, Toongabbie, NSW, Australia) was infused
intravenously (0.18 ml-kg^-min"1) to replace fluid losses.
O J completion of the preparative surgery, this infusion was
changed to a 4:1 Hartmann's- Haemaccel (polygeline and
electrolyte solution; Hoechst, Melbourne, Victoria, Australia)
infusion, which was maintained until completion of the
experiment. Experimental manipulations commenced 90-
120 min after completion of the surgery.

Both kidneys were denervated, and both ureters were
cannulated. A transit-time ultrasound flow probe (type 2SB;
Transonic Systems, Ithaca, NY) was placed around the renal
artery, and the tips of three single-fiber laser-Doppler flow
probes (0.5 mm diameter; University of Linkeping, Sweden)
were placed 0.5 (cortical), 0.5 (cortical), and 10 mm (medul-
lary), respectively, below the cortical surface (see Ref. 8 for
detailed description). For protocols 2 and 3 (see below), a
branch of the ileolumbar vein was isolated and cannulated
(polyvinyl chloride tubing, 0.8 mm ID, 1.2 mm OD; Critchley
Electrical, Auburn, NSW, Australia), the tip of the cannula
being advanced so that it lay in the renal vein for collection of
renal venous blood. To maintain catheter patency, heparin-
ized (50 IU/ml heparin sodium, Monoparin, Fisons) Hart-
mann's solution was infused at a rate of 2 ml/h.

Implantation of Medullary Interstitial Catheters

Acutely positioned catheters. Catheters, constructed using
30-gauge needles, were plsced 2 cm apart on the midline
aspect of the kidney, on either Bide of the medullary laser-
Doppler flow probe, with their tips positioned 8.5 mm below
the cortical surface. Sodium chloride (154 mM; 10 pi-
kg"1 •min"1) was infused (via each catheter) into the renal
medulla until 60 min before the experimental procedures
commenced.

Chronically positioned catheters. These were implanted
7-14 days before the experiment under halothane (1-4%,
Fluothane; ICI, Victoria, Australia) anesthesia and sterile
conditions (see Ref. 25). A left flank incision was made, and
the kidney was gently exteriorized. The tip of a single
polyethylene catheter (ID 0.28 mm, OD 0.61 mm; Critchley
Electrical) was introduced into the ventral side of the kidney,
slightly rostral to the midline aspect, at an angle directed
toward the renal pelvis. The catheter was then advanced so
that its tip lay either 8.5 (n « 8) or 10.5 mm (n = 9) below the
surface of the kidney. Correct insertion resulted in minima]

bleeding, which stopped almost immediately. A small piece of
nylon mesh (1.5 cm diameter, Hilton Hosiery, Coolaroo,
Victoria, Australia) attached to the catheter was anchored to
the surface of the kidney with cyanoacrylate glue (Loctitc;
Caringbah, NSW, Australia). The catheter was tunneled
subcutaneously so that its end lay between the shoulder
blades, and an osmotic mini pump (Alzet 2ML2; 5 fiUh for 14
days, Alza, Palo Alto, CA) filled with 154 mM saline was
attached to the end of the catheter to maintain catheter
patency.

In preliminary studies we found that the depth of 8.5 mm
(outer medullary catheters) corresponds approximately with
the junction of the inner and outer stripes of the outer
medulla, whereas the depth of 10.5 mm placed the catheter in
the white, inner medulla, but not in the papilla. When
possible, grons postmortem examination of the kidneys was
performed in this and other studies (Ref. 8, unpublished
observations), and the catheters were always found to be
correctly placed. Furthermore, no evidence of gross disrup-
tion of kidney tissue or scar tissue due to implantation of the
medullary interstitial catheters was found from examination
of the frozen sections taken for autoradiographic analysis (see
below).

Experimental Protocols

Protocol 1. Acutely positioned medullary interstitial cath-
eters: effects of medullary interstitial infusion of saline and
NE on systemic and renal hemodynamics and renal excretory
function (8 rabbits). Once the surgical preparations were
completed (see above), bolus doses of PH]inulin (4 pCi) (NEN
Research Products, Sydney, NSW, Australia) and [uC]para-
aminohippuric arid (PAH) (1 uCi; NEN Research Products)
were administered. The infusion of Hartmann's-Haemaccel
solution (0.18 ml-kg"1-min"1) was replaced with a solution
containing 300 nCi/ml [3H]inulin and 83 nCi/ml ["CJPAH.
This infusion continued for the remainder of the experiment.
Ninety minutes later, the first of 1120-min clearance periods
began. These were in turn divided into three runs, consisting
of three, four, and four 20-min clearance periods, respectively.
These experimental runs were separated by 90-min equilibra-
tion periods. During the first experimental run, the effects of
medullary interstitial infusion of saline were tested. Thus
saline (154 mM NaCl; 10 /il • kg"1 • min"1 through each of the 2
catheters) was infused into the renal medulla during the
second, but not the first or third, experimental period. At the
completion of this lacperimental run, the medullary intersti-
tial infusion of saline was recommenced and continued for the
remainder of the experiment During the second and third
experimental runs, either NS (0, 30, 100, and 300
ng-kg-'-min"1, reepectively, during the four 20-min experi-
mental periods) or its vehicle (20 /d-kg^-min"1 154 mM
NaCl) was administered into the medullary interstitium. The
order in which the treatments (vehicle or NE) were adminis-
tered was alternated (unpaired crossover design), so that four
rabbits received NE before its vehicle and four received the
vehicle before NE. The urine produced by both the left and
right kidneys was collected during the 11 clearance periods,
and 1-ml arterial blood samples were collected before each
experimental run commenced, at the midpoint, and at the
completion of each run.

Protocol 2. Acutely positioned catheters: disposition and
distribution of radiolabel during intrameduUary infusion of
PH]NE (9 rabbits). PH]NE (16-24 nCi-kg^-min"1 in 100
ng-kg"l-min"1 NE; one-half the dose via each of the 2
catheters) was infused into the medullary interstitium for 20
min. Urine produced by both kidneys was collected during the
2 min before the infusion commenced and for each 2-min
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period throughout the PH]NE infusion. Ear arterial and
renal venous blood samples (O.S ml each) were collected at the
midpoint of each urine collection period.

At the completion of the 20-min PHJNE infusion, both the
infused and contralateral kidneys yere quickly retrieved,
decapsulated, and halved coronally. For half of each kidney,
portions of the cortex, medulla, and papilla were dissected
and weighed in separate preweighed 20-ml vials, to which 50
jd of tissue soluhQizer (NCS II, 0.5 N solution, Amersham,
Buckinghamshire, UK) was added per milligram of wet tissue
•weight Radioactivity in each region of the kidney was
subsequently determined by liquid scintillation counting (see
lelow). For five of these rabbits, the remaining kidney halves
•were frozen in liquid nitrogen and stored at -70°C for
.subsequent autoradiographic analysis (see below).

Protocol S.^Chronically positioned outer and inner medul-
lary catheters (17 rabbits). First, increasing doses of NE (0,
30,100, and 300 ng-kg"1-min"1) were infused into the inner
<n = 9) or the onter (n - 8) medulla via the catheters
implanted 7-14 days previously. Each dose of NE was infused
lor 20 min. Second, after a 20- to 40-min recovery period,
during which all variables returned to their baseline levels,
NE (300 ng-kg-'-min"1) was infused intravenously for 20
"min. Finally, after a further 20-40 min was allowed for
recovery from intravenons NE, PHJNE (16-24 nCi • kg"1 • min"1

5n 100 ng-kg-'-min"1 NE) was infused via the chronically
implanted medullary interstitial catheter for 20 min. Arterial
and renal venous blood samples and urine samples were
collected during the infusion, and the kidneys were harvested
and processed at the completion of the infusion, as described
for protocol 2.

Measurements

Systemic and renal henwdymanic variables. Mean arterial
pressure (MAP, mmHg), HR (beats/min), left renal blood flow
(transit-time ultrasound flowmetry; KBFpreb», ml/min), and
-cortical and medullary laser-Doppler fluxes (CBF and MBF,
respectively, V) were determined as described previously (8).

Renal function (protocol I). Clearance measurements of
giomerular filtration rate (GFR, ml/min) and effective renal
plasma flow (which was corrected for hematocrit to provide
effective renal blood flow; ERBF, ml/min) and determinations
of urine and sodium excretion were made as previously
described (8). At the completion of experiments in which renal
clearance measurements were made (protocol 1), the kidneys
were removed and desiccated, and the dry weight was deter-
mined. Therefore, for this protocol, RBFpp*., EEBF, GFR,
urine flow rate, and urinary sodium excretion are expressed
per gram of kidney dry weight (mean « 1-66 ± 0.07 g).

Disposition ofradiolabel during infusion of PHJNE (proto-
cols Z and 3). The concentrations of [SH]NE and its metabo-
lites hi each of the samples were measured by liquid scintilla-
tion counting and expressed in terms of the total dose of NE
infused (100 ng-kg'^min"1). The rate of disposition of
radiolabel by the infused and contralateral kidneys was then
calculated as the concentration (above) multiplied by the flow
rate (ml • kg"1 • min"1). Urine flow was determined gravimetri-
cally. Renal venous blood flow was taken as renal arterial
blood flow determined by the transit-time ultrasound flow
probe and was not corrected for urine flow.

Analysis of solubilized kidney tissue (protocols 2 and 3).
Once dissolved (after at least 7 days of incubation in tissue
solubilizer at room temperature), triplicate 20-^1 samples of
each solubilized tissue sample were added to a water-soluble
scintillation fluid (ACS, Aqueous counting fluid; Amersham)
and subjected to liquid scintillation counting.

Autoradiography (protocols 2 and 3). Coronal 50-jim sec-
tions of the frozen left kidney were cut on a cryostat at -19'C
and mounted on glass slides (subbed with 10% gelatin; BDH
Chemicals, Poole, UK). These sections were left to dry for 1-2
h at room temperature. Subsequent to drying, slides were
apposed to tritium-sensitive film (Amersham Hyperfilm) in
the presence of tritium microscales (Amersham) for 6-8 wk.
Developed autoradiograms were quantified using an MCID
M4 image analysis system (Imaging Research) as previously
described (1). Each kidney section was divided into four
regions, cortex, outer stripe of the outer medulla (outer
stripe), medulla (excluding the outer stripe and papilla), and
the papilla (defined AS the portion of the inner medulla that
protrudes into the renal pelvis), for separate quantification.

We chose to use both methods (analysis of solubilized
kidney tissue and autoradiography) because both have inher-
ent advantages and disadvantages and provide complemen-
tary data. For example, the results from counting solubilized
tissue are potentially subject to variation due to the dissec-
tion, the degree of solubilization, and extrapolation errors
from counting aliquots. On the other hand, whereas the
autoradiograms provide greater sensitivity and anatomic
resolution, the data they provide are representative only of
the relatively thin (SO fan) sections taken.

Statistical Analyses

Data were analyzed by ANOVA using the computer soft-
ware SYSTAT (26). To protect against the increased risk of
comparison-wise type I error resulting from repeated-
measures designs, P values were conservatively adjusted,
where appropriate, using the Greenhouse-Geisser correction
(15).

Protocol 1. The data were analyzed as the average level of
each variable over each 20-min clearance period, because, at
least for the renal clearance measurements, this was the
maximum level of resolution. To test for an effect of medullary
interstitial infusion of saline, an ANOVA was partitioned to
contrast the levels of each variable during the 20-min saline
infusion (the second experimental period of the first experi-
mental run) with the 20-min periods before and after the
saline infusion. To test for effects of medullary interstitial
infusion of NE on systemic and renal hemodynamic variables,
we used the interaction term of time and treatment (vehicle
or NE). For renal clearance variables, the interaction term of
time and kidney (infused and contralateral) was used to
control the confounding effects of changes in arterial pressure
on renal function. To test for differences between the re-
sponses of CBF and MBF during NE infusion, the main effect
of kidney region (cortex and medulla) tested whether, across
all three doses of NE, changes on MBF were greater than
those in CBF.

Protocol 2. The levels of radioactivity in the various kidney
regions were subjected to ANOVA, the factors comprising
rabbit, side (infused or contralateral kidney), and kidney
region.

Protocol 3. ANOVAs were partitioned to test the specific
hypotheses that medullary interstitial infosinn of NE dose
relatedly influenced the levels of syBtemic and renal hemody-
namic variables and that intravenous infusion of NE influ-
enced these variables. To test for differences between outer
and inner medullary interstitial [*H]NE infusion in terms of
the levels of radioactivity entering the kidney via the renal
artery and exiting the kidney via the urine and the renal vein,
the interaction term between catheter position (outer or inner
medulla).and time was used. Data concerning the levels of
radiolabel in the infused and contralateral kidneys were
analyzed as for protocol 2.
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RESULTS

Protocol 1. Acutely Positioned Outer Medullary
Interstitial Catheters: Effects of Medullary Interstitial
Infusion of Saline and NE on Systemic and Renal
Hemodynamics nnd Renal Excretory Function

Medullary interstitial infusion of saline. Outer med-
ullary interstitial infusion of the vehicle (154 mM
NaCl) had no significant effects on the levels of any of
the systemic and renal hemodynamic or renal clear-
ance variables in both the infused and contralateral
kidney (data not shown).

Medullary interstitial infusion of NE. Medullary
interstitial infusion of NE (30, 100, and 300 ng-
kg"1-min"1) was accompanied by dose-related in-
creases in MAP (by 3 ± 4, 10 ± 2, and 16 ± 4% of
resting, respectively) and small but statistically signifi-
cant reductions in HR by (1 ± 1, 3 ± 1, and 3 ± 1%
of resting, respectively). In the infused (left) kidney,
RBFpn*. was dose relatedly reduced by (8 ± 1,16 ± 3,
and 30 ± 4% of resting, respectively), as was CBF (by
6 t 4 , 7 ; l , and 19 i 4% of resting, respectively) and
MBF (by 17 ± 5, 37 ± 11, and 45 ± 9% of resting,
respectively). The reductions in MBF were significantly
greater than those of CBF IP < 0.001) (Fig. 1), consis-
tent with the notion that tissue levels of NE are greater
in the medulla and/or inner cortex than in the outer
cortex during medullary interstitial infusion. In later
protocols, this hypothesis was more directly tested by
analysis of the intrarenal distribution of radiolabel
during medullary interstitial infusion of PHJNE.

During medullary interstitial infusion of saline for
four consecutive 20-min periods, the patterns of the
responses of ERBF, GFR, urine flow, and sodium excre-
tion were indistinguishable in the infused (left) and
contralateral (right) kidneys. In contrast, during medul-
lary interstitial infusion of NE, ERBF, GFR, and urine
flow were reduced in the infused kidney relative to the
contralateral kidney. A similar pattern of responses
was observed for urinary sodium excretion, although
this was not statistically significant (P •= 0.09) (Fig. 2).
Neither medullary interstitial infusion of saline nor NE
appeared to affect the fractional excretion of urine
(urine flow/GFR) or sodium (sodium clearance/GFR) CP
always 2 0.3; data not shown).

Protocol 2. Acutely Positioned Catheters: Disposition
and Distribution of Radiolabel During Intramedullary
Infusion ofPHJNE

Disposition ofradiolabel. The amount of radioactiv-
ity leaving the infused (left) kidney via renal venous
blood and urine, the amount reentering the left kidney
via the renal artery, and the amount leaving the
contralateral (right) kidney in its wine increased pro-
gressively during the 20-min PHJNE infusion. With the
exception of renal arterial delivery of radiolabel, all of
these variables appeared to reach steady state during
the final 6 min of the infusion (Fig. 3). When averaged
across the final 6 min of the [3H]NE infusion, 134.5 ±
34.6 ng-kg-^min"1 of PH]NE equivalents exited the
kidney via the renal vein. Almost one-tenth (12.9 ± 1.6

1 0 0 - P < 0.001

© o o o

Norepinephrine (ng kg'1min*')
Fig. 1. Effects of medullary interstitial infusion of norepinephrine (0,
30,100, and 300 cg-kg^'min"1) nr Its vehicle (1S4 mKTNaCl; 20
/i l ' lv'-min"1) on syBtemic and renal hemodynamic variable*. MAP,
mean arterial pressure; HR, heart raU; RBF~t., renal blood flow
determined by transit-time ultrasound flow probe; CBF, renal cortical
perfuaion (laser-Doppler flux signal); MBF, renal medullary perfu-
sion. Column* and error ban represent mean* ± SE of data from 8
rabbita (except for CBF and MBF, where n « 6 because laser-Dopplar
flovnnetry was not employed in 2 rabbits), for average levels over
each 20-min experimental period. P values represent outcome* of
interaction terms (treatment X dose) from repeated-measurer ANOVA
(degrees of freedom 3,30-42) testing for nonpoxallelism In responses
to vehicle and norepinephrine.

T»g-kg"1-min"1)ofthis radiolabel reentered the infused
kidney via the renal artery. A similar amount of radioac-
tivity probably entered the right kidney from its renal
artery, because ERbF in this preparation is similar for
the two kidneys (see Fig. 2). During the final 6 min of
the infusion, the amount of radiolabel excreted by the
left kidney (21.5 ± 4.7 ng-kg"1>min"1) was approxi-
mately sixfold greater than that excreted by the right
kidney(3.8 ± 0 . 7 k ^ i 1 )
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Fig. 2. Effects of medullary interstitial infusion of norepinephrine (0,
30,100, and 300 ng-kg-'-roin"1; right) or its vehicle (NaCl 164 mM;
20 ^l-kg"1<min~1;left) on renal clearance variables. ERBP, effective
renal blood flow determined by ['•CJpara-aminobippurate clearance;
GFR, glomerular filtration rate determined by PHlinulin clearance.
Columns and error bars represent means ± SE of data from 8 rabbits.
P values represent outcomes of repeated-measures ANOVA testing
for nonparalielism in responses of left (infused, solid bars) and right
(contralateral, open bars) kidneys,

Intrarenal distribution ofradiolabel. The concentra-
tion of radioactivity, determined from the solubilized
kidney-tissue, was significantly greater in the infused
compared with the contralateral kidney (P value of
infused vs. contralateral kidney = 0.03; Fig. 4A).

Because these data were clearly not normally distrib-
uted, as evidenced by the proportionality of the means
and their attendant SEs, they were log transformed
and subjected again to ANCVA. Analysis of the log-
transformed data showed significant heterogeneity of
variance according to region in both the infused and
contralateral kidney. Within the infused, kidney, this
can be attributed to the fact that the radiolabel was
more concentrated in the medulla (495 £ 388 ng/g) and
papilla (592 £ 347 ng/g) than in the cortex (75 ± 44
ng/g). The opposite appeared to be the case in the
contralateral kidney in which radiolabel was more
concentrated in the cortex (49 £ 29 ng/g) than the
medulla (23 ± 12 ng/g) or papilla (25 £ 10 ng/g).

Consistent with the above observations, autoradio-
graphic analysis of the coronal kidney sections demon-
strated that the levels of radioactivity in the cortex of
the infused kidney were 3.4 £ 0.6-, 5.6 ± 0.8-, and 8.0 £
0.8-fold lower than those in the outer stripe, medulla,
and papilla, respectively (Fig. 4, B and C).

Protocol 3. Chronically Positioned Outer and
Inner Medullary Catheters

Effects of outer and inner medullary infusion ofNE.
The effects of outer medullary infusion of NE (30,100,
and 300 ng-kg~l-min~l) via a chronically implanted
catheter were similar to those observed when acutely
positioned catheters were used (Fig. 5, left). Thus MAP
was dose dependency increased by 5 £ 1,14 ± 3, and
27 £ 7% of its resting level, respectively, whereas
dose-dependent reductions were observed in CBF (by
14 £ 8, 16 * 8, and 16 £ 6% of its resting level,
respectively) and MBF (by 10 ± 4,18 £ 6, and 24 £ 8%
of its resting level, respectively).

In contrast to outer medullary infusion, the dose-
dependent pressor responses to inner medullary infu-
sion of NE (30, 100, and 300 ng-kg-1-min"1) were
lesser in magnitude (increasing by 3 £ 3,6 £ 3, and 8 ±
4% of its resting level, respectively), and no significant
effects on CBF or MBF were observed (Fig. 5, right).

Effects of intravenous infusion of NE. Intravenous
NE (300 ng-kg-^min"1) increased MAP (by 7 ± 1% of
its resting level) and reduced RBFprob, (by 15 ± 5% of its
resting level) and CBF (by 14 ± 7% of its resting level)
but did not significantly alter MBF ( -4 ± 4% change)
(Fig. 6).

Fig. 3. Disposition of rediolabel [ex-
pressed as PHJnorepinephrine equiva-
lents (ng-kg-'-min"1) aee METHODS for
description of calculations) during a
20-raln infusion of PHhioreplnephrine
(X6-24nCi-kg- l iroin-»inl00ng-kr l-
min*1 norepinephrine) into renal outer
medulla of left kidney via 2 acutely
positioned catheters. Coordinates repre-
sent means ± SE of 9 sets of observa-
tions. O, Radiolabel spilling over from
infused kidney into renal vein; •), radio-
label reentering infused kidney via re-
nal artery; • , radiolabel excreted by
infused (left) kidney; D, radiolabel ex-
creted by contralateral (right) kidney.
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Fig. 4. A: distribution of radiolabel in infused (left, solid bars) «"H
contralateral (right, open bars) kidneys at end of 20-min outer
medullary infusion of PHlnorepinephrine (16-24 nCiIkg"l-min"1 in
100 ngkg"1-min"1 norepinephrine) via 2 acutely positioned cath-
eters. Radiolabel in soluhilired kidney tissue is expressed as pHlnor-
epinephrine equivalents (ng/g). Columns and error bars represent
means ± SE for 9 rabbits. P values ere outcomes of ANOVA testing for
differences between levels of radioactivity (login transformed) in
infused and contralateral kidneys (P.u<) and for heterogeneity of
variance among different kidney regions (P^jta,). B: levels of radiola-
bel, expressed as disintegrations per minute per square mm (dpm/
mm1), determined from autoradiographic analysis of S infused kid-
neys. Columns and error bars represent means - SB. P value
represents outcome of a partitioned ANOVA testing for a difference
between levels of radioactivity .in cortex compared with other tares
kidney regions. C: typical autoradiogram from an infused kidney. C,
cortex; OS, outer stripe of outer medulla; M, medulla; P, papilla. See
METHODS for definitions of these regions.

Disposition of radiolabel during outer and inner
medullary infusion of PHJNE. The profile of renal
disposition of the radiolabel during outer medullary
infusion of [3H]NE was similar to that found using

acutely positioned catheters {protocol 2). That is, much
of the infused radiolabel spilled over into the renal vein
(39.1 ± 25.2 ng-kg-^min"1 during the final 6 min of
the infusion), but only small amounts were excreted by
the infused kidney (3.7 ±2.0 ng-kg"1 • min"1 during the
final 6 min of the infusion). Not surprisingly therefore,
progressive increases were observed in the amount of
radiolabel reentering the infused kidney via the renal
artery (9.6 £ 0.4 ng-kg-'-min*1 during the final 6 min
of the infusion) and the amount excreted by the contra-
lateral kidney (1.1 * 0.1 ng-kg-'-min-1 during the
final 6 min of the infusion) (Fig. 7, left).

In contrast, during inner medullary infusion of
[aHJNE, only small amounts of the radiolabel spilled
over into the renal vein of the infused kidney (4.8 ± 2.7
ng-kg~I-min*1 during the final 6 min of the infusion),
whereas most of the infused radiolabel was excreted by
the infused kidney (63.6 ± 12.8 ng-kg^-min"1 during
the final 6 min of the infusion). Consistent with this,
only small quantities of radiolabel reentered the in-
fused kidney via the renal artery (1.6 ± 1.1
ng-kg~1-min~1 during the final 6 min of the infusion) or
were excreted by the right kidney (0.1 £ 0.1
ng>kg"1-min"1 during the final 6 mm of the infusion)
(Fig. 7, right).

Intrarenal distribution of radiolabel. There was con-
siderable variation associated with the levels of radiola-
bel in the solubilized kidney tissue, particularly during
outer medullary infusion of radiolabel. It was clear,
however, that much greater levels of the radiolabel
remained in the kidney during outer medullary, com-
pared with inner medullary, infusion of [3H]NE (Fig.
8A).

Autoradiographic analysis of the coronal kidney sec-
tions demonstrated that with outer medullary infusion,
the levels of radioactivity in the cortex of the infused
kidney were 10.3 £ 2.3-, 14.0 £ 3.3-, and 8.8 £ 2.8-fold
lower than those, in the outer stripe, medulla, and
papilla, respectively. During inner medullary infusion,
the levels of radioactivity in the cortex of the infused
kidney were 6.6 ± 1.6-, 8.7 £ 2.2-, and 8.2 ± 2.4-fold
lower than those in the outer stripe, medullary, and
papillary regions, respectively (Fig. 8, B and C).

DISCUSSION

The primary objective of this study was to design and
validate techniques for delivery of pharmacological
agents into the renal medullary interstitium of rabbits.
Similar techniques have been developed in rats (13,14,
19, 23), and these have helped provide considerable
information regarding the role of die renal medulla and
in particular the renal medullary microcirculation in
the control of blood pressure (4-6). Our results suggest
that in the rabbit, outer medullary interstitial infusion
of pharmacological agents, using either acutely or
chronically implanted catheters, may be a useful method
for targeting pharmacological agents to the renal me-
dulla and in particular for altering MBF. Thus delivery
of NE into the outer medullary interstitium via acutely
positioned or chronically implanted catheters dose relat-
edly reduced MBF more than it did CBF or RBFpmb,. In
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Fig. 5. Systemic and renal hemodynsmic effects of outer
(n « 8; lift) and inner (n « 9; rifW) medullary intersti-
tial infusion of norepinephrine delivered via chronically
positioned catheters. Each dose (0, 30, 100, 300 ng-
kg-i-min*1) was infused over consecutive 20-min peri-
ods. Columns and error bars represent means * SE of
each variables over final 10-min period when all variables
were stable. Solid ban, periods when norepinephrine was
infused; open ban, periods during which vehicle (154 mM
NaCl^OJil'kg'1' min"x) was infused. P values represent
outcome of a partitioned ANOVA testing fin- a dose-,
dependent effect of infusions on each hemodynamic vari-
able. Recovery period was excluded for thia analysis.
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contrast, intravenous infusion of NE reduced RBFn*.
and CBF but not MBF. When PH]NE was infused into
the outer medulla, the concentration of the radiolabel
was found to be much greater in the renal medulla of
the infused kidney than in its cortex or in the contralat-

-eral kidney. We therefore conclude that outer medul-
lary interstitial infusion of NE achieves high concentra-
tions of this agent at vascular sites important in the control
of MBF, in the medulla, and/or in the inner cortex.

One of the strengths of the present Btudy was the
estimation, during medullary interstitial infusion of
PHJNE, of the amount of radiolabel spilled over from
the kidney into the renal vein, the amount of this
radiolabel that reentered the kidney via the renal
artery, and the amounts of radiolabel excreted by the
infused and contralateral kidneys. Although much of
the radiolabel in these biological fluids probably re-
flects metabolites of [*H]NE, we argue that most small,
uncharged molecules should be handled similarly by
the kidney during medullary interstitial infusion. In
other words, the pattern of renal disposition of radiola-
bel during PH]NE infusion probably reflects that ex-
pected for stable, uncharged small molecules. In the
case of NE and other molecules that are rapidly metabo-

0 30 100 300 0 0 30 100 300 0

Medullary Interstitial Noreplnepi nna Infusion (ng kg/'tnin1)

lized in vivo the proportion of the radiolabel that
represents intact PrlJNE must become less in propor-
tion to the distance from the infusion site. In this study
therefore, we should not expect complete agreement
between the localization of the radiolabel and the
effects of the NE infusions. Nevertheless, with this
caveat in mind, we suggest that this analysis provides
two important observations that illustrate the limita-
tions of the medullary interstitial infusion technique.

First, although we were able to achieve much greater
concentrations of radiolabel within the medulla com-
pared with the cortex during outer medullary infusion
of PH]NE, we also found that much of the radiolabel
(—40% using the chronically implanted catheter) spilled
over into the renal vein and so recireulated systemi-
cally. This spillover is unlikely to greatly confound the
interpretation of studies in which relatively unstable
compounds (e.g., NE and angiotensin II) or compounds
that are metabolized in the pulmonary circulation (e.g.,
bradykinin and endothelin-1) are infused. Neverthe-
less, the dose-related pressor effect that we observed
clearly indicates that significant quantities of intact
NE do spill over during medullary interstitial infusion.
Furthermore, in studies where more stable compounds
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Fig. 6. Effects of intravenous infusion of norepinephrine (300
ng-kg-'-mnV1) on systemic and renal hemodynamic variables (n »
17). Columns and error ban represent means ± SE of each variable
during final 10 mm of each 20-min infusion period. Open ban,
periods before and after; solid ban, period during norepiaephrine
infusion. P values represent outcomes of partitioned ANOVA, testing
whether levels of each variable during intravenous norepinephrine
infusion differed from those proceeding and following i t

are infused, spillover into the systemic circulation will
almost certainly confound the interpretation of the
results. This appears to have been the case in a recent
study in which we compared the effects of outer medul-
lary, renal arterial, and intravenous infusion of the
vasopressin V^ agonist [Phe3,Dea,Orn8]vasopressin (8).
The pressor and bradycardic effects of this agent were
indistinguishable by all three routes, as was the reduc-
tion in MBF. Systemic spillover during outer medullary
interstitial infusion therefore appears not to be a
unique property of NE but also occurs with other small
molecules.

Second, we observed a major effect of the site of the
medullary interstitial infusion on the way in which the
kidney handled the infused [3H]NE. Thus, in contrast
to the outer medullary infusion, where much of the
infused radiolabel spilled over into the systemic circula-
tion, during inner medullary infusion -60% of the
infused radiolabel was excreted by the infused kidney.
The reason for this difference between the outer medul-
lary and inner medullary infusions remains to be
determined unequivocally but may relate in part to the
presence of mechanisms for tubular secretion of NE
(11) and to the relatively lower blood flow in the inner
medulla compared with the outer medulla (20). It is
unlikely to reflect leakage of [3H]NE due to damage to
the papillary tissue from implantation of the catheter,
because no such damage was observed in the frozen
sections submitted for autoradiography. This effect of
the infusion site on the disposition of the Infused
radiolabel probably explains why the levels of radioac-
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Fig. 7. Disposition of radiolabel (expressed as [1H]noreplnephrine
equivalents; ng-kg-'-min"1) during a 20-min infusion of PHlnorepl-
nephrine (16-24 nCl-kg-'-min-' in 100 ng-kg-'-min"1 norepineph-
rine) into outer (Itft) and inner (right) medulla of left kidney via
chronically positioned catheters. Coordinates represent means = SE
of 8 (outer medullary infusion) or 9 (inner medullary infusion) sets of
sbservations. P values represent outcomes of repoated-measunt
ANOVA, testing whither location of catheter tip (outer vs. inner
medulla) influenced disposition of radiolabel.
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Fig. S. A: distribution of radiolabel In infused (left,
solid ban) en<icontraUteral {right, opin ban) Mdr.zys
at end of 20-rain infuiiona of ['Hlnorepinephrine (16-
24 nCi-kg"''»in" lin 100 ng'kg~ ltmin~ l norepineph-
rine) into outer {left) and inner (right) medulla via
chronically positioned catheters. Radiolabel in solubi-
liied kidney tiesue, expressed BS pHJnorepinephrine
equivalents (ng/g). Columns and error ban represent
means ± SE for 7 (outer medulla) or 9 (inner medulla)
rabbits. P values are as for Fig. 4. Note different scales
for different routes. B: levels of radiolabel, expressed
as dpnVjnm', determined from autoradiographic analy-
sis of infused Itidneyn. Columns, error ban, and P
valuei are aa in Fig. 33. C: typical autoradiograms for
infused kidneys.
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tivity were considerably less in the ex ,-d Sidneys that
had received an inner medullary infusion of NE com-
pared with those that had received the outer medullary

.infusion. This, in turn, may help explain why MBF was
not reduced during inner medullary infusion of NE and
why the pressor effect of NE was considerably less with
inner medullary infusion than with outer medullary
infusion of NE.

Some of the present observ.ttions are at odd9 with
similar studies performed in iats. For example, in rats,
infusion of vasoconstrictor agents into the inner me-
dulla reduces MBF, whereas similar infusions of vasodi-
lator agents can increase MBF (4-6, 13, 14, 19). In
contrast, in the present study we found that outer
medullary, but not inner medullary, infusion of NE
reduced MBF. There are a number of possible explana-
tions for this apparent species difference, the most
obvious being the difference in dimensions of the renal
medulla in these two species. We hypothesize therefore,
that in the rat (but not the rabbit, with a —lO-fold
greater kidney weight), agents infused into the inner
medulla may easily diffuse the relatively short distance

to the outer medulla and inner cortex to influence
vascular elements controlling MBF. It is also possible
that differences in medullary countercurrent mecha-
nisms between the two species might alter the renal
handling of substances infused into the renal medulla.
Indeed, Cowley and colleagues (5) argued previously
that substances infused into the inner medulla are
accumulated because of the efficient countercurrent
exchanger in the vasa recta circulation. The results of
the present study indicate that this is not the case in
rabbits recei 'ng medullary interstitial infusions of
[3HJNE, in which much of the infused radiolabel either
spilled over into the systemic circulation (outer medul-
lary infusion) or was excreted in the urine of the
infused kidney (inner medullary infusion). These appar-
ent differences between rats and rabbits in the ability
of the inner medulla to "trap" substances infused into
the interstitium could reflect the differences in medul-
lary structure between the two species (12). For ex-
ample, the rabbit renal medulla has a "simple" struc-
ture, with relatively small vascular bundles containing
only ascending and descending vasa recta. In the more
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"complex" rat renal medulla, larger vascular bundles
are found that also contain descending thin limbs of
short loops of Henle.

On the other hand, our results are in agreement with
previous studies by Cowley and colleagues (5, 14) in
that during medullary interstitial infusion of a radiola-
beled small molecule ([uC]clentiazem m their case and
[3H]NE in the present study) the radiolabel within the
infused kidney was mostly concentrated la the medulla
and papilla, with very little radiolabel in ih«s cortex of
the infused kidney or in the contralateral kidney.
Consistent with these observations, medullary intersti-
tial infusion of pharmacological agents in rats (23) and
rabbits (present study) can have effects quite distinct
from those of intravenous infusion of these agents. In
the case of NE, we found that in contrast to intravenous
NE, which reduced CBF and RBFp,^ without signifi-
cantly affecting MBF, outer medullary infusion of NE
dose relatedly reduced MBF but had considerably
smaller effects on CBF and RBF?reb,.

Although we cannot be certain of the precise vascular
elements that mediate the reduction in MBF during
outer medullary infusion of NE, we can at least suggest
some likely candidates. Within the kidney, NE can
mediate vasoconstriction directly by acting on vascular
cti- and a2-adrenoceptors (7,27) or indirectly by (3-adre-
noceptor-mediated stimulation of renin release (24).
The fact that intravenous infusion of NE reduced CBF
but not MBF suggests that an indirect stimulus, via
renin release, is unlikely. NE directly constricts outer
cortical afferent and efferent arterioles in situ (3) and
outer medullary descending vasa recta in vitro (28). It
is also possible that vascular sites in the inner medulla
play some role in mediating the reduced MBF, because
contractile elements have recently been identified in
inner medullary descending vasa recta in rats (21). Our
finding that inner medullary infusion of NE did not
affect MBF does not exclude this possibility, because
infusion of [3H]NE by this route resulted in relatively
low levels of accumulated radiolabel in the inner me-
dulla.

There was, however, clear evidence of cortical effects
of the infused NE, because CBF and RBFpreb. were
reduced, and, at least in the case of the acutely posi-
tioned catheters, GFR was also reduced. Indeed, the
reductions in urine flow and sodium excretion, during
outer medullary infusion of NE could be completely
accounted for by the reduced GFR, indicating no net
change in tubular sodium and water reabsorption. This
latter observation seems at odds with the notion that
reduced MBF should enhance tubular salt and water
reabsorption (6), but may be explained by the confound-
ing impact of the pressor effect of the medullary intersti-
tial NE infusvm. Clearly, further studies in which renal •
perfusion pressure is controlled are required to delin-
eate the direct effects of medullary interstitial NE
infusion on renal excretory function.

Perspectives

The results of the present study show that NE
reduces MBF when infused acutely into the outer

medullary interstitium and that this effect is depen-
dent on the selective distribution of this compound
within the renal medulla. We suggest, on the basis of
the present results and the extensive previous studies
by Cowley and colleagues (4-6,13,14,19,23), that the
general principle that medullary interstitial infusion
provides a useful technique for targeting drugs to the
renal medulla (and in particular the microvasculature)
can be generalized to a wide range of small molecule
pharmacological agents. However, the technique ap-
pears to be limited (at least in the rabbit) by the
systemic spillover that occurs with outer medullary
infusion and by excretion of the infused substance with
inner medullary infusion. For this reason and because
the renal disposition and distribution of infused agents
probably depends on their physicochemical properties,
appropriate controls (intravenous and renal arterial
infusions) combined with studies of the renal handling
of the infused agent are probably necessary for correct
interpretation of observations made with this method.
Nevertheless, with these caveats in mind, the adapta-
tion of this technique for chronic studies in rabbits, a
species well suited for invasive longitudinal experimen-
tation (see introduction), may in the future provide
important information regarding the long-term conse-
quences of alterations in MBF. In support of this
contention, we recently found that chronically im-
planted outer medullary catheters remain patent for at
least 6 wk after implantation (unpublished observa-
tions).
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Effects of Renal Medullary and Intravenous Norepinephrine
on Renal Antinvpertensive Function

Anabela G. Corrcia, Anna C. Madden, G5ran Bcrgstrflm, Roger G. Evans

Abstract—-Increasing renal arteria! pressure activates at least 3 antihypertenstve mechanisms: reduced renin release,
pressure natriuresij, and release of a putative renal medullary depressor hormone, t o examine the role of renal
medullary perfusion in these mechanisms, we tested the effects of the infusion of norepinsphrine, either infusion into
the renal medullary interstitium or intravenous infusioii, on responses to increased renal arterial pressure in
pentobarbital-anesthetized rabbits. We used an extracorporeal circuit, which allows renal arterial pressure to be set to
any level above or below systemic arterial pressure. With renal arterial pressure initially set at 65 mm Hg, intravenous
and medullary interstitial norepinephrine (300 nj • kg*' • min"') similarly increased mean arterial pressure (by 12% to
17% of baseline) and reduced total renal blood flow (by 16% to 17%) and cortical perfusion (by 13% to 19%), but only
medullary norepinephrine reduced medullary perfusion (by 28%). When renal arterial pressure was increased to
—160 mm Hg, in steps of ~ 6 5 mm Hg, urine output and sodium excretion increased exponentially, and plasma «nin
activity and mean arterial pressure fell. Medullary interstitial but not intravenous norepinephrine attenuated the
increased diuresis and natriuresls and the depressor response to increased renal arterial pressure. This suggests uat
norepinephrine can act within the renal medulla to Inhibit these renal antihypertensive mechanisms, perhaps by reducing
medullary perfusion. These observations support the concept that medullary perfusion plays a critical role in the
long-term control of arterial pressure by its influence on pressure diuresis/natriuresis mechanisms and also by Effecting
the release of the putative renal medullary depressor hormone. (£/p*rtension. 2000;3S:965-970.)

Key Wordii kidney medulla a laser-Doppler flowmetry • norepinephrine • natriuresis • renal circulatit-.i

T t has been hypothesized that the level of medullary blood
JLflow (MBF) is an Important determinant of urinary sodium
excretion (IWV) and, Indeed, may be the key initiating
factor in the pressure natriuresis response.1 In turn, the Impact
of MBF on the pressure natriuretic mechanism provides an
explanation for the effects of chronic changes in MBF on the
long-term control of arterial pressure.1 Thus, In n< ch. jnic
reductions in MBF shift the pressure natriuresij relation
toward higher pressures and lead to hypertension In normo-
tensive animals. Conversely, chronic increases in MBF shift
the pressure nttriuresis relation toward lower pressures and
ameliorate hypertension in spontaneously hypertensive rats.1

From studies using an extracorporeal circuit in anesthe-
tized rabbits,1 we rs^tfitly obtained preliminary evidence
indicating that infhxsnces on the reler., and/or actions of the
putative renal medullary depressor hormone might also con-
tribute to the Impact of M5F on the long-term control of
arterial pressure. In this model, 3 major renal antihyperten-
sive mechanisms can be studied simultaneously. This, when
renal arterial pressure (RAF) is acutely increased in this
model, plasma rcnin activity (FRA) is reduced (indicating
reduced renal rcnin release), urine flow (UVOL) and U N / V

'•"Tease exponentially (pressure diuresis/natriuresis), and
, smlc mean arterial pressure (MAP) Is reduced. The

depressor response to increased RAP appears to be largely
independent of the reduced activity of the renin-angiotsnsin
system, in view of the fact thai it is little affected by the
blockade of angiotensin-converting enzyme.5 It also appears
to be largely independent of the associated diuresis and
natriuresij, in view of the Iv that hemoconcentradon is not
observed.1-4 There-is, ho' er, clear evidence for a role of
the renal medulla, inasmuch as the depressor response is
abolished by chimical medullectomy.4

We recently found that this depressor response to increased
RAP was blunted by medullary interstitial infusion of
[Phe'.IIe'.Om'jvasopressin (V,-agonist), a treatment that se-
lectively reduces MBF,1 indicating a possible role of MBF in
the release of this putative hormone. However, we were
unable to determine whether this effect of medullary intersti-
tial infusion of the V,-agonist was specifically due to reducec.
MBF or to some other action of the agent. For example, this
treatment also reduced total renal blood flow (RBF) and
cortical blood flow (CBF). We also could not exclude ;he
possibility of non-flow-mediated extravascular actions on V,
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receptors in the kidney or even extrarenal V, receptors, which
might blunt the release and/or actions of the putative renal
medullary depressor hormone.1

The aim of the present study was to more directly test for
a role of the medullary microcirculation in modulating the
antihypertensive responses to increased RAP. To this end, we
made use of our recent observation that medullary interstitial
infusion of norepinephrine (NE) reduces MBF twice as much
as CBF, whereas intravenous NE reduces only CBF.1 There-
fore, we compared the effects of medullary interstitial infu-
sion and intravenous infusion of NE on antihypertensive
responses to increased RAP. Thus, using this experimental
design, we could control for the effects of NE exerted outside
the renal medulla in a way that was not possible in our
previous experiment with the Vi-agonbL1 Our results support
the concept that MBF plays a key role in the regulation of
arterial pressure, not only through its impact on pressure
natriuredc/diuretic mechanisms but also via its effects on the
release of the putative renal medullary depressor hormone.

M e t h o d s

Animals
Twenty-nine male New Zealand White rabbits, weighing 2J0 to
2.94 (mean 2.62) kg, were studied. Before experimentation, all
rabbits were allowed food and water ad libitum. At the conclusion of
the experiment, they were killed with an Intravenous overdose of
pentobarbltal sodium. Alt experiments were approved in advince by
the Motiish University Standing Committee on Ethics In
Animal Experimentation.

Extracorporeal Circuit
To control and liter RAP. an eA^rcarporeal circuit was established
In anesthetized (peatobarbttsl at 90 to 150 mg plus 30 to SO ny/h
[Nembutal], Boehringer-Ingelhelm) artificially respired rsbbits as
previously described.4 Blood wai withdrawn from the aorta at a rate
of 90 mL/mln by a roller pump (Masterftcx model 7521-45, Boroant
Co) and returned to the rabbit via 2 limbs, one to the renal artery md
the other to the vena cava. RAP was controlled by {justing a
Starling resistor incorporated into the vena cavil limb, while total
flow through the circuit remained constant. For example, increasing
the mechanical resistance In the vena caval limb by use of the
Starling resistor divert! blood Raw toward the renal limb, thus
increasing RAP.The circuit dead space (24 tnL) was filled with 10%
(wt/vol) dextran 40 in 154 mmoI/L NaCl (Gentran 40, Baxter
Kealihcarej containing 2 [U/mL heparin (Monopsxln, FUooi Phar-
maceuticals). Therefore, there was some Initial hemoaTiution when
the circuit w u established; thus, hematocrit was relatively low (see
Results).

To remove the confounding Influence of the right kidney, which
would otherwise be perfused at. systemic arterial pressure, a right
nephrectomy was performed In preparation for establishment of the
extracorporeal circuit The left ureter was then cannulaKd, and the
kidney was denervated and placed in a stable cup for positioning of
laser-Doppler flow probes. For measurement cf MBF, a 26-gauge
needle-type probe (DP4s, Moor Instruments Ltd) was advanced
10 mm below the mid region of the lateral surface of the kidney wigs
use of a micromanipuiator ;Narashige). A standard plastic straight
probe (DP2b. Moor Instruments Ltd) wts placed on the derail
surface of the kidney for measurement of CBF. In 14 rabbits,
medullary infusion catheters were acutely positioned laterally,
10 mm either side of the laser-Doppler flow prch:. and advanced so
that their tips lay t5 mm below the cortical surface (at the junction
of the outer and inner stripes of the outer medulla).1

The exlracorporea! circuit was then established, and RAP was set
at ~65 mm Hg for a 60-inir.ute equilibration period. A bolus dose oi
{'HJtnuiin (4 jtCi, NEN Research Product*} was administered in 1.0

mL of 154 mmol/L NaCl. An infusion of IG% (vol/vol) polygeline
(Hemaccel, Hoechst) containing 200 iU/mL sodium heparin and OJ
/iCl'mL pHJinulin was then initiated (0.18 mL • Kg"' • min"1). which
continued for the duration of Che experiment. Body temperature was
maintained between 36'C and 38'C *

Measurements
Systemic arterial pressure was measured by connecting in ear artery
catheter to a pressure transducer (Cobe). Heart rate (HR) was
measured by a tachometer activated by the pressure pulse. RAP was
measured in a side-arm catheter, 3 mm proximal to the tip of the
cannula inserted Into die renal artery. Blood flew through die renal
limb w u measured with an In-line ultrasonic flow probe (type 4N.
Transonic Systems Inc), The laser-Doppler flow probes were con-
nected to a laser-Doppler fiowmeter (DRT4, Moor Instruments Ltd).
These signals were amplified, recorded, and digitized, as previously
described,1 to provide 60-second means expressed as follow::
systemic MAP, mm Hg; HR, bpm; RAP, mm Hg; RBF, mL/min; and
CBF and MBF, perfusion units (equivalent to the instrument output
InmVXIO).

PRA and plasma and urinary concentrations of [jH]inuIin v d
sodium were made as previously described.1 ['HJInulin clearance
was used to estimate glomerular filtration rate (CFR). At the
completion of each experiment, the left kidney was removed and
desiccated, «nd its dry weight was determined. All values of RBF,
GFR. Uy,x.. and Um*V are therefore expressed per gram of <ty
kidney weight (expressed as g [mean 1.77S0.03 g]).

Experimental Protocols
Central
Each experimental protocol consisted of 2 phases. Phase I, which
followed the 60-rainute equilibration period, tested the elkca of
either outer medullary interstitial (protocol 1) or intravenous (proto-
col 2) infusion of NE on systemic and renal hemodynamics. The
second phase of each protocol involved testing the effect of these
trratmenu on the responses to increased RAP. For technics! reasons,
<i s were unable to reliably monitor MBF during step increases In
RAP, so laier-Doppler measurements are reported only for phase 1
of the experiment.

Protocol I: Effects of Outer Medullary Interstitial NE
After 10 Minutes of stable baseline readings, outer medullary
interstitial infusion of either NE POO ng • kg"1 • rein"1, n=6) crltj
vehicle (154 mmol/L NaCl. 20 uL • kg"1 • min"'. n=S) was Kiited
and wa? continued for the rest of the experiment. Twenty surxtes
later, RAP was set at ~6J, 85, 110. 130. and 160 mmHg for
consecutive 20-minu:e periods and, once set, was not readjusted.
Urine produced by In'.- left kidney wu collected during the final 15
minutes of each period. Arterial blood (1 mL) for clearance mea-
surements w u collected from an ear artery catheter at the midpoint
of each 15-minute clearance period, and s&Yiples (1 mL) for
determination of PRA were collected at the midpoint of the fint,
third, and fifth clearance periods. Blood volume•:--'; rcp'aced by an
equivalent volume of 10% polygeline solution (Hemaccel). At the
end of the fifth clearance period, RAP was set to - 6 5 rare Hg for a
further 20 minutes.

Protocol 2: Effects of Intravenous NE
This prc-Mcol was identical to protocol 1. except NE (300 ng • kg"1 •
min"'. o=7) or its vehicle (20 uL • kg"1 • min"1, n»8) was
administered intravenously via an ear vein catheter.

Statistical Analysis

Phase I
To test whether each of the NE or vehicle treatments altered baseline
systemic and renal hemod) nsmics, average levels of each variable
during the period 10 to 20 minutes after the Initiation of the infusion
were compared with the level! during list 10-minute control period
by paired I test.
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Phase It
Thete data were analyzed by ANOV A adapted for repeated measures
with the me of SYSTAT software (version 5.05). To protect against
the increased risk of comparison-wise type I error resulting from
compound asymmetry, probability values were adjusted by use of the
Greenhouse-Geisser correction.' To test whether increasing RAP
altered each variable, i 1-way analysis was first performed on all
vehicle-treated rabbits to provide the main effect of increasing RAP
Vurl- The interaction term between RAP and treatment (vehicle or
NH) was then determined from 2-way analyses for each route
(intravenous and medullary inltiitidal). This tested for effects of NE
infusion on the responses to increased RAP.

Results
Effects of Renal Medullary Interstitial NE on
Systemic and Renal Hemodynarr.ics
Rsnal medullary interstitial infusion of NE (300 ng • kg'1 •
min"') was accompanied by progressive hemodynamic
changes that reached steady state by 10 minutes after tht
infusion began. The changes involved increases in RAF (by
19±4% of its baseline level during the period 10 to 20
minutes after beginning the infusion) and MAP (by 17+.4%)
and reductions in RBF (16+3%), CBF (13+2%), and MBF
(23±9%) but no significant change in KR (I ±2% change).
Medullary interstitial infusion of the vehicle had no signifi-
cant effect on any of these variables.

Effects of Intravenous NE on Systemic and
Renal Hemodynamics
Intravenous NE (300 ng • kg*' • min~') was also accompanied
by reductions In RBF (by !7+.9% of its baseline value) and
CBF (by 19+3%) and by increases in MAP (12+496) and
RAP (4+.l%>. However, unlike renal medullary NE, intrave-
nous NE had no significant effect on MBF (1 ±8% change).

' Intravenous infusion of the vehicle was accompanied by
small variations in MAP (4+1%), HK (1±1%), and RBF
(-4+2%) but no significant changes in RAP, CBF, or MBF.

Effects of Increasing RAF in
Vehicle-Treated Rabbits

Renal Htmodynamlc Variables
As shown in Figure 1, as RAP was increased from 66+1 to
158+3 mmHg, then were progressive increases in RBF
(from 13+i to 29±2 mL • min"1 • g*1) and GFR (from
0.8+0.1 to 3.0+0.4 mL • min"1 • g"') (/W<0.001). Renal
vascular resistance and filtration fraction responded
biphasically. As RAP was increased from ~65 to
—110 mmHg, renal vascular resistance increased from
5.9+.0.8 to 7.7+.2.3 mm Hg • mL*1 • min • g before decreas-
ing to 6.9+.0.6 mm Hg • mL"1 • min • g when RAP was
increased to -160 mm Kg (Pvu^O.05). Filtration fraction
also responded in a similar manner, increasing from
3.5+1.1% to 9.3 + 1.9% as RAP was increased from - 6 5 to
~ 110 mm Hg before decreasing to 8.0± 1.4% when RAP was
increased to ~160 mmHg ("V^O.OOl).

Renal Excretory Variables
As shown in Figure 2, as RAP" was increased from —65 to
—160 mm Hg, there were progressive increase- in UVOL (from
0.09+.0.02 to 1.24±0.09 mL • min*' • g*') and UN,*V (from
12+.2 to 161 + 13 junol • min"1 • g"1) and in the fractional

Medullary Infusion Intravenous Infusion

FCnllm
fnakxi

(*>

80 12} 110 W 120 IM
"•nil Anxtal h u m (rmttg)

Figure 1. Effects of outer medullary Interstitial Infusion (n-6)
and Intravenous Infusion (n-7) of NE on rsnal hamodynamte
responses to progressive Increases In RAP. O hcteates vehicle
(154 mmolA. NaCI i t 20 jU. • kg*1 • m l n * \ n-8) ; • , NE (300 ng •
kg" ' • mln* \ n - 8 to 8). Symbol* are the mean+SEM for each
15-mlnute period for etch variable. Probeaisvy values shown In
the top right comer of each panel are the Interaction terms,
from repeated-measure- ANOVA, between treatment (vehicle or
NE) and RAP. These test whether NE treatment altered the
response to Increased RAP.

excretion- of urine (from 12+1% to 43+3%) and sodium
(from 11+2% to 40+3%) ( ? M , < 0 . 0 0 1 ) .

Systemic Htmodynamlc Variables
As shown in Figure 3, as RAP was Increased from - 6 5 to
- 1 6 0 raraHg, MAP fell progressively from 78±3
to 50+5 mm Hg and at an increasing rate of 0.04+0.06 to
0.96±0.15 mm HgfeSn tfW<0.001). Hematocrit decreased
gradually from 22.1+0.9% to 21.6+0.9% as RAP was
increased from —65 to —110 mm Hg and increased thereafter
to 22.5±0.9% when RAP was increased to —160 mm Hg
(A«-=0.04). HR tended to decrease (from 266+5 to 253+8
bpm) as RAP increased toward -160 mm Hg (PM"0.Q5).

Plasma Rentn Activity
PRA progressively fell as RAP was increased, averaging
14+3, 12+2, and 7±3 ng angiotensin I • mL"1 • h"1 when
RAP was - 6 5 , 510, and 160 mm Hg, respectively
(/W-0.04).

Effects of Medullary Interstitial and Intravenous
NE on Responses to Increased RAP
The RAP-dependent increases in RBF were significantly
attenuated by medullary interstitial NE (Figurt 1). RAP-
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Figure 2. Elects of outer medullary interatitial and Intravenous
infusion of NE on renal excretory responses to progressNily
Increased RAP. Symbols, error bars, and probability values are
u described for Figure 1 .

dependent Increases in UVOL «nd UN.*V (Figure 2) and
decreases in MAP (Fi-ure 3) were significantly attenuated,
but no significant effect on PRA was observed. Medullary
interstitial NE also significantly altered the response of
hematocrit to Increased RAP, attenuating the increase in
hematocrit as RAP was increased above —110 mmHg.
Intravenous infusion of NE did not significantly Influence
any of the re-ponses to increased RAP (Figures 1 to 3).

Effects of Resetting RAP to - 6 5 mm Hg
When RAP was reset to —65 mm Hg, RBF returned to levels
similar to those observed during the initial period (most
leftward point in Figure 1). in vehicle-treated rabbits
( -3 ±4% different from its previous level during the period

• 15 to 20 minutes after RAP was rsset to *»65 mm Hg) and In
rabbits treated with medullary Interstitial NE (-13+4%) and
intravenous NE (39±27%). MAP rose when RAP was reset
to -65 mm Hg but did not completely recover to ttt previous
level in vehicle-treated rabbits (-28±5%) and in rabbits
treated with outer medullary NE (-14±6%) and Intravenous
NE (-30+. 10%).

Discussion
We have recently shown in anesthetized rabbits that medul-
lary interstitial infusion of NE (300 ng • kg"1 • min"1) reduces
MBF more than CBF and that intravenous infusion of the

Mrai ArUrtal
r*nwy» j o -
(rnmHg)

4H
0.11

O40

IM IM eo IK in
nmal Artjrfd P m n (mmHgl

Figure 3, Effects of outer meduBary Interstitial and Intravenous
Infusion of NE on systemic hamodynamlo responses to progres-
sively Increased RAP. Symbols, error bars, and probability val-
ues ere as described for Figure 1.

same dose reduce- CBF only.5 In the present study, we user!
these findings as a tool to examine the role of MBF In
modulating the renal antihypertensive responses to Increased
RAP. Our major finding was that medullary interstitial NE,
but not intravenous NE, attenuated both the pressure diure-
sls/natriure'ts response and the depressor response to in-
creased RAP. These observation- provide further support for
the hypothesis that MBF plays an important role In the
control of arterial pressure, both through Its involvement In
the mechanisms mediating pressure dluresIs/natriuresU and in
the mechanisms mediating the release of the putative renal
medullary depressor hormone.

Consistent with our previoui observations in a conven-
tional anesthetized rabbit preparation,1 in the extracorporeal
circuit model, Infusion of NE Increased MAP and reduced
RBF and CBF similarly by the 2 routes. This Indicates
significant systemic spillover of NE infused into the renal
medulla and, probably also, spillover Into the renal cortex,
consistent with our previous extensive characterization of this
method.1 However, our results also Indicate that these renal
cortical and extrarenal effects of NE can be effectively
controlled for by Intravenous Infusion. The striking difference
between the effects or NE Infused by the 2 routes was that
medullary interstitial infusion of NE reduced MBF by -30%,
whereas Intravenous NE had little or no effect on MBF. Thus,
our present experimental design provided a good paradigm
for examining the effects of reduced MBF on the renal
antihypertensive responses to increased RAP. We can also be
fairly confident that these infusions provided relatively con-
stant renal hemodynamic effects, Inasmuch as in all experi-
mental groups, RBF levels were similar at the end of the
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experiment, when RAP was reset to ~ 6 5 mm Hg, compared
with RBF levels during the initial period at this level of RAP. .

Thus, our finding (ie, medullary interstitial, but not intra-
venous, infusion of NE attenuates both the pressure diuresis/
natriuresis response and the depressor response to Increased
RAP) provides evidence for a role of the renal medulla in
both these renal antihypertensWe mechanisms. Because Intra-
venous infusion of NE did not significantly affect these
responses, we can confidently exclude roles for NE mediated
outside the kidney that are related, for example, to its
systemic pressor effect, modulation of hormone release from
extrarenal sites, or inhibition of the peripheral response to the
putative renal medullary depressor hormone. We can also
probably exclude contributions mediated solely in the cortical
microvasculature, inasmuch as RBI" and CBF were similarly
reduced by medullary interstitial and intravenous infusions of
N E Rolei for the rcnin-angiotensin system also appear
unlikely in view of the fact that levels of PRA in rabbits
receiving medullary interstitial Infusions of NE were Indis-
tinguishable from those in vehicle-treated control rabbits.

Pressure Natriuresis
Medullary interstitial, but not intravenous, NE attenuated the
diuretic and natriuredc responses to increased RAP. This
effect likely also accounts for the statistically significant
influence of medullary interstitial NE on hematocrit re-
sponses to increased RAP, because the reduced diuresis/
natriuresis would attenuate hemoconcentration at high levels
of RAP, Tubular elements probably play a key role in
mediating the attenuated diurcsis/natriuresis, because medul-
lary interstitial NE did not significantly affect the relation
between QFR and RAP. Our results indicate a role of the

.renal medulla in mediating the effects of medullary interstitial
infusion of NE on the pressure diuresis/natriuresis response,
but our present experiment does not definitively demonstrate
that these effects were mediated by the effect of NE on MBF.
In particular, a direct effect of NE on tubular function in the
medulla cannot be discounted, because tubular adrenoceptors
are certainly known to directly influence fluid and sodium
reabsorption in the kidney.7'1

On the other hand, our present results are consistent with
the large body of work by Cowley1 showing that treatments
that alter MBF, but not those that influence CBF alone,
profoundly infl'"!nce ths pressure diuresis/nitriuresis re-
sponse. Cowley has argued that the chief initiating factor in
the pressure nairiuresis response is increased MBF and that
this leads to a rise in renal interstitial hydrostatic pressure,
which in turn inhibits tubuiar sodium reabsorption.1 How-
ever, there is still considerable controversy regarding this
hypothesis,' so its further critical evaluation is important. In
this respect, the present study is significant because it has
used an experimental model, with an extracc—oreal circuit,
that differs from conventional models for sc-: • ing pressure
natriuresis, In which RAP is altered by adjui,-.;; clamps on
the sorta or renal artery.*'10 Using this experimental model,
we have previously shown that another treatment that reduces
MBF, blockade of nitric oxide synthesis with /V°-nitro-L-
arginine, also attenuates the pressure natriuresis response.1-"
Importantly, our experimental model allows RAP to be set at

levels considerably grti^r than MAP, so that the pressure
natriuresis relation can be investigated over a wide range of
RAP. The renal vascular responses to increased RAP in the
extracotporeal circuit model differ from those in conventional
preparations,10 in that RBF increases considerably as RAP is
increased. However, as has been argued previously, autoreg-
ulation in this model is seen as an increase in renal vascular
resistance in response to increased RAP, but its effect on RBF
is limited by the fixed rate of the pump and high resistance of
the vena caval limb.1

Putat ive Renal Medul lary Depressor Hormone
As we have observed previously,1 increased RAP was accom-
panied by pressure-dependent reductions in MAP. This re-
sponse has been extensively characterized previously and
appears to be unrelated to the accompanying Inhibition of the
renin-angiotensin system3 or increase in UVOL «nd Um*VM
On the basis of the finding that the depressor response is
abolished by chemical medullectomy,4 we have proposed that
this response to increased RAP is mediated chiefly by release
of an as-yet-to-be-characterized depressor hormone from the
renal medulla." It may be that this putative hormone is
identical, or similar, to "medullipin," which has been Isolated
but not yet fully chemically characterized."

Previous studies have shown that some,3-"-11 but not all,
stimuli C",st reduce MBF11-1' attenuate the depressor response
to increased RAP. In the present study, we found that the
depressor response to increased RAP w u greatly blunted by
medullary interstitial, but not intravenous, infusion of NE.
Thus, our results provide the most direct evidence yet
obtained, suggesting that the level of MBF influences the
release of the putative renal medullary depressor hormone.

Nevertheless, we cannot as yet completely exclude the
possibility that some other action of NE in the renal medulla,
such as a direct action on renal medullary interstitial cells, the
proposed site of storage and release of medullipin," inhibits
the release of the putative renal medullary depressor hor-
mone. However, given our previous finding that medullary
interstitial infusion of [Phe.ile.'Om'j'vasopresiin reduces
MBF and attenuates the depressor response to increased
RAP,1 a role for the medullary microvasculature seems
worthy of further investigation. To this end, future studies
should replicate this experimental paradigm with other phar-
macological agents that might selectively decrease and in-
crease MBF.

Conclusions
Our findings indicate that NE can act within the renal medulla to
attenuate the pressure natriuresis response and the release of the
putative renal medullary depressor hormone. At present, we
cannot be certain that this effect of NE is mediated by the
accompanying reduced MBF, but we hive .strong circumstantial
evidence that this is so. Any vasoactive agent is likely to have
extravascular effects that might Influence the antihypertensive .
responses to increased RAP. Therefore, the only way we can
dissect out the relative roles of effects on MBF from other
actions mediated within the renal medulla is to examine the
effects of a range of agents that alter MBF. Our experience so far
with extracorporeal circuit models such as that used in the
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present study is that only treatments that alter MBF influence
these renal medullary antihypertensive mechanisms.1"-14-15

Therefore, it seems likely that the medullary microvasculature
plays a key role in the mechanisms controlling blood pressure in
the long term, not only via actions on the renal handling of salt
and water but also by influencing the release of the putative renal
medullary depressor hormone.
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RESPONSES OF REGIONAL KIDNEY PERFUSION TO
VASOCONSTRICTORS IN ANAESTHETIZED RABBITS:

DEPENDENCE ON AGENT AND RENAL ARTERY PRESSURE

Roger G Evans, Anabela G Corieia, Simon R VVeekes and Anna C Madden

Department of Physiology, Monash University, Clayton, Victoria, Australia

SUMMARY

1. We tested the effects of Intravenous Infusions orangiotenstn
D (Angll; 300ng/kg per min) and the vosopreuln Vi receptor
agonist [PheVe'.Orn'J-vasopressIn (30ng/kg per mln) on
regional kidney perfuilon In an extracorporeal circuit model in
anaesthetized rabbits In which renal artery pressure (RAP! can
be let Independently of systemic mean arterial pressure. To test
whether the level of RAP can Influence the renal vascular
response to [Phe'jle^Orn'j-vasopressin, we compared its effects
when RAP was initially set at approximately 65 mmHg with
those when RAP was set at approximately 130 mmHg.

2. When RAP was Initially set at approximately 65 mmHg. a
20 mln Infusion of Angll Increased RAP (13%) and reduced
renal blood flow (RBF; 50%) and cortical perfusion (CBF; 43%).
Medullary perfusion (MBF) transiently increased during tLs
first 10 mln of Infusion, but was not significantly different from
control levels during the final 5 mln of infusion.

3. When RAP was initially set at approximately 65 mmHg,
a 20 mln Infusion of [Phe'^e'.Orn'l-vaioprusIn increased
RAF(9%) and reduced RBF(Zl%)i MBFwas reduced by 57%,
but CBF was reduced by only 15%. In contrast, when RAP
was Initially set at approximately 130 mmHg, Infusion of
rPhe\JJe1,OrnlJ-vasopr*ssln reduced RAP (7%) and Increased
RBF (13%). In these experiments, MBF was reduced by 38%,
but CBF Increased by 6%.

4. Our experiments show that AngH preferentially reduces
CBF, while [Phe141eJ,Orni]-vasopressln preferentially reduces
MBF. The renal vascular responses to [Phe'.Ile'.Orn1]-
vasopressin appear to be profoundly affected by the level of
RAP, because increasing RAP from approximately 65 to
approximately 130mmHg transforms its cortical vasocon-
strictor effect Into cortical vasodllatatlon while leaving the
response of the medullary microvasculature relatively
unchanged, Whether renal vascular responses to other vaio-
kctive agents (e.g. Angll) are similarly affected by the level of
RAP remains to be determined.

Key words: anglotensln II, laser Doppler flowmeiry,
medullipln, rPhe1,Ile>,Orn1]-vasopressin, renal blood flow, renal
cortex, renal medulla.
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INTRODUCTION

There is now considerable evidence that the renal vosculuure does
not respond homogeneously :c vuoective i£?nts. For example,
intravenous infucion of angiotensin (Ang)Hin anaesthetized rats and
labbics reduces cortical perfusion (CBF), but either increases1'1 or
fails to reduce*4 perfusion of the medulla or papilla. In contrast,
intravenous infusion of arginine vasopressin7 or the V| receptor
agonist f,r>he\lle1.Orn']-vasopressin3 can reduce medullary
perfusion (MBF) without altering CBF. The heterogeneity of
these renal vascular responses to vasoconstrictor agents may have
important implications for the impact of circulating and locally
acting hormones on the control of blood pressure, especially because
the medullary microcirculation appears to have an important effect
on the renal handling of salt and water.1

However, one interpretation*! problem with some of these
experiments concerns the confounding influence of changes in
systemic hasmodyaamlei, particularly arterial prei-ure, that occur
during intravenous infusion of v&soactive agents. To avoid rid: ID
the present study, we used an extracorpcr.!*! circuit model in
anaesthetized rabbits that allows renal artery pressure (RAP) to be
conwlied independently of systemic arterial pressure.*'1-' This
allowed us to examine the renal vascular effects of AiigG and
fPhe'.nV.Qrn'J-vasoprrsjh in Isolation from their effects oil the-
extrorenol circulation. We also hypothesized that tb'. level ot RAP
may affect the renal vascular response w vasoconstrictor agents,
possibly by altering the ir.rirtnal hormonal milieu. To test this
hypothesis, we compared the rend haemodynamic effects of

. rPhe1,ne1,Ornl]-VBsopressij] when RAP was set *t the lo-ri f nd of
the range found in nom tensive conscious rabbits (approximately
63 mmHgu) with its effects when RAP was doubled (approximately
130 mmHg).

METHODS

Animals
Twenty New Zealand while rabbin (2.49-3.65 t f ; mean 2.94 kg) of
either sex were randomly assigned to cne of four experimental groups.
Rubbtts were allowed food and water ad libitum until die experimental
procedures began. At the conclusion of the experiment, rabbin were killed
with un Iv. overdose of pentoburbitone sodium. Experiment! were performed
in accordance with the Australian Code of Practice Tor the Care and Use
of Animals for Scientific Purposes und were approved in advance by die
Monash University Department of Physiology/Central Animal Services
Animi.'l Ethics Committee. The experiments used an extracorporeal
circuit by which RAP cun be adjusted without directly alicrins systemic
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vehicle witti RAP initially set at ifpextnmuiy 65 mmHg: (li) i.v. infuiion WJ3) RAP initially kit at approximately 65 nvnHg; and (iv) i.v. infusion
of Angll with RA? initiaHy set at approximately 65 mmHg; (iiij U . of (Phe3.lleJ,Om"J-va3oprr«jin with RAP initially set at approximately
irfii*.::/! of die vesopressin V'I cecepraf agonist [PtB!.Iie),Orn"]-v3sopasin l20mmHg.
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Fig. 1 Effects of Lv. infusion of vehicle (154 mmol/L NoCl at 50 p l A g per rain; D) or angiutensfc U (Angtl; 300 Pg/Wg per min; • ) on systemic and renal
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Experimental preparations

These hive been described in detail previously,*"" so will only be described
briefly here. General anaesthesia was induced by i.v. administration of
pentobarbitone sodium (90-1 JO mg plus 30-50 ms/h; tfembutal: Boehringer
Ingelheim, Aiarmon. NSW, Australia) and -«as immediaely followed by

buffeted salt solution (Hartmann's; Baxter Healthcare, Toongabbie, NSW,
Australia) was infused intravenously at a rate of 0.18 mUkg per min.

After removing the right kidney, the left kidney was denervated by
stripping all visible serves surrounding the renal artery and vein and if was
then placed in a stable cup for the measurement of CBF and MBF by laser-
Doppler Rowmetry. as described previously." The extracorporeal circuit*""

endotneheal intubation and artificial respiratuxi. During surgery, a balanced wes then established to withdraw blood (at • constant rate of 90 raL/min)
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noi^ \\r> Orni-vasooregln was dependent on the level of renal artery pressure (RAP). MAP. mean arterial pressure: HR. hean rate: RBF. renal blood flow;
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from the distal aorta by means of a roller pump and return it to the animal
both through the renal artery and the vena cava. A Starling resistor
incorporated Intn the venous limb allowed for graded reductions in the flow
of blood through this limb and, so. increases in pressure and flow in the renal
limb.ThedrcoUwts primed wilh 10% w/v deMran 40 in IMmmol/LNaO
solution (Gentran 40; Baxter Healthcare) containing 50IU/mL heparin
(Monopnrin; Ftsons Pharmaceuticals, Sydney, NSW, Australia). The dead
space of the circuit was 24 mL.

Immediately following establishment of the extracorporeat circuit. RAP
was set and maintained at 60-70 mmHg and the infusion of Hartmann's solu-
tion (0.18 mL/kg per min) was replaced with 10% v/v polygelire (Hacmoccel;
Hoechst, Melbourne, Victoria, Australia) containing 200tU/mL sodium
heparin.

Recording of haemodynamic variables

Arterial pressure was measured by connecting the ear artery catheter to a
pressure transducer (Cobs, Arvorda, CO, USA). Heart rate (HR) wai
measured by a tachometer activated by the pressure pulse. Renal artery
pressure was measured In a side-arm catheter. 3 mm proximul to the tip of
the cannula inserted into the renal artery, as described previously." Blood
Mow through the renal limb was measured with on in-line ultrasonic Dow
probe (type 4N; Transonic Sys^ms fnc^ Ithaca, NY, USA) connected to a
model T108 flowmeter (Transonic Systems Inc.) The laser-Doppler flow-
probes were connected to a laser-Dopplcr flowmeter (DRT4; Moor
Instruments Lui. Millwey, Devon. England). These signals were amplified
and recorded as described previously" to provide 60 s means of systemic
arterial pressure (MAP). HR, RAP, renal blood flow (RBF), CBF. MBF and
the concentration of moving red blood cells (CMBC) in the cortex and
medulla. At the completion of each experiment, the left kidney was removed
<nd desiccated so that its dry weight could be determined. Therefore, RBF
values are expressed per g dry kidney weight.

Experimental protocols
At least 60 min after establishment of the extracorporeal circuit and once
systemic and renal haemodynamic variables had stabilized, RAP was set to
either approximately 65 mmHg (groups 1-3) or 130 mmHg (group 4).
Following a further 30-60 min equilibration period and provided RBF had
reached a relatively constant level, i.v. infutionx of either saline vehicle
(154 mmol/L NaCl at 50 uXAj per min), Angll (group 2:300 ng/kg per min;
Auspep. Parkville. Victoria, Australia) or [Phc'Jle'.Orn'J-vasopressin
(groups 3 and 4; 30 ng/kg per min; Peninsula Laboratories, Belmont CA,
USA) commenced and wire maintained for a further 20 min.

Statistical analysis
We used the interaction term (time'treatmeat) from repeated measures
analysis of variance19 to tut whether the response to Angll diffefd to that
of its vehicle (Fig. 1} and whether the response to [Phe'.De'.Om'J-vasopressin
was dependent on the level of RAP (Fig. 2). To protect against ths increased
risk of a false-positive inference, ? values were conservatively adjusted using

the Greenhutlse-Gciuer correction.15 Paired Mesu were used to determine
whether huemodynamic variables differed from their baieline level during
the Hnul 5 min of each 20 min Infusion.

RESULTS

Vehicle

Levels of all variables remained relatively stable during infusion of

the saline vehicle (Fig. 1; Table I).

Angiotensin II

Intravenous infusion of Angll was accompanied by changes In

systemic and renal haemodynamic variables, which, with the

exception of MBF, reached equilibrium by the final 5 min of the

infusion (Fig. J). During the final 5 min period, MAP and RAP were

increased 43±7 and 13±2%, respectively, compared with the

10 min control period, while RBF and CBF were reduced by 50±6

and 43 ±12%, respectively (Table 1). In contrast, the response of

MBF was more complex and variuble. During the first 10 min of

infusion, MBF was increased In til five rabbits, averaging &2±33%

more than during the control period. In the final 10 min of Infusion,

MBF returned to control levels in two of five rabbits, but remained

above control levels in the other three rabbits. The CMBC was not

significantly affected in either the cortex or medulla, averaging

43±31 and 12±7% greater, respectively, during the final 5 min of

infusion compared with control levels.

[Phe'.Ile'.Orn'j-VasopressIn

When RAP was initially set at approximately 65 mmHg, I.v.

infusion.of [Phe'.lle'.Orn'j-vasopressin was accompanied by

increased MAP (by 30±5% of control levels during the final 5 min

of infusion) and RAJ>(9±2%; Fig. 2; Table I). Renal blood flow was

reduced by 21*7%. The reduction In MBF (57*10%) was

considerably greater than that of CBF (15±4%). The CMBC was

not significantly affected in either the cortex or medulla, averaging

2±I and 12*8% less, respectively, during the final 5 min of

infusion compared with control levels.

When RAP was Initially set at approximately 130 mmHg, I.v.

Infusion of [Phe'.IIe'.Orn'J-visopresiin did not significantly affect

MAP, but RAP was reduced by 7± l f t . Both RBF and CBF were

increased (by 13±2 and 6±2%, respectively), but MBF was reduced

(38*11%). The CMBC was not significantly affected in either

the cortex or medulla, averaging 3 ± 2 and 0±3% less, respectively,

during the final 5 min of infusion snrnpared with control levels,

Table 1 Effects of i.v. infusion cf vehicle, angiotensin II and [Pbe'.Tle'.Orn'J-vajopreijin on systemic and renal boemodynanic variables

Agent

Saline vehicle (50 ui/kg per mia)
Angll (300 ng/kg per min)
rPhe!

(Ile
J,Onil]-vasopressu) (30ng/kg per min)

[Phe1,Iie\Orn'l-vasopres'iin OOng/kg per min)

Resting RAP
(mmHg)

65
65
65

130

MAP
(%change)

1±5
43±7»
30*5*
-9±17

HR
(% change)

0±2
-1*2

-22*5'
-I8*4»

RAP
(* change)

2±4
13*2*
9*2'

-7*1 '

RBF
(ft change)

-5±J
-50*6'
-21*7*

13*2'

CBF
{% change)

-9±4
-43*12*
-I3±4»

6±2*

MBF
(% change)

- 1 * 1 1
10O±65
-57±IO'
- 3 8 * 1 1 '

Values are the mean *SEM of percentage changes during the period 15-20 min after commencing each infusion from the average level during the 10 min
control period (n>5). The level to which renal artery pressure was initially set is shown in the second column. *P<0.05. TP<0.01 for paired Mest
comparing levels before and during (15-20 min) each Infusion.

RAP, renal artery pressure; MAP, meae arterial pressure; HR, heart rate; RBF. renal blood Row; CBF, conical perfusion; MBF, medullary perfusion; PU,
perfusion units; Angll, angiotensin U.
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D I S C U S S I O N

The present findings with regard to the effects of i.v. infusion
of Angll and [Phel,Ile3,Om']-vasopressin in the extracorporeal
circuit model were similar to those we hive observed previously
in anaesthetized and conscious intact rabbits,*" Thus, with RAP
set initially at approximately 65mmHg, which is similar to resting
MAP in conscious'* and pentobarbitone-anaesthetized1 rabbits,
AngQ (300 ng/kg per min) reduced CBF, but cot MBF. Indeed, MBF
transiently increased in tU five rabbits studied, although the
magnitude of this response was highly variable. In contrast, under
the same conditions, the vasopressin Vi receptor agonist
[Pbe'.Ile'.Om'j-vasopressln (30 ng/kg per min) reduced MBP
approximately four-fold more than it did CBF. Because none of these
treatments significantly affected CMBC in either the cortex or
medulla, we can be confident that the changes in CBF and MBF
observed resulted predominantly from changes is red blood
cell velocity (rather man concentration), secondary to alterations in
vascular tone.

In our previous study io intact anaesthetUitd rabbits,1 i.v.
infusions of these dosei of Angll and [PheIJle1

1Q'.-n>]-vasopressin
were accompanied by increases in MAP of approximately 84 and
14%, respectively. Therefore, it remained possible that the dif-
ferences we observed between the effects ofthese agents on regional
kidney perfusion resulted secondarily from risir different effects on
systemic haemodynamicg. For example, It could be hypothesized
that MBF did not fall during infusion of Angll because of the accom-
panying large increase in MAP. This hypothesis is supported by
experimental results suggesting that the medullary microciiculation
has only limited autoregulatory capacity compared with the cortex.1

However, the present observations now permit us to exclude this
possibility, because our experimental model allowed us to test the
renal haemodynamic effects of these agents in isolation from their
systemic haemodynamic effect). Thus, although both agents
produced considerable increases in MAP, we observed similar
modest Increases (by approximately 10% of resting) in RAP
with both. Therefore, these observations provide strong evidence
that the heterogeneous effects of these agents on CBF and MBF in
anaesthetized rabbits arise from differences in their direct actions
within the renal vasculaturs.

Our observations and conclusions are also consistent with those
of previous studies in rats showing that Ajgll and arginine
vasopretsin can differentially affect CBF and MBF independently
of effects on arterial pressure. For example, Nobes et al. found that
AngH increased papillary perfusion in anaesthetized rats, even when
renal perfusion pressure was maintained at a constant level by use
of an aortic clamp,1 Similarly, Francbini et al, found that infusion
of arginine vasopressin in decerebrate ran, at a dose that increased
the plasma arginine vasopressin concentration from 3 to 11 pg/mL,
reduced MBF without affecting CBF or mean arterial pressure.1'17

There is also evidence that these hormones differentially regulate
CBF and MBF under physiological condition]. Thus, increased NaCl
intake in rats reduces plasma levels of AngH and increases CBF but
not MBP." Moreover, the reduced CBF in response to increased salt
intake can be abolished by simultaneous infusion of subpressor doses
of AnglL" Similarly, 48 h water restriction in rats increased plasma
levels of arginine vasopressin and reduced MBF but not CB F." The
effects of water restriction on MBF were attenuated by medullary
interstitial infusion of a V| receptor antagonist."

The precise mechanisms underlying the disparate effects of vaso-
constrictor agents on regional kithey perfusion remain unknown.
However, it is Ukely that they include not only differences in the
vascular distribution of receptors for these agents, but also dif-
ferences in their effects on secondary, locally »Ming (mainly endo-
thelial) factors, such as nitric oxide (NO) and prosranoids."-4 For
example, in anaesthetized rats, the increase in papillary perfusion
that has been observed during infusion of Angll seems to require
the presence of NO, because it is abolished by blockade of NO
synthesis but restored by co-infusion of sodium nitroprusside.3 There
is also evidence that both prostanoids*'20 and NO11*13 act in vivo to
blunt medullary vasoconstrictor responses to Angll. The involve-
ment of these local counter-regulatory mechanisms in modulating
responses of regional kidney perfusion to AngH may explain, at least
in part, apparent discrepancies between observations made in vivo
and those made under fci vitro conditions. For example, AngH has
been shown to constrict both juxt&medullary afferent and efferent
arterioles13 and outer medullary descending vasa recta24 In vitro. It
may be that the activity of counter-regulatory vasodilator mechan-
isms (e.g. NO, prostanoids) is blunted under in vitro conditions,
exposing the underlying vasoconstrictor effeca of AngQ on
vascular elements regulating MBF.

In the group of rabbits in which RAP was set to approximately
130 mmHg, RBF and CBF (but not MBF) was considerably greater
than in the group in which RAP was set at approximately 65 mmHg.
However, mere was clear evidence of autoregulaHon of RBF,
because resting renal vascular resistance was 63% greater at the
higher level of RAP. Under these conditions, [Phe'j^.Om1]-
vasopressin reduced MBF by a similar magnitude, as was seen at
the lower level of RAP. However, rather than reducing RBF
and CBF, these were increased. Indeed, RAP was reduced during
this infusion, indicating a considerable reduction is global rscsl
vascular resistance. In contrast, the fact that MBF was still reduced
by [Phe'.ne'.Ora'j-vajopressin in the race of reduced global recal
vascular resistance suggests a differential vascular response to
activation of Vi receptors in vascular elements regulating MBF
(e.g. vasoconstriction of afferent and efferent arteJoles of juxta-
medullary glomeruli and/or outer medullary descending vasa recta)
compared with those vascular elements regulating perfusion in the
outer and mid-cortex (e.g. vasodilatation in afferent and efferent
arterioles of glomeruli whose efferent arterioles lead to cortical
peritubular capillaries and/or vasodilatation in upstream vascular
sites).

We can only speculate, at present, as to the mechanisms respon-
sible for this apparent conversion of the rend vasoconstrictor effect
of [Phe'Jle'.Om'J-vasoprtssin into vuodilaratioa (at least in
vessels other than those controlling MBF), but it likely relates to
the impact of RAP on the intrarenal hormonal milieu. For example,
there is some evidence for the release of a putative renal medullary
depressor hormone under these experimental conditions,*""45

which may be responsible for the abolition of the jyslemic pressor
effect of [Phe\lle3,Ornl]-vasopressin we observed. It may also be
responsible for the renal vasodilatation we observed in the present
study, either as a direct effect of the putative hormone per se or as
an interactive effect with [Phe^Ile'.Oni'j-vasopressin. We telieve
that the former possibility is unlikely, because we have previously
observed that RBF and RAP remain relatively stable in this experi-
mental model when RAP is set to this level.1112 Furthermore, the
fall in RAP and increases in RBF and CBF during infusion of
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[Phe'jle'.Orn'J-vasopxssin occurred over a similar time-course as
the fall in HR and over a similar time-course to the systemic and
renal haemodynamic effects of this agent observed when RAP was
initially set to approximately 65 mmHg.

Increased release of numerous locally acting hormones, includ-
ing NO, prcstanoids and endochelins,*J*'27 is also believed to occur
when RAP is increased. The possibility that these contribute to the
modulation of the renal vascular effects of [Phe2.HeJ,Orn*]-
vasopressin by the level of RAP merits further investigation.
There is certainly good evidence that NO contributes to arginine
vasoprrssin-induced renal vasodilatation,** although previous
studies have suggested that this is predominantly mediated by
activation of V] receptor.39 In contrast, the results of the present
study suggest that Vi receptors can also mediate renal vasodilata-
tion, at least under some experimental conditions. This hypothesis
should be tested in future experiments using antagonists selective
for Vi and Vj receptors.

In conclusion, the results of the present study show that at levels
of RAP at the lower end of the range normally observed in intact
conscious rabbits, the vasoconstrictor agents AngH and
[Phe-.Ile-.Om'j-vasopressin have disparate effects on CBF and MBF.
We also found thai insresstag RAP can profoundly influence the
nature of renal vascular responses to infused vasoactive agents, at
least in the case of [Phe-.IIe-.Orn'j-vasopressin. This latter
observation highlights the potential complex interactions between
circulating and locally acting vasoactive hormones and prevailing
haemodynamic factors in the regulation of intrarenal blood flow
in vivo.
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Effects of activation of vasopressin-VT-receptors on regional
kidney blood flow and glomerular arteriole diameters
Anabela G. Correia, Kate M. Denton and Roger G. Evans

Objectives We tested whether vasoconstriction of
|uxtamadullary glomerular arterloles contributes to
vasopresjln Wrereptor-medlated reductions In medullary
perfuslon (MBF).

Design and methods The left kidney of pentobarbltone
anaesthetized rabbits was denervated, a perlvascular flow
probe placed around the renal artery and laser-Doppler
flow probes positioned In the inner medulla and on the
cortical surface, Rabbits then received a 30 min
Intravenous Infusion of [PhaJ,ll«a,Orn*]va3opreasin (V,-
AG; 30 ng/kg per mln; n = 7) or Its vehicle (n •> 7). Kidneys
were perfuslon fixed at the final recorded mean arterial
pressure (MAP) and filled with methacrylate casting
material. Diameters of afferent and efferent arterloles were
determined by scanning electron microscopy.

Results WAG Increased MAP (19 ± 3%) and reduced
MBF (30 ± 8%) but not cortical perfuslon or total renal
blood flow. Vehicle-treatment did not significantly affect
these variables. After vehicle- and VrAG-treatment,
luxtamedunary afferent arteriole (umlnal diameter
averaged 15.35 ±1.31 and 15.88 ± 1,86 fim, respectively
IPm 0,82), while Juxtamedullary efferent arteriole lumlnel

diameter averaged 17.75 ± 1.B6 and 18.36 ± 2.24 jim,
respectively ( P a 0.93).

Conclusions Vj-AG reduced MBF but did not significantly
affect Juxtamedullary arteriolar diameter. Our results
therefore do not support a role for Juxtamedullary
arterloles In producing Vi -receptor-mediated reductions In
MBF, suggesting that downstream vascular elements (eg.
outer medullary descending vasa recta) might be Involved.
JHypartens 19:649-657 C 2001 Upplncott Williams &
Wllklns.
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Introduction
Although only approximately 10% of total renal blood
flow enters the renal medulla, there is now good
evidence that the medullary mictocirculacion plays a
key role in long-term blood pressure regulation, chiefly
through its influence on.renal salt and water handling
[1]. Therefore, in order to understand the mechanisms
underlying the long-term regulation of blood pressure,
we require a more complete understanding of the
factors regulating medullary blood perfusion (MBF).

In both conscious and anaesthetized rats and rabbits,
intravenous infusion of low doses of arginine vasoprei-
sin [2,3] or the selective V|-receptor agonist [Phe2,
IlcJ

(Orna]vasopres*in (V,-AG) [4,5] can reduce M&F
without affecting cortical perfusion (CBF) or total renal
blood flow (RBF). There is also good evidence chat
arginine vasopressin plays an important role in the
physiological regulation of MBF [6]. The precise me-
chanisms mediating the selective effect of arginine
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vasopressin on MBF remain unknown, but they could
theoretically involve vasoconstriction of afferent and/or
efferent arterioles of juxtamedullary gtomeruli (the
source of MBF), or downstream vascular elements (vasa
recta) [7], On the other, hand, we can exclude vasocon-
striction at vascular sites upstream from the afferent
arteriole, which would be expected to also reduce CBF
and RBF. We can probably also exclude a role for
proposed contractile elements in inner medullary des-
cending vasa recta [8], since Zimmerhackl it a/., using
video-microscopy, were unable to detect arginine vaso-
pressin-induced changes in the diameters of these
vessels, even though erythrocyte velocity within them
was significantly reduced [2].

In support of the hypothesis ths: V| -receptor mediated
dec/eases in MBF are mediated by vasoconstriction of
juxtamedullary arterioles and/or outer medullary des-
cending vasa recta, V|-receptor mRNA has been located
in these vascular elements [9]. There is also good
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evidence from in-vicro studies that arginine vasopressin
can constrict juxtamcdullary arterioles [10-12] and out-
er medullary descending vasa recta [13]. On the other
hand, in the study by Harrison-Bernard and Carmines
[10], using the blood-perfused juxtamedullary nephron
preparation, arginine vasopressin at physiological con-
centrations (> 10~ u mmol/l) was found to constrict
afferent arterioles of juxtamedullary glomeruli but not
outer medullary descending vasa recta. Furthermore, in
one study demonstrating vasoconstriction of outer me-
dullary descending vasa recta in response to arginine
vasopressin in vitro, the concentrations required (ap-
proximately 20"'° mmol/l) were approximately one or-
der of magnitude greater than those encountered in
plasma under physiological conditions [13]. Thus, on
balance, this evidence supports a role for vasoconstric-
tion of juxtamedullary glomerular arterioles in mediat-
ing reduced MBF in response to activation of V|-
receptors. However, is yet, there is no evidence from
in-vivo studies to confirm or reject this hypothesis.

Therefore, in the current study, we directly tested this
hypothesis in anaesthetized rabbits by examining the
effects of an intravenous infusion of Vi-AG on RBF,
CBF and MBF, and employing the technique of
vascular casting to measure the luminal dimensions of
afferent and efferent arterioles in the outer-, mid-, and
juxtamedullary-coftica! regions [14,15].

Methods
Animals
Fourteen, New-Zealand White, male rabbits were used
(body weight 2.18-2.62 kg; mean 2.41 i 0.03 kg). Prior
to experimentation, all rabbits were meal fed and
allowed water ad libitum. At the conclusion of the
experiment, they were killed with an intravenous over-
dose of pentobarbitone sodium (300 mg). Alt experi-
ments were performed in accordance with the
Australian Code of Practice for the Care and Use of
Animals for Scientific Purposes and were approved in
advance by the Monash University Department of
Physiology/Central Mir^l Services Animal Ethics
Committee.

Surgical preparation
Catheters were placed in both central car arteries and
marginal ear veins under local anaesthesia (0.5% Lig-
nocaine; Astra Pharmaceuticals, North Ryde, NSW,
Australia). Rabbits were anaesthetized with pentobarbi-
tonc sodium (90-150 mg i.v. Ncmbural* Boehringcr
Ingelheim, Artarmon, NSW, Australia) and this was
immediately followed by endocracheal intubation and
artificial ventilation (Model 55-3438 Ventilator, Harvard
Instruments: MA, USA). Anaesthesia was maintained
during surgery and throughout the experiment by intra-
venous pentobarbitone infusion (30-50 mg/h). Plasma
volume was maintained throughout the experiment by

sn intravenous infusion of Hzrtmann's solution (com-
pound sodium 'acute; Baxter Healthcare Pry Ltd,
Toongabbie, NSW, Australia; 0.18 ml/kg per min).
Surgery was performed on a heated table, and oesopha-
geal temperature was maintained at 36-38 °C through-
out the experiment using a servo-controlled infrared
lamp (Digi-Sense temperature Controller; Cole Palmer
Instrument Company, Chicago, Illinois, USA).

Surgery
A left flank incsion was made and the left kidney,
aorta, vena cava, and ureters were exposed. The left
and right ureters were cannulated with silastic tubing
(outer diameter 0.94 mm, inner diameter 0.51 mm;
Dow Corning, Midland, Michigan, USA). The left
kidney was denervated and pkced in a stable cup for
the positioning of laser-Doppler flow probes. For meas-
urement of MBF, a 26-gauge needle type probe
(DP4s, Moor Instruments Ltd, Millwey, UK) was
advanced 10 mm below the mid-region of the lateral
surface of the kidney, using a micro-manipulator (Nsr-
ashige, Tokyo, Japan). A laser Doppler flow probe
(Standard plastic straight probe, DP2b; Moor Instru-
ments Ltd) was placed on the dorsal surface of the
kidney, for measurement of CBF. A transit-time ultra-
sound flow probe was placed around the renal artery for
measurement of RBF (type 2SB, Transonic Systems
Inc., Ithaca, New York, USA). A bolus of heparin
sodium (5000IU i.v.: Fisons, Thornleigh, NSW, Austra-
lia) was administered, ar.d an infusion of 30 IU/min
continued for the remainder of the experiment. A
large-bore cannuta (outer diameter 3 mm, inner dia-
meter 2 mm) was placed in the aorta distal to the renal
arteries, which was later connected to the perfusion
apparatus. The abdominal aorta was also isolated above
the renal arteries, so that it could to be occluded during
the fixation process.

Upon completion of the surgery, bolus doses of [3H]-
inulin (4 uCi; NEN Research Products, Sydney, Austra-
lia) and [HC]-parsminohippuric acid (PAH; 1 uCi;
NEN Research Products) were administered intra-
venously, and the maintenance infusion of Hartmann's
solution (0.18 ml/kg per min) was repl~:ed with s
solution containing 300 nCi/ml (3H]-inulin and 8.1 nCi/
ml [I''C]-PAH, in four parts Hartmann's and one part
10% v/v polygeline (Hacmaccci, Hoechst, Melbourne,
Australia).

Experimental protocol
Following a 60 min equilibration period, and a 30 min
control period, rabbits received a 30 min intravenous
infusion of either V|-AG (Peninsula Laboratories Inc.,
Belmont, California, USA; 30 ng/kg per min; n — 7), or
its vehicle (50 ul/kg per min 154 mmol/l NaCl; n = 7).
Urine produced by the left and right kidneys was
collected during the final 20 min of both the control
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and infusion periods. Ear arcerial (3 ml) blood samples
were collected a: che mid-point of each period for
determination of plasma sodium concentration and
haematocrit.

Perfusion fixation of both kidneys commenced immedi-
ately after completion of che second urine collection.
One litre of 2.5% paraformaldehyde in 0.1 mmotA phos-
phate buffer (pH 7.3-7.4) at room temperature was
perfused retrogradely through the distal aorta at a
pressure equivalent to mean arterial • pressure (MAP)
during the final 2 min of che Vi-AG or vehicle infusion
for each rabbit. The upper aorta was clamped above
the kidneys and the vena cava vented as soon as
petrusion of the fixative commenced. Immediately
following the fixation process, a mixture of methacry-
late and accelerator (20 :i) (Mercox CL-ZB-5; SPI,
West Chester, PA, USA) was perfused into the left and
right kidneys at che same pressure as che fixative. Both
kidneys were then damped above the renal hilus, and
the methacrylate resin was allowed to harden in situ for
30 min. The left kidneys were removed, weighed
(13.37 ± 0.33 g) and stored in 2.5% paraformaldehyde
for later processing.

Haemodynamic variables
Arterial pressure was measured throughout the experi-
ment using a side-arm catheter, 3 mm proximal to che
tip of the cannula inserted into the aorta. This was
connected to a pressure transducer (Cobe, Arvada, CO,
USA), and heart rate was measured by a tachometer
(Model 173; Baker Medical Research Institute, Mel-
bourne, Victoria, Australia), activated by the pressure
pulse. Left RBF v/as measured by connecting the
transit-time ultrasound flow probe to an ultrasonic
volume flow meter (Model T108, Transonic Syscems
Inc.). The laser-Doppler flowprobes were connected to
a laser-Doppler flowmecer (DRT4, Moor Instruments
Ltd). The signals were amplified and recorded on a
Neotrace pen recorder (Neomedix Systems, Sydney,
Australia) and relayed co an IBM compatible computer
equipped with an analog-to-digical converter thac pro-
vided 20 s means of arterial pressure (mmHg), heart
rate (beats/min), RBF (ml/min), CBF and MBF ((Per-
fusion Units, PU), equivalent to the instrument output
in mV X 10).

Analysis of urine and blood samples
Haematocrit was measured by the capillary cube meth-
od, and the remaining blood was centrifuged at 4 °G for
10 min at 3000r.p.m. Plasma and urine samples were
aspirated and frozen for later analysis. [3H]-inulin
clearance was used to estimate glomeruUf filtration rate
(GFR) and ["CJ-PAH clearance was corrected for
haematocrit to provide effective renal blood flow
(ERBF), as previously described {16]. Sodium and
potassium concentrations were measured by atomic

absorption spectrophotomecry (Avanta, GBC Scientific
Equipment, Dandenong, Victoria, Australia).

Preparation of methacrylate casts for microscopy
Only the left kidneys were examined. Following re-
moval from the rabbit, each kidney was stored indivi-
dually in fixative to allow complete polymerization of
the methacrylate (24-48 h). To eliminate che tissue
from che cast, each kidney was sliced coronally (2—3 cm
chick) and placed in potassium hydroxide (20% w/v
KOH) for 1 week (fresh KOH every 24 h). The contain-
ers were incubated in a water bath at 55 *C. Once the
tissue had been digested away, the casts were rinsed in
distilled water and placed in 5% w/v sodium hipochlor-
ite for 1 h. The clean vascular casts were then dried,
mounted and gold-coated (SCD 005 Sputter Coater;
Bal-Tec, Liechtenstein) before being examined in a
scanning eleccron microscope at 10 Kv (Hitachi S-570,
Hitachi City, Japan).

Luminal diameters of afferent and efferent arterioles of
outer-, mid- and juxtameduHary-cortical glomeruli were
measured from scanning electron microscope micro-
graphs (final magnification X 660). Diameter measure-
ments were made at 25 urn intervals along each vessel
from its junction wich che glomerulus to its first
branching point. Six afferent and efferent vessels from
each region of the cortex (outer, mid-cortical and

• juxtamedullary) were measured. These were selected
and classified as previously described [14,15]. The
vascular casts were coded and randomized before the
micrographs were taken. Measurements were made
using a digitizing cablet (Summagraphics; resolution
100 lines/mm, accuracy (0.25 mm, Calgraph, Fullerton
CA, USA) and the MEASURE program (Capricorn
Scientific Software, Victoria, Australia).

Vascular diameter and resistance
Mean values for the radius (r) and diameter of each
vessel were derived from the measurements made
along che vessel length. Relative resistances (R) were
calculated according to Poiseuille's relationship {R = 1/
r*) and expressed per unic length (14,15].

Statistical analysis
All data, are reported as the mean ± SEM. Hypotheses
were tested using Student's paired and unpaired (as
appropriate) /-tescs. P < 0 . 0 5 was considered statisti-
cally significant

Results
Baseline levels during the control period
Systemic and renal haemodynamic variables (Figs 1
and 2), and renal excretory variables (Fig. 2) during the
control period were similar to those previously observed
by us under similar experimental conditions [4,14-16].
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There were no systematic differences in these variables
beewcen the two groups of rabbits {P > 0. OS).

Haemodynamlc and renal responses to VpAQ and vehicle-
treatment
Intravenous VrAG (30 ng/kg per min) increased MAP
(19 ± 3%) and haematocric (7 ± 2%), and reduced heart
rite (16 ±2%) and MBF (30 ± 8%), but RBF, CBF
and renal vascular resistance (data not shown) did not
significantly change (Fig. I). Vehicle-treatment did not
significantly affect any of the measured variables with
the exception of haematocrit, which increased by
3 ± l % ( F i g . 1).

Vi-AG-treatment had no significant effect on ERBF in
either kidney. In both the left (denervated) and right
(intact) kidney, Vi-AG-treatment significantly increased
GFR (58 ± 13 and 109 ± 38%, respectively), urine flow
(166 ± 3 2 and 355 ±78%, respectively) and sodium
excretion (118 ± 2 1 and 290 ±82%, respectively). Fol-
lowing vehicle-treatment, there were small but statisti-
cally significant increases in GFR in the right kidney
(33 ± 10%), urine flow in the left kidney {32 ± 14%),
and sodium excretion in both the left (36 ± 15%) and
right (42 ± 16%) kidneys, but no significant changes in
ERBF (Fig. 2).

Vessel lumen diameters and calculated relative
resistances
No evidence of focal constriction was observed along
the length of the any of the arterioles and a mean
diameter was calculated for each afferent and efferent
srteriole in the different regions, as an arithmetic mean
of cash measurement (every 25 uxn) along the length of
the vessel from the glomerulus.

There were no significant differences in glomerular
arteriole lumen dimensions between vehicle- and V|-
AG-treatcd rabbits (Fig. 3). In particular, juxtamedul-
Ury afferent and efferent arteriolar diameters were
closely similar in the two groups of rabbits. However,
there was a tendency for mid-cordcal efferent arteriolar
diameter to be less in V|-AG-treated than in vehicle-
treated rabbits (/> = 0.07, Fig. 3). Calculated relative
resistance per unit vessel length was closely similar in
vehicle- and V|-AG-treated rabbits for all arterioles
(data not shown, P»»0.40), except for mid-cortical
efferent axterioles in which a tendency for increased
relative resistance was observed in the Vi-AG-treated
rabbits {P = 0.07).

When averaged across both groups of rabbits, afferent
arteriole lumen diameters in the outer, mid and juxu-
medullary cortex were 15.06 ± 0.70, 13.87 ± 0.52, and
15.48 ± 1.Z0 um, respectively. Compared with these
afferent arterioles, the corresponding efferent arterioles
had smaller diameters in the outer cortex (12.37 ±

1.00 (im, P=0.0Z) and mid-cortex (12.13 ± 0.61 pn,
P = 0.03), but greater diameters in the juxtamedullary
cortex (17.62 ± 1.48 um, P = 0.02).

Discussion
Intravenous infusion of Vi-AG selectively reduces MBF
compared with CBF and RBF in rabbits [4.5J. Our
present aim was to determine whether the effect of Vi-
AG on MBF is mediated by vasoconstricrion of juxta-
medullary glomerular arterioles. Intravenous VrAG
reduced MBF by 30 ± 8%, but we could not detect
reductions in afferent or efferent juxtamedullary arter-
ioUr diameter. These data are r.oz consistent with a role
of juxtamedullary arterioles in mediating the effects of
Vi-AG on MBF. Since vasoconjtriction of t ".sular
elemencs upstream from glomerular arterioles (e.g.
interlobular or arcuate arteries) should result in reduc-
tions in CBF (and RBF) as well as MBF, our data raise
the possibility of a role for downstream vascular ele-
ments in mediating MBF responses to V|-AG. The
outer medullary portions of the descending visa recta
are the most likely candidates, since these are respon-
sive to both arginine vasopressin and V|-AG in vitro
113].

In the current study, our combination of in-vivo meas-
urements of RBF, CBF and MBF, together with data
from ex-vivo analysis of vascular casts from the same
animals, provided a unique opportunity for direct
correlation of the actions of Vt-AG on regional kidney
blood flow and glomerular arteriole dimensions. The
laser Doppler technique has previously been validated
[17] and used extensively to demonstrate the diversity
of responses of regional kidney blood flow to hormonal
agents [1,3-6,16]. Although some artefact is associated
with the vascular casting procedure, it has previously
been extensively validated [14,15,18-20]. Importantly,
our estimates of glomerular arteriole diameters are
comparable to those previously reported in rabbits
using several techniques, including vascular casting
[14,15], stereology [21], and isolated arteriole prepara-
tions [22,23]. We also observed regional differences in
glomerular arteriole diameters, which is consistent with
previous studies in this [14,15,21] and other species
[19,24]. Furthermore, previous studies using the vascu-
lar casting technique have demonstrated vasoconstric-
tion in glomerular arterioles in response to angiotensin
II [14,15], noradrenaline [18] and vasodilatation in
response to atrial natriuretic peptide [18]. We can
therefore be confident that it can be used to detect
changes in tenal arteriole dimensions.

Consistent with the lack of effect of V|-AG on CBF or
R3F, we did not detect differences between vehicle-
and V|-AG-treated rabbits in arteriolar diameters in
superficial and mid-cortical regions. If the 30% reduc-
tion in MBF were entirely due to vasoconstriction in
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juxcamedullary arterioles, we would predict (based on
Poiseuille's relationship, where resistance is inversely
proportional to vessel radius co the power of 4) juxta-
meduilary arteriote diameter to have been approxi-
mately 9% less in V|-AG-teated- compared to vehicle-
treated rabbits. However, juxtamedulliry arteriole dia-
meters were indistinguishable in the two groups of
rabbits and, if anything, were numerically (approxi-
mately 2%) greater in Vi-AG-treated than in vehicle-
treated rabbits.

Our failure to detect Vi-AG-induced reductions in
juxtamedullary glomerular arteriole diameter might
reflect some inherent insensitivity of the casting tech-
nique However, we believe this is unlikely, since we
previously detected decreases of approximately 1 urn in
outer cortical efferent arteriole diameter in rabbits
receiving renal arterial infusions of angiotensin II (1 lifj
kg per min), that cause a 35% decrease in RBF [IS]. By
comparison, in the current study, a 9% decrease Sn
juxtamedullary arteriolar diameter (predicted from a
30% decrease in M3F) corresponds to reductions in
arteriolar diameter of 1.4 jun (afferent) to 1.6 um (effer-
ent).

Our in-vivo data are therefore ac odds with the results
of in-vitro studies showing constriction of juxtamedul-
lary afferent arterioles in response to physiological
concentrations of arginine vasopressin [10]. Neverthe-
less, this is the first study we arc aware of ihac has
addressed this issue under in-vivo conditions, and it is
likely that the responsiveness of renal vascular ele-
ments to activation of V|-receptors is highly dependent
upon the intrarenal hormonal milieu. Furthermore,
although they appear less sensitive than afferent arter-
ioles under in-vitro conditions (10], outer medullary
descending vasa .ecta do respond to arginine vasopres-
sin and V|-AG [13]. Taken together, these data suggest
a possible role for outer medullary descending vasa
recta in mediating the selective effect of V|-AG (and
perhaps also that of arginine vasopressin) on MBF. This
hypothesis remains to be tested directly.

The present study also allowed us to make a number of
interesting observations about the systemic haemody-
naraic and renal effects of V|-AG. Intravenous infusion
of this agent increased MAP, GFR, urine flow and
sodium excredon. The diuretic and natriuretic effects
of V|-AG have been described previously in both rats
and rabbia, and appear to result chiefly from a direct
tubular action of activation of V|-receptors [4,25]. In
the present study, we also found that Vj-AG increased
GFR. This effect his not been previously described,
but is consistent with the pressor effect of this agent,
and the lack of evidence in our casting data for
autoregulatory vasoconstriction in V|-AG-treated rab-
oiu. Indeed, the only vessels in which there was any

evidence of vasoconstriction were the efferent arterioles
of mid-cortical glomeruli, in that the average diameters
of these vessels tended to be approximately 11% less in
V|-AG-treated- than in vehicle-treated rabtits
(P = 0.07). Our data are therefore consistent with the
hypothesis that glomerular capillary pressure increases
during intravenous infusion of doses of V|-AG that
increase MAP. This hypothesis merits direct testing
with micropuncture.

In conclusion, the results of the present study are not
consistent with an important role of juxtamedullary
glomerular arterioles in mediating the selective effect
of V|-AG on MBF. A role for downstream vascular
elements and, in particular, outer medullary descending
vasa recca, is possible. However, since our present in-
vivo data are at odds with the results of previous in-
vitro studies, they require confirmation by future ex-
periments.
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'Dominance of pressure natriuresis in acute depressor
responses to increased renal artery presr'Te in rabbits
and rats
Anabela G. Correia, Goran BergstrSm*, Jing Jia*, Warwick P. Anderson and Roger G. Evans
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Increasing renal artery pressure (RAP) activate! pressure diuresis/nitriurcsis and inhibits renal
renin release. There is also evidence that increasing RAP stimulates releaue of a putative depressor
hormone from the renal medulla, although this hypothesis remains controversial. We examined the
relative roles of these ann'hypcrtensive mechanisms in the acute depressor responses to increased
RAP in anaesthetized rabbits and rats. In rabbits, an extracorporeal circuit was established which
allows RAP to be set and controlled without direct effects on systemic haemodynamics. When RAP
was maintained at -65 mmHg, cardiac output (CO) and mean arterial pressure (MAP) did not
change significantly. In contrast, when RAP was increased to -160 mmHg, CO and MAP fell
20 ± 5 % and 36 ± 5 %, respectively, over 90 min. Urine flow also increased more than 28-fold when
RAP was increased. When compound sodium lactate was infused intravenously at a rate equal to
urine flow, neither CO nor MAP fell significantly in response to increased RAP. In I kidney-1 clip
hypertensive rats, MAP fell by 54 ± 10 mmHg over a 2 h period after undipping. In rats In which
isotonic NaCI was administered intravenously at a rate equal to urine flow, MAP did not change
significantly after undipping (-14 ± 9 mmHg). Our results suggest that the depressor responses to
increasing RAP in these experimental models are chiefly attributable to hypoyolaemia secondary to
pressure diurcsls/natruresis. These models therefore appear not to be bioasssyt for release of a
putative renal medullary depressor hormone.

(Received 17ScpUmbcr 200ljicccpl£dlftnreviiion7Novcmbcr2001)
Corresponding author R. Evans; Departmtnt ol Physiology, PO Bon 13F. Momjh Unbtnity, VSclortl 3800, Aunrjli.
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The kidneys play an important role in long-term blood
presjure control. Thus, when renal artery pressure (RAP)
j i Increased, renal renin release is reduced, so that the
activity of the pro-hypertensive renin-angiotensin system
is inhibited (Cowley, 1992). Also, urinary excretion rates
of salt and water Increase with elevated RAP (pressure
diuresis/natriuresis), so reducing plasma volume which, if
not compensated for, leads to a reduction in cardiac output
(Cowley, 1992). Thirdly, evidence now exists to support
the release of a putative depressor hormone from the renal
medulla in response to increased RAP (Muirhead & Pitcock,
1985; Muirhead, 1990: Thomas etaL 1995; Bergstrom it
al 199S). Muirhead and colleagues provided the initial
evidence supporting the existence of a renal medullary
depressor hormone, which they dubbed medullipin. In a
series of experiments spanning four decades, they showed
depressor responses to transplants of medullary tissue
(particularly renal medullary interstitial cells), and to
administration of extracts of medullary tissue, or venous
effluent of kidneys perfused at high pressure. They
concluded that medullipin could be a neutral lipicj
hormone or pro-hormone housed in the medullary

interstitial cells, and released in response to increased RAF
(Muirhead & Pitcoclc, 1985; Muirhead, 1990). However,
neither they nor others have definitively purified and
chemically identified the active principle in these extracts
(Brooks ef &2.1994).

Experimental models have been employed to determine
the physiological processes mediating release of this
putative hormone, and its biological effects. The common
feature of these models is that they allow RAP to be
increased in vivo, and for the resulting effects on systemic
haemodynamics to be observed. For example arterial
pressure falls rapidly after removal of the renal artery clip
in Goldblatt hypertension (Muirhead & Brooks, 1980). The
depressor response to undipping is blunted by chemical
medullectomy (bromoethylamine (BEA)-pretreatment)
(Bing ef al 1981), and by inhibition of intrarenal
cytochrome P450-dependent arachidonate metabolism
(Zou et al. 1995), consistent with the hypothesis that it is
dependent, iu part, on release of a lipfd hormone from
the renal medulla. Another approach is to establish
extracorporeal circuits in anaesthetized animals, so that
RAP can be set at levels greater than systemic arterial
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pressure. In rats, this has been achieved by cross-
circulating an isolated kidney from a 'donor1 rat with
blood from an anaesthetized 'recipient1 rat (Karlstr6m &
Gflthberg, 1987). In rabbits and dogs, autoperfused kidney
preparations have been used (Christy et al. 1991, 1993;
Thomas etaL 1994.1995,1996; Evans etaL 1998b; Correia
et aL 2000). In these models, depressor responses to
increased RAP can be blunted or abolished by chemical
medullectorny (BEA) (Christy et at 1991), and treatments
that reduce renal medullary perfusion (Bergstrem et aL
1995; Bergstrflm 8c Evans, 1998; Correia et aL 2000).
Thus, the experiments performed by Muirhead's group
(Muirhead ScPitcock, 1985; Muirhead, 1990; Brooks etaL
1994), combined with the more recent physiological
experimentation cited above, have provided strong
circumstantial evidence for the existence of this putative
renal medullary depressor hormone.

On the other hand, there has been no definitive
demonstration that the acute depressor responses to
increased RAP in these models are independent of the
associated pressure diurcsis/catriuresis. To address this
issue, in the present study we determined the relative
contributions of changes in cardiac output and total
peripheral resistance to the depressor response to
increased RAP in anaesthetized rabbits. In some rabbits,

• we aimed to maintain cardiac output constant when RAP
was increased, by infusion of compound sodium lactate at
a rate equal to urine flow ('cardiac output damp'). This
allowed us to eliminate the systemic haemodynamic
effects of pressure diuresis/natriuresis. In a further group
of rabbits subjected to the 'cardiac output damp', we also
tested whether inhibition of the renin-angiotensin system
contributes to the depressor response to increased RAP. In
analogous experiments in 1 lddney-1 dip (1K1C) hyper-
tensive rats, we tested tht effects of intravenous isotonic
sodium chloride, administered at a rate equal to urine
flow, on haemodynamic responses to undipping.

METHODS
Rabbit extracorporeal circuit studies
Animals. Twenty-four New-Zealand White, male rabbits were
studied (2.10-2.93; mean 2.53 ± 0.03 kg). They were housed
individually, in purpose built cages (500 cm high, 740 cm
long and 680 cm wide) with two tiers for environmental
enrichment. This housing allowed visual, but not physical,
contact with rabbits in adjoining cages. The rabbits were meal
fed (Evans et aL 2000) and allowed water ad libitum. The
experiments were approved in advance by the Monash
University Depirtment of Physiology/Central Animal Services
Animal Ethics Committee.

Preliminary surgery. Each rabbit underwent a preliminary
operation for implantation of an ascending aortic flowprobe
(6SB, Transonic Systems Inc., Ithaca, NY, USA) via a left
thoracotomy (Shweta etaL 1999). The plug of the flowprobe
was buried subcutaneously for later retrieval on the day of the
acute experiment A catheter (24 gauge, Optiva, Johnson 8c

Johnson Medical, Brussels, Belgium) was placed in a marginal
ear vein under local analgesia (1 % lignocaine, Xylocaine, Astra
Pharmaceuticals, North Ryde, NSW, Australia). Anaesthesia
was then induced with intravenous propofol (lOmgkg*1,
Diprivan, ICI, Victoria, Australia) and after endotracheal
intubation, maintained with inhaled halothane (1 -4%
Fluothane, ICI). Depth of anaesthesia was monitored by
testing cornea! and toe-pinch reflexes. Prior to commencing
the surgery itself, each rabbi' was given an intramuscular
injection of an antibiotic mixture containing 16 mg
trimethoprim and 80 mg sulphadiazine (Tribrissen, Jurox,
NSW, Australia), and a subcutaneous injection of the narcotic
analgesic buprenorphine (60 ^g, Temgesic, Reckitt and
Coleman, NSW, Australia). Lignocaine (1 %, 2-4 ml) was
instilled subcutaneously into the wound sites to enhance
analgesia. Thirty millilitres of 154 mmol I'1 N&C1 was given by
intravenous drip during the surgery, which took 30-50 min. At
the completion of the surgery, animals were dosely monitored
for the next 3-5 h, while they recovered in a padded box with a
heat pad. Thereafter, the rabbit's wellbeing was mocitored
daily by visual inspection and determination of food and water
intake, until the day of the acute experiment (2-3 weeks after
the preliminary surgery),

Procedures on the day of the acute experiment. These were
carried out under local analgesia (1 % lignocaine). The plug of

- the flowprobe was retrieved from its subcutaneous position,
and catheters were placed in both central ear arteries (22 gauge,
Optiva) and marginal ear veins (24 gauge, Optiva). The ear
artery catheters were used for measurement of systemic arterial
pressure, end for collection of arterial blood samples. The ear vein
catheters were used for intravenous infusions of anaesthetic
and physiological solutions (see below). Following a 30 min
period to allow full recovery from these preparative procedures,
systemic arterial pressure, cardiac output and heart rate were-
monitored for 30 min in the conscious state.

All subsequent experimental procedures were carried out
tinder pentobarbitone anaesthesia (90-150 mg for induction
plus 30-50 mg h~' for maintenance, l.y.; Nembutal, Boehringer
Ingelheim, Artarmon, NSW, Australia) and artificial ventilation
as previously described (BergstrOra & Evans, 1998). The level
of anaesthesia was monitored by corneal and toe pinch
reflexes, end adjusted by altering tic rate of infusion of
pentobarbitone and, if necessary, administration of further bolus
doses of 5—10 mg. Surgical procedures included implantation
of a catheter via the jugular vein for measuring central venous
pressure (Shweta etaL 1999), a right nephrectomy, cumulation
of the left ureter for urine collection, and establishment of the
extracorporeal circuit (Bergstrfim 8c Evans, 1998). At the
completion of the experiment, the rabbits were humanely killed
with an intravenous overdose of pentobarbitone (300 mg).

Extracorporeal circuit. Blood was withdrawn from the aorts at
a rate of 110 ml min"1 by a roller pump and returned to the
rabbit via two limbs; one to the renal artery and the other to the
vena cava (Christy etaL 1991; Bergstrom & Evans, 1998). RAP
was controlled by adjusting a Starling resistor incorporated
into the vena cavai limb, while total flow through the circuit
remained constant For example increasing the mechanical
resistance in the vena caval limb using the Starling resistor
diverts blood flow towards the renal limb, so increasing RAP.
The circuit dead space (24 ml) was filled with 10% w/vdextran
40 in 154 mmol I"1 NaCI (Gentran 40, Baxter Healthcare,
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Toonagabbie, NSW, Australia) containing 50 Lu. ml*1 heparin
(Monoparin, fijons Pharmaceuticals, Sydney, NSW, Australia).
Thus, the establishment of the circuit resulted in some initial
haemodilution, and consequently a relatively low haematocrit
(see Results).

Once the extracorpore?l circuit was established, RAP was set at
-65 mmHg for a 60 min equilibration period. A bolus dose of
I'Hl-inultn (4/iCi) (NEN Research Products, Sydney, NSW,
Australia) was administered in 1.0 ml of 154 mmol I"' NaCL
An infusion of polygeline solution (Haemaccel, Hoechst,
Melbourne) Victoria, Australia) containing 200 Lu. ml"1 sodium
heparin and 0-3/iCimT' ["Hj-inulin then commenced
(0.18 ml kg"'min"1), which continued for the duration of the
experiment Body temperature was maintained between 36
and 38 "C Mean arterial pressure (MAP) and central venous
pressure were measured by connecting an ear artery catheter
and the jugular vein catheter, respectively, to pressure
transducers (Cobe, Avarda, CO; USA). Heart rate (HR) was
measured by a tachometer (Model 173, Baker Medical
Research Institute, Melbourne, Victoria, Australia) activated
bv the arterial pressure trace. Cardiac output (CO) and renal
blood Sow (RBF) were measured by connecting the ascending
aortic Sow probe, and an in-line flow probe in the renal arm of
the extracorporeal circuit (Type 4N, Transonic Systems Inc.),
respectively, to • compatible Bowmeter (Model T20B, Transonic
Systems Inc.). Analogue to digital conversion of these signals,
iswtD as measurement of plasma renin activity, plasma and
urinary concentrations of [!H]-inulin and sodium, and
haematocrit, were made as previously described (BergstrSm &
Evans, 1998). ('HJ-inulin clearance was used to estimate
glomerular filtration rate (GFR) (BergstrSm & Evans, 1998).
At the completion of each experiment the left kidney was
removed and desiccated, and its dry weight determined. All
values of RBF, GFR, urine flow (C/MI) and sodium excretion
(C/n V) are therefore expressed per gram of dry kidney weight
(g, mean 1.65 ± 0.05 g).

Experimental protocol. MAP, HR and CO were measured in
conscious rabbits for 30 min prior to induction of anaesthesia.
Haemodynamk variables were also monitored during
establishment of the extracorporeal circuit, to provide detailed
information about the status of the circulation under these
conditions relative to conditions in the normal circulation of
conscious and anaesthetized rabbits. Following establishment
of the extracorporeal circuit and a 60 min equilibration period,
rabbits were randomly assigned to one of the four experimental
groups (n = 6 for each group). RAP was first set to ~65 mmHg
for a 30 min control period in all groups. RAP was then either
maintained at -65 mmHg (group 1} or set at -160 mmHg for
30 min (groups 2-4). This period was then followed by a
30 min recovery period (RAP-65 mmHg). In all rabbits, urine
output was determined each minute during the 90 min of the
experiment. The three groups in which RAP was increased to
-160 mmHg received either no treatment (group 2), a 'cardiac

• output damp', consisting of intravenous infusions of compound
todium lactate (Hartmann't solution; composition: Na*
129 mw, K* 5 mM, Ca1* 2 mK, Or 109 n w , lactate 29 RIM) tc
exactly match urine output each minute during the period
when RAP was increased (group 3), or the combination of a
'cardiac output damp' with a 'renin-angiotensin system
damp' (group 4), consisting of enalaprilat (2.0 mg kg"1 plus
10>ig kg"'min'') and an intravenous infusion of angiotensin II
(40-50 ng kg''min~'; Auspep, ParkviDe, Victoria, Australia)

titrated to restore MAP to its pre-enalaprilat level. The bolus
dose of enalaprilat was administered Intravenously after 30 min
of sub!: baseline recordings following establishment of the
extracorporeal circuit (that is, at the mid-point of the 60 min
equilibration period), and the infusion of angiotensin II
commenced 10 min later. Inhibition of angiotensin converting
enzyme was confirmed by administration of bolus intravenous
doses of angiotensinl (lOand 100 ng kg'1; Auspep).

UndippingoflKlChypertensiverats
Animals. Male Wistar rats (200-220 g) were purchased from
the MSUegird Breeding Centre (Stensved, Denmark), and
housed 2-4 per cage, in a room maintained between 23 and
25'C with a 12 h light/dark cycle. Standard rat chow (R-34,
Lactamin, Vadstena, Sweden) and water were provided ad
libitum. The study was performed after prior approval from the
Ethics Committee for Animal Experimentation at G6teborg
University.

Surgical and experimental methodology. Under ketamine
(58 mg kg"1 I.P.'; Parke Davis, Warner Lambert Nordic AB,
Solna, Sweden) and xylazine (7 mg kg"1 I . P , Bayer Sweden AB,
GQteborg, Sweden) anaesthesia, a silver clip (inner diameter
0.2 mm, width 1.5 mm) was positioned around the left renal
artery and the right kidney was removed (BergstrSm et aL
2001). Buprenorphine (0.03 mg kg"1-. Temgesic, Scherring-
Plough AB, Stockholm, Sweden) was administered post-
operatively for analgesia.

Four to six weeks later, the terminal acute experiment was
performed under sodium thiobutabarbitone (120mgkg"\
i.p., Inactin, Research Biochemical! International, Natick, MA,
USA) anaesthesia. Anaesthesia was monitored throughout the
surgery and experiment by periodically testing corn til and toe-
pinch reflexes, and supplemented if necessary by additional
intravenous bolus doses (5-10 mg kg"1) of thiobutabarbitone.
The trachea was cumulated (PE-240), the tail artery was
cannulated (FE 50) for measurement of MAP, the right jugular
vein was cannulated (PE 50), with the tip of the cannula
positioned near the right atrium, for measurement of CVP and
infusion of bovine serum albumin (2% w/v in 154 mmol 1"'
NaCL. 4 ml h:1) throughout the surgery and experiment, and
the left ureter was cannulated (PE-10) for collection of urine.
Heparinized 154 mmol 1"' N a d (5 i u . ml*'. 1.2 ml h*1) was
infused via the tail artery catheter to maintain its patency. At
the completion of the experiment, each rat was humanely
killed with an intravenous overdose of thiobutabarbitone
(50 mg).

Experimental protocol. Ninety minutes after completion of
the surgery, the anaesthetized rats were randomized to three
different experimental groups. In group 1, the renal artery dip
was manipulated but not removed, while in groups 2 and 3 the
renal artery dip was removed. Group 3 was given 154 mmol I"1

NaQ intravenously every 5 min, at a volume equal to urine
flow over the preceding 5 min, across the 2 h experimental
period following removal of the renal artery clip. Thus, these
experimental groups were analogous to groups 1,2 and 3 in the
rabbit extracorporeal circuit experiment Urinary sodium
concentration was measured by flame photometry as previously
described (Bergstrom ctaL 2001), in pooled samples from the
30 min control period, and each of the two 60 min periods
after undipping or sham unclipping. Haematocrit was
measured in 100 /il blood samples taken 30 min before the
undipping/sham undipping procedure and at the completion
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of the experiment. All values of U* and UH, Vare expressed per
gramofwetkidneyweight(g,mean 1.57 ± 0.05 g).

S tatlstlcal analyses
Data collected during the preparative phase of the rabbit

- experiment were subjected to analysis of variance, partitioned
to make specific comparisons between each state (consdous,
anaesthetized and 'drcuit established'), and between animals
receiving the 'angiotensin II damp' (group 4) and control
animals (groups 1, 2 and 3). P values were conservatively
adjusted using the Rvan-Holm-Sidik procedure to account
for the fact that six comparisons were made within this analysis
(Ludbrook, 1998).

1 2 3 4 S 8

Exp«rimantal parted (15 min duration)

Figure 1. Renal haemodynamic responses io Increased
renal arterial pressure (RAP)
Symbols and error ban represent the mean ± J.-.M. of avenge
level] during each of the six 15 min experimental periods (n - 6).
In group 1 (O), RAP was maintained at -65 mmHg for the entire
90 min of the experiment In group* 2-4, RAF was Increased to
-160 mmHg during period! 3 and 4 (30 min la total). Croup 2 ( • )
received no further treatment, but groups 3 (•) and 4 ( • ) received
an intravenous infusion of compound sodium lactate equal to
urine Sow, during periods J and 4 ('cardiac output damp'). In
addition, group 4 had been prc-treated with the anriotenrln
converting enzyme inhibitor oulapritit (2 mg kg*'plus
10 pi kg"'min"11.v.) and also received an Intravenous [nniiton of
ingloteniin II (40-50 ng kg"1 min"1) to restore mean arterial
preuure and renal blood Sow to baseline levels ('angiotensin
djmp'i EteTtble 1). RBF, renal blood flow; RVR, renal vascular
reiiitance. In this and subiequent figures, tome symbols are
obscured became the data points axe coincident

In the rabbit experiment, we compared the levels of variables
during the final 15 min of the period of increased RAP, with
the final 15 min of the control period. In the rat experiment, we
compared the levels of variables during the final 15 min of the
experiment (105-120 min after unclipping) with those during
the 30 min control period. Our specific hypotheses were that
the changes in these variables between these two time periods
would differ between the experimental groups. We therefore
used unpaired t tests to specifically compare the changes in
group 1 with group 2, group 2 with group 3, and (in th« rabbit
experiment) group 3 with group 4. P values were conservatively
adjusted using the Ryan-Holm-Sidak (Ludbrook, 1998)
procedure to account for the fact that multiple comparisons
were made (three for the rabbit experiment and two for the rat
experiment). P< 0.05 was considered to be statistically
significant

RESULTS
Baseline haemodynamic variables in rabbits
Levels of haemodynamic variables in conscious and
anaesthetized states were similar to those we have observed
previously (Evans & BergstrSm, 1993; Shwetacf a/. 1999).
MAP was 23 ± 3 mmHg less, stroke volume (SV) was
0.19 ± 0.06 ml kg"1 less, CO was 27 ± 12 ml min-'kg"1 less,
and HR was 35 ± 11 beats min"1 greater in the anaesthetized
compared with the conscious state. Once the extracorporeal
circuit was established, MAP and CO returned to levels
similar to the consdous state, although HR remained
elevated (by 39 ± 7 beats min"1) compared with the
consdous state (Table 1). Resting levds of all haemo-
dynamic variables, inducting RBF and renal vascular
resiitance (RVR), were closely similar in rabbits treated
with enalaprilat/angiotensin II (group 4; 'angiotensin
damp') compared with those in rabbits not given this
treatment (Table 1). The enalaprilat treatmen t completely
abolished increases in MAP in response to 10 and
lOOngkg*' angiotensin I, which averaged 3 ± 1% and
8 ± 2 %, respectivdy, in rabbits from groups 1-3, and -7 ± 3
and 1 ± 3 %, respectivdy, in rabbits from group 4.

Responses to increased RAP in rabbits
Group 1, In these animals, in which RAP was maintained
at -65 mmHg for the entire 90 min of the experiment,
levels of renal haemodynamic (Fig. 1), renal excretory
(Fig. 2) and systemichaemodynamic (Figs 3 and 4) variables,
and levels of plasma renin activity (Fig. 5) remained
relativelystable.

Group 2. When RAP was increased to -160 mmHg, P.S?
increased from 12 ± 2 to 44 ±5 ml min"1 g"'andnVRwas
reduced from 5.8 ±0.7 to 3.8 ±0.4 mmHg ml"1 min g
(Fig. 1). At the same time, GFR Increased from 1.5 ±0.5
to 5.7 ± 1.0 ml min*'g"', £Aw increased from 0.07 ± 0.04
to 1.88 ± 0.22 ml min*1 g"\ U^V increased from 9 ± 5 to
186 ± 14 /imol muT'g"1, and the fractional eicretions of
sodium and urine increased from 7 ± 1 to 41 ± 2% and
from 9 ± 1 to 45 ± 3 94, respectively (Fig. 2). Filtration
fraction did not change significantly (Fig. 2).
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Table 1. Resting haemodynamlc variables according to state (conscious, anaesthetized or
with the extracorporeal circuit established) and group

MAP HR CO CVP SVR SV RAP RBF RVR

Control (n s i l , group! 1-3)
Conscious
Anaesthen'ttd
Circuit eitablithed

S4±2 224±5 15?±7 — O.S5±0.03 0.68 ± 0.03 — — —
62 1 3 * " 25S 1 13" 132 1 II I.I ± l.l 0.55 ± 0.07 0.53 ± 0.06*
8 3 1 3 260 ±6* 143x9 1.9 ±0.7 0.51 ±0.04 036 ±0.04* 66 ±0.4 112 1 1.1 5.510.4

'Rentn-angiotensln -ystem damp' (n •> 6)
Conscious
Anaesthetized
Circuit established

90±3
70 ±5*
8 2 1 3

< 0.001
0.54

201 ±C
241 ±9*
253171

<O.C01 .
0.60

152119
U 7 1 6 *
157 ± 9

0.006
0.36

—
0.0 ± 1.1
1.210.7

0.22

o.u

0.62 ± 0.06
0.6110.07

0.53 ±0.03

0.99
0.93

0.7710.08
0.4910.01"
0.62 ± 0.05

< 0.001
0.32

—.
_

6610.5

0.S3

—
_

11.110.7

0.15

_
6.110.4

0.21

Values are mean 1 S.E.M. MAP, mean arterial pressure (mmHg); HR, heart rate (beats min*1); CO, cardiac
output (ml min"1 kg'1}; CVF, central venous pressure (mmHg); SVR, systemic vascular resistance
(mrr.Hg ml'1 min kg); SV, stroke volume (ml kg*'); RAF, renal arterial preuure (mmHg); RBF, renal blood
Sow (ml min*' g"'); RVR, renal vascular resistance (mmHg ml*1 min g). P , . , tuts for differences between
groups 1-3 compared with group 4 (d.f, 13—48). P**, tests for heterogeneity according to state (d.f. 2,45).
Specific comparisons were made within each group by partitioning the anajysu of variance: *?<0.05,
" < 0.01, ••* P < 0.001 for difference from conscious state (if. 1,16-32). Because a totil of six test statistics
were derived for each variable (except for RAP, RVR and RBF), the Ryan-Holm-Sidak (step-down)
procedure was applied to these P values to protect agilnst the increased rule of type 1 error.

There was also a dramatic depressor response to increasing
RAP, MAP fell from 83 ± 4 to 54 ± 5 mmHg, and systemic
vascular resistance (SVR) decreased from 0.63 ± 0.04 to
0.52 ±0 .05 mmHg ml"1 min g. CVP was also reduced
from 2.4 ± 1.7 to - 0 . 2 ± 1.3 mmHg (Fig. 3). CO fell

from 132 ± 6 to 105 ± 4 ml min' 1 kg"1 and SV fell from
0.49 ± 0.02 to 0.3S ± 0.01 ml kg"1. Haematocrit increased
by 1.5 ± 0,6 %. HR remained relatively constant across the
90 m:n experimental period (Fig. 4),

Figure 2. Renal excretory responses to
Increased renal artery pressure
Symbols, error bars and treatments are as for
Fig. l.GFR,glomerular filtration rate;
FF, filtration fraction; FE^, fractional excretion
of urine; U^, urine flow; FE*, fractional
sodium excretion; UmV, sodium excretion.

1 2 3 4 S « 1 2 3 4 5 -

Experfmsntal period (15 min duration)
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Figure 3. Systemic haemodynamlc
responses to Increased renal artery
pressure
Symbols, error bars and treatments are as for
Fig. 1. MAP, mean arterial pressure; SVR,
systemic vascular resistance; CVP, central
venous pressure. Percen tage changes in MAP
were calculated for the list 5 min of periods
2-6 relative to the last 5 minofthepreceding
period.

4 5 8 1 2 3 4 6 5
Experimental period (15 min duration)

Group 3 ('cardiac output damp'). When RAP was
increased to -160 mmHg and compound sodium lactate
was infused at a rate equivalent to urine flow, RBF
increased, and RVR fell, similarly to that seen in group 2
(*V~- > 0.18; Fig. 1). Increases in GFR, C/«i, UN,V, and the
fractional excretions of sodium and urine were also similar
to those observed in group 2 (Ppwp > 0.15; Fig. 2). In
contrast to group 2, neither SV, CO, MAP, SVR nor
haematocrit changed significantly, although CVP fell from
2.0 ± 1.2 to 1.3 ± 1.0 mmHg. Between-group comparisons
indicated clear differences in responses to increasing RAP
to -160 mmHg in groups 2 and 3. Thus, the reductions in
MAP (group 2,30 ± 5 mmHg versus group 3,7 ± 3 mmHg;
Pp*, = 0.005), CO (group 2, 28 ± 7 ml kg"1 min*1 versus
group 3, 3±4mlkg- 'min- ' i P^, = 0.0i) and CVP.

(group 2,2.6 ± 0.5 mmHg versus group 3,0.7 ±0.2 mmHg;
Ppitr = 0.01) were less in rabbits receiving the compound
sodium lactate infusion.

Group 4 ('cardiac output damp' plus 'angiotensin
clamp1}. Responses in this group were indistinguishable
from those in group 3 (Figs 1-5; P^^, > 0.08).

Plasma renin activity in rabbits
Plasma renin activity did not change significantly over the
course of the experiment in any of the four groups (Fig. 5).

Cumulative Na* balance in rabbits
When RAP was maintained at -65 mmHg (group 1), a
slightlypositrve cumulative sodium balance (0.7 ± 0.3 mmol
Na*) was observed during1 the period 30-60 min after
commencing the experiment Group 2, in which RAP was

Figure 4. Systemic haemodynamlc ,
responses to Increased renal artery
pressure
Symbols, error ban and treatments are as for
Fig. 1. SV, stroke volume; CO, cardiac output;
HR, heart rate; KCT, haematocrit.

200

Experimental period (15 min duration)
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increased to -160 mmHg during this period, developed a
markedly negative sodium balance (-14.4 ± 2.2 mmol
Na*, P v n f = 0.004 compared with group 1}. In group 3, in
which RAF was set to -160 mmHg during this period, and
compound sodium lactate was infused at a rate equal to
urine flow, cumulative sodium balance was not significantly .
different from that in group 1 (-3.7 ± 2.6 mmol Na*;
Pf—r > 0.14). However, despite volume replacement and a
stable MAP in group 4, a snwll but significant negative
sodium balanw developed (-6.Y ±1.9 mmol Na*; Pp^ =
0.03 compared with group 1}.

Responses to undipping of lKlChypertensiverats
Compared to control levels, MAP had fallen by
54 ± 10 mmHg during the period 105-120 min after
undipping in group 2 rats. This was wociated with
increased U* (from 4 ± 2 to 156 ± 26 /d min*1 g"1) and
U^V{fiom 0.2 ± 0.1 to 17.1 ± 3.3 /tmol min"13*') during
the first 60 min after undipping. In the second hour after
undipping, II* (58 ± 11 ftl min-'g"1) and U^V (7.6 ±
2.1 /imol min"1 g~') reduced towards baseline levels. In
contrast, U,* and U^V remained relatively stable in
group 1 rats, in which the clip was manipulated but not
removed, and MAP did not change (+3 ± 6 mmHg
change). In group 3 rats, which received 154 mmol 1"'
Nad intravenously after undipping, at a rate exactly
matched to U^, U^ remained elevated for the 2 h of the
study (249 ± 46 and 265 ± 57 jil min"1 g"1, respectively),
as did t/n,V (30.415.9 and 32.8 ± 6.6 >«mol min"' g"1,
respectively). MAP fell by 14 ± 9 mmHg in group 3,
significantly less than that observed in group 2 (P,™, -
0.049), and not significantly different from die response
observed after sham undipping in group 1 (Pp*, = 0.14).
Neither HR nor CVP changed significantly in any of the

Group 1 Group 2 Group 3. Group 4

6SB565 6516a65 65 18O65 65160 65

Ranal artery pressure (mmKg)

Figure 5. Responses of plasma renln activity to Increased
renal artery pressure

Column! and error bars represent the mean ± s.E-M of plumt
renia ictivity it the ends of periods 1,3 <M) and 5 (a = 6). Groups
ire u for Fig. 1. Ang I, angiotensin I.

groups across the course of the experiment (Fig. 6).
Haematocrit fell similarly in all groups, averaging 43 ± 1 %
during the 30min control period, and 37 ± 2 % at the
completion of the experiment

In group 1, cumulative sodium balance was slightly
positive (+1.03 ± 0.20 mmol Na*). Group 2, in which the
dip was removed from the renal artery, developed a
negative sodium balance compared with group 1 (-0.76 ±
0.41 mmolNa*, P^^, ** 0.04). In group 3, in which the clip
was removed and isotonic NaCl was infused at a rate equal
to (/„(, cumulative sodium balance was positive and
significantly greater than that in group 1 (+3.10 ±
0.31 mmolNa*,i»tn^ = 0.006).

DISCUSSION

Our important new rinding was that in two models that
have been used for studying the putative antihypertensive
hormonal function of the kidney, the acute depressor
responses to increased RAF were abolished or greatly
blunted when urinary fluid excretion was matched with
intravenous infusions of isotonic salt solutions. We
condude that the depressor responses to increased RAP in
these models can be chiefly accounted for by reduced CO,
most probably secondary to increased salt and water
excretion, rather than release of a putative renal medullary
depressor hormone.
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Figure 6. Systemic haemodynamic responses and urine .
output after removing the dip from the renal artery
(undipping) of 1 kidney-1 dip hypertensive rats
Groupi arc shun-undipping (group 1; O), undipping (group 2;
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Because our condusions draw heavily on results obtained
using the rabbit extracorporeal circuit model, our first aim
was to usets the status of systemic haemodynamics
under these experimental conditions. MAP and CO were
substantially reduced and HR increased in anaesthetized
rabbits, when compared to the consdous state. In contrast,
CO and MAP in rabbits with an established extracorporeal
drcuit were dosely similar to values observed in the
conscious state, and remained stable when RAP waa
maintained at -65 mmHg over the 90 min course of the
experiment Thus, our observations of the responses to
increased RAP are unlikely to be confounded by the
haemodynamic conditions of our experiment. Furthermore,
the 'cardiac output damp' (rabbits in groups 3 and 4)
effectively maintained haematocrit, SV and CO in the face
of increased C/^, when RAP was increased to-160 mmHg.
The aim of the 'angiotensin damp' (group 4) was to
provide inhibition of endogenous angiotensin H generation,
while avoiding the potentially confounding effect! of
hypotension and renal vasodilatation that normally attend
inhibition of angiotensin converting enzyme. This aim
was met, as evidenced by the abolition of responses to
intravenous angiotensin 1, while resting systemic and renal
haemodynamics were similar to those in anaesthetized
rabbits from the other three groups.

When RAP was increased from 65 to 160 mmHg in the
extracorporeal circuit model, RBF and GFR increased, and
RVR decreased. This apparent absence of autoregulatory
behaviour probably reflects the relatively narrow range of
autoregulation in this preparation, which extends only from
about 80 to about 110 mmHg (G. A. Eppel & R. G. Evans,
unpublished observations). The great merit of this
preparation is that it allows RAP to be increased in vivo, to
levels greater than systemic arterial pressure. In the present
study, this allowed us to investigate the factors contributing
to the acute depressor response to increased RAP.

When RAP was increased in anaesthetized rabbits that had
not received the 'cardiac output clamp' (group 2), MAP
fell. This depressor response was associated with increased
C/̂ i and Un,V, negative sodium balance, increased
haematocrit, reduced CVP. SV and CO, and a small but
significant reduction in SVR. Thus, it appears to result
predominately from reduced CO mediated by pressure
diuresis/natriuresis. This hypothesis was confirmed in
rabbits treated with the 'cardiac output damp' (group 3).
In this group cumulative sodium balance was maintained,
so that reductions in haematocrit, SV and CO were
prevented, and no significant depressor response was
observed. The response to increased RAP in rabbits from
group 2 resembles that to haemorrhage in conscious rabbits
after sino-aortic baroreceptor denervation, in which SVR
falls as CO is reduced (Schadt BcLudbrook, 1991; Evans et
al. 2001). In contrast, the usual response to haemorrhage

or acute central hypnvolsemia in unanaesthetized rabbits
(and indeed all mammals in which it has been studied),
consists of two distinct phases. In the first (compensatory)
phase MAP is maintained in the face of a falling CO, chiefly
by reflex increases in sympathetic vasomotor drive and so
SVR. This is followed by a decompensatory phase in which
this reflex sympathetic activation fails, and SVR and MAP
fall predpitously (Schadt & Ludbrook, 1991). However,
some general anaesthetic agents blunt the compensatory
phase, presumably.by inhibiting baroreceptor-mediated
increases in sympathetic vasomotor drive (Evant et al
2001). Pentobarbitone anaesthesia also greatly blunts
cardiovascular reflexes (Morita era/. 1987), so it is hardly
surprising that SVR did not increase in response to
increased RAP in rabbits from group 2. SVR actually fell In
response to increased RAP In rabbits from group 2, which,
like the reduction in SVR seen during haemorrhage in
sino-aortic baroreceptor denervated rabbits, might be
secondary to the depressor response itself, perhaps
through local autoregulatory mechanisms (Schadt Sc
Ludbrook, 1991). Consistent with this, the 'cardiac output
damp' also abolished the progressive reduction in SVR
during increased RAP.

Our experiments using 1K1C hypertensive rats complement
our rabbit experiments,.ln that they show that the depressor
response to undipping is associated with transient diuresis
and natriuresis, and is greatly blunted when fluid and
sodium depletion Is prevented by administration of isotonic
saline. However, in contrast to the rabbit experiments, our
volume replacement regimen in rats resulted in a slightly
positive cumulative sodium balance. This is unlikely to
have confounded our observations, since administration
of even large volumes of isotonic saline has little effect on
MAP in normovolaemic, Inactin-anaesthetiied, rats (Keeler
8c Wilson, 1989). Our observations therefore contrast with
those of Neubig and Hoobler (1975), who found similar
depressor responses to undipping in IK1C hypertensive
rats, regardless of whether sodium balance was maintained
by intravenous infusion of isotonic saline. However, they
are consistent with studies showing that the normalization
of arterial pressure after undipping is delayed or blunted
by a surgical uretero-caval anastamosis or saline loading
(Liard 8c Peters, 1970; Muirhead 8c Brooks, 1930). All of
these earlier (tudies were confounded by the fact that
undipping was performed under relatively long-acting
anaesthesia (pentobarbitone or ether), from which the
animals recovered during the experimental period. This
was obviated in the present study by performing the
entire study under tightly controlled and stable (Inactin)
anaesthesia. We therefore conclude that the acute
depressor response to increasing RAP by undipping 1 KlC
hypertensive rats is most probably chiefly due to reduced
extracellular fluid volume, resulting from pressure
diuresis/natriuresis.
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Our lesults also confirm and extend previous evidence
indicating that the renin-angiotensin system plays little or
no role in mediating the depressor response to increased
RAP in the rabbit extracorporeal circuit model (Christy ec
al 1993), since systemic haemodynamic responses to
increased RAP in rabbits receiving both the 'cardiac output
damp' and the 'angiotensin damp' were indistinguishable
from those in the group receiving only the 'cardiac output
damp'. This hypothesii is further supported by our
observation of unchanged plasma renin activity throughout
the course of the experiment. Plasma renin activity does
fall when RAP is increased in relatively long experimental
protocols using this model (BergstrOm & Evans, 1998;
Correia et at 2000). However, the relatively long circulating
half-life of renin probably prevented substantial changes
in its circulating activity across the relatively short time-
course of the present experiment

Our present observations prompt reinterpretation of our
previous studies employing the rabbit extracorporeal circuit
model.; because observations regarding the depressor

. response to increased RAP had previously been interpreted
in the context of release of a putative renomedullary
depressor hormone. For example the fact that the
depressor response to increased RAP w u abolished in
chemically medullectomized (BEA-tieated) rabbits (Christy
er al 1991), and in rabbits in which medullary blood
flow was reduced by medullary intentitial infusion of
norzdrenaline (Correia et al 2000), was taken as evidence
supporting the notion that increased medullary blood flow
mediates release of the putative renal medullary depressor
hormone in response to increased RAP. However, these
treatments also blunted the pressure diuresis/natriuresis
response (Christy et al 1991; Correia et al 2000), which
probably made important contributions to their effects on
the systemic haemodynamic responses to increased RAP. •

In contrast, our present results are difficult to reconcile
with our previous observation that medullary interstitial
infusion of the V|-agonist [Phe1,Hc1,Ornl]-vasopressin
blunted the depressor response to increased RAP, since the
pressure diuresis/natriuresis response during V,-receptor
stimulation was, if anything, slightly greater than that of
control rabbits (Bergstrdm 8c Evans, 1998; Evans et al
1998a). Interpreted in the light of our present findings, this
previous observation could possibly reflect en effect of
V,-receptor activation on the systemic haemodynamic
response to hypovolaernia. This notion is consistent with
the proposed roles of both central nervous system
(Johnson etal 1988) and peripheral (Schadt 8c ludbrook,
1991) V,-receptors in recovery from severe hypovolaernia.
Furthermore, because significant systemic spill-over
occurs when agents are infused into the renal medullary
interstitum of rabbits (Evans et al 1998a; Correia et at.
1999), [Phe\He3,Ornl]-vasopressin could have gained
access to these sites when administered via this route.

In conclusion, the results of this study indicate that the
depressor responses to increased RAP, in both the
extracorporeal circuit model in rabbits and after unclipping
in 1K1C hypertensive rats, is chiefly due to hypovolaemia
secondary to pressure diuresis/natriuresis, and not to
release of a putative renal medullary depressor hormone.
This conclusion is based on our finding that the depressor
responses to increasing RAP in these models are abotished
or greatly blunted when urinary fluid losses are replaced by
intravenous infusions of isotonic salt solutions. These
models therefore are not suitable bioassays for the putative
renal medullary depressor hormone, even though they
provide a presumed stimulus for its release - increased
RAP. This calls for reinterpretation of previous studies
by ourselves (Christy et al 1991, 1993; Bergstrom ef
al. 1995, 1998, 2001; Thomas et al 1994, 1995, 1996;
BergstrSm & Evans, 1998; Evans etal 19986; Correia etal,
2000) and others (Muirhead & Brooks, 1980; Bing et al
1981; Muirhead 8c Pitcock, 1985; Karlstrorn & Gothberg,
1987; Muirhead, 1990; Zouetal 1995) using theso models.
Furthermore, although our findings do not provii\e direct
evidence against the existence of a putative renal medullary
depressor hormone, they do reinforce the dominance of
pressure diuresis/natriuresis in mediating the acute
antihypertensive function of thekidney. '
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Addendum PhD Thesis: Anabela G. Correia

Responses to examiners reports

I would like to thank both examiners for their thoughtful comments regarding my thesis. In response to the
majority of Professor Lumbers comments, I have made specific changes by means of this addendum, which is to
be attached to the back cover of the thesis. I also include here reprints of the 4 papers that have arisen directly
from the work described in this thesis (Correia et al. 1999, 2000, 2001 and 2002). I also include a 5th reprint,
describing work that was carried out during my PhD candidature (Evans et al. 2000), but was not included in my
thesis because it also included the work of others. You will also note that some of the experiments described in
Correia et al. (1999) were also not included in my PhD thesis, since they formed the basis of my B.Sc. Honours
thesis (Correia 1997).

For the most part, I have responded directly to each comment with a specific entry in the addendum. However, I
do disagree with one or two of these comments, and so my rebuttal to these are given below.

Chapter 4: Noradrenaline infusion and renal antihypertensive mechanisms
The examiner raises the interesting issue that plasma renin activity does not seem to fall in response to increased
renal artery pressure in rabbits receiving medullary interstitial infusions, but does in rabbits receiving
intravenous infusions. 1 did not formally test whether this apparent effect is statistically significant, since it was
not one of our a priori hypotheses. I have no plausible explanation for it, other than it might simply reflect
biological variation between rabbits, so have elected not to discuss this issue in detail in the thesis.

Chapter 5: Factors mediating depressor responses to increased renal artery pressure
The examiner raises the issue of autoregulation of renal blood flow under the conditions of the extracorporeal
circuit. In the extracorporeal circuit model, RAP is increased by diverting blood from the vena caval ami of the
circuit towards the renal arm of the circuit using a mechanical (Starling) resistor, but without changing the total
flow through the circuit. There are a number of differences in the nature of the renal vascular responses observed
in this extracorporeal circuit model compared with conditions under which autoregulatory behavior is normally
studied. The most commonly used method for studying renal autoregulatory behaviour involves placing
adjustable clamps either on the aorta (especially in
smaller species such as rats) or renal artery
(especially in larger species such as dogs), so that
renal artery pressure can be reduced to levels below
systemic mean arterial pressure. In contrast, the
model we have used in this study allows renal artery
pressure to be set to any level, above or below
systemic arterial pressure. We chose to set renal
artery pressure at levels ranging from the lower end
of normal for a conscious rabbit (65 mmHg) to levels
clearly in the 'hypertensive range' (160 mmHg).
Thus, as shown in the adjacent figure, our experiment
examines renal vascular responses over a different
range of perfusion pressures than does the
'conventional' preparation.
The other important difference between these two
experimental paradigms concerns the relative
abilities of the renal vasculature to modulate flow in
response to changes in renal artery pressure between
the two preparations. In the 'conventional'
preparation in the rat, where clamps are placed on the aorta, there are a number of resistive vascular beds in
parallel, so that when renal vascular resistance increases in response to increased perfusion pressure, blood flow
can be diverted to other (less well autoregulating) vascular beds. In contrast, in the extracorporeal circuit
preparation the renal vascular bed is the only non-mechanical resistor in the system, so that renal blood flow
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must increase when renal artery pressure is increased. Under these circumstances, autoregulation is seen as an
increase in renal vascular resistance when renal artery pressure is increased, up to levels of around 110 mmHg
(see Figure 4.4 in thesis). Nevertheless, it is correct to say that both renal blood flow and glomerular filtration
rate increase when renal artery pressure is increased. Renal blood flow increases, despite the fact that renal
vascular resistance increases as RAP is increased up to 110 mmHg, because the autoregulatory response is
limited by the fixed rate of the pump and the high resistance of the vena caval limb. In this respect, the
extracorporeal circuit model differs from the 'conventional' model for studying autoregulation, in which these
variables remain reasonably stable as RAP is altered. Recently, a member of our research group (Dr Gabriela
Eppel) performed a systematic study of the behaviour of total renal blood flow, and cortical and medullary blood
flow, when renal artery pressure is altered with the extracorporeal circuit, and with a supra-renal aortic cuff. The
major impetus for this new work, which has recently been submitted to American Journal of Physiology, was my
findings in Chapters 4 and 5.

Chapter 6: Vi-receptors, medullary blood flow, and glomerular arterioles
The examiner questions whether previous studies have investigated the effects of medullary interstitial infusion
of a vasopressin V,-agonist. This has been done previously within our laboratory (Evans et al. 1998a; Bergstrom
and Evans, 1998). Interestingly, the effects of intravenous, renal arterial and medullary interstitial
[Phe2,Ile3,Orn8]-vasopressin were indistinguishable, but did not include increased GFR. The increased GFR
observed in my experiment during infusion of [Phe2,Ile3,Orn8]-vasopressin might be secondary to its pressor
effect, as discussed on page 143 of my thesis

Other Attachments

1. Specific Amendments to the Thesis
2. Reprints of papers published during PhD candidature

Correia AG, Bergstrom G, Lawrence AJ, Evans RG (1999) Renal medullary interstitial infusion of
norepinephrine in anaesthetized rabbits: methodological considerations. American Journal of Physiology, 277,
R112-R122.
This paper describes work from my B.Sc. Honours thesis, and from Chapter 3 of my PhD thesis.

Correia AG, Madden AC, Bergstrom G, Evans RG. (2000) Effects of renal medullary and intravenous
norepinephrine on renal antihypertensive function. Hypertension, 35, 965-970. [Chapter 4]

Evans RG, Correia AG, Weekes SR, Madden AC. (2000) Responses of regional kidney perfusion to
vasoconstrictors in anaesthetized rabbits: dependence on agent and renal artery pressure. Clinical and
Experimental Pharmacology and Physiology 27, 1007-1012.
This paper describes experiments that were performed during my PhD candidature, but were not included in my
thesis.

Correia AG, Denton KM, Evans RG. (2001) Effects of activation of vasopressin-V,-receptors on regional kidney
blood flow and glomerular arteriole diameters. Journal of Hypertension 19, 649-657. [Chapter 6].

Correia AG, Bergstrom G, Jia J, Anderson WP, Evans RG. (2002) Dominance of pressure natriuresis in the acute
depressor response to increased renal artery pressure in rabbits and rats. Journal of Physiology, 538, 901-910.
[Chapter 5, plus the supplementary experiment described in Chapter 7].
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Specific Amendments to the Thesis

Summary

Page (i), paragraph 1, replace 2nd sentence with:
This hypothesis is based on the notion that increasing renal artery pressure (RAP) sets in train three mechanisms
that exert antihypertensive influences; renal renin release is reduced, thereby inhibiting the activity of the pro-
hypertensive renin-angiotensin system, urinary excretion of salt and water increases and thirdly, the putative
renal medullary depressor hormone may be released.

Page (i), paragraph 2, add additional sentence at the end:
These regions include the juxtamedullary cortex and outer medulla, which house vascular elements likely to be
important in the control of medullary blood flow, the arterioles of juxtamedullary glomeruli, and the outer
medullary descending vasa recta respectively.

Page (i), sentence beginning on the last line should read:
However, our conclusion regarding the putative renal medullary depressor hormone remains controversial,
particularly since the observation was made that the diuresis/natriuresis increased exponentially with step
increases in renal arterial pressure.

Page (ii), last paragraph, line 5-6 should read:
The vasopressin agonist reduced renal medullary blood flow approximately 30% without reducing cortical blood
flow.

Chapter 1: Introduction

Page 6, following paragraph 2, the following discussion of the function of the macula densa should be
inserted:
These mechanisms operate in concert to regulate renin release, and so the activity of the renin-angiotensin
system. Increased renal sympathetic nerve activity increases renin release via activation of P-adrenoceptors on
the juxtaglomerular cells. Sympathetic stimulation also has other effects on the kidney that are important in
blood pressure control, and these are described in Section 1.5.1 (page 30-? 2)

Macula densa mechanisms
The macula densa cells occupy the epithelium of the juxtaglomerular apparatus, and detect changes in
volume/solute delivery to the distal tubule (Guyton and Hall, 1996). Decreased GFR will slow the rate of
delivery to the loop of Henle, and thereby reduce the concentration of sodium chloride at the macula densa cells.
This reduced concentration in sodium/chloride ions initiates a signal from the macula densa producing two
effects; (i) a reduction in resistance of the afferent arterioles, which raises glomerular hydrostatic pressure and
helps to return GFR towards normal, and (ii) an increase in renin release from the juxtaglomerular cells of the
afferent arterioles (Figure 1.5). These two components of the tubuloglomerular feedback mechanism, and the
position of the cells, on the juxtaglomerular apparatus, provide feedback signals to both the afferent and the
efferent arterioles for efficient autoregulation of glomerular filtration rate during changes in arterial pressure.
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Figure 1.5 (below)
Macula densa feedback mechanism for autoregulation of glomerular hydrostatic pressure and glomerular
filtration rate during decreased renal arterial pressure (From Guyton and Hall, 1996).

Decreased Arterial Pressure

o Decreased Glomerular
Hydrostatic Pressure

o

Decreased GFR

Increased Proximal
NaCl Reabsorption

Decreased Maculp Densa
Sodium Chloride

Increased Renin

Increased Angiotensin II

Increased Efferent
Arteriola Resistance

Decreased Afferent
Arteriolar Resistance

Page 6, paragraph 4, line 5:
Replace aldesterone, with aldosterone.

Page 7, insert new sentence after paragraph 3
Within the central nervous system, angiotensinergic systems stimulate thirst and s<*k appetite, enhance resting
sympathetic drive, and can blunt responses to the loading of arterial baroreceptors (Waeber et ol. 1986., Cowley,
1992., Guyton and Hall, 1996).

Page 8, Last paragraph, sentence starting on line 1 should read:
Collectively, data suggest that angiotensin II is generated within the kidney, providing it with both paracrine
and/or autocrine functions as well as the classical endocrine hormone functions.
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Page 10, paragraph 1, last sentence should read:
The reason for the inability of 'hypertensive kidneys' to effectively excrete sodium and water when perfused at
normotensive pressures remains uncertain, however an intrinsic impairment of the pressure diuresis/natriuresis
mechanism, rather than abnormalities of the neural and/or endocrine control of the kidney, seem likely (Liard,
1977; Cowley and Roman, 1983).
Page 10, last paragraph, first sentence should read:
According to studies performed by Khraibi and Knox (1988), and Roman and Kaldunski (1988), reduced renal
MBF is the only notable change in renal haemodynamics, in young and adult SHR and WKY rats, since RBF,
CBF, and GFR remain unchanged.

Page 13, third sentence of paragraph 2 should read:
With the assumption that para-aminohippurate (PAH) is only extracted in the renal cortex (which is now known
to be false (Hansel!, 1992)), and that increased MBF reduces PAH extraction, they concluded that volume
expansion (or increased RAP) increases MBF, which in turn inhibits water reabsorption in the thin descending
limb of the loop of Henle, secondary to the loss of the medullary solute gradient.

Page 13-14, first sentence of last paragraph should read:
Thus, increased MBF dissipates the medullary urea gradient, which may contribute to the pressure natriurelic
response through the inhibition of water reabsorption in the thin descending loop of Henle, and by increasing the
conductance of the paracellular pathway to ions in the proximal tubule, thin descending loop of Henle and thin
ascending loop of Henle (which in the rat, are all highly permeable to sodium and chloride).

Page 16, paragraph 2
Replace 'ureteal', with ureteral

Page 17, paragraph 1, last sentence should read:
The ultimate goal of complete chemical characterisation of the active principle(s) in these lipid extracts has,
however, remained elusive.

Page 18, from end of line 7 it should read:
It was argued, in these experiments that the reductions in MAP were not due to volume depletion triggered by
the pressure-natriuretic-diuretic response, as all experimental animals were in positive fluid balance at all times.

Page 19, paragraph 3, first sentence should read:
While the components of the lipid inclusions have not been fully characterised, histochemical studies have
shown them to consist largely of saturated and unsaturated lipids.

Page 19, paragraph3, lines 3-4 from bottom of paragraph should read:
Medullipin I is inactive, and appears to require 'activation' by cytochrome P-450 during the passage through the
liver to form medullipin II, which has powerful depressor actions.

Page 24, paragraph 3, line 1 should read:
The inner stripe of the outer medulla remains the most constant component (across species) of the medullary
circulation.
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Chapter 2: General Methods

Page 43, paragraph 2, sentence beginning on line 7 should read:
The circuit was initially set to withdraw blood from the distal aorta, and return it to the distal vena cava, below
the ievel of the renal veins, at a rate of 70 ml/min (Figure 2.1).

Page 46, (insert) below text

Medullary blood flow
(laser Doppler

flow probe)

Cortical blood flow
(laser Doppler

flow probe)

Outer medulla

Inner medulla

\ • JIIL
Figure 2.2
Sites of insertion of laser-Doppler flow probes, for measuring cortical and medullary blood flow in the kidney.

Page 51, paragraph 1 (continued from page 50) should read:
Six afferent and efferent vessels were randomly selected for analysis from each region of the cortex (superficial,
mid, and juxtarnedullary), although not all data sets were complete. Afferent arterioles were identified by
locating their origin on the interlobular arteries, and efferent arterioles began at the glomerulus and branched into
peritubular capillaries. Glomeruli pertaining to different regions of the cortex were classified as; (i) superficial
glomeruli, which were attached to afferent arterioles at the junction of the interlobular artery. The efferent
arterioles of these glomeruli were thinner and tended to branch less than those in the mid and inner cortex, (ii)
mid-cortical glomeruli were defined as having shorter afferent arterioles attached to the interlobular arteries and
efferent arterioles which were also short, and branched several times to form peritubular capillaries, (iii)
juxtamedullary glomeruli were identified as having afferent arterioles which branched close to the arcuate
arteries, and efferent arterioles which were noticeably thicker and longer. Occasionally these efferent vessels
were observed to branch into the unique 'horsetail' arrangement of the vasa recta.

Page 54, paragraph 2, secor. d last sentence should read:
The plasma clearance for PAH is therefore used to estimate effective renal plasma flow.

Page 55, bottom of page relating to statistics used in Chapter 4 should read:
paired / test, repeated measures analysis of variance, two-way analysis of variance
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Chapter 3: Methods for renal medullary infusion of vasoactive compounds

Page 61, paragraph 2, sentence beginning on line 3 should read:
This entire dose was delivered directly to the outer (n=8) or inner medullary interstitium (n=9) of rabbits that had
chronically implanted catheters. In the rabbits in which two acutely positioned catheters (n=9) were placed either
side of the outer medulla, the entire dose was divided so that its delivery was equally distributed between the
catheters.

Chapter 4: Effects of renal medullary and intravenous noradrenaline on renal antihypertensive
function

Page 73, Point 4, sentence beginning on line 2 should read:
This circuit enables RAP to be altered independently of the systemic arterial pressure.

Page 74, Point 7 should read:
As RAP was increased to -160 mmHg, urine output and sodium excretion increased, while plasma renin activity
and MAP fell.

Page 74, sentence beginning four lines from bottom of page should read:
Presently available date1 also indicate that it is largely independent of the associated diuresis and
diuresis/natriuresis, in view of the fact that haemoconcentration is not observed.

Page 75, paragraph 1, final sentence should read:
It was also not possible to exclude roles of non-flow-mediated extra-viscular actions on V,-receptors in the
kidney, or even extra-renal Vrreceptors, which might blunt the release and/or actions of the putative renal
medullary depressor hormone.

Page 75, paragraph 2, sentence beginning on line 6 should read:
Therefore, the effects of medullary interstitial infusion and intravenous infusion of noradrenaline, on the
antihypertensive responses to increased RAP, were compared.

Table 4.1, and Figures 4.2 and 4.3 have been revised (below), and are now in complete agreement with the
text:

Table 4.1 Effects of medullary interstitial and intravenous noradrenaline on systemic and renal
haemodynamics (Data presented as percentage change).

Medullary Interstitial Infusion Intravenous Infusion

Vehicle Noradrenaline Vehicle Ncradrenaline

MAP

HR

RAP

RBF

CBF

MBF

2.4 ±1.4

0.7 ±2.3

0.3 ±2.0

0.8 ±2.5

0.3 ±2.3

3±10

17 ± 4

2 ± 1

19±4

-16 ±3

-13±2

-28 ±9

3.5 ±0.6

1.3 ±0.5

0.8 ±1.0

-3.7 ±5.8

0.3 ±5.8

-0.4 ±4.1

!2±4
-0.02 ±3.0

3.5 ±1.0

-17±9

-19±3

-1.3 ±7.5

MAP, mean arterial pressure; HR, heart rate; RAP, renal arterial pressure: RBF, renal blood flow: CBF, cortical
blood flow; MBF, medullary blood flow.
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Revised Figure 4.2
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Page 80, Section 4.5.2.2 should read:
As shown in Figure 4.5, as RAP was increased from 66 ± 1 to 158 ± 3 rnmHg, CBF increased progressively from
235 ± 31 to 329 ± 45 perfusion units (PRAP = 0.01), whereas MBF did not change significantly.

Page 81, section 4.5.3, sentence beginning on line 4 should read:
Medullary interstitial noradrenaline also significantly altered the response of haematocrit to increased RAP,
attenuating the increase in haematocrit when RAP was increased above -110 mmHg.

Page 81, section 4.5.4 should read:
On conclusion of the experiment, the effects of returning RAP to -65 mmHg were recorded. RBF in vehicle-
treated rabbits returned to levels similar (-3 ± 4% different) to those observed during the initial control period. In
rabbits treated with medullary interstitial noradrenaline, RBF was -13 ± 4% and -39 ± 27% different from its
control value. MAP rose when RAP was reset to ~65 mmHg, but did not completely recover to its initial level in
vehicle-treated rabbits (-28 ± 5% different from its control level), and in rabbits treated with outer medullary
noradrenaline (-14 ± 6%) and intravenous noradrenaline (-30 ± 10%).

Page 91, insert new sentence beginning on the 2nd last line:
We did not directly assess kidney size in this study, but have observed on numerous occasions the swelling of
the kidney when RAP is increased.

Chapter 5: Factors mediating depressor responses to increased renal artery pressure

Page 99, 2nd paragraph, insert new text before the last sentence:
The 'renin-angiotensin' clamp enabled us to test whether inhibition of renin release contributes to the acute
depressor response to increased RAP in this preparation.

Page 106, section 5.4.1.5, Is' sentence of paragraph 1 should read:
When the peristaltic pump was set to withdraw blood from the abdominal aorta (70 ml/min) and return it to the
vena cava, MAP fell by 12 ± 1 mmHg.

Page 106, section 5.4.1.5,1st sentence of paragraph 2 should read:
However, if blood flow through the extracorporeal circuit is excluded from these calculations, CO was found to
initially fall 40 ± 3 ml/kg/min during the first 2 minutes of the pump rate being increased, before increasing to be
23 ± 5 ml/kg/min greater than at the end of the previous period (C).

Page 108,1st sentence of the last paragraph should read:
When RAP was increased and maintained at ~160 mmHg and the excreted urine volume was returned as an
intravenous infusion of compound sodium lactate, all renal excretory variables increased significantly, with the
exception of FF, which was not significantly altered.

Page 116, Figure 5.7, insert at the end of the legend:
Note that in this figure, and also in Figures 5.8, 5.9 and 5.10, some of the symbols are obscured because they lie
at identical co-ordinates to the super-imposed symbol

Page 124, paragraph 3, sentence beginning on line 2 should read:
The 'renin-angiotensin system clamp' was also effective in blocking the renin-angiotensin system since (i) bolus
doses of angiotensin I failed to increase MAP, in rabbits which had received this treatment, and (ii) resting
systemic and renal haemodynamics and renal excretory variables in rabbits that had received this treatment were
similar to those in rabbits from the other three experimental groups.
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Chapter 6: Effects of activation of vasopressin-Vi-receptors on regional kidney blood flow and
glomerular arteriole diameters

Page 134, reference to figure in the last line should read:
Figure 6.3.

Page 136, legend to Figure 6.2 should read:
Scanning electron micrograph of juxtamedullary glomeruli. A, afferent arteriole; E, efferent arteriole; G,
glomerulus; OMDVR, outer medullary descending vasa recta.

Page 140, Non-parametric analysis of data
Table 6.2
Effects of intravenous infusion of [Phe2, He3, Om8]-vasopressin (30 ng/kg/min; n=7) or its vehicle (50 ul/kg/min;
n=7) on relative resistance.

TREAT

Vehicle

Vragonist

Vehicle

Vragonist

VESSEL

Afferent

Afferent

Efferent

Efferent

OUTER

CORTEX

0.051 ±0.018

0.087 ± 0.041

0.293 ±0.051

0.417 ±0.073

MID

CORTEX

0.064 ±0.017

0.080 ± 0.022

0.189 ±0.039

0.375 ±0.083

JUXTA

MEDULLARY

0.060 ± 0.021

0.128 ±0.058

0.124 ±0.036

0.175 ±0.059

Data are expressed as the mean ± SEM of the relative resistance (R), and were calculated according to
Poisuelle's relationship (R=l/r4). Resistance for vehicle and V,-agonist infused vessels were compared for both
the afferent and efferent vessels in the outer, mid, and juxta-medullary cortex. Data were subjected to both p
t-tests, and Mann-Whitney U-tests; P > 0.05 for all six comparisons in both tests.

IsIs
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