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SUMMARY

The experiments described in this thesis have examined the hypothesis that the renal medullary
microcirculation plays a significant role both in the long and short-term regulation of arterial
pressure. This hypothesis is based on the notion that increased renal arterial pressure stimulates the
activation of three renal antihypertensive mechanisms; 1uvnin release, pressure diuresis/natriuresis,
and stimulation of release of the putative renal medullary depressor hormone. It is hypothesised that
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 radiolabe! was determined after infusion of [*H]-noradrenaline
for 20 min into the outer and inner medullary interstitium. Autoradiographic analysis determined
that after outer medullary interstitial infusion of [*H]-noradrenaline, radiolabel was most
concentrated in the outer medulla and inner cortex. Therefore this technigue was deemed suitable
for the delivery of vasoactive substances to the renal medulla, as the infused substance appears to
concentrate in the regions, which house the vasculature most likely to contribute to the regulation of

medullary blood {low.

Employing the technique developed in Chapter 3, we were then able to test the effect of reducing
medullary blood flew on the renal antihypertensive responses to increased renal artery pressure,
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)
reduced medullary blood flow ~30% and blunted both the pressure diuresis/natiruresis response,
and the fall in arterial pressure during increasaed renal artery pressure. Evidence available at that
time suggested that the acute depressor response to increased renal artery pressure resulted chiefly

from release of an unidentified hormonal {actor from the renal medulla. Intravenous infusion of the

same dose of noradrenaline produced = - s+ ~eduction in cortical blood flow only, and did not
blunt the renal antihypertensive res;» s 1 vaae sed renal artery pressure. Thus medullary blood
flow appears to play an importar - ;- i+ sbe shswie, . n control of arterial pressure by modulating
the pressurc diuresis/atriuresis .. vouve. o veegaps also the release of the putative renal

meaullary depressor hormone. h nwwovor our wonclusion regarding the putative renal medullary

depressor hormone rerained controversial, particularly since the observation was made that the




il
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
Chapter 4, an extracorporeal circuit was established in anaesthetised rabbits, and we tested the
effects of increasing renal artery pressure on systemic arterial pressure, the pressure-natriuresis
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,
and ‘clamping’ the renin-angiotensin system. Four groups of rabbits were studied. In a control
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
infused at a rate equivalent to urine flow. In addition, in one of these groups the renin-angiotensin
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 iIf the systemic
hagmodynamic effects of pressure natriuresis/diuresis are blocked by preventing cardiac output
from falling. Based on these findings, we conclude that the depressor response, to increased renal
artery pressure in the extracorporeal circuit preparation in anaesthetised rabbits, occurs chiefly due
to negative salt and water balance secondary to the pressure diuresis/natriuresis mechanmism. In
supplementary experiments (described /; Chapter 7) we obtained data indicating that similar
mechanisms mediate the acute depressor response to unclipning the renal artery in 1-kidney, 1-clip

hypertensive rats.

The vascular elements that regulate medullary blood flow in vive 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 V,-receptors. The
vasopressin V,-agonist [Phe?, Ile’, Om®]-vasopressin was infused intravenously into anaesthetized
rabbits and its renal effects were monitored using laser-Dopoler flowmetry. This reduced renal
medullary blood flow approximately 30% without reducing cortical blo. = rlow. Since medullary
blood flow is supplied entirely from the efferent arterioles of juxtamedullary glomeruli, we tested
whether vasoconstriction of juxtamedullary glomerular arterioles contributes to Vj-receptor
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

cortex of the left kidneys were determined by scanning electron microscopy. We were, unable to




1it

detect any significant differences, between V,-antagonist 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

mvolved.

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 antthypertensive mechanisms’, particularly the putative renal medullary depressor
hormone, require further ...vestigation. 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.
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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 enviroﬁmental 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 (drmstrong 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
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hypertensive subject is donated to a normotensive recipient, the recipient develops hypertension.
The reverse is aiso 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 1s
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 manipulat%d
both in acute and chronic experimental settings in conscious and anaesthetized rabbits. Briefly,

[’H}-noradrenaline was delivercd to the renal medullary interstitium via acutely and chronically
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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 inmer
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. Qur 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 infravenous 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
antithypertensive 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.

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 al., 1991). However, in studies performed in Chapter 4 (Effects of renal
medullary and intravenous noradreralin® 1 renal antihypertensive function), it.was observed that
the pressure-nafriuretic 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, tﬁe 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/matriuresis 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 was 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
pg/kg/min) and MAP and RBF were retumned 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.

There is now considerable information regarding the effects of vasoactive hormones on MBF.
However, there is little information, particularly from in vive 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;-
agonist [Phe?, Ile?, Orn®|-vasopressin. Kidneys were then perfusion fixed in vivo, filled with
methacrylate, and removed and proceé.scd for determination of afferent and efferent arteriolar
diameters throughout the outer, mid and juxtamedullary cortex, by scanning electron microscopy.
Although [Phe?, Tle’, Om®]-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
cort2x, and juxtamedullary cortex). These observations raise the possibility that reductions in MBF
in response to activation of V,-receptors 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).
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Figure 1.1 Proposed sequence of events by which increased RAP initiates renal

antthypertensive mechanisms. Arrows with solid lines indicate the hypothesized mechanisms

mediating pressure diuresis/atriuresis. 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
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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 rcgulétory function which responds to changes in systemic arterial pressure or extracellular
fluid volume, through actions of angiotensin II at specific recepters 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.

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 includz; renal sympathetic nerve activation (P-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 Il 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 structurc (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).

In the circulation, the vasoconsirictor actions of angiotensin II are short lived due to its rapid
metabolism., However, it does produce concentration-dependent vasoconstriction of resistance
vessels in virtua'!v ! organs, although skeletar muscle and lung vessels display reduced sensitivity
to angiotensin II (Palmer et al., 1987; Mene and Dunst, 1992).

Aldosterone is secreted by the zona glomerulosa of the adrenal cortex, in response circulating leveis
of angiotensin II. Its major physiological role is the stimulation of sodium transport from the
ascending limb of the loop of Henl, in exchange for potassium or hydrogen. Thus, it reguiates 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-renal renin-angiotensin system by simultaneous renal artery infusions of an angiotensin
converting enzyme inhibitor and an angiotensin I 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, um-
nephrectomized dogs (Siragy et al, 1990). Similarly, intra-renal infusion of an angiotensin
converting enzyme inhibitor in the anaesthetized dog significantly increased glomerular filtration
rale, 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 renin-angiofensin system

The concept of tissue specific renin-angiotensin systems i3 now recognized, and it is now accepied
that both renal and non-renal tissues express local angiotensin Il 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 If 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
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(Navar et al., 1996). The kidney itself has a well developed tissue renin-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-angioiensin system on renal function and blood
pressure control may not be cntircly dependent on virculating angiotensin i1 being delivered to the
kidney. In the kidney also, some cells house all the necessary components for the production of
angiotensin I, which may be synthesized intracclularly, and then secreted (Navar et al., 1996).
Immunohistochemical studies have shown that renin and angiotensin Il are both present in
juxtaglomerular cells of the afferent arteriole within the same sceretory granules (flackenthul et al.,
1990) and that monolayer cell cultures of juxtaglomerular cells contain renin, angiofensin-
converting enzyme, and both angiotensin [ and 1l (Rightsel et al., 1982}, Proximal tubular cells may
also bc able to synthesize their own angiotensin 1l from angiotensin 1 (Yanagawa et al., 1991).
These cclls may also secrele angiotensin Il into thc surrounding interstitial environment,

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

The presence of functional angiotensin-converting ecnzyme in the kidney has been shown by
experiments demonstrating the conversion of ~20% of circulating angiotensin I 1o angiotensin 1]
during passage through the kidney (Rosivall et al., 1983 Rosivall et al., 1984; Navar et al., 1990).
This activity has been localized to the vascular endothelial cells of the renal arteries, afferent and
cfferent arterioles, and glomerular and peritubular capillaries, but is also present on both the brush

border (luminal) and basolateral membrances of the proximal tubule cells (Navar et al., 1996).

Coilectively, data suggests an intrarenal generation of angiolensin Ii, providing it with both
paracrinc and/or autocrine functions as well as the classical endocrine hormone functions. In turn,
angiotensin I acts at angiotensin receptors found throughout the kidney on glomerular mesangial
cells, pre and postglomerular arterioles, vasa reeta bundles of the inner stripe of the outer medulla,
medullary interstitial cells, and sceveral tubular segments of the nephron (Brown and Venuto, 1988;
Navar et al., 1996).
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1.2.1.4 Renin-angiotensin system and hypertension

The renin-angiotensin system appears to be involved m the development of renovascular
hypertension and may be implicated in the pathogenesis of essential hypertension (Waeber et al.,
1986). One proposition is that in hypertensive patients the basal level of arterial pressure 1s 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 AT,
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  Pressuire 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 al., 1972; Cowley, 1992). This mechanism
is believed to be non-adaptive and largely responsible for the long term control of arterial pressure
(Cowley et al., 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 al., 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
al., 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 al., 1992; Cowley
and Roman, 1997, Bergstrém and Evans, 2000).
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1.2.2.1 Pressure diuresis/matriuresis and hypertension

The kidneys of hypertensive patients (Omvik et al., 1980) and genetically hypertensive rats (Roman
and Cowley, 1985b; Roman and Zou, 1987; Khraibi and Knox, 1988; Roman and Kaldunski,
n 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
contro] 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
mfluences, but also of changes in RBF, and glomerular filtration rate (GFR), which remained
similar between the two groups (drenshorst, 1979; Roman and Cowley, 1985b). Therefore, under
these conditions, the diuretic and natriuretic responses to elevations in RAP are blunted in 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

5. (Roman and Cowley, 1985a).

B Reduced renal MBF is the most apparent renal haemodynamic abnormality in the development of :
ir hypertension in SHR, since total RBF, CBF, and GFR remain similar in young and adult SHR and

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

i, ok,
R R

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 eccur, MBF must be reduced,
which in turn contributes to the haemodynamic resefting 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 natriuretic relationship

and lowered arterial pressure (Lu et al., 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 accimulation
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 inmer 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 (drenshorst, 1979; Roman and Kaldunski, 1988b).

1.2.2.2 Autoregulation of venal 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 wiether 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 (sce below).

Thurau et al. studied autoregulatory behavior in the medulla by measuring the transit time of Evans
Blue dye (Thurau, 1964). As blood pressure increased, transit time decreased, indicating an increase
in MBF with increased MAP. Later studies using the H, 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 highe; pressures
(~140-150 mmHg) (Zimmerhackl et al., i 985b).
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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 medulia
remained efficiently autoregulated (see als Roman and Zou, 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 al., 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
vasa recta capillaries and the velocity of RBC in these vessels increased significantly after RAP is
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 tiie 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 Cowley, 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 1s 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 al., 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 (Meriz et al,, 1984), and
prostaglandin E; 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 visodilation-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 exiracorporeal circuit mode!
developed in our laboratory, which allows RAP to be set to any level, above or below RAP (Christy
et al., 1991, Evans et al., 1993). 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 responsibie 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
artenal 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. Uy,V, urinary sodium

excretion; gkwt, g kidney weight. From (Cowley, 1992).
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1.2.3  The putative renal medullary depressor horr 1e

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 meduliary
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 n response to
increases in RAP arose initially from three lines of experimental evidence. The first line of evidence
was initiated by Grollman er 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' (Groliman 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 papiila
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 cdrtex) prevented renoprival hypertension (Muirhead et
al., 1560b).

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; Susic et al., 1978).

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

association with the capillaries (Muiriead 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 renomedullary interstitial cells in vive by showing
that transplantation of these cultured cells into hypertensive rats produced antihypertensive effects
(Muirhead et al., 1975) (see above). In other studies, Muirhead was able to provide lipid extracts,
from cultured renal medullary interstitial cells, whale renal medulla, and the venous effluent of
kidneys perfused at high pressure, that had blood pressure lowering effects (Muirhead et 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 ihe 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, vasopressir, 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-bromocthylamine 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 medulls
(Bing et al., 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 (Karistrom 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, Bergstrom, 1995, Bergstrim et al., 1995, Rudenstam et al.,
1995; Bergstrom et al., 1996).

Qur 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 animals’ own blood. A pump was used to circulate biood 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 io 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 mmHg) 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
positi: = ud balance @ all times (Christy et al, 71991). Other experiments indicate thai the
depressor response is not duc 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

perfusion 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).

Altheugh 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 arid 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 (Piicock et al., 1982; Pitcock et al., 1934; 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 interstitiai cells and also from renal
venous effluent from isolated kidneys perfused at high pressures (Muirhead et al, 1991a):
prostaglandin E,, antihypertensive polar renomedullary lipid (APRL; known to be identical to
platelet activating factor, PAF) and the antihypertensive neutral renomedullary ipid, collectively
known as medullipin . Other components of these cells are; triglycerides, cholesterol esters and
free fatty acids as well as precursors of prostaglandins, (mainly prostaglandin E;), and
glycosaminoglycans, mainly hyaluronic acid ¢/see Thomas et al., 1996). Medullipin 1 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 1 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 in an ideal position to detect increased MAP, and in turn
initiate a caxe xde of events leading to release of this putative hormone. This hypothesis has to date
received little attention, and is @ 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 demonsirated under conditions
where the other major renal antihypertensive mechanisms, inhibition of renin release and pressure

diuresis/natriuresis, are controlled for.

13 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 chlonide) might be regulated in part through regulation of local bigod flow in the medulia.
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 bormn.

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 microcirculalory resistance segmernts 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 (whick branches from peritubular capillaries; not
shown). An arcuate artery gives rise to interlobular arteries from which afferent arterioles originate
at zn angle that varies with corticai location. Blood is supplied to the renal cortex and medulla
principally from the efferent flow of superficial and juxtameduvllary glomeruli, respectively.
Efferent arterioles of juxtamedullary glomeruli give rise to descending vasa recta (DVR) in the
outer stripe of the outer raedulla. In ihe 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 inrer stripe, while
those in the center supply blood to the inner medulla. The extent to which blocd flow to the medulla

is supplied by pre-glomerular ‘shunt’ pathways is uncertain. I'aken from (Pallone er 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 :wward 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 juxtameduliary 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 medulilary 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 corticomedullary 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 (Bergstrém and Evans, 1998).

Blood enters the renal medulla chiefly via the efferent arterioles of juxtamedullary glomeruli,
although alternate routes have been postulated (Kriz, 1981; Kriz, 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 o be determined.

1.3.3  Onter 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 al., 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 al., 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 al., 1976; Jamison and
Kriz, 1982; Pallone et al, 1990). The capillaries forming the plexus are also lined with a thin
fenestrated endothelium, and gradually become ascending vasa recta, which serve to remove biood
from the medulla and return it o the interlobular and arcuate veins. The capillaries forming the
plexus and the ascending vasa recta are morphologically indistinguishable from systemic capillaries
(Schwartz et al., 1976, Jamison and Kriz, 1982), except that they have larger diameters
(Steinhausen et al., 1981; Zimmerhackl et al., 1985a; Zimmerhackl et al., 1985b).

The inner stripe of the outer medulla remains the most constant (across species) of the medullary
circulzion, It is present in all spscies, 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 al.,, 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 al., 1975; Pallone et al.,
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 al., 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 al., 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 «i.. 1977). The inner medullary interstitial cells are
arranged between these structures and it has been postulated that ihcy 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, som;: 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 PGE, and perhaps also medullipin I
(Muirkead et al., 1972b; Muirhead, 199/) The number of lipid droplets varies from species tc
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, hjowever, 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 Jumen (Pa(loue- et al., 1998). In addition, due to their
orientation it has been proposed that they may hinder axial diffusion in the medulia 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 postulaied — 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 meduilary functions.




5
1
4
f
L

m—iEd

s

Chapter 1. Introduction

14 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,
vasoconsiriction 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.,, 199G). 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 glomeruls.
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 functiona! 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 cenductance 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 besween vasa recta and the thin limbs of
the loop of Henle throughout the medulla, forming a ladder bk usirangement, It is believed that
these medullary interstitial cells might participate in the conzo! of iABF by constriction of their

cyloplasmic processes and thereby the interstitium and vasculature (Park et al., 1997a; Bergstrim
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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 PGE, 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 ef al., 1990). Renal kinins might
also participate in this response, since kinins are the chief mediators of increased MEF in response
1o captopril treatment in rats, perhaps by reducing the vasa recta outflow resistance (Mattson and
Roman, 1991). ’

Affcrent 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 (Palione 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 incompiete layer around these vessels. Pericytes are
constdered as ‘hybrid’ cells as they contain microfilaments, suggesting a contractile capacity
(Hughes et al, 1995, Park et al., 1997a).

Despite this abundance of information regarding the sites that could theoretically regulate MBF,
there is surprisingly liftle information about the vascular sites that regulate MBF in vivo. In one
sense this is hardly surprising, given the inaccessibility of the medullary microcirculation. One of
the aims of the experiments described in this thesis, thercfore, was to begin to investigate this issue.

Although the sites responsible for the control of MBF in vive remain to be definitively determined,
there is now little doubt that circulating and locally acting hormones, and the renal sympathetic
nerves, can differentiafly regulate CBF and MBF. The diversity of responses of CBF and MBF to

these regulatory factors is discussed below.
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Inner medulla
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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 cfferent 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 medulia; (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 celis. Taken from
(Bergstrém 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 er 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.
1.5.1 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., 1983). 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 réleased 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°-10° 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
vaseconstrictor 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., 1993).

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 influcnce 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 Z 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 glomeruli 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
juxtameduliary 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 (- 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
(Liard, 1977; Norman and Dzielak, 1982; Plato and Osborne, 1996).

In further support of the importance of renal sympathetic drive in the long-term conirol of arterial
pressure intrarenal noradrenaline infusions in chronically instrumented dogs (Katholi et al., 1977;
Cowley and Lohmeier, 1979; Reinhard! 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  Arginine vasopressin
In the kidney, receptors for arginine vasopressin (V,, and V, subtypes) are located predominantly in

the medulla (Ostrowlski et al., 1992). The V,, receptor subtype is primarily associated with vascular
structures in the inner stripe of the outer medulla (Ostrowiski et al., 1992) and mediates




Chapter 1. Introduction

receptor mostly exists on tubular structures and stimulates recruitment of aquaporin molecules into
1997b).

vasoconstriction through activation of phospholipase C (How! and Wheatley, 1995), while the V,

the cell membrane, by stimulation of adenylate cyclase (How! and Wheatley, 1995; Park et al.,

V, 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, [Phe’, Nle’, Om®)-vasopressin, sclectively reduces MBF and
paradoxically increases urnic flow and sodium excretion (Nakanishi et al., 1995b; Ledderhos et al.,
1995, Evans et al., 1998a). It may also act 1o inhibit the release 6f the putative renal medullary

depressor hormone in response to increased RAP (Bergstrom and Evans, 1998). Chronic infusion of

[Phe?, Tle’, Om®]-vasopressin either intravenously (Cowley et al., 1994) or directly into the renal
medulla (Szczepanska-Sadowska er al, 1994} causes sustained hypertension, in normotensive

animals, which may be reversed by renal medullary administration of a V, antagonist [Cowley,
1994 #403; (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., 1985¢; Kiberd et al., 1987a; Nakanishi et al., 1995b). This
action seems to be chiefly mediated through activation of the V-receptor, although there have been
reports that V,-receptor activation can producc 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
vasoconsirictor 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
Pallone, 1997}

posiglomerular arterioles {; Harrison-Bernard and Carmines, 1994, Navar et al., 1996; Turner and
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 ef 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 et al.,
1993; Wilkins et al., 1993). Similarly, endothelin blockade lowers arterial pressure in normotensive
human subjects (Haynes et al., 1996) aud 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., 1995) and

outer medullary descending vasa recta (Silldor(f et 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 (sce
Evans et al., 1998¢c; Evans et al.,, 2000b,; Evans et al., 2000c;). Bolus injection of endothelin-1 (a
mixed endothelin ET, and ET; receptor agonist) have been shown to selectively reduce CBF while
transiently increasing MBF, and these effects were inhibited by blocking ET, and ETp receptors
respectively (Gurbanov et al, 1996). These findings are consistent with the hypothesis that
endothelins do not constrict vascular elements controlling MBF when delivered te the vessel lumen
in vivo. However, the results of in vitre studies (Silldorff et al, 1995), and those in the
hydronephrotic kidney (Endlich et al., 1996), suggest that endothelin-1 may produce

vasoconsirictor effects on outer medullary descending vasa recta when applied to the adventiiia.

L5.4 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 Il 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; Parekh 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 I 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 ssalt-repletc_ dogs (Mattson and Roman, 1991;
Omoro et al., 1999; Omoro et al., 2000).

1.5.5 Arrial natriuretic peptide

Atrial natriuretic factor 1s released from the heart in response to volume expansion, and is believed
to play a role in sodium and water homeostasis (Cowiey, 1992), Atrial natriuretic peptide increases
PBF in rats (see Chou et 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 medullzsy haemodynamics (Pallone et al., 1990). However,
although much research has been directed towards the mechanism by which atrial nawiuretic
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; Bergstrém 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). PGE, and PGI, 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 and Anggard, 1974; Lemley et al., 1984). There is little information
regarding the influences of specific prostaglandins on MBF (i.e. PGE,, PGL, PGF,,).

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 B 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). B,-kmin 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 B,-receptor antagonism during volume expansion, indicating a role
for endogenous kinins in baseline PBF and the natriuretic response to volume expansion (se¢ Navar
et al., 1996).

Bradykinin alse appears to play a role in the increased MBF following inhibition of angiotensin-
converting enzyme (Omoro et al, 2000). The site at which endogenouz bradykinin 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 pg/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
pg/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 A;-receptors, while A,-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 A;-receptors mediate reduced MBF, while
As-receptors mediate increased MBF. More recent studies using laser-Doppler flowmetry have
confirmed this hypothesis (dgmon et al., 1993), and demonstrated a potential role of adenosine

acting at A,- 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 medulia (Matison 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 (¢GMYP) production in both rerial cortical

and medullary slices increases in response to endothelium dependint (i.e. acetyl:holine, 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 IIl 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 2 major

site of constitutive synthesis of nitric oxide in the kidney.

R SRR R R

Experi-nental evidence from both in vivo and in vitre studies indicate that the renal medullary

microcirculation is more dependent on nitric oxide than the cortical circulation in terms of resting
mirerergic 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
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nitric oxide inhibitors (Yang er 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 synthests 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 that 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 NC-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 (Matison et al., 1992; Mattson et
al., 1994) that appears to be related to a shift of the renal pressure diuresis/natriuresis relationship to
higher levels of arterial pressure (Majid et al., 1993; Cowley et al., 1995; Evans et al, 1993). In
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 reral 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
meduliary depressor hormone (Bergstrém 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 rierves, might influence long-term control of arterial pressure through their effects on
MBEF. 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;
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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 renai 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 {o 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- 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 [*H]-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 outhined 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 ;:votocols 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 caées, where

they had visual but not physical contact with rabbits in adjoining cages. Water was made available
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ad libifum. Rabbits were either meal fed (100 g of pellets, Lucerne chaff and oat chall in a 4:1:1.2
mixture; Chapters 5 and 6), or food was available ad /ibiium (Chapters 3 and 4). All experiments
were conducted in accordance with the Australian Cede 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 centra] 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 Hartmann’s solution (compound sodium lactate; Baxter
Healthcare Pty. Ltd., Toonagabbie, NSW, Australia) at a rate of 0.78 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 Controlier; 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 (CsHO; 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-O silk suture
{Dynek. Pty. Ltd. Sydney, Australia), the vessels were then cut between the ties, and the kidney
removed. The right retroperitoneal wound wasg also closed with 3-Q 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,
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

by gauze soaked in Hartmann's solution).
2.2.2 Transit-time ultrasound flowmetry for renal blood flow

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 al., 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 28B, Transonic Systems, Incorporated, Ithaca, NY, USA) was placed around the renal
artery, and coupled acoustically with Nalco absorbent gel (Nalco Chemical Company, Mapervilie,
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.

M

2.2.3  Construction and implantation of acutely positioned medullary interstitial catheters
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Catheters constructed from two 30 gauge needles, were positioned 2 cm apart on the midline aspect

5

of the kidney, on either side of the medullary laser-Doppler flow probe (Section 2.2.6). Their tips

Eb e

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
5 maintain catheter patency, sodium chloride solution (154 mM; 10 pl/kg/min) was infused via each

& catheter until the experimental procedures commenced.
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2.2.4  General preparation and establishiment procedures for the extracorporeal circuit

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 irtravenous 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 IU/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 mli/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 catheier proximal to the cannula inserted into the renal artery (PE 10, 0.238
mm [D, 0.61 mm OD) (Figure 2.1).

Once the circuit was established, RAP was sel at ~ 65 mmHg for a 60 —90 minute equilibration
period. At the beginning of this period, rabbits were given a bolus dose of [’H}-inulin (4 pCi. 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 YU/ml
sodium heparin and 0.3 pCi/m! [*H]-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 leve! by adjusting vesistance 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, 1D 0.02 in; Dow Corming, 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 sJ
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placed around the left renal artery for RBF measurements. A heparin bolus (5,000 TU 1.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 techmque was first used 0 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; Hansell 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 = 6.92) between the laser-Doppler blood flow signal from the papilla of rats
with papillary blood flow rates determined by the accumulation of *'Cr-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 (~1mm®). The laser beam is scattered by reflective
components within the tissue, and a portion of the light is reflected back via the probe’s recei\I/ing
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 absoluie 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 pm of the fibre track, and produces no disruption to the ;-nicrocircu]atory

region beyond the fibre tip where flow is deterimined (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).

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 (Femoy and Roman, 1991} and *'Cr-labeled red blood cell

accumulation (Roman and Smits, 1986) has been demonstrated.

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 (.5 mm diameter; University of Link6ping, 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 mm®), 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, | part RTV.E 604B, 1 part KATLY.DL) to minimize fluid loss

during both the equilibration and experimental periods.

Altematively, in experiments described in Chapters 4 and 6, a 26 gauge needle type probe (DP4s,
Moor Instruments L.td., 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 solutton
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.
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23 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 chlorchexidine acetate 0.5% wi/v;
Centrimide; Baxier Healthcare, NSW, Ausiralia). 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, Johnson & Johnson Medical, NSW, Australia), and anaesthesia was
induced with propofol (10 mg/kg Diprivan; ICI, Melbourne, Austraha). 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 m]) 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 Implautation 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 polyecthylene 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 ¢m 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 pl/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
postmortemn 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 paraliel 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).

The wound was closed with a series of sutures, first the two separate muscie layers (5.0 Surgilene;
Davis and Geck, 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 1.izde in
line with the muscle fibres and ran parallel to the ribs. The subcutaneous Jayer (5.0 Surgilene), and
finally the cutaneous layer (3.0 silk; Davis and Geck, 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 1ay between the shoulder blades,

for retrieval and connection to a frow-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 sclution 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 was 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 unti} rabbits resumed breathing on their own.
2.3.4  Post-operative care of rabbits

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.
24 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;MHI, 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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25 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 2 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 of 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; (1) 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, (i) mid-cortical glomeruli were defined as those having
shorter afferent arterioles attached to the interlobular arteries ana 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 [*'H]-noradrenaline (Chapter 3)
were sliced into 50 pum 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 overnight at room temperature in trays, which were covéred with foil to prevent
dust from settling on them. Once dried, the slides were mounted on to sheets of Hyperfilm-[>H]
(high performance autoradiography film, Amersham International, Sweden) in casseties. 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 (4shworth-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 papilia (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 3), to a pressure transducer (Cobe; Arvada,
CO, USA) calibrated at the level of the rabhit’s heart using a mercury manometer. Heart rate (HR;
beats/min) was measured via a cardiotachometer acijvated 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




sm—
>

PR

o
TR

R A

LAl

ey

SRR R e

B
i
w
4
i
3
s
%4
.
5
by

Eeps

e 7

s R e e i B

I

Ry oy - Lo 3. wE L F Ay FET
B A e R TR S e

Sy,

Chapter 2. General methods 52

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 2amplified, 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-lo 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. Haecmatocrit 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 pl triplicates of plasma and urine samples were taken
and added to (Sml) scintillation vials containing 2 ml of scintillation fluid (Ecoscint A; National
Diagnostics, Atlanta, Georgia, USA). The remaining piusma was aspirated and the sainples frozen
and stored at -20 °C for later analysis. The concentration of radiolabel in each of the samples was
measured by liquid scintillaticn 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 pl of an inhibitor cocktail (0.21 % (w/v) NaH,P0Q,.2H,0, 0.74% (w/v) Na,HPO,,

1.0% neomyecin sulphate, 3.72% (w/v) ethylenediaminetetraacetate, and 1.0% (v/v) 2,3 dimercapiol-
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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 radioimimunoassay using the method outlined by Oliver et
al. (Oliver et al., 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 pl of
the sample was added to 50 ul of ice cold incubation buffer (0.53% (w/v) Na,HPO,, 2.5% (w/v)
Na,PO,.H,0, 3.7% (w/v) Na,ethylenediaminetetraacetate, 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 pl of ice cold assay buffer (0.64% (w/v) Na,HPO,, 0.37% (w/v)
Na,ethylenediaminetetraacetate, 0.1 % (w/v) neomycin sulphate, 0.1% (w/v) casein, 0.9% (w/v)
NaCl and 0.08% (w/v) NaH,PO,.2H,0; pH 7.4) was then added to the sample. Fifty ul of the
incubated sample was then added to 100 pl of the primary anti‘t;ody (1:30,000 dilution; angiotensin
1 antibody raised in rabbit; Baker Medical Research Institute, Prahran, Victonia, Australia), One
hundred p1 of the trace (**’I-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 HCI,
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 determined 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

2.8.1.1 Renal plasma flow

RBF (determined by transit-time ultrasound flowmetry) was multiplied by the proportion (by

volume) of the hlood that is plasma 1- haematocrit,

In rabbits receiving ["H]-PAH infusion, this was determined by dividing the urine volume by the
plasma AH concentration (determined by scintillation counting) to determine the amount of
plasraa 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.
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2.8.1.2 Glomerular filtration rate

[’H])-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 ([*H])-inulin clearance) divided by renal plasma flow ["“C]-PAH
clearance or determined from transit-time ultrasound flowmetry corrected for haematocrit. In this

thesis it is presented as a percentage value.
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
concentration of sodium in the plasma, and multipying this figure by urine flow. This value is

expressed as percentage in this thesis.
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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 [*H]-inulin (GFR). This volume is expressed as a

percentage.
2.8.2 Calculation of vascular lumen resistance and conductance values

The relative vascular resistances of the arterioles were calculated according to Poiseuille’s equation;
R=28nl/ ="
Where R = calculated vessel resistance

r7=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/ @ . Vessel conductance for the entire vessel length

was calculatedas 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 - analysis of variance

Chapter 4 - paired f test, repeated measures analysis of
two way analysis of variance

Chapter 5 - paired ¢ test, unpaired 7 test

Chapter 6 - 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

Summary

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 aitering MBF.

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
chronically implanted medullary interstitial catheters would remain patent at least 6 weeks after
implantation.

[’H]-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
either chronically or acutely positioned. The intrarenal distribution of radiolabel was
determined by autoradiography.

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.
Radiolabel concentration was eight times greater in the medulla than the cortex, of kidneys
receiving outer medullary interstitial infusion of ’H}-noradrenalinz.

Inner medullary interstitial infusion of the radiolabel resulted only in low levels of radiclabel
within the kidney.

When tested 6 weeks after implantation, chronically implanted outer medullary interstitial
catheters remained patent.

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 4 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 imicrocirculation in the long-term control
of arterial pressure has been the infusion of vasoactive agenis info the rencl 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 Nnitro-L-arginine methyl ester (Maitson ef
al., 1994) and the vasopressin V,-agonist [Phe?, Ile’,0m?®]-vasopressin (Szczepanska-Sadowska et
al., 1994}, at doses that reduce MBF but not CBF, results in the development of sustained
hypertension. Conversely, miedullary interstitial infusion of the vasodilator captopril in SHR, which

increases MBF but not CBF, ameliorates their hypertension (Lu et ol., 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 [*HJ-
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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 beth 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 meduliary
infusion of [°H]-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 medulia, 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 distribution of radiolabel within the kidneys after
outer and inner medullary infusion of [’H]-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 [’H]-noradrenaline. To achieve this, we used
autoradiographic techniques. Our second aim was to establish whether chronicaily positioned

medullary interstitial catheters remained patent 6 weeks after implantation.
3.2 Methods

In order to test the regional kidney distribution of [*H]-noradrenaline afier 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
[’H]-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.
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To investigate the adaptability of these technigues 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 interstitimn. On
completion of these studies, the infused kidneys were removed, and Evans Blue dye was injected

for visual determination of catheter patencyv.
3.2.1 Experimental preparation

The surgical preparation of rabbits receiving a 20 min [’H}]-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 repr ited elsewhere (Correia, 1997).
3.2.2  Iinplantation 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

ul/kg/min) was infused via each catheter throughout the experiment.
3.2.2.2 Ckronically 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 [’H}-noradrenaline, and a further 6 rabbits subjected to

longitudinal study) or 10.5 mm (9 rabbits, all subjected to acute infusion of [*H}-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 pl/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 medullary interstitial infusion of [ H]-noradrenaline

On the experimental day, rabbits were anaesthetisedand prepared as outlined above. Following a 1
hour equilibration period [*H}-noradrenaline (16-24 nCi/kg/min in 100 ng/kg/min noradrenaline)
was infused into the medullary interstitivm for 20 min. This entirc 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 [*H]-
noradrenaline infusion. Ear arterial and renal venous blood samples (0.5 m] each) were collected at
the mid point of each urine collection pertod. 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 [*H]-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 pl/h over 28 day periods. Prior to their
implantation, osmotic puimps 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 pm 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 (An:ersham
Hyporfilm, 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 in:o four regions; cortex, outer stripe of the outer medulla (outer stripe),
medulla {excluding the outer siripe 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 sutjected to
ANOVA, the factors comprising rabbit, and the kidney region (cortex (C), outer medulia {OS),

medulla (M), and papilla (P)).

Comparisons made beween 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 of radiolabel: 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, und 8.0 + 0.8 fold lower
than those in the outer stripe, medulla, and papilla, respectively (Figures 3.12 and 3.2a).

3.3.2  Intra-renal distribution of radiolakel: 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 kidaey were 103 + 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

TR
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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 radiclabel in the outer stripe of
the outer medulla (180 + 20 dpm/mm?®) and in the medulla (209 + 33 dpm/mmz), than was the case
with acutely positioned catheters (79 + 11, and 140 + 19 dpm/mm® 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/mm’), and the medulla (209 + 33 dpm/mm®), when
compared to inner medullary infusion (74 % 15, and 88 + 16 dpnvmm?®). 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 arcas within the renal medulla (Figure 3.3).




Figure 3.1 Typical autoradiograms, showing radiolabel distribution throughout kidneys
foliowing [*H]-noradrenatine (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. ouler 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/mm’°),
determined from autoradiographic analysis of infused kidneys at end of 20 min infusions of [*H]
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, papiila. See Methods for definitions of these regions.
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Figure 3.3 Photographs of kidneys toliowing chronie 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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34 Discussion

The aim of this study and our previous study (Correia, 1997) was to design and validate technigques
for the delivery of pharmacological agents into the renal medullary interstitium of rabbits, and to
d:iormine the renal distribution and disposition of the infused radiolabelled substance. Similar
techniques have been developed in rats (Lu et al., 1992; Lu et al., 1994; Matison 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 [*H]}-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 interstittal infusion of noradrenaline delivered
to the outer medulla of the rabbit kidney, via either acutely or chronically positioned cathsters
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 redvctions 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
[’H]) 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 [*H]-
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 meduilary interstitial infusion. Furthermore, outer medullary
interstitiai 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 resuit 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. Quter 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 al., 1990). It is unlikely to reflect leakage of [*’H]}-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 al., 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 er al., 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 um 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 oniy the infused kidney was subjected to
autoradiography, half of each of the infused and contralateral kidnevs were subjected to tissue
solubilization. Although this is 2 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 rapbit 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 al, 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 handiing 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 (Kriz, 1981). For example, the rabbit renal medulia 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 al., 1990). Conversely,
our results are in agreement with those of Cowley and colleagues (Lu et al., 1992; Cowley ef al.,
1995), in rats, at least to the extent that in both species during medullary interstitial infusion of a
radiolabelled small molecule ([**C]-clentiazem in their case and [*H]-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 [’H]-
noradrenaline, of the amount of radiolabel spilled ¢ver 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 [*H)-
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
[*H]-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 [’H]-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 ¢f 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. Qur 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 :xited 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 coripared 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 simuitaneous data regarding hormonal status
(Evans et al., 1994), cardiac output (Evans ef al., 1993), RBF (Tomoda et al., 1996), renal
sympathetic nerve activity (Malpas and Evans, 1998), and more recently MBF and CBF (Evans e
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 trie 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 CF RENAL MEDULLARY AND INTRAVENOUS
NORADRENALINE ON RENAL ANTIHYPERTENSIVE FUNCTION

4.0 Summary

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.
In previous studies, we found that intravenous noradrenaline infusion (300 ng/kg/min)
seiectiveiy reduces CBF, wherecas medullary interstitial infusion of the saine dose selectively
reduces MBF, This provides a useful tool for studying the role of MBF in a variety of different
experimental settings.
Therefore in the current study, medullary interstitial and intravenous infusions of noradrenaline
were employed to study the role of MBF responses to increased RAP.
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 {or urine sample collection. CBF and MBF were determined by laser-
Doppler flowmetry, and total RBF was measured by transit-time ultrasound flowmetery.
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 frem ~ 65 to ~160 mmHg.
With RAP at ~65 mmHg, intravenous and medullary interstitial noradrenaline infusions
similarly increased MAP (by 12 — 17% of baseline), and reduced tota! RBF (by 16 — 17%) and
CBF (by 13 - 19%), but only medulla:y interstitial noradrenaline reduced MBF (by 28%).
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7. When RAP was increased fo ~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 rnedulla to attenuate the
pressure diuresis/natriuresis response and perhaps also release of the putative renal medullary

depressor hormone.

4.1 Iatroduction

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 m MBF shifi 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, 1995),
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 haermoconcentration 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 [Phe’, Jle?, Om®J-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 V,-agonist 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 V -receptors
in the kidney, or even extra-renal V, receptors, which might blunt the release and/or actions of the

putative renal meduilary 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
noradrenzaline reduces MBF twice as much as CBF, whereas intravenous noradrenaline reduces only
CBEF, 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 impyuct 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
haeinodynamics, 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 exfracorporeal circuii 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 haemodynamics. 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 Sectioa 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 tlie junction of the ower and inner stripes of the outer inedulla (8.5 mm below the cortical
surface) (Section 2.2.3, Chapter 2).

Once the extracorpetreal circuit was established, RAP wax set at ~ 65 mmHg for a 60 min
equilibration period. A bolus dose of [*H]}-inulin (4 2Ci, NEN Research Products) was administered
in 1.0 m! 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 initiatod (0,18 ml/kg/min) which continued for the duration of the experiment.

4.2.3  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
1imb of the circuit was measured with an in-line ultrasonic fiow probe (type 4N, Transonic Systems
Inc), These signais 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 [*H]-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).
[*H]-inulin clearance was used to estimate glomerular filtration rate (GFR). At the completion of
each experiment, the left kidney +.2s 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 cffects 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, 83,
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 mi) for clearance measurements was collected from an ear 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 [, except noradrenaline (300 ng/kg/min; n=7) or its vehicie

(20 pl/kg/min; n=8) were admimstered intravenously via an ear vein catheter.
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Phase 1
{vRAP 65 mmHg
Stable Baseline Vehicle / Noradrenaline ———ly
0 10 20 30 min
Tlntravenousf medullary infusion
Phase 2
5 15 min

A

T 85 mmHg T11o mmHg T‘Is(l mmHg T160 mmHg

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 ul/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 nimHg 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 m! blood samples were collected at the mid point of each collection period (A1-AS) 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 anatysis

4.4.1 Phasel

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 vanable during the period 10 to 20 minutes afler the initiation of the infusion were

compared with the levels during the 10 minute conirol period by paired f test.
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4.4.2 Phasell

These data were analyzed by ANOVA adapted for repeated measures analysis of vartance. To test
whether increasing RAP altered each variable, 2 1-way analysis was first performed on all vehicle
treated rabbits to provide the main effect of increasing RAP (Prap). 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 medullary interstitial noradrenaline on systemic and renal haemodynamics

Renal medullary interstitial infusion of noradrenaline (300 ng/kg/min) was accompanied by
pregressive 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
peried 10 to 20 minutes after beginning the infusion) and MAP (by 17 £ 4%) and reductions in RBF
(16 £ 3%), CBF (13 + 2%). and MBT (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
(Tabie 4.2).

4.5.1.2 Effects of intravenous noradrenaline on systenic and 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 ne significant changes in RAP,
CBF, or MBF (FFigure 4.3, Table 4.1).
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4.5.2 Phase I1: 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 t0 29 + 2 ml/min/g) and GFR (from 0.8 £ 0.1 t0 3.0 £ 0.4
w1l inin/g) (Prap <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 mmHg/ml/min/g before decreasing to 6.9 £ 0.6 mmHg/ml/min/g when RAP was
increased to ~ 160 mmHg (Prapr =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 (Pgap =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 pymol/min/g) and in the fractional excretions of urine (from 12 + 1% to 43
+ 3%) and sodium (from 11 £ 2% to 40 + 3%) (Prap <0.001).

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 + § mmHg and at an increasing rate of 0.04 + 0.06 to 0.96 + 0.15 mmHg/min
(Prar <0.001). 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 1o decrease (from 266 + 5 to 253 + §
beats/min) as RAP increased to ~ 160 mmHg (Prap =0.05).
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4.5.2.5 Plosma 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 (Prap =0.04), Figure 4.8.

4.5.3  Effects of medullary interstitial and intrav2nous noradrenaline on responses to increased

renal artery pressure

The RAP-dependent increases in RBF and CBF were significantly atienuated 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 significanily
attenuated, but no significant effect on plasma renin activity was observed. Medullary interstitial
noradrenaline also significantly altered the response of haematocrit to increased RAP, zttenuating
the increase itn haematocrit as RAP was increased to ~110 mmbg. 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 4.4 Effects of renal outer medullary interstitial and intravenous infusion of
noradrenaline on renal haemodynamic variables. Symbols are as for Figure 4.2, and are the
mean value for each 15 min at each level of RAP. Error bars are as for Figure 4.2. Qutcomes of
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to increased RAP.
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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 74%14 1724 35506 1224
HR -0.7+23 2+1 1.3£0.5 -0.02+£3.0
RAP -0.3x20 19+4 0.8+1.0 -17£9
RBF 08+£25 <163 3.7+5.8 -17+£9
CBF 03x£23 -13+2 0.3+58 -19+3
MBF 3x£10 28+ 9 04+4.1 -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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Table 4.2 Outcomes of repeated measures analyses of variances for the data depicted in

Figures 4.4-4.8.

Meduilary Noradrenaline Intravenous Noradrenaline

Variable Pressure Treatment , Press*Treat Treatment Press*Treat

Renzl Haemodynamics: Figure 4.4

RAP <0.001 0.39 0.51 0.39 0.57
RBF <0.001 0.05 0.003 0.10 0.76
GFR <0.001 0.53 0.76 0.33 0.72
RVR 0.05 0.15 0.01 0.16 0.27
FF% 0.001 0.44 0.06 0.65 0.82
Regional Kidney Perfusion: Figure 4.5

CBF 0.005 0.31 0.01 <(.001 0.62
MBF 0.34 0.47 0.55 0.49 0.13
Renal Excretory Function: Figure 4.6

Uvor, <0.001 0.01 0.04 0.29 0.58
FE\oL <0.001 0.20 0.07 0.91 0.68
UnarV <0.001 0.01 0.03 0.32 0.39
FEna+ <0.001 0.14 0.16 0.44 0.84
Systemic Haemodynamics: Figure 4.7

MAP <0.001 0.G62 0.05 0.38 0.11
DMAP/dt <0.001 0.03 092 0.52 0.89
HR 0.05 0.75 0.19 0.05 0.40
Hect 0.04 0.12 0.02 0.27 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 aitered the responses to increased RAP. Press*Treat, 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, Uyg.=
urine flow, FEyo = fractional excretion of urine, Uy, V= urinary sodium excretion, FEy,.=
fractional excretion of sodium, MAP = mean arterial pressure, HR = heart rate, Het= 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
[*H]-noradrenaline resulted in greater levels of radiolabel in the medulia 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 meduliary
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 thiough its involvement in the mechanisms mediating pressure diuresis/natriuresis
and possibly also in the mechanisms mediating release of tae 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 previcus 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 litile or
no effect on MBF. Thus, our present experimental design provided a good paradigm for examining
the effects of reduced MBF on the renal antihyperiensive 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 chaiiges in RAP. Since the medullary

laser-Doppler tflow 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 tue 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,
te 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 medull ry 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 recetving 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 redvzed 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), soits
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,
s0 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, 1983), 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
al., 1991; Bergstom and Evans, 1998). On the basis of the finding that the depressor response 1s
abolished by chemical medullectomy, 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; Thomas et al., 1996). It may be that this putative hormone is
identical, or similar, to “medullipin”, which has been isoclated but not yet fully chemically

characterized (Brooks et al., 1994).

Previous studies have shown that some (Rudenstam et al., 1992; Bergstom et al., 1995, Bergstém
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 medullary depressor hormone. However, given our previous finding that medullary
interstitial infusion of [Phe’, 1l¢’, Orn’]-vasopressin reduces MBF and attenuates the depressor
response to increased RAP (Bergstdm 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 refative 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
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mechanisms (Rudenstam et al., 1992; Bergstom et al., 1995; Evans et al., 1995; Bergstém 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.

5.6 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/matriuresis 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 furither 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 ef al., 1996). Urinary excretion of
salt and water increases exponentially with the increased RAP, so reducing cardiac output (Cowley
et ql., 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 (Muiriwead, 1980; Muirhead, 1993), in a series of elaborate
experiments indicates the presence of a putative vasodepressor hormone, which i1s 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 (Muiritead and Brooks,
1980). In these models, the depressor response to unclipping is blunted by chemical medullectomy
by BEA-pretreatment (Bing er al, 1981, Taverner et al, 1984), and by pre-treatment with a
cytochrome P450 inhibitor (Zou er 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 er 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 iu situ at any level
above or below systemic arterial pressure (4dnderson 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., 1993), 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 meduila, 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® (Bergsirém, 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 (Karlstrém 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 RAP 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 sit 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 (i) 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,



Chapter 5. Factors mediating depressor responses to increased renal artery pressure 100

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 angistensin I (by enalaprilat (2.0 mg/kg plus 10 pg/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.
Group I, control
Group 2, RAP 160
Group 3, RAP 160, CO clamp
Group 4, RAP 160, CO clamp
and RAS clamp
(3  15min
i
Rnn 1 Rnn 2 Rnn 3

> < > <
RAP 65 mmHg RAP 65/160 mmHg RAP 65 mmHg

®)
710 min
-+
Enalapritat Enalaprilat
bolus Anglotensin 11 Adjust Angiotensin I
2.0 mg/kg 19 neikg/min
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 ali 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 (Ul-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 U6, 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 iniravenous enalaprilat (2.0 mg/kg, plus 10 pg/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 expiained in detail in Sections 2.3.1 and 2.3.3 ii1 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 anaesthesta, 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 ina 15 x 40 x 18 ¢cm box, fitted with a wire mesh lid.

L4

5.2.4 Surgical preparation and establishmes! 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 [*H]
inulin (4 pCi) 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 TU/ml sodium heparin, and 0.3 pCi/m! [*H] 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 [*H} 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, Uy, and Uy,"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

3.3.1 Genera:

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, 1o
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 sef 10 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 peried was then followed by 2 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, (i1) a ‘cardiac output clamp’, consisting of intravenous infusions of
compound sodium lactate (Hartmann’s solution) to replace urine cutput each minute during the
period when renal artery pressure was increased, or (iif) a ‘renin-angiotensin system clamp’,
consisting of enalaprilat (2.0 mg/kg plus 10 pg/kg/min) to block angiotensin converting enzyme and
an intravenous infusion of angiotensin II (40-50 ng/kg/min) to restore MAP to ils 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, ana:esthctised 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 multipie comparisons,

P values were adjusted using the Dunn-Sidak correction (Ludbrook, 1994).

3.3.3.2 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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54 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 mi/kg and 0.58 £
0.04 mmHg/ml/min/kg respectively (Figure 5.3, Table 5.1). )

3.4.1.2 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 bu,
SVR remained unchanged (Table 5.1).

5.4.1.3 Heparin bolus (B)

Intravenous administration of 2 2.5 ml bolus dose of heparin (2,500 [U) 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).

3.4.1.4 Qcclusion 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/min/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 {o withdraw blood from the abdominal aorta (70 ml/min) and
return it to the vena cava, MAP fell by (12 = 1 mmHg). SV initialiy decreased 0.04 = 0.01 mli/kg in
the first Z 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 mi/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 mi/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 stahilized. The average

levels of these variables during this period are shown in Table 5.1. Apart from a small difference in




Chapter 5. Factors mediating depressor responses 1o increased renal artery pressure 107

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 states in these rabbits, but was 22 £ | 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.
3.4.3.2 Effects of increasing renal artery pressure on renal haemodynamic variables

Group 2
When RAP was increased to ~160 mmHg RBF increased from 12 £ 2 t0 39 & 6 ml/min/g and RVR
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 10 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+ 0.5t0 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 = § 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 mi/min/g,
and from 7 + 2 to 101 £ 22 pmol/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 mi/min/g, and from 6 £ 2 to 200 = 12 pmol/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 hacmodynamic 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 from2+ 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 Het 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 1n group 2 (20 £ 5 %) than group 3 (2 £ 2%) (P = 0.008), as was SV (group 2, 18 £ 4%; group
3, 3x2%; 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 £ | 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+ 9to 71 £ 9
mmHg). In rabbits from group 4 (‘angiotensin II clamp’}, neither dose of angiotensin I significantly
increased MAP,
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Figure 5.7 Renal haemodynamic responses to increased RAP. Each point is the average of
the final 15 min during each event. Symbols and error bars are the mean = SEM for each
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(RAP) was set at ~65 mmHg in all four groups. In groups 2-4, RAP was set to ~160 mmHg for
30 min (periods 3-4), before being returned to ~65 mmHg for a further 30 min (periods 5-6). In
groups 3 and 4, urine volume during the period of increased RAP was returned to the animal as
an equivalent volume of compound sodium lactate (‘cardiac output clamp’). In group 4, the
effects of increased RAF on the renin-angiotensin system were controlled tor by intravenous
administration of enalaprilat (2 mg/kg plus 20 pg/kg/min) and angiotensin 1l (40-50 pl/kg/min).
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stroke volume; HR, heart rate: CO, cardiac output; Het, haematocrit.

Systemic haemodynamic responses to increased RAP (continued). Lines,
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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 2246 157+ 7 0.58+0.04 0.68+0.03
Anaesthetised (15 min)
62 £ 5 *** 256 + 6* 132+ 11* 1.13+£1.84 0.54%0.07 0.53+006
Circuit established (15 min)
83+ 3™ 260 + 6* 1435 1.75+069 0.61+004 056+004 66+04 142+1.2 5504
Psrate < 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 0.62£006 0.77+0.08
Anaesthetised (15 min)
67 £ 5* 246 £ 9* 109 £ 10* 0.08+102 0.67+x009 0.45+0.04%
Circuit established (15 min)
804 250 £ 7** 157+ 8 083075 051003 0.63+004 66+04 10.9+0.7 62 £03
Psyate 0.02 0.006 0.08 0.57 0.38 0.02
Peroup 0.89 0.42 0.65 0.81 0.80 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, rena! blood flow; RVR, renal vascular resistance. Pgrour tests whether the
mean levels of variables differed between the two groups of rabbits (df 1,22-42), Psrag 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; ' P <0.05, 't p

<0.01, " 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 RAP 160 return
volume volume replacement
replacement plus ‘RAS clamp’
Renal Hemodynamics: Figure 5.7
RAP 0.58 <0.001 <0.001 <0.001
RVR 0.84 0.51 0.03 0.04
RBF 0.80 0.02 <0.001 <0.00!
Renal Excretory Function: Figure 5.8
UvoL 0.56 < 0.001 <0.001 < 0.001
FF% 0.82 0.45 0.22 0.001
GFR 0.60 0.01 0.003 0.003
UpasV 0.94 < 0.001 < 0.001 ‘ £0.001
FEy..% 0.71 < 0.001 <0.001 £0.001
FEvoL% 0.50 < 0.001 <0.001 <0.001
Systemic Hemodynamics: Figures 5.9 and 5.10
MAP 0.16 0.003 0.10 0.29
% OMAP 0.55 0.01 0.11 0.54
SVR 0.60 0.02 0.24 0.97
Cvp 0.37 0.004 0.01 0.05
CcO 0.10 0.02 0.49 0.09
SV 0.34 0.09 0.07 0.10
HR 0.32 0.46 0.15 0.85
Hct 0.12 0.30 1.00 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; Uyg,, urine flow; FF, filtration
fraction; GFR, glomerular filtration rate; Uy,.V, urinary sodium excretion; FEy,., fractional
excretion of sodium; FEyq,, fractional excretion of urine; MAP, mean arterial pressure; %4 MAP,
% change in MAP; SVR, systemic vascular resistance; CVP, central venous pressure; CO, cardiac
output; SV, stroke volume; HR, heart rate; Hot, 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 theit 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 (i) 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 reducedd CVP and CO, and a small but significant reduction in SVR, Thus, it appears to result
chiefly frivs 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 mighi 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 o 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 {indings 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 [Phe’, Ile’, Om®]-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 Vi-agonist, the pressure natriuresis-diuresis
response was if anything slightly greater than that of the control rabbits. However, our recent study
of the disposition of [*H]-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 [’H]-noradrenaline, around 40% of the infused radiolabel spilled over into
the systemic circulation (Correia, 1997). Based on comparison of the systemic effects of medulloy
interstitial and intravenous [Phe?, lle’, Orn®)-vasopressin (Evans et al., 1998a), it seems likely that
this agent has comparable systemic spillover when adminisiered into the medullary interstitium.
Thus, we cannot exclude the possibility that [Phe’, Ile’, Om®]-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 [Phe?, lle’, Om®]-vasopressin, since intravenous noradrenaline,
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which also had a pressor action, did not blunt the depressor response 1o increased RAP (Chapter 4).
One possibility that merits investigation is that he?, Nle’, Om®)-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 (Schadr and Hasser, 1991) V,-receptors 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

.
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 medullarv interstitial noradrenaline.
Taken together with the results of the present study, it seems likely that the effect of meduliary
mnterstitial 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 controt,

chiefly through its role in moduiating 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 eirculation. 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 vressure diuretic/natriuretic
response was blocked. Inhibition of the renin-angiotensin system appears to play little or,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 mode! in anaesthetised rabbits.
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Chapter Six

EFFECTS OF ACTIVATION OF VASOPRESSIN-V-RECEPTORS ON

REGIONAL KIDNEY BLOOD FLOW AND GLOMERULAR
ARTERIOLE DIAMETERS

Summary

Intravenous infusion of the vasopressin V,-agonist [Phe?, He*, Om®}-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 V,-receptor
mediated reductions in MBF.

Expenments 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.

Following a 30 min control period, rabbits received a 30 min intravenous infusion of the V-
agonist [Phe’,Ile’,Om?®]-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.

The diameters of afferent and efferent arterioles in the outer, mid and juxtamedullary cortex of
the left kidneys were determined by scanning electron microscopy.

Intravenous [Phe?, Ile®, Om®)-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 variabies.
There were no significant differences in afferent or efferent arteriole diameter, in any of the

cortical regions, between [Phe?, Tie*, Om®}-vasopressin and vehicle treated rabuits,
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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 regulaiion 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 V,-agonist -
[Pte?, Tle’, Om®) 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 vasoconsiriction 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 (Zinmerhackl et al., 1985).

In support of the hypothesis that V,-receptor mediated decreases in MBF are mediated by
vasocons<triztion of juxtamedullary arterioles and or outer medullary descending vasa recta, V-
receptor nu’:JA 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 er 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-Bermard and Carmines (1994), using the blood perfused juxtamedullary nephron

preparation, arginine vasopressin at physiological concentrations (>10"* 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 vifro, the concentrations required (~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 vasoconsiriction of
juxtamedullary glomerular arterioles in mediating reduced MBF in response to activation of V-
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 {Phe?, Ile’, Om®] 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 al.,
1992, Denton et al., 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 [Phez,IIeS,OmB]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 placzd 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 1t

couvld be occluded during the fixation process.
6.2.3 Experimental protocols

On completion of the surgery, bolus doses of [*H)-inulin (4 pCi; NEN Research Products, Sydney,
Australia) and [“'C}-PAH (1 uCi; NEN Research Products) were administered intravenously, and
the maintenance infusion of Hartmann’s so'ution (0.18 ml/kg/min) was replaced with a solution
containing 300 nCi/ml {°H]-inulin and 83 nCi/ml [**C]-PAH, in 4 parts Hartmann’s solution and 1
part 10% v/v polygeline (Haemaccel, Hoechst, Melbourne, Australia). Following a 60 min
cquilibration period, and a 30 min control period, rabbits received a 30 min intravenous infusion of
either the V,-agonist [Phe’lle’,0m®] vasopressin (Peninsula Laboratories Inc., Belmont, CA, USA;
30 ng/kg/min; n=7), or its vehicie (50 pl/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 (3.9 ml) blood samples were collected at the mid point of each period for

determination of plasma renin activity, plasma sodium concentration 2nd 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’,Tle’,0m®] 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; MIH; West Chexrer, PA, USA) was perfused into the left and right
kidneys at the same pressure as the fixative. Both kidneys were than clampe:d 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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Rnn 1, A1 Rnn 2, A2
0
<
No infusion Vi-agonist (30 ng/kg/min)
Vehicle (50 yl/kg/min)
Figure 6.1 Schematic diagram of experimental protocol for study investigating the effect of

[Phe’,lle’,Orn®] 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 (U1), 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 (A1). 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 experimenial 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, Liaematocrit,

and determinations of sodium, [*H]-inulin and ["*C}-PAH concentrations. GFR and effective RBF

were calculated as detailed in Sections 2.7.2 ard 2.7.3 (Figure 6.1).



Chapter 6. V,-receptors, medullary blood flow, and glomerular arterioles 133

6.2.3.3 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 fixative to allow complete polymerization of the methacrylate (2448 hours). The
preparation of the vascular casts for scanning electron microscopy is explained in detail in Section
2.5.1 of Chapter 2. Bnefly, the kidneys were sectioned and incubated for 1 week in fissue
solubilizer potassium hydroxide (KOH) for removal of the tissue from the casts. The remaining
casts were then washed, mcunted, 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 pm 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 al.,
i992; 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 detaill 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=1/") and

expressed per unit length (Denton et al., 1992; Denton et al., 2000), see Tabie 6.2.
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6.2.4 Statistical analysis
6.2.4.1 Haemodynamic data

To test whether [Pne’,lle’,Om®]-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 [Phe? lle’,0m®]-vasopressin treatment aitered vesse! 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 leveis 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 remal responses to [Phé’Jle’,Orn’]-vasopressin and vehicle

freatment

Intravenous [Phe’ Ile’,0m®)-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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[Phe’.Tie’,0m®)-vasopressin treatment had no significant affect on effective RBF in either kidney.
In both the left (denervated) and right (and innervated) kidney, [Phe’Jlle’,Om®]-vasopressin
treatment significantly increased GFR (38 = 13 and 109 £ 38%, respectively), urine flow (166 + 32
and 355 x 78%, respectively) and sodium excretion (118 = 21 and 290 * 82%, respectively).
Following vehicle trcatment 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%) s:dneys, 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 pm) 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 [Phe’,lle’,0m®)-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
[Phe’,lle’,Om®)-vasopressin treated than in vehicle treated rabbits (P = 0.07, Figure 6.5). Calculated
relative tesistance per unit vessel length was closely similar in vehicle and [Phe’lle’,Om®]-
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 [Phe? lle’,Om’®)-

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 + (.70, 13.87 £ 0.52, and 15.48 + 1.20 pum, respectively.
Compared with these afferent arterioles, the corresponding efferent arterioles had smaller diameters
in the outer cortex (12.37 £ 1.00 pm, P = 0.02) and mid cortex (12.13 £ 0.61 pm, P = 0.03), but
greater diameters in the juxtamedullary cortex (17.62 £+ 1.48 um, P = 0.02).



Figurc 6.2 Scanning electron microscope image of juxtamedullary glomeruli. A. afferent

arteriole; E, efferent arteriole; G, glomerulus: OMDVR, outer medullary descending vasa recta.
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Figure 6.3  Effects of intravenous infusion of [Phe? Ile*,0m®)-vasopressin (30 ng/kg/min) or
its vehicle (154 mM NaCl, 50 pl/kg/min) on systemic and renal haemodynamic variables. MAP,
mean aricrial pressure; HR, heart raie, 14:°T, haematocrit; RBF, renal blood flow; CBF, renal
cortical perfusion, and MBF, renal medudary ::crfusion. Columns and error bars represent the
mean £ SEM of data (n=7) during the finz} 20 raiv of the control period (open columns), and the
final 20 min of the period of infusier ef vchicle (hatched columns) or [Phe’ lle’,Om’}-
vasopressin (filled columns). P values represent outcomes of paired t-tests, testing whether
variables changed significantly during infusions of vehicle or [Phe* lle’,0m®)-vasopressin.
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Figure 6.4 Effects of intravenous infusion of [Phe? Ile’, Om®}-vasopressin (30 ng/kg/min) or
its vehicle (154 mM NaCl, 50 ul/kg/min) on renal clearance variables in the denervated (left)
kidney and the intact (right) kidney. ERBF, effective renal biood flow; GFR, glomerular filtration

rate; Uyoy, urine flow, Uy,.V, urinary sodium excretion. Columns, error bars and P vzlues are as
for Figure 6.3.
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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 [Phe’ lle’,Om®)-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 [Phe?,lle’,Om®]-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 pl/kg/min; n=7) or [Phe’, Ile’,0m°])-
vasopressin (30 ng/kg/min; n=7) on systemic and renal haemodynamic variables. Data are presented

as percentage change from baseline measurements.

Vehicle [Phe?, Iie’,0rn®] vasopressin
MAP -1x3 193 *
HR -1+£2 16 2 *¥*
HCT 341 * T2 *
RBF 3+ 64
CBF 12 -1+£5
MBY 5%4 30+£10%

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 V,-agonist or
vehicle, *P < 0.05, **P < 0.01, ***P < 0,001 for outcome of paired t-test. MAP, mean arterial
nressure; HR, heart rate; HCT, haematocrit; RVR, renal vascular resistance; RBF, renal blood flow;

CBF, renal cortical blood flow; MBF, renal medullary blood flow.

Tabie 6.2 Effects of intravenous infusion of [Phe’, lle*, Om®]-vasopressin (30 ng/kg/min) or

its vehicle (50 ul/kg/min) on relative resistance.

TREAT VESSEL OUTER MID JUXTA
CORTEX CORTEX MEDULLARY
Vehicle Afferent 0.051 £ 0.018 0.064 £0.017 0.060 = 0.021
V- agonist Afferent 0.087 + 0.041 0.080 £ 0.022 0.128 +£0.058
Vehicle Efferent 0.293 + 0.051 0.189 £ 0.039 0.124 £ 0.036

V- agonist Efferent 0.417 £0.073 0.375+ 0.083 0.174 = 0.059
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6.4 Discussion

As previously demonstrated (Evans et al., 1998; Evans et al., 2000), intravenous infusion of the V,
-receptor agonist [Phe?, Ile*,0m®] 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 [Phe®, Tle*,Om®|-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 al., 2000). We found that intravenous infusion of [Phcz, Ile3,0m3]-
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 [Phe?, Iie’,0m®)-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 [Phe?, Ile’,Om®)-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 [Phe?,

Ne? Om®)-vasopressin in vitro (Turner and Pallone, 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 [Phe?, lle’,Orn®]-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 (Hansell, 1992), and used extensively by others
(Franchini and Cowley, 1996, Cowley, 1997; Franchini et al., 1997) and ourselves (Correia, 1997,
Evans et al., 1998; 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 :




Chapter 6. Vi-receptors, medullary blood flow, and glomerular arterioles 142

previous studies in this (Kaissling and Kriz, 1979; Denton et al., 1992; Denton et al., 2000} and
other species (Gatfone et al., 1983; Dwarkin and Brenner, 1996). Furthermore, previous studies
using the technique of vascular casting have demonstrated vasoconstriction in glomerular arterioles
in response to angiotensin Il (Denton et al., 1992; Denton et al., 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 [Phe?, Ille’,0rn®]-vasopressin on CRF and RBF, we observed no
significant differences between vehicle and [Phez, I]e3,0m3]-vasopressin treated rabbits in the
diameters of afferent or efferent arterioles in sup<rficial and mid cortical regions of the cortex. If the
30% reduction in MBF were entirely due to vasoconstriction in juxtameduliary arterioles, we would
have expected (based on Poisculle’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
[Phe?, Iie?,Om®]-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 [Phe?, Iie’,Om’}-vasopressin

treated than in vehicle treated- rabbits,

Our failure to detect significant differences in juxtamedullary glomerular arteriole diameter between
vehicle- and [Phe?, Ile*,0m®]-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 pm 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 [Phe?, Ile’,Orn®]-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 i vivo
conditions, and it is likely that the responsiveness of renal vascular elements to activation of V,-

receptors is highly dependent upon the intrarenal hormonal milieu. Furthermore, although they

et .
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appear less sensitive than afferent arterioles under in vifro conditions (Harrison-Bernard and
Carmines, 1994), outer medullary descending vasa recta do respond to arginine vasopressin and
[Phe?, Ile’,0m®|-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’,
Ne?,Om®]- 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 meduliary 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 studies 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-

receptors.

The present study also allowed us to make a number of interesting observations about the systemic
haemodynamic and renal effects of [Phe?, lie*,0m®] vasopressin. Intravenous infusion of this agent
increased MAP, GFR, urine flow, and sodium excretion. The diuretic and natriuretic effects of
[Phe?, Tle’,0m®)-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 V,-receptors, and are at least in part independent of the pressor effect of [Phe?,
Ile’,0m®}-vasopressin (Ledderhos et al., 1995). In the present study we also found that [Phe?,
le’,0m®] 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 [Phe?, Ile’,Om®]-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
[Phe?, Tie’,Om®}-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 [Phe’, le’,Orn®]-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 [Phe’lle’,0m’]-
vasopressin on MBF. A role for downstream vascular elements, and in particular outer medullary
descending vasa recta, remains possible. However, since our present iz 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 thai the renal
medullary microcirculation plays a significant role in the long term control of arterial pressure,
chiefly through modulation of the pressure diuresis/matriuresis response, and possibly also the
release of a putative renal medullary vasodepressor hormone. In this final chapter, 1 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 [’H)- noradrenaline

Renal medullary interstitial infusion of [’H)-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 resuits 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 HJ-
noradrenaline, it was previously shown that approximately half of the outer medullary interstitially

infused radiolabel spilied over into the systemic circulation (40 %), or exited the kidney via the
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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, (i1) 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, nrespective 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 (Corrziz,
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 molecuies, 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 manipulaied
independently of direct effects on systemic arterial pressurc. 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 biunted 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 [Phe?, Hle?, Om®]-
vasopressin (Bergstrém and Evans, 1998} can inhibit one or both of these antihypertensive
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/ETg-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 .meduilary
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 flew 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 MF.7 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 vascdilator
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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 arierial infusion, and do not spiil-over in sufficient quantities to reduce arterial pressure

(Guild et al., 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
antagonisi 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 autoregulaied in this
exiracorporeal 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
*nat 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 bezn 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

F
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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/natriurests 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 resuits of the experiments
described in Chapter 5 do not prove that a depresser 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 (Thomas 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/min when RAP was ~185 mmHg. This was accompanied by reductions in MAP of 4.2 £ 0.7 (at
RAP ~ 935 mmHg) and 18.1 £ 5.3 mmHg/min (at RAP ~185 mmHg) respectively. These figures are
comparabi< to those presented in Chapter 5, in that we observed a urinary excretion rate of 1.5 £ 0.3
ml/min wher. RAP was set at ~165 mmHg and a fall of 16.3 + 3.7 mmHg/min in MAP. Thus,
despite previous claii.is these animals were not in positive fluid balance at all times during these

extracorporeal circuit expeniments (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.

it

.
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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 re!s, where an isolated kidney was
extracorporeally perfused with blood from an intact ‘donor’ rat (Karistrém 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 (Gorhberg 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 medulia. 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 nigh pressure, but also in the recipient kidney, in which arterial
pressure fell (Karistrom 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 Karlstrém 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 pl/min) and subtracting that from
the maintenance infusion (about 50 pl/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 resuits, 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-1clip
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).
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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 excretory 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 artenal 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

[ was recently (August- September 2000) granted the opportunity to undertake such a study. 1 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 limiied (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 Bergstrém

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
(1) a tracheotomy was performed (PE 240), (ii) the tail artery was cannalated for measurement of
MAP and blood sample collections for haematocrit determination, (ii) the jugular vein was
cannulated (PE 50; 0.75 ram ID, 1.45 mm OD) for measurement of CVP, and the delivery of saline
and haemacell for plasma volume miainteriance 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 shamniemoval of the renal artery chip. 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 ((H1, 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 artenial 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 Vi-agonist 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 [Phe?, Ile’, Om®)-
vasopressin, The rabbits’ kidneys were then perfusion fixed, and renal casts were made by
methacrylate infusion. The main findings were, that intravenous [Phe?, Ile’, Orn®]-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 ir
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 [Phe?, Tle’, Orn®)-vasopressin and
vehicle infusion could no! be made, and secondly due to the delicate nature of the casts and

excessive handling, some degrec 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 (Palione et al., 1990). Therefore it may been reasoned, that in order for
[Phe?, Ile’, Om®]-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 V,-receptor activation in
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-vive microscopy

If the observed reduction in MBF in response to infusion of [Phe?, lle’, Orn®]-vasopressin is chiefly
due to vasocoustriction 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 entitics 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 ouier medullary descending vasa recta, as well as

glomerular arterioles.

7.5 Conclusions

Clearly, we have only just begun to develep 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 of :ivolvement of these mechanisms, particularly the
renal medullary depressor hormone still warmrant 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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Renal medullary interstitial infusion of norepinephrine
in anesthetized rabbits: methodological considerations
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Correia, Anabela G, Géren Bergsirtm, Andrew J,
Lawrence, and Roger G, Evans, Renal medullary Intersti-
tial infusion of norepinephrine in anesthatized rabbita: meth-
odological considerations. Am. J. Physiol. 277 (Regulaiory
Integrative Comp. Physiol, 46): R112.R122, 1699, — We tested
mathods for delivery of drugs to the renal medulla of anesthe-
tized rabbita, Quter medullary infusion (OMI) of norepinsph-
rine (300 \"g-kg~!*min=!), using acutely or chronleslly posi-
tioned cat sters, reduced both cortical (CBF; 15%) and
medullary perfusion (MBF; 28-31%). Inner medullary infu-
sion {IMI) did not affect ranal hemodynamics, whereas intre-
venous infusion reduced CBF (15%) without changes in MBF,
During OMI of ("H]norepinephrine, much of the radiolabel
(~40% with chronically positiohed catheters) spilled over
systemically. Nevertheless, autors aphic 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 rediolabel apilled over into the
ayatemic circulntion and ~64% was excreted by the infused
kidney. The resultant intrarenal levels of radiolabel were
considerahly less with IMI comparad with OMI. In rabbita,
OMI therefore provides a useful mathod for targeting agents
to the renel medulla, but given the considerabls systemic
spillover with OM], ita utility is probably limited to aub-
etances that ave rapidly degradad in vivo.

ln'lirerunstan; laser-Doppler flowmetry; renal blood Sow; re-
medulls

THERE 19 ACCUMULATING evidence implicating the renal
medullary microvasculature in the contrel of arterial
greasu.re. In particular, the Jevel of renal medullary

lood Row (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). Furthermare,
although thers is evidence to the contrary (18, 17),
some studiea have shown that renal MBF can be poorly
autoregulated, at least under volume-expandad condi-
tions (4, 5). The renal medullary microcirculation may
therefors be well placed to transduce changes in arte-
rial pressure into homeostatic responses that reatore
normal arteriabpressure,

One technique that has been a usefisl too) for study-
ing tha role of the renel medullary microcirculation in
the long-term control of arterial pressure has been
infusion of vaspactive substances into the renal me-

The costs of publication of this articls were defrayed in part by the
paymsnt of page chargen. The article must therefors be hervby
murked “advertisement” in accordance with 18 U.S.C. Section 1734
solaly te Indicate this fact.

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 fiow (22),
They showed that chronic medullary interstitial infusion
of vasoconstrictor agents such as NU-nitro-L-arginine
methyl ester (19) and the vasopressin V-agonist
[Phe? Te?, Orn®lvasopressin (23), at dosea that reduce
medullary but not cortical bleod fiow (CBF), resulta in
the development of sustained hypertension. Conversely,
medullary interstitial infusion of captopril in epontane-
ously hypertensive ratq, which {ncreases med but
not CBF, ameliorates their hypertension (13).

In longitudinal studies such as thoes described above,
there are considereble acvantages to employing larger
species, In the case of conacicus rabbits, we are able to
obtain long-term and simultaneous data regarding
hormonal status (10), cardiac output (months; 9}, renal
blood flow (weeks; 26), and renal sympathatic 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, bacause it is rapidly broken
down in vivo, minimizing the confounding effects of
spillover into the aystemic clreulation. 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 attentfon. 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 *H)NE and the removal of the radinlabel
from the infusion site via the rensal venous and urinary

excretory routes, Subsequently, similar studies were .

performed 7-14 daya after implantation of cathetera
designed for chronic implantation, in which we com-
pared the effects, distribution, and disposition of NE/
radiolabel during infusion of NE inte the outer and
inner medulla, These studies suggest thetemedullary
interstitial infusion of vasoactive agenta provides a
useful method for selectively manipulating renal MBF
in rabbits. However, the positioning of the cathetar tip
is critical for the distribution of the infused agent and
the effects abserved.

METHODS

Animals

Thirty-three rabbits of a multicolored English strein 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
secordance with the Australian Code of Practice for the Care
and Use of Animae!s for Scientific Prrposes and were approved
by the Anima] Ethics Committee of the Department of
Physiology, Monash University.

Experimental Preparation

This hes been described in detail previously {B), so is
described only briefly here. Catheters were inserted into both
central aar arteries and marginal ¢ar veins for collection of
arterial blood, measursment of arterial pressure, and intrave-
noun infusion. Anesthesia was induced and maintained by
intravenous administration of pentobarbital sodinm (90-150
tog plus 30~50 mg/h Nembutal; Boehringer Ingelheim, Artar-
mon, NSW, Austratia) and }mediately followed by endotra-
cheg] intubation and artificial recpiration. Depth of anesthe-
siz wes monjtored by cornesl and toe pinch reflexes and alsa
by monitoring arterial pressure and heart rate (HR). During
surgery, Hartmann's solution {compound epdium lactate;
Baxtar Healthcare, Toongabbie, NSW, Australia) was infused
intravenously (0.18 mi-kg-1-min-1} to replace fluid losses.
Qua completion cf the preparstive surgery, this infusion was
changed to a 4:1 Hartmeann's- Heemacce] (polygeline and
electrolyte solution; Hoechat, Melbourne, Victoria, Australip}
infusion, which was maintained until completion of the
experiment. Experimental manipuletions commenced 90-
120 inin after completion of the aurgery.

Both kidneys were denervated, and both ureters were
cannulated. A transit-time ultrascund flow probe {type 25B;
Transonic Systams, Ithaca, NY) was placed around the renat
artery, and the tips of three single-fiber laser-Doppler Jow
probes (0.5 mm diameter; University of Linkdping, Sweden}
were placed 0.5 (cortical), 0.5 (cortical), and 10 mm (medul-
lary), reapectively, below the cortical surface (see Ref 8 for
detailed description). For profecols 2 and 3 (see below), a
branch of the ileclumbar vein was isolated and cannulated
(polyvinyl chloride tubing, 0.8 mm 1D, 1.2 mm OD; Critchley
Electrical, Auburn, NSW, Australia), the tip of the cannula
being advanced so that it lay in the renal veiz for collection of
renal vencus blood. To maintain catheter patsncy, heparin-
ized (60 [U/ml heparin sodium, Mongparin, Fisons) Hart-
mann's solution was infused &t a rate of 2 ml/h.

Implantation of Medullary Interstitial Catheters

Acutely positioned catheters, Catheters, constructed using
30-gauge necedles, were plzced 2 cm apart oz 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. Sodium chloride (154 mM; 10 ul-
kg-1-min“1) was infused (via each catheter) into {he renal
medulia until 50 min before the experimental procsdures
commenced.

Chronically positioned catheters. These were implanted
7-14 daye befora the experiment under halothane (1-4%,
Fluothane; ICI, Victoria, Australia) enesthesia end sterile
conditions (see Ref. 25). A left flank incision was made, and
the kidngy was gently extsriorized. The tip of a single
palyethylens 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, st an angle directed
toward tha renal pelvis, The catheter was then advanced so
that it tip lay either 8.5 (r = 8) or 10.5 mm (n = 5) below the
surface of the kidney. Correct insertion resulted in minimal

blesding, which stopped almost immediataly. A small piece of
nylon mesh (1.5 em diameter; Hilton Hosiery, Coclarco,
Victoris, Australia) attached to the catheter was anchored to
the surface of the kidney with cyancacrylate glue (Loctite;
Caringbah, NSW, Australie). The cathster was tunneled
subcutaneously so that itz end lay between the shoulder
biades, and an asmatic mini pump {Alzet 2ML2; & ulh for 14
days, Alza, Palo Alto, CA) filled with 154 mM zaline was
attached to the end of the catheter to maintain cathetar
patency.

In preliminary gtudies we found that the depth of 8.5 mm
{outer medullary catheters) corresponds approximately with
the junction of the inper and outer stripea of the outer
medulla, whereas the depth of 10.6 mm placed the catheter in
the white, inner mednolla, but pot in the papilla When
possible, gross postmortem examinstion of the kidneys was
performed in this and other studies (Ref. 8, unpublished
observations), and the catheters were always found to be
correctly placed. Furthermors, no evidenee of gross diarup-
tion of iidney tissue or scar tissue due to {mplantation of the
medullary interstitial catheters was found from examination
of the frozen sections taken for autoradiographic analysis (ses
below),

Experimental Protocols

Frotecol 1. Acutely positionsd medullary interstitial cath.
eters: effects of medullary interstitinl infusion of saline and
NE on systemic and renal hemodynamics and renal exeretory
function (8 rabbils). Once the ical preparations were
completad (see above), bolus doses 5 PH¥noulin (4 xCi) (NEN
Research Products, Sydney, NSW, Avstralia) and [VClpara-
aminchippuric acid (PAH) (1 xCi; NEN Research Products}
were administarad. The infusion of Hartmann's-Haemaccel
solution (0,18 ml-kg~!-min~!} was replaced with a solution
containing 300 nCi/ml [*Hlinulin and 83 pCi/ml [*+C]PAH,
This infusion continued for the remainder of the experiment.
Ninety minutes later, the first of 11 20-min clearancs perioda
began. These were in turn divided into three runs, consisting
of three, four, and four 20-min clearance periods, respectively,
Thess experimental runs were separated by 90-min aquilibra.
tion perioda. During the first experimental run, the effects of
medullary interstitial infusion of saline were tested. Thus
aaline (154 mM NaCl; 10 pi- kgt min~! through each of the 2
cathetars) was infised into the renal medulla during the
second, but not the first or third, experimental period. At the
completion of this experiments! run, the medullary jntersti-
tinl infusion of salire was recommenced and continned for the
remainder of the experiment. During the second and third
experimentz] runa, either NF¥ (0, 30, 100, and 300
ng-kg-t-min—?, respectively, during the four 20-mio experi-
mental periods) or ite vehicle (20 g -kg-3-min*? 164 mM
NoCl} was administered inta the medullary interstiium. The
order in which the treatments (vehicla or NE) were adminds-
tered was altzrnated (unpaired crossover design), ao that four
rabbite 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 clearanca perioda,
and 1-m! arterial blood samplas were collected before each
experimental run commenced, st the midpoint, and at the
cotzpletion of each run,

Protocal 2. Acutely positioned catheters: disposition and
déstributicn of radiolabel during intramedullary infusion of
PHINE (9 rabbits), [THINE (16-24 nCi-kg~!-min-! in 100
pg-kg~t'min*t NE; one-half the dose via each of the 2
catheters) was infised into the medullary interstitium for 20
min. Urine vroduced 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 PPHINE infusion. Ear arterial and
msl venous blogd samples (0.5 ml each) were collected at the
midpoint of each arine collection period.

At the completion of the 20-min SHINE infusion, both the
infosed and contralateral kidneys were quickly retrieved,
decapsulated, and halved coronally, For half of each kidney,
partiona of the cortex, medulla, and papilla were dissected
and weighed in separate prewsighed 20-m] vials, to which 50
3l of tiszue solubitizer (NCS II, 0.5 N solution, Amersham,

Buckinghamshire, UK) was added per mll].igrnm of wet tissue
waight. Radiosctivity in each region of the lddney was
subsequently determined by liquid seintillatisn counting (see
below), For five of these rabbits, the remaining kidney haives
were frozen in liquid nitrogen and stored a¢ =70°C for
subsequent autoradiographic analysis (see below).

Protocol 3.'Chronically positioned outer and inner medul-
lary cathelers (17 rabbits). First, i doses of NE {0,
30, 100, and 300 ng-kg=!-min- ' were infused into the inner
{n = 9) or the ontar (n = J) medulla via the catbeters
implanted 7-14 days previcously. Each dose of NE waa infuzed
for 20 min. Sscond, after a 20- to 40-min recovery period,
during which all variables returned to their baseline jevels,
NE (300 ng-kg-1'min-'} was infused intravenously for 20
min, Finally, after & further 20—40 min wea sllowed for
Tecovery from intravenous NE, (FHINE {16-24 nCi-kg~1-min~!
in 100 ng-kg*1-min~! NE} was Iofused via the
i ted meduilary Interstitial catheter for 20 min. Arterial
and rsnal venous bicod samples and urine samples were
eollected during the infusion, and the kidoeys were harvested
and processed at the completion of the infusion, as described
For protocol 2.

Mesgurements

Systemic and renal hernodymanic variables, Mean artarial
pressure (MAP, mmHg), HR (beats/min}, left renal blood fiow
(transit-time ultrasound fowmetry; REF,p, mlimin), and
<ortical and medullary laser-Dopplar ﬂu.:ea {CBF and MBF,
raapectively, V) were determined as described previously {8),

Renal function (protocol 1). Clearance measurements of
Elomerular filiration rate (GFR, ml/min) and efective reaal
plasiaa flow (which was corrected for hematocrit to provide
effactive renal blood flow; ERBF, mlfmin) and determinations
of uring and sodium excretion wers made as previcusly
described (8). At the completion of experimenta in which renal
<learance measurements were made (profocol 1), the kidneys
were ramoved and desiccated, and the dry weight was deter-
mized. Therefore, for this protocol, REF ., ERBF, GFR,
urine fiow rats, and urinary sodium sxcretion are expressed
perpmofhdncydxyweaght(meunlﬁ&*ﬂﬂg} :

of radiolabel during infusion of PHINE (proto-
aobzand&? Thoconoeutraticnl of {YHINE and its metabo-
Yitas in anch of the samples were measured by liquid scintilia-
tfon counting and in terms of the total dose of NE
infused (100 ng-kg™t'min~Y), The rate of disposition of
radiclabel by the infused and contralateral kidneys was then
calculated as the concentration (above) muttiplied by the flow
rate {ml-kg-t-min-1). Urine fow was determined gravimetri-
<ally. Rensal venous biond flow was taken es renal arteriat
blood flow determined by the transit-time ultrasound fow
probe and was not carrected for urine flow.

Analysis of solubilized kidrey tissue (protocols 2 and 3).
Once disselved (after at Jeast 7 days of incubation in tissue
solubilizer at room temperature), triplicate 20-ul samples of
gach golubilized tissue sample were added to a water-soluble
scintillation fluid (ACS, Aqueous counting Auid; Amersham}
and sabjected to liguid seintillation counting.

L ESESES———————

Antoradiography (protocols 2 and 3). Coronal 50-gm sec~
tious of the frozes left kidney were cut on & cryostatat —19°C
and mounted on glass slides (subbed with 10% gelatin; BDH
Chemicals, Poole, UK). These sections ware left to dry for 1-2
b at room temperature. Subsequent to slides were
apposed to tritium-sansitive film (Amersham Hyperfilm) fn
the presence of tritium micrvscales (Amersham) for 6-8 wk.
Developcd autoradiograms were quantified using an MCID
M4 image analysis system (Imaging Research) as previoualy
described (1), Each hdney section was divided into four
regions, cortex, outer atripe of the outer medulla (outer
stripe), medulla (excluding ths outer strips and papilla), and
the papilla (defined as the portion of the inner medulls that
protrudes into the renal peivis), for separate quantifieation.

We chose to use both methods {(analysis of solubilized
kidney tiasue and sutoradiography) because both have inher-
ent advantages apd disadvantzges and provide complemen-
tary data. For example, the results from counting solubilized
tissue are potentially subject to varintion due to the dissec-
ton, the degree of solubilization, and extrapolation errors
from counting aliquots, On the other hand, whereas the
autoradiograms provide grester sensitivity and anatomic
resoiution, the data they provide are rapresentative only of
the relatively thin {50 ym) sections taken.

Statigtical Analyses

Data were analyzed by ANOVA using the computer soft-
ware SYSTAT (28). To protect agalnst the increased riak of
comparison-wise type I error reaulting from repeated-
meagures designs, P values were conservatively adjusted,
w!;t)m; appropriate, using the Gree igger correction
{1

Protocol 1. The data were analyzed as the average level of
each varieble over each 20-tnin clearance period, because, at
least for the renal clearanes measurements, this was the
maxixur level of resolution. To test for an effect of medullary
interstitial infusien of saline, an ANOVA was partitioned to
contrast the lavels of each varigble during the 20-min saline
infusion (the second experimental pariod of the first experi-
mental run) with the 20-min perioda before and after the
saline infirgion. To test for efects of medullary interstitial
infusion of NE on systemic end renal hemodynamic variables,
we used the interaction term of time and treatment {vehicle
or NE). For renal clearsnce variables, the interaction term of
time and kidnoey (infuged and contralaterai} was used to
control the confounding effects of changes iv arteria] pressure
on renal function, To test for differences between the re-
sponses of CBF and MBF during NE infusion, the main effact
of kidney region {cortex a.nd medulla) tested whether, across
all three doses of NE, changes on MBF were greater than
those in CBF.

Protacol 2. The levels of udxoacunty in the various kidney
regions were subfected to ANOVA, the fectors comprising
rnbb:t. side (infused or contralatersl kidrey), and lidney

region.

Protocol 3. ANOVAS were partitioned to test the specific
Lypotheses that medullary interstitial infusian of NE dose
relatedly influenced the levels of systemic and renal hemody-
namie variables and that intravepous infusion of NE influ-
enced thesa variablas. To test for differencas betwesn outer
and inner medullary interstitial [FHINE infusion in terms of
the levels of radioactivity entering the kidney via the venal
artery and exiting the kidoey via the urine and the renal vein,
the interaction term between catheter poaition (outer or tnner
madulla) and time was used. Data concerning the levels of
radiglabel in the infused and contralateral kidneys were
snalyzed as for protocol 2.

e
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RESULTS

Protocol 1. Acutely Positioned Ouler Medullary
Interstitial Catheters: Effects of Medullary Interstitial
Infusion of Saline and NE or Systemic and Renal
Hemodynamics nnd Renal Excretory Function

Medullary interstiti=z1 infusion of saline. Cuter med-
ullary interstitial infusion of the vehicte (154 mM
NaCl) had no significant effects on the levels of any of
the gystemic 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~!) was accompanied by dose-related in-
creages in MAP (by 3 = 4,10 = 2, and 16 * 4% of
resting, respectively) and small but statistically signifi-
cant reductionsin HR by (1 £ 1,3 x 1, and 8 = 1%
of resting, respectively), In the infused. (left) lkidney,
RBFpeme was dose relatedly reduced by (8 £ 1, 16 £ 3,
and 30 * 4% of resting, respectively), as was CBF (by
6x4,7=1 and 19 = 4% of resting, respectively) and
MBF (by 17 % 5, 37 = 11, and 45 * 9% of resting,
respectively), The redncuons in MBF were slg'mﬁcantly
greater than those of CBF (P < 0.001) (Fig. 1), consia-
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 '

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 indistinguisheble 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 = (.09} (Fig. 2).
Neither medullary interstitial infusion of saline nor NE
appeared to affect the fractional excretion of urine
{urine low/GFB,) or sodium (sodinum clearance/GFR) (P
always = 0.3; data not shown).

Protocol 2. Acutely Positioned Catheters: Disposition
and Distribution of Radiolabel During Intramedullary
Infusion of FHINE

Disposition of radiolabel. The amount of radioactiv-
ity leaving the infused (left) kidney via renal venous
bload and urine, the amount reentering the left kidney
via the renal artery, and the amount leaving the
contralatera] (right) kidney in its vrine increased pro-
gressively during the 20-min PHINE infusion. With the
exception of renal arterial delivery of radioiabael, all of
these varinbles appeared to reach steady state during
the final 6 min of the infusion (Fig. 3). When averaged
acyoss the final § min of the PHINE infusion, 134.6 =
34.6 ng-kg~*-min~? of ["HINE equivalents exited the
kidney via the rﬂna.l vein, Almost one-tenth (12,9 + 1.6
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Fig. L. Eﬂ'eeho!’medulluyinhnhﬁll infusion of norepinephrine {0,
30, 100, and 300 ng-kg~''min=1) nr its vehicle (154 mM*NaCl; 20
pl-kr‘*mln“) on systemifc and renal hemodynm}c varjables, MA.P
mesn arterial pressure; HR, heert rate; RB! rena] blood fow
dmmimdbytmwt-umeulmoundﬁwpm e.CBE‘.ancaru:nl
perfuston (laser.Doppler flux elgnai); MBF, renal medullary

sion. Columns and error bary represent meany = BB uf duts 8
rabbits (except for CBF and MBF, where n ® B because Jasar-Dopplar
flowmetry was not empl fn 2 rabbits], for average levels aver
each 20-min experimental period. P velues represent outeomes of
{.nunctw? tarme m;'“”;;ng"g;) &f:m npe-ttd:]:;.mlmu ANOVA
degrees of freedom 3, 30-42) testing for nonparallelism in responses
to vehicle and norepicephrine.

ng-kg-1-min=-1) of this radiolabel reentored the infused
kidney via the renal artery. Asimilar amount of radioac-
tivity probably entered the right kidney from its renal
artery, because ERBF in this Breparation ia gimilar for
the two kidnevs (see Fig. 2). During the final 6 min of
the infusion, the amount of radmlabel excreted by the
left kidney (21.5 = 4.7 ng-kg-!'min~!) was approxi-
mately sixfold greater than that excreted by the right
kidney (3.8 % 0.7 ng-kg~1-min“!).
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| these data were clearly not normally distrib- A , acutely positioned catheters (protocol 2). That is, much
o % P=0.20 ®1  Pro02 g:eciu:: evi?iseenc:d b;v :11;: P:oa;O{hr:)?m?i:? of tll:e :e:n.s 1000 - Pside < 0.001 of the infused radiolabel spilled over into the renal vein
o and their atiendant SEs, they were log transformed -1 (39.1 £ 25.2 ng-kg~!-min? during the final 6 min of
EE 154 154 and subjected again to ANOVA. Acelysis of the log- 3G ol 1001 the infusion), but only small amounts were excreted hy
Y transformed data showed significant heterogeneity of g2 701 tpgioh * V- the infused kidney (3.7 > 2.0 ng-kg™'-min~! during the
= variance eecording to vegion in both the infused and 2% final 6 min of the infusion). Not surprisingly therefore,
0- 0r contralateral kidney Within the infused lddney, this 8 progressive increases were observed in the amount of
) s can be ettributed to the fact that the radiolabel was gg mdi"h(t;’é Te;;em%‘?? inf"sf‘:lildglnemaﬁnﬂ;f sme_na.l
7 =0 T =0.005 d edulla (495 x 388 and artery (3.6 £ 0.4 ng- -min~! during min
Fro® i e faos = ¢ a8 2 Al o of the infueion) and the amount excreted by the contra-

GFR
fmi ming™)
(-] - L]
. L 1 1
o -t N
L | Il
I
H

200 < P12 200 -

Unne
Flow
tul min'g™}
o B
L 1
o B
[ 1
F ‘u
n

-d

£

»

. %o =041 % Pe003
g.ﬂ-_cn 20 E
gg% 10 - 10

= gl

asao - J-F-] ﬂasﬁ 9885
Iinfusad  Contalatersl Infusad  Conralaleral

Medullary interstilial Noreplnephring
(g kg“min")
Fig. 2. Escta of medullary Interstitial infusicn of norepinaphrine {0,
30, 100, and 300 ng+kg~!-min~%; right) or Its vehicle (NaCl 164 mM;
20 p1-kg™t-min=¥; left) on renal clearsnce varinbles. ERBF, effective
renal blood Aow detarmined by {**Clpara-aminoktippurate clearance;
GFR, glomerular filtration rate determined by (*HJinulin clearance,
Colurans and ervor bars represent masna = SE of duta from B rabhits,
P yaluas reprasant sutcomes of repeated-measures ANOVA teasting
far ieli reep of Isft {Infused, solid bars} and right
(cantraiataral, open bars) kidneys.

Intrarenal distribution of radiolabel, The concentra-
tion of radicactivity, determired from the solubilized
kidney-tissue, was significantly greater in the infused
compared with the contralateral kidney (P value of
infused vs, contralateral lddnsy = 0.03; PFig. 44).

Flg. 3. Dispasitinn of rediclabel [ex- 300 -
preased 2 (*Hjnorepinsphrine equiva-
bents (ng-lig=!-min=!) sex METRODS for
deacriztion of calculations} during &
£0.min Lofuslon of PHharepinephrine
{16=-24 nCi*kg~"min~1in 100 ng-kg~!-
min=? poreplnephring) ints rensl cuter
medulla of left kidney vie 2 mcutely
positivned cathetors, Coordinatas repre-
setk menns = SE of 9 sets of oheerva-
tions, O, Radjolabe) spilling over from
infused kidney into renal vein; »,

label reentering infused kidney vin re-
oe] zrtery; M, radiolabel excreted by 0 -3
Infused (left) kidoey; 0, radiolabel ex-

creted by contralaters) (right) kldney.
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papilla (692 = 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/p).

Conaistent with the above gbservations, autoradio-
graphic anelysis of the coronal kidney sections demon-
strated that the levels of radigactivity in the cortex of
the infused kidney were 3.4 = 0.6-,5.6 * 0.8-, and 8.0 =
0.8-fold lower than thoss in the cuter stripe, medulla,
and papilla, respeciively (Fig. 4, B and C).

Protocol 3. Chronically Positioned Quter and
Inner Medullary Catheters

Effects of outer and inner medullary infusion of NE.
The effects of outer medullary infusion of NE (30, 100,
and 300 ng-kg-'-min-1} via & chronically implanted
catheter were similar to those obeerved when acutely
positioned catheters were used (Fig. §, left). Thus MAP
was doss dependently increased by 6 = 1, 14 = 3, and
27 = 7% of its resting level, respectively, whereeas
dose-dependent reductions were observed in CBF (by
14 = 8, 16 = 8, and 18 = 8% of its resting level,
respectively) end MBF (by 10 = 4,18 = 6, and 24 % 8%
of its resting leve), respectively).

In contrast to outer medullary infusion, the doee-
dependent pressor responses to inner medullary infu-
gion of NE (30, 100, and 300 ng-kg~!-imin=!) were
lesser in magnitude (increasingby 3+ 3,6 £ 3,and 8 =
4% of ity 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-!) increased MAP (by 7 + 1% of
ita reating level) and reduced RBF . (by 16 £ 6% of its
resting level) and CBF (by 14 * 7% of its resting level)
but did not significantly alter MBF (—4 * 4% change)

(Fig. 8).
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Fig. 4. A: discribution of radiclabel in infused Neft, sotid bara) and
contrelateral {right, o bars} kidoeys at and of 20-min outer
medullary infusion of [{Hnerepinephrine {16-24 nCi-kg—) min~1 in
100 pg-kg~!-min-? nerepinephrine) vis 2 acctely positicned cath-
etery. Radiolabel in solubilized Xidney tesue is expressed as [\Hlnor-
epinephrine equivalenta {ag/z). Colemns and eryor bars represent
means * SE for 9 rabbits. P velues are cutcomen of ANOVA testing for
diffarences betwean levels of radioactivity (logyy transformed) in
infased and contrelateral kidneys (Puy,) and for heterogeneity of
varianee among different kidney regions (F i ). B: lovels of padiola-
bel, sxpressed a8 disip tepnﬁmperminnu‘fequemm(dg:l
mm?), determined from sutoradiographic anelysis of 5 Infuged idd-
neys. Columns and error bars reprsaspt means = SE, P valus
represents outcome of o partitioned ANQVA testing for a difference
between lovels of radicactivity in cortex compared with other thres
kidnay regions. C: typical autoradiogram frem an infused kidney, C,
cartex; O3, cuter stripe of outer medulla; M, medubla; P, paptla. See
METHODS for definitions of these regicns.

Disposition of radiolabel during outer and inner
medullary infusion of PHINE. The profile of renal
disposition of the radiclabel during outer medullary
infusion of *HINE was similar to that found using

lateral kidney (1.1 * 0.1 ng-kg ' min-t during the
final 6 min of the infusion) (Fis.lsf-leﬁ).

In contrast, during inner medvllary infusion of
[*HINE, only small amounts of the radiolabe! gpilled
over into the renal vein of the infused kidney (4.8 = 2.7
ng-kg=l-min~! during the final § min of the infusion),
whereas most of the infused radiclabel was excreted by
the infused kidney (63.6 + 12.8 ng- kg1 min-! during
the final 6 min of the infusion). Consistent with this,
only small quantities of radiolabel reentered the in-
fused kidney via the repal artery (1.6 = 1.1
ng-kg-!-min=-! during the final 6 min of the infusion) or
were excreted by the right kidney (0.1 = 0.1
ng-kg~1'min~t during the finai 6 min of the infusion)
(Fig. 7, right).

Intrarenal distributon of radiolabel. There was con-
siderzble variation associated with the levels of radicla-
bel in the solubilized kidney tissue, particulatly during
outer medullary infusion of radiolabel. It was clear,
however, that much greater levels of the radiolabel
remsined in the kidney during outer medullary, com-
g:rJed with inner medullary, infusion of [PHINE (Fig.

Autoradiographic anelysis of the coronal kidney pec-
tions demonstrated that with cuter meduliary infusion,
the levels of radioactivity in the cortex of the infused
lidney 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 irinsion,
the levels of radioactivity in the cortex of the infused
Iddney were 68 * 1.6-, 8.7 £ 2.2, and B.2 = 2.4foMd
lower than those in the guter strips, 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 pharmacelogical
agents into the renal medullary interstitivmn of rabbits,
Similar techniques have been developed in rats (13, 14,
19, 23}, and thess have helped provide considerable
information regarding the role of the renel medutlaand
in particular the renal medullary microcireulation in
the sontrel of blood pressure (4-6). Our results suggest
that in the rabbit, outer medullary interstitial infision
of pbarmacological agenis, using either acutsely or
chronically implanted catheters, maybe a useful method
for targeting pharmacologisal agents to the renal me-
dulla and in particular for altering MBF. Thus delivery
of NE into the outer medullary interstitivm via acutaly
positiened or chronically implanted catheters dose relat-
edly reduced MBF more than it did CBF or RBFte. In
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Fig. 6. Bystemic and renat hemodynamic sffects of outer
(n = & laf) and inper (n = 9; right) medallary intersti-
tial infuston of novepinephrine delivared via chromically .
positioned cathaters. Ench dose {0, 39, 100, 300 ng-
kgt -min*1} was infused over cotsecutive 20-min perie
ods. Columas and error bars represant means = S5E of
each variables over finel 10-min period wheo xll variables
ware stable, Salid bors, periods whan norepinaphrine was
infuced; open bars, periods during which vehicle (154 mM

RBF
{mimin)

4U-| P=017 y P=0.56

NaCl; 20 f-kg = min=?) was infased, £ valusg represent P=002
outcome of & partitioned ANOVA tasting for a doss-. 500 - . -~
dependent affect of infusiore oo each b dy jir vari-
able, Recovery perled was excluded for this enalysis. “
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contrast, intravenous infusion of NE reduced RBF e
and CBY but not MBF. When [FHJNE was infused info
the outer xedulls, 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-

-gral kidney. We therefare conclude that outer medul-
lary interstitial infusion of NE achieves high concentra-
Hons of this agent at vascular sites important in the contral
of MBF, in the medulla, end/or in the inner cortex.

One of the atrengths of the present study was the
estimation, during medullary interstitia! infusion of
PHINE, of the amount of radiolabel spilled over from
the kidney into the renel vein, the amount of this
radiolabel that reentered the Kidney via the reral
artery, end the amounta of radiolabel excreted by the
infused and contralateral kidneys. Although much of
the radiolabel in these biological fluids probably re-
flects metabelites of (*HINE, we argue that most small,
uncharged molecnles ghould be hendled similarly by
the Iddney during medullary interstitial infusion. In
‘other words, the pattern of renal dispoeition of radiola-
bel during PHINE infusion probably reflects that ex-
pected for atable, unckarged small molecules. In the
case of NE and other molacules that are rapidly metabo-

e e

0 30 100 300 O 0 30 100 300 0
Medullary tnterstitis) Norepinesy dne \nfusion (ng kg’ 'min™}

lized in vive the proportion of the radiolabel that
represents intact [PHJNE 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 end the
effects of the NE infusions, Nevertheless, with this
caveat in mind, we suggest that this analysis provides
two importent observations that illustrate the limita-
Hons of the medullary interstitial infugion technique.
First, although we were able to achieve much greater
concentrations of radiolabel within the medulla com-
pared with the cortex during cuter medullary infusion
of (SHINE, we also found that much of the radiclabel
(~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 ere 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 Iptravenous infusion of norepinephrine {300
ng-kg*t-min-!) on sysiemic and renal bemodynamic variables {n =
17). Columne and error bars represent means = SE of each variabie
during final 10 min of each 20-min infugion period, Open bars,
periods befors and after; solid bars, period during noreptaephrine
infusion, P values repressnt cutcomes of partitioped ANOVA, testing
whether levels of each variable during fot nerepinephrine
infusion diffsred from thesa precesding and following i¢.

are infuged, spillover into the systemic cireulation will
almost certainly confound the interpretation of the
results. This appearg to have been the cage in a recent
study in which we compared the effects of onter medul-
lary, renal arterial, and intravenoma infusion of the
vasopressin V; aionist (Phe? Iie?, Orn®lvasopreasin (3).
The pressor and bradycardic effects of this agent were
indistinguishable by all three voutes, as was the reduc-
tion in MBF. Systemie spillover during outer medullary
interstitial infusion therefore appears not to be a
unique property of NE but also occurs with other smatl
molecules.

Second, we ohserved a major effect of the gita of the
medullary interstitial infusion on the way in which the
lddney handled the infused FHINE. Thus, in contrast
to the outer medullary infusion, where much of the
infused radiolabel spilled over into the aystemic circula-
tion, during inner medullary infusion ~60% of the
infused radiolebel waa excreted by the infused kidney.
The reason for this difference between the outer medul-
lary and inper medullary infusions remains to be
determined unequivocaily 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 medulia (20}, It is
unlikely to refiect leakage of "HINE due to damege to
the papiliary tissue from implantation of the catheter,
because no such damapge was observed in the frozen
sections submitted for auvtoradiography. This effect of
the infugion site on the digposition of the infused
radiolabel probably explaing why thae levels of radioac-
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Fig. 7. Dispositian of radiolabel (expieased us {*Hinoreplnephrios
equivalents; ng-kg='min=*) during a 20-min infusion of "Hlnorepi-
vephrine {16-24 nCi-kg=-min=' tn 100 og-kg-!-min~! povepineph-
rire} oto outer (left} and inner {right) medulla of left kidney via
chronleally positioned catheters. Coordinates represent mneans = SE
of B {outsr medullary infusion) or B (innec medullary infuslon) sete of
gbservations. P values nt out of repeated 1
ANOVA, testing whather locetion of cathelar tip leutar va. Inner
medulla) influenced disposition of radiolabel,
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A

Concentration of
Radiolabel {noig)

Fig. 8. A: distribution of radiolabel in infused ¢ft, B
solid bars) and contralateral (right, opan bars) iddrays
at end of 20-min infusions of (*Hlnorepinephrine (18-
24 5Cj-kg~t+min-'in 100 ng-kg~! min~! norepineph-
rine) into outer {lefi) and inner (Hght) medulla via
chronically positioned catheters. labe] in solubi-
lized kidney tissue, expressed as PHnorepinephrine
equiva’ents (ng/g). Columns end error bars represeat
means = SE for 7 {outer medulla) or 9 (inner medulle)
rabbits. P volues are es for Fig. 4. Note differznt scales
for different routes. B: levels of radiclabel, expresaed
as dpm/mim?, determined from satoradiographic apaly-
sis of infused kidawsys. Columns, ervor bars, acd P
values are a1 {n Fig. 38. C: typical autoradiogrars for
infused kidneys.

Density of Radiolaba

tivity were considerabiy leasin thees .d iddneys that
hed received an inner medullary infusion of NE com-
ared with those that had received the outer medullary
- fon. This, in turn, mzy help explain why MBF was
not reduced during inner medullary infusion of NE and
why the preasor effect of NE was considerably less with
inner medullary infusion than with outer medullary
infusion of NE.

Some of the present observ:tions are at odds with
gimilar studies performed in vats, For example, in rats,
infusfon of vasoconstrictor agenta 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 etudy we found that outer
medullary, but not inner medullary, infusion of NE
reduced MBF. There are & 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 -—-10-fold
greater kidoney weight), agents infused into the inner
medulla may easily diffuse the relatively short distance

:
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to the outer medulla and inner cortex to influence
vasculer elerments controlling MBF. It is also possible
thet differences in medullary countercurrent mecha-
nisms bytween the two species might elter the renal
handling of substances infused into the renal meduila,
Indued, Cowley and colleagues (5) argued previously
that substances infused into the inner medulla are
accumulated because of the efSicient 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
(*HINE, 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 rabbita 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” strue-
ture, with relatively small vascular bundles containing
only ascending and descending vasa recta. In the more

“complex” rat renal medulla, larger vascular bundies
are found that also contain descending thin limbs of
short leops 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 molerule ((MClelentiazem in their cose and
[*HINE in the present study) the radiofabel within the
infused kidney was mostly concentrated la the medulla
and papills, with very little radiolabel in wha cortex of
the infused kidney «r in the contralaterai kidney.
Consistent with these observations, medullary intersti-
tial infusion of pharmaecslogical agents in rats {23) and
rabbits (present study) can have effects quite distinct
from those of intravenous infusion of these agents, In
the ease of NE, we found that in contrast to intravenous
NE, which reduced CBF and RBF ., without signifi-
cantly affecting MBF, outer med infusion of NE
dose relatedly reduced MBF but had eonsiderably
smaller effects on CBF and RBE .,

Although we cannot be certain of the precise vascular
elements that mediate the reduction in MBF during
puter medullary infusion of NE, we can at least suggest
some likely candidates. Within the kidney, NE can
mediat2 vasoconstriction directly by acting on vascular
o= and ag-adrenoceptors (7, 27) or indirectly by f-adre-
noceptor-mediated stimulation of renin release {24).
The fact that intravenous infitsion of NE reduced CBF
but not MBF suggests that an indirect stimulas, 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 beer identified in
inner medullary descending vasa recta in rats (21). Our
finding that inner medullary infusion of NE did not
adact MBF does not exclude this pessibility, because
infusion of (*HINE by this route resnlted in relatively
Iow levels of accumnulated radiolabel in the inner me-
dulla,

There was, however, clear evidence of cortical effects
of the infused NE, becanse CBF and RBF;,, 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 sodivm excretion during
outer medullary infusion of NE could be completely
accounted for by the reduced GFR, indicating no pet
change in tubular sodium and water reabsorption. This
latter observation seems at odds with the notion that
reduced MBF should enhance tubular salt end water
reabsorption (6), but may be explained by the confound-
ing impact of the pressor effect of the medullary intersti-

tial NE infusinn. Clearly, further studies in which renal -

perfusjon pressure is controlled are required to delin-
eate the direct effects of medullary interstitial NE
infusiox on renal excretory function.

Pergpectives

The results of the present study show that NE
reduces MBF when infused scutely into the outer

medullary interstitium and that this effect is depen-
dent on the selective distribution of this compound
within the renal medully, We suggest, on the basis of
the present results and the extensive previous studies
by Cowley and colleagees (4-6, 13, 14, 19, 23), that the
general principle that medullary intersiitial 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 tschnique ap-
pears to be limifed (at lemst in the rabbit) by the
systemic spillover that occurs with outer medullary
infusion and by exeretion of the infused substanee with
inner medullary infusion. For this reason and becauss
the renal disposition and distribution of infused agents
probably dependas 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 technigue for chronic stidies in rabbits, &
species well suited for invasive longitudinal experimen-
tation {ses intreduction), may in the future provide
important information regarding the long-term tonse-
quences of alterations in MBF. In support of this
contention, we recently found that chronically im.
planted outer medullary esthaters remain patent for at
least 6 wk after implantation (unpublished observe-
tions).
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Effects of Renal Meduliary and Intravenous Norepinephrine
| on Renal Antinypertensive Function

Anabela G. Correla, Anna C. Madden, Géran Bergstrim, Roger G. Evans

Abstract—Incrensing renal arteria! pressure activates at least 3 antihypertensive mechanisms: reduced renin release,
pressure natriuresis, and releass of a putative rensl medullary depressor hommone, To examine the role of reaal
medultary perfusion In these mechanicms, we tested the effects of the infusion of norepinsphrine, either infusion into

the renal medullary interstitivm or intravenous Infusion, on respoases to increased reoal arerial pressum in -

pentobarbital-snesthetized rabbics. We used en extracorporeal circuit, which allows rensl arterial pressure to be set to
any level sbove or below systemic anterial pressure. With renal arietial pressure initially set at 65 mm Hg, {atravenous
and medullary imerstitial aorepinephrine (300 ng + kg™' * min™') similarly increased mean arterisl pressurs (by 12% to
17% of baselinie) and reduced total renal blood flow (by 16% to 17%) ead cortical perfusion (by 13% to 19%), but only
medullery norepinephrine reduced medullary perfusion (by 28%). When renal arterial pressure was increased to
=160 mm Hg, in steps of ~65 mm Hg, urins output and sodivm excretion increased exponentially, and plasma tenin
activity and mean arterial pressure fell, Madullary Interstidal dut not intavenous motepinephring sttienuated the
increated diuresis and natriuresis and the depressor response 1o increased renal artacial pressure. This suggesss ¢hat
norepinephring can act within the renat medulla to Inhibit these rensl sntihypertensive mechanisms, perhaps by reducing
medullary perfusion. These observations support the concept that medallary perfusion plays a ctiticat role in the
lang-term cantol of arterial pressure by its influsace on pressure diuresis/natrivresis mechanisms and alse by effecting
the release of the putative renal medullary depresser hormone. (Rypertension, 2000335:965-970.)

" Key Words: kidney medulla i taser-Doppler flowmetry o norepinephrine % natriuresis m renal cirealativ s

{ has been hypothesized that ths level of medullary blaod

flow (MBF) Is an important determinant of urinary sodium
excration (Uw*V) wnd, Indeed, may be the key initiating
factor in the pressurs natriuzesia respense.! In tuem, the impact
of MBF on the pressure natruretic mechznlsm provides a5
explanstion for the effects of chronic changes in MB¥ on the
long-term control of arterfal pressure,? Thus, in ra*  ch onic
reductions in MBP shiRt the pressure natriuresis relation
toward higher prestures and leed to hypenension in noome-
tensive enimals, Conversely, chronle increases jn MBF shift
the pressure patriuresis relation toward lower pressures and
ameliocate hypertension in spontaneously hypertensive rats.!

From studies using an extracorporeal circult in anesths.
tzed rabbits? we rencotly oblalned preliminary evidence
{ndicating that Infizances on the relei . andfor sctions of the
puratlve renal medullary depressor hormone might alse con-
tribute to the [mpact of MOF on the long-term cortrol of
arterial pressure., In this model, 3 major renal antihyperten.
s{ve mechanisms can be studled simuktanesusly. This, when
renal artecial pressure (RAP) i acutely {ncreased In whis
model, plasma renin activity (PRA) is reduced (indicating
reduced renal renin release), urine flow (Uysy) and Up'V

inqrmase exponentally (prensure diuresis/natriurasis), and

. emic mean anerial pressure (MAP) Is reduced. The
depressor response to increased RAP appears t3 be largely
ndependent of the reduced activity of the renin-angiotensin
sysiem, in view of the fact thad it s little affected by the
blockade of anglotensin-converting enzyme.® It alsc gppears
to be largely Indspendent of the mssociated divresis and
natifuresis, in view of the fa- that hemoconcentradon is not
observed.*~ There-is, hot  er, clear eviderce for & e of
the rena! medulla, Inasmuch as the depressor response is
abolished by chzmical medullectomy.*

‘We receatly found that this depressor response to increased
RAP was blunted by medullary intarstitial infusion of
(Phe! e’ Omtjvasopressin (V,-agonist), a reatmant that se-
lectively reduces MBPF,? Indicating & possible role of MBF in
the release of this putative hormone, However, we were
unable o determine whether this effect of meduliary interst-

", tial infusion of the V,-sgonist was specifically due 1 reducas:

MBE or to some other actian of the agent. Far example, this
treatment also reduced tota) renal blood floaw (RBF) and
cortical blood fNow (CBE). We also could not exclude the
possibility of non-flow-mediated extravascular sctions on V,
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teceptors in the kidney or even extrarenal V', receptors, which
might blunt the release and/or actions of the putative renal
wedultary depressar hormone

The sim of the present study was to mare directly test for
a role of the medullary miccocireulation in modulating the
sntibypertensive rRsponses to increased RAP. To this end, we
made use of aur recent abservation that medullary {otarsiitial
infusion of norepinephrine (NE) reduces MBF twice as much
a3 CBF, whereas intravenous NE reduces only CBF.? There-
fore, we compared the effects of medullary interstitial infu-
sion and intravenaus infusion of NE on entihypertensive
sesponses 1o lncrezsed RAP. Thus, using this exporimental
design, we could contro] for the effzcty of NE exerted outside
the renal medulls in a way that was not passible in cur
previous experinient with the V-agonist.? Qur results support
the concept that MBF plays a key role in the regulation of
arterial pressure, not only through its impact on pressure
natriuretic/diuratic mechanisms but also via {is effects on the
release of the putazive renal meduilary depressor hormore.

Methods

Animals

Tweniy-nine male New Zealand Whits rabbits, weighing 2.50 ¢
2.94 (mean 2.62) kg, were studied. Before experimentation, atl
rabires were allowed food snd watsr ad [ibiwm, At the cenclusion of
ihe experimany, they wers kifled with an Sntravencus overdoss of
pentebarbital sodium. All expetiments were spproved in advance by
the Monash Usiventity Standimg Commiues on Ethics in
Animat Experimentation,

Extracorpgreal Clreult

To conirol and altax RAP, an extvvorporeal cireult was esiglished
In anesthesfzed {pentobarbitzl at 90 to 150 mg plus 30 0 30 myh
[embutal}, Boehringer-Ingelhelim) artificially respired mbbits ax
praviously described.* Blood was withdrawn from the goris st o e
of 90 mL/min by a roller pump (Masterfex model 752145, Barnant
Co) and returned o the rabbit vie 2 limby, one to the reaal artery and
the oihet o (ke veny cavd. RAP wat coawolled by ljusting &
Stacliag cesistor incorporated into the vem caval iimb, while total
flow through the circuit remained constant. For example, intreasing
the mechanical resistance in the vena caval timb by use of the
Suarling resistor divents blood fow toward the renal fimb, thus
increasing RAF. The circuic dead spoce (24 mL) was filled with 10%
{wiivol} dextron 40 in 154 mmolL MaCt (Gentran 40, Baxier
Healtheare) contzinlag 2 MUW/mL heparin {Moaopizin, Fisoas Phar-
maceuticals), Thereloce, there was some Initlal hemodiwtion when
the circuit was egcadlished: thuy, hematocit was retailvely law (see
Resula).

To remove the confounding Influeace of the right kidney, which
would otherwise be perfated at systemle arterial pressuee, a tight
neghrectomy was performed in preporstion for establishment of the
extracorpereal chrouil The left ureter was then cannufaied, and the
Kidney was densrvated and placed in a stable cup for positioning of
Yaser-Doppler flow probes. For measurement of MBF, a 28-gauge
needie-type probe (DP4s, Moor Instruments Lid) was advenced
1} mem below the mid region of the laterad surface of the kidney with
use of s micromaniputaior (Mareshige). A ataadard plostic stralght
prate (DP2h, Moor Iastruments Lod) wes placed on the dersal
surface of the Xidney for mewsurement of CBP. In 14 mbbits,
medulfary nlusion cathetecs were acutely positioned lotscally,
10 mm sither side of the toser-Doppler flow proks, and sdvanced 1o
that their tips lay 3.5 mm below the cocties! surfoce (at the junction
of the ouler and inner stipes of the outer medulla)?

The extracorporsal cireult was then established, and RAP was et
ot =&% mm Hg for a §-nirute equilibration period. A bolus dose of
[PHiautin {4 uCi, MEN Research Products) was edministaced in 1.0

mi. of 154 mmol/L MaCl, An infusicn of 16% (volivol) polygeline
(Hi !, Hoechst) contalning 200 ILVmL sodium heparis and 0.3
HCVmL PH]inulin was then inidated (0.18 mL+ kg™  min™"), which
continued for the duration of the experiment. Body tsmperalure was
maintained between 36°C and 38°C? .

Measurements

Systemic arterial pressure was measired by caanesting Lh e3¢ sctery
catheter 1o 3 pressure transdoter (Cobe). Heart race (HR) was
measured Dy 8 tachometer ectivated by the pressure pulse. RAP was
measured in o side-arm catheter, 3 mm proximal o the dp of the
canguln laserted {niw de renal artery. Blood flow through the renal
fimb was measured with an indine uiwasonic flow probe (type 3N,
Tramsonic Systems Inc), The laser-Doppler fiow probes were con-
neeted to a laser-Doppler flowmetes (DRT4, Moar Insiuments Lad),
These signals wece omptifica. recorded, and digitized, as previously
described,? to provide 60-aecond means expressed as follows:
sysiemic MAP, mm Hi; HR, bpm; RAP, mm Hg; RBF, mL/min; and
CBF and MBF, perfusion unlts (equivalenc to the instrument auspot
la mVX10).

PRA and plisma aed urinary concentrations of [‘Hjinulin and
sodium were made 03 previously descrited.? PHjlnalin clearnnee
wos used to estimats glomerviar Dltation rate (GFR). At the
completion of each experiment, the left kidney was removed and
desiceated, ard its dry weight was determined. All values of RBF,
GFR, Uy, end U,,*V azo therelore expressed per geam of oy
kidney weight (expressed as g (mean 1.7720.02 gl

Experimental Protocols

Genaral

Each experimentzl protacal consisted of 2 phases. Phase {, which
followed the 60-minutz equilibration period, resied the effents of
either outes medullary interstliiol (protocol 1) or intavenaus (peoto-
col 2) infusion of NE on zvstemic and renal hemodymamics, The
second phass of rach protpeol Tavolved testing the effect of these
teatmenls on the pesponses (o inciezsed RAP. For e=chnjcal rensons,
w3 wers unable to reliobly monpiter MBF during siep increzses In
RAP, 30 laser-Dogpler measurementy are szpered oaly for phase 1
of the experiment.

Protecol 1; Effects of Outer Medullary Intarstitial NE
After [ niiovies of stable baseline readings, outer medullary
interstitial infusion of either NE (300 ag + kg™ + min™', n=6} e lts
vehitle (154 mmol/L NaCl, 20 gL+ kg™ - min*', a=8) was atted
and way continued for the rest of the axperiment. Twesty minutes
lasee, RAP wos set ot ~65, 85, 110, 130, snd 160 mm g for
consecitive 20-mingta porivds sod, unce sct, was not ceadjustsd,
Urine produced by Ih: lefi kidney wra culiected during the final 15
minutes of esch pericd, Arsrial bisod (I mL) for clearancs mea-
surements was collezted from an ear artery catheier at the midpoint
of cach 1S-minule cleamnes pehod, snd sznples €1 mbld for
determnination of PRA were collected st the mizipoint of the fing,
third, and fifth clearance periods. Blood voluse - o reglaced by an
equivalent volume of 10% polygeline solution (Hemacost) Al the
end of the fifth ¢ledrance perlod, RAP was set to =65 ram Hg for s
further 20 minates.

Prolocol 2: Effscts of Intravenous NE

‘This presocol was identical to protoest |, except HE (300 ng+ g™+
win™, o=7) or I vehicle (20 gL » kg™ « min™f, n=8) was
sdminisciced intrevenously via an ear vein catheler.

Statstical Analysis

Phase I !

To teer whether each of the NE or vehizle treatments akered baseline
systzmic ond renzl hemody namics, averugs levels of cach varable
during the period 10 to 20 mincies afler the iaitiation of the infusion
were compared with the levels dusing e {0-miaute contral pesiod
"y plired ¢ tost

e SR S b ¥ 5 ™
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Phase If

“[trese duts, wers enalyzed by ANGVA adapted for repezted meagures

with the use of SYSTAT soltware (version 5.05). To protect against
the increased tisk of comparison-wite type I emor resulting from
compound anymmeiry, probability valucs were adjusted by use of the
Grecabouse-Gelsser comrection® To test whether increasing RAP
altered each varioble, s 1-way snalysis woa first pecformed on all
vehicle-trested rabbitt w pn:\nde the main effzct of increasing RAP
(Pru). The in jon tertn b RAP and nt {vehicle or
NE) was then determined from 2-wey spalyses for each route
{intravenous and medullary intes stlial), This tested foe effects of NE
infusion on the responscs to intrensed RAP.

Results

Effects of Renal Medullary Interstitial NE on
Systemic and Renal Hemodynamics

Renal medullary interstitial Infusion of NE (300 ng - kg™ +
mia*’} was accompanied by progressive hemodynamic
changes that reached steady state by 10 minutes afier the
Enfusion began, The changes involved increases in RAP (by
19£4% of its baseline level during the paciod 10 to 20
minutes after beginm g the infusion) 2nd MAP (by 17£4%)
s reductions in RBF (16:3%), CBF (1322%), and MBF
(28%9%) but no significant change In HR (l*2% change).
Medullary interstitial infusion of the vehicle had ro sigaifi-
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 RBE (by 729% of its baseline value) and

CBF (by 1923%) and by incresses in MAP (1224%) and

RAP (441%), However, unliks renal meduilacy NE, intrave-

nous NE had no signiticant effect on MBF {1:28% change).
" Intrevencus infusion of the vehicle was secompanied by

small variations tn MAP (4%=1%), HR (1+1%), and RBF

{~422%) but no significant changes in RAP, CBF, or MBF, .

Effects of Increasing RAP in
Vehicle-Treated Rabbits

Renal Hemodynamic Varlables
As shown in Figure 1, as RAP was increased from 6621 to
15823 mm Hg, thers were progressive increases in RBF
(from 131 to 292 mL * min™' + g™} and GFR (from
- 0.820.1 © 2.0204 mL - min™ - g™') (Prp<0.001). Renal
vascielar resistance snd filtration fraction responded
biphasically, As RAP was increased from =~65 (o
=110 mmHg, renal vascular tesistance Inceeased from
359208 to 7.7£2.3 mm Hg * mL™ - min - g before decreas-
ing to 6.9%0.6 mmHg - mL™ - min - § when RAP was
increased ta *«160 mm Hg (Pyp=0.05). Filtration fraction
alsc responded in a similar manner, increasing from
3521L1% to 9.3£1.9% as RAF was increased from ~€5 to
=110 me Hg before decreasing to 8.0%1.4% when RAP was
inereased (o ~160 mm Hg (Papp=0.001).

Renal Excretory Variables

As thown in Figure 2, as RAF was {ncreated from =~85 to
= 160 mm Hg, there were progresstve increases in Uy, (from
0.09%0.02 t0 1.2420.09 mL - min~' - g™% and U, *V (from
1242 w 16113 pmol » min~" « g™) and in the fractional
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and intravenous infuskon (n=7) af NE on renal hemodynamie
rasponsas to progressive lncreases In RAP, © indicates vwhicle
{154 mmoVL NaCt at 20 pL. - kg™ » min™', n=8); @, NE (300 ng +
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from repented-measuras ANOVA, batwasn treatrrent {vehicls or
NE} and RAP, ThuateslmNEhmuullteredﬂ!
responss ko Incraased RAP,

excretions of urine (from 1221% ro 4323%) and sodium
(from 11£2% to 40:£3%) (Py.»<0.001),

Systemic Hemodynamic Varlables

As shown in Figure 3, 18 RAP was incressed from ~65 w
~160 mm Hg, MAP fell pragressively from 78%3
o 505 mm Hg end at an Increasing rate of 0,.0420.05 to
0.96:£0.15 rmm Hglemin (Py,,<0.001), Hematocrit decreased
gradually from 22.1209% to 21.620.9% as RAP was
increased from ~65 to ~110 mm Hg and increased thereafter
to 22.540.9% when RAP was increased to =160 mm Hg
(Puar=0.04). HR tended to decrease (from 26625 w 25328
bpm} as RAP increased toward ~160 mm Hg (Fy.p=0.05).

Piasma Renln Activity

FRA progmssively fell as RAP way increased, averaging
14x3, 1222, and 723 ng angiotensin [ - L™ ™' when
RAP was ~65, 10, and 160 mm Hg, reipectively
(Pare=0.04).

Effects of Medullary Interstitial and Intravenous
NE on Responses to Increased RAP

The RAP-dependent increases in RBF were significantly
atiznuated by medullary intesstitial NE (Figwre 1). RAP-

—
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dependent incresses in Uy and Uy 'V (Figure 2) and
decresses in MAP (Figure 3) were significantly attznuatad,
but no significant effect on PRA was obsarved. Medullary
intecstitia]l NE also significanily altered the tesponse of
hematocrit to increased RAP, atienuating the increase in
hematoctit as RAP was increased above ~110 mm Hg.
Intraverous infusion of NE did not significantly influence
any of the responses to increased RAP (Figures 1 to 3).

Effects of Resetting RAP to ~65 mm Hg

When RAP was reset to ~63 mm Hg, RBF retumed to levels
similar to thoss obsecved during the initlsl period fenost
lafeward peint in Figure 1).0in vehlcle-treated rabblts
(=3%4% different From its previous level during the period

- 15 to 20 minutes after RAP wa =get to ~65 mm Hg) and In

rabbits treated with medullacy inteestitial NE (—=1324%) and
intravenous NE (39::27%), MAP rose when RAP was reset

to ~65 mm Hg but did not completely recover ty itx previous
lavel in vehicle-treated rabbits (~28+5%) and in rebbils
trested with outer medullary NE (=1426%) and Intravenous
NE (-30%10%).

Discussion
We have recantly shown in tnesthetized rabblts that medul-
Tacy interstitial infusion of NE (300 ng * kg™ min™") reduces
MBF more than CBF and that intravenous infusion of the
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Figure 3, Efacta of outer meduflary Interstitlal and Irtravenous
Irfusion of NE on systernic hamodynamie responsas to progras-
sively incraased PAP, Symbols, emor bars, and probahiity val-
ves are 3y described for Figum 1,

same dose reduces CBF only.f In the preszat study, we used
these findings as a tool to examine the role of MBF n
modulating the renad antthypectensive responses to increased
RAP, Our major finding was that medullary intersiitiel NE,
but not intravenous NE, attenuated both the pressure diucs-
siz/nairiuresis response and the depressor response to n-
crezeed RAP. These obaervations provide further support for
the hypothesls that MBF plays an Important rolo in the
control of arterial peessues, both through (ty invelvement in
the mechanisms mediating pressure divresiy/nairiuresis and in
the mechanisms medlating the reiease of the putstive renal
medullary depressor hermone,

Consistent with our previcus observations in & conven-
tionat anesthatized cabbit preparation,? in the extracorporeal
clrcuit rodel, infusion of NB increased MAP and reduced
RBF and CBF aimilarly by the 2 routes, This indicates
significant systemic spillover of NE infused Into the renal
medulls snd, probebly aiso, spillover into the rena) cortex,
consistent with our previous extensive charysterzation of this
method.? However, our tesulls also indicate that these renal
cortieal and extearena) effects of NE can be effectively
controlled for by Intravencus infusion. The striking difference
between the sffects of NE infused by the 2 routes was that
medullary Intecstitial infusion of NE reduced MBF by ~30%,
whereas [ntravenous NE bad little oc no effect on MBE. Thus,
our present experimental design provided a goed paradigm
for examining the effects of reduced MBF on the renal
antihypertensive responses to increased RAP, We ¢an also be
fairly confident that these inusions provided relatively con-
stant renal hemodynamic effects, inasmuch as in all #xperi-
mental groups, RBF levels were similar et the end of the
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expediment, when RAP was reset to ~635 mm Hg, compared

with RBF levels durlog the Initlal period at this level of RAP, .

Thus, our finding (ie, medullary Interstitial, but pot inta-
venous, infusion of NE attenuates both the pressure diuresis/
natriuresls response and the depressot cesponse to Inceeased
RAF) provides evidence for a role of the renal medulla In
both these rensl anthypertensive mechanlsms. Becausa intra-
venous infusion of NE did not significently sffect these
responses, we can confidently exclude roles for NE medinted
outside the kidney that are related, for example, to its
systemlc prassor effect, modulation of hacmaone release from
extrarenal sitea, or inhibition of the peripheral response to the
putative renal medullary depressor hormone. We can also
probably exclude contributions medisted solely in the corticat
microvasculansce, inasmuch as RBT and CBF were similariy
reduced by medullary Intecstitial and {ntravenous infusions of
NE. Roles for the renin-sngiotensin sysiem also sppear
untikely in view of the fact that levels of PRA in cabbits
recelving meduliary Intersiitial Infusions of NE were {ndis-
tinguishable from those In vehicle-treated contro) rabbits.

Pressure Natriuresis

Medullacy interatiilal, but not Intravenous, NE attznuated the
diuretic and natrjuretic responses to ncreased RAP. This
effect likely also accounts for the sutisticafly significant
influence of medullary intzrstitial NE on hematoeric re-
sponses 1o Increased FAR, because the reduced diuress!
natrfucesis would attenuate hemocoacentration af %icgh levels
of RAP, Tubular elements probably play a key mle In
medinting the attenusted diuresis'narrivresis, because medui-
lagy interstitial NE did not significantly affect the celution
between GFR and RAP, Our results indicate a role of the
renal medulla in medlating the effects of medullary intersiitial
infuslon of NE on'the pressure divresis/natriuresis response,
hut qur present experiment does not definitively demonstrate
that these effacts were mediatsd by the effect of NE on MBF.
In particular, o direct effect of NE on mubular functien in the
medullx cannot be discounted, because tubular adrenoceptors
we cenalnly known to Jirectly influence Muid and sodium
resbsorption in the kidney '

On the other hand, our present results are consistent with
the large body of work by Cowley! shawing that treatments
that alter MBF, but not those that influence CBF alone,
profoundly inflience ths gpressure diurasis/matriuresis re-
sporse, Cowley has argued that the chief initiating factoc In
the pressure nairiuresis response is increased MBF and that
this leads (o a rse in renal {nterstitial hydrosiatic pressure,
which in tun inhibits tubuiar sodium reabsorption.! How-
ever, there s still constderable controversy regarding this
hypothesis,? so fts furthee critical evaluetion [s important, In
this respect, the present study is significant becauss it has
used an experimental model, with an extaccoceal circuit,
that differs from conventional models for sz - -ing pressure
natriuresis, it which RAP is altered by adjusi_>i2 clamps en
the aorta or renal artery,*® Using this expecicnental model,
we have previously shown that another treaiment that reduces
MBF, blockade of nitric oxide synthesis with N%-nitro-L-
arginine, also attenuates tne peessure natriuresis response. 4
Importantly, our expedmental model allows RAP to be set at
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Jevels considerably greaiar than MAP, so that the pressure
natriuresis relation can be investigated over 8 wide range of
RAP. The renal vascular responses to increased RAP In the
extracotporeal clreuit nodel differ from those in conventional
prepantions, in that REF increases considenably ss RAP is
increased, However, 13 has been argued previously, sntoreg-
ulation in this model Js szen es an increasz in renal vascular
resistanca 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 cava) limb,

Putative Renal Medullary Depressor Hormone

As we have observed previcusly,? ncrensed RAP was 1ccom-
panted by pressurs-dependent reductions in MAP, Thiy re-
sponsa has been extensively characterized previously and
appeary to be unrelated to the accompanying Inhibiton of the
renin-angiotensin system? or increase in Uy, and Uy V.24
On the basis of the finding that the depressor response is
abolished by chemical medullectomy,® we have proposed that
this responss to Increased RAP is mediated chielly by relsase
of an as-yet-to-be-characterized depressor hormone from the
renal madulla? It may be that this putative hormone is
Identical, or similar, to “medullipin,* which has beer: isolated
but nat yet fully chemically characterized. '

Previous studics have shown that some, 2"t bug not all,
stimuli that reduce MBF'34 ghtenuate the depressor respoase
to increased RAP. In the present study, we found that the
depressar resporse o increased RAP was greatly blunted by
medullary Interstitia?, but not intravenous, infusion of NE,

Thus, gur results provide the most direct evidencs yet'

obtained, suggesting that the level of MBF influences the
releaso of the putative renal medullary depressor harmone,

Nevertheless, we cannot as yet completely exclude the
possibility that some other action of NE in the renal medulla,
such a3 a direct action on renal medollary intarstitial cells, the
proposed slie of siorege and release of medullipin,t2 inhibits
the release of the putative renal medullary depressor hor-
mone. However, given our previous finding that medullary
interstitial infusion of [Phe,'fle,’Om")vasopressin reduces
WBF and attenwates the depressor response to increased
RAPJY a role for the medullary microvasculature sesms
worthy of further [ovestigation. To this end, future stadiss
should replicaie this experimental paradigm with other phar-
macological agents that might selectively decrease and in-
crease MBF.

Concluslons.

Qur findings indicata that NE can act within the renal medulla to
atienuate the pressuce natriuresis response end the releass of the
putative renal medullary depressor hormone. AL present, we
cannot be ceain that this effect of NE is mediated by the

© accompanying reduced MBF, but we have strong cltcumstantlal

evidence that (his is so. Any vasoactive agent is Eikely 1o have

extravascular effects that might influence the antihypertensive

responses to increased RAP, Therefore, he only way we can
dissact out the relative roles of effects on MBF from other
actions mediated within the rena} medulfa iy 1 examine the
effects of 2 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 treetments that alter MBF influence
these tenal medullary antihypertansive mechanisms, bl
Therefore, it seems likely that the medullary microvesculatire
plays 2 key (ole in the mechanisms controlling blood peessure in
the long term, ot only via actions on the renal handling of galt
and wakas but 2lso by inflsencing the release of te putatve renal
medullary depressor hormone.
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RESPONSES OF REGIONAL KIDNEY PERFUSION TO
VASOCONSTRICTORS T ANAESTHETIZED RABRBITS:
DEPENDENCE ON AGENT AND RENAL ARTERY PRESSURE

Roger G Evans, Anabels G Corvela, Simon R Weekes and Anna € Madden
Deparnnent of Pltysiolagy, Monash University, Clayton, Victoria, Ausiralia

SUMMARY

1. Wetested the effects of Intravenous infustoas of anglotensin
1 (AngIl; 300 ng/kg per min) and the vasopressin V) receptor
agonfst [Phel,De),Orn')-vasopressio (30 ng/kg per min) on
reglonal kidney perfuslon in an extracorporea] clreult model in

anaesthetized rabibits in which rengl artery pressure (RAP}can -

be aet independenily af systemic mean arterfal pressure, To test
whether the level of RAP can inBuence the renel vascular
response to [Phe?,T*,0ra’j.vasopressin, we compared itz effects

whea RAP was Inltlally set at approximately 65 mmHg with .

those when RAP was st at approximately 130 mmHg.

2 When RAP was Inltlally set at spproximoately 65 mmHg. s
10 min infusion of AnglE lncreased RAP {13%) and reduced
rensl blood flow (RBY; 50% ) and cortical perfusion (CBF; 43%).
M1 dullary parfusion (MBF) transiently incrensed during 1l
first 10 min of infuslon, but was not slgniBicantly different from
contral levels during the final S min of infusion.

3. When RAP was initially set at approximately 65 mmHg,
& 20min iofusion of [Phe’,lle’ Ora’)-vasopressin incressed

RAP(9%) and reduced RBF (I1%); MBF was reduced by 57%, _

but CBF was reduced by only 15%. In contram, when RAP
war Inltlally set at approximately 130mmHg, lefusion of
[Phe!,Ne',Om'}-vasopressin reduced RAP (T%) and increased
REF (13%). In these experiments, MBF was reduced by 38%,
but CBF Increaued by 6%,

4. Our expeciments shiow that Angll preferentially reduces
CBF, while (Phe',lie!,Orn"]-vasopressin preterentially reduces
MHF, The renal vascular responses to [Phe’lte’,Oradl.
vasopressin appear {0 be profoundly affecied by the leve! of
RAFR, because inceeasing RAP from approximately 65 to
approximately 10 mmHg transforms Jts cortles]l vasncon.
strictor effect Into cortical vesodilatation while jeaving the
cesponse of the medullary miccovasculature relatively
unchanged. Whether renal vascular responses to other vase-
active agents (e.g. AngD) are similarly affecied by the level of
RAP remains to be determined.

Key words: angiotensin ¥, laser Doppler fowmeiry,
medullipin, [Phe’,lle?,0rn®)-vasopressin, renal blood flow, renal
correx, rensl medulls.

Comespondence: Dr Roger G Evans, Dep:runehl of Physiology, PO Bex
{3F. Monash Univensity, Clayton. Victoria 3800, Austratia. Email;
roger.evans @med.manush.cdu.uy

INTRODUCTION

There is now considerabie evidence that the rensl vaserlanre does
not respond homogensously = vaseective agtaly. For exampie,
intravenous infucion of angiotensin (Ang)MT in anassthetized rats and
1abbits reduces cortical perfusion (CBF), but either increases' or
faits to reduce™ perfusion of the meduila ar papilla. In contraat,
intravenous infution of arginine vosopressin’ oc the V) receplor
ogonist [Phe? Tle’.Om"-vasopressin® can reduce medullary
perfusion (MBF) without ahiering CBE The heterogencity of
these renel vascular responses 10 vasoconsiricton agenis may “wve
irnporntant implications for the impact of circulating and locally
acting hormoncs on the contre] of diood pressure, especially batause
the medullary microcirenlation appears to have an jmportant eftect
oa the rena! handling of salt and water,

‘However, one inerpretaionsl problem with some of these
experiments concerns the confounding influsoce of changes in
systemic hasmodynsmles, particularly arterial presture, that pecur
during intcavencus infusion of vasoactive agents. To evoid rai '
the pesent study, we used an extracorpeanl circuit modat in
anaesthetized rabbits thar allows renal xrvery pressure (RAP) to be
conzrolied indepandently of systemic arterisl gressune Thit
tilowed us to examine the renal vascular effects of Augl and

[Phe? Nle?,Oca*)-vasopressin in isalation from their elects on the-

extrarenal circulatdon. We also hypothesized that th: level of RAP
may affect the renal vescular response twa yaseionsuiclor ageots,
possibly by alteriag tht in>arenal hormonal miliev, To 18 this
hypothesis, we compareq the rentl haemodynamic effecis of

. [Phet It OraM-visopressin whea RAP was set at the lovz; ¢nd of

the range found in nom - ensive conscious mbbits {rpproximats)y
65 mmHg") with lts efects when RAP was doubled (approximately
{30 mmHg).

METHODS |

Animals

Twenty Mew Zeoland white rubbis {2.45-3.65kg: mean 2.94kg) of
tither £¢x were mndomly asigned 1o one of four caperimental groups,
Rubbits were allowed food and warer ad fibimun uniil de experimental
procedures began, At the conclusion of the experi rebbits were killed
with un |v. overdese of pentoburbirone sodium. Experimenis were pecfiormed
in socordance with the Austrafisn Code of Pructics for de Care and Use
of Animals for Sclentific Purposes und were upproved In odvance by the
Monash University Depurtment af Physiotogy/Centre! Animazt Services
Aninud Ethics Commiteee. The experiments used an extucorporeal
cireuit by which R:\P cun be adjusted without diretly wikring systemic
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vehicle with RAP ipitially set at apreximacly 83 mmHg: (i) Ly. infasicn
of Anyll with RA? Initislly wx w approsimaicly S3mmig (i} i
irfus.a of the vosopressin ¥y eecepint sgonist [Phe lie? Om*vasciessin
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Fig.t Efects of i.v. infusion of vehicke {154 mmoliL NoCl ot S0 4 L/kg per min: (1) or angitensiz T (Angll; 300 ng/kg per min; @) on systemis and repal
heemodynzmic varipbles, with renal anery pressare initially st 2t spproximately 65 menHg. Unes show | min meant. Foc clarity, symbols show every Afth

mean= SEM {nx 3). £ values show the outcomes of the intzruction lerms from rep

d. atalysis of testing whether the respanse w Angll

ditfered from that to vehicle. MAF, mezn acterial pressure; HR, heant mue; RAF, teonl artery pressuce; R3F, eenal blood flow, CBF, cortical perfusion; MAF,

medullary perfusion; PU, perfission ueits.
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Experimental prepatations

These hove been dessribed in detall pr ty, >V 50 will only be described
briefly here General anaesthesia was induced by i.v. administration of
pentobarbieane seahism (K-150 mg plus 30-20 mo/h; Nembuta); Boekringer
Ingelkeim, # macmon. NSW, Australis) and 2 immediazly followed by
endotreclenl intubation tad argficinl respiratea. During surgery, o balanced

butTered salt sototion (Hartmann's; Baxter Hesltheure, Toongabbie, NSW,
A tia) wes infused Py ot n cate of 0.1 mLAkg per min,
After emoving the right iidocy, the laft kidncy was denervated by
stripping xil visible aerves surrounding the reral artery and vein and i was
then plpeed in & siable cup for the measurement of CBF and MBF by haser-

Daoppler Bowmery. as described previously.” The poresl cirenit™™ -

wis then established tn withdraw hiood (nt » coastant mie of 30 mL/min)

100 = 260 = :
. 80 - 240 -
o T 220 -
- E 60 g
E S, 200 o
40
< : £ 180 o
20 : 160 ~
: FP=0.10
0 ; | M 140
150 = ; 50 =
C009000 &
7 f :
£ 100 5 : =
£ 060808 E
< 50 z E :
o : w :
: o :
: P <0.001 T : P < 0.001
0 ———T—T1 1T S I S p—
400 — 100 = :
E 300 ~ : g
m ]-L
o far]
O 200 | = :
: P=0.001 : P =0.16
100 T ¥ T T 1 0 I I T T !
-0 0 10 20 30 ~10 0 i0 20 30
Time from start o [¥he?,e3,0rn¥)-vasopressin infusion (min)
Fig.2 Effests of iv. infusion of [Phe? tief,Om"}-vasopressin (30ag/kg per min) oa systemic and renal b dycomic variskles, with renal artery

pressure initieify st of approximately 65 mmMg (@) or epproximarely 130 mmHg (O Lines show Fmin means. For clority. symbois show every fifih
mean2SEM (n=J). P values show the cutcames of the interaction terms from repeated-messures analysis of voriance, tesiing whether the aponse &

tPhe? iad ™) estin way de

on the Jevel of renzl artery pressure (RAP). MAP. mean arterial pressure: HR. hear rte; RBF, rena? blood fiow;
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from the distol aorre by mexns of o rolier pumg and retum it tn the animal
both through the nenol ariery and the vena cava. A Siarding residor
incorpocated fntn the venous limb alfowed for graded reductions in the fow
of blood through this limb and, 2. increases n prewsuse and flow in the renat
Yimnb, The circuit was primed with 0% wiv dextran 40 in 134 mmolL HaCl
solution (Gentran 40; Baxter Heulthcore)} contuining 50 MUfmL heparin

(Menopatin; Fisons Pt uticals, Sydney, KSW, Ausuelin). The dead
space of the civeuit wes 24 mL.
Irvmediately following extabfish of the povend cimuit, RAP

wat set and maintained ut H0=70 maHg and the infusion of Hortmann's solu-
tien (018 mLA&g per min) woy replaced with |09% v/y poly gelins (Haemocoek:
Houdet, Melbourne, Victoria, Australio) ing 200 (UimL sodt
heparin

Recording of haemodynramic varlables

Artetal p wus d by ing the £ar amary catheter toa
pressre tnsducer (Cobe, Arvarda, CQ, USA). Hear mate (HR) was
measured by & ochomster actlvated by the pressure pulse. Renal artery
pressure was meusured in a side-arm catheier, 3 mm proximal to the fip of
the cansule inserted into the renal artery, us described previously,” Blood
Aow throvgh the renal limb was mewred with an in-tine uttrasonic Row
probe (type 4N; Trnsanie Systems fac, Ithecs, NY, USA) connecied 1o o
model T108 fowmeter (Transonic Systams inc.} The laser-Doppler fow-
probes were connected to @ [mser-Doppler Aowmeier (DRT4; Moor
{nstruments Lig, Millwey, Devon, England). These signols weee anplified
and recoried as described previowiy'? o provida 608 means of sysiemic
arsrinl pressore (MAP), HR, RAP, reny bleod Aow {RBF), CBF, MBF and
the concentration of moving red blood cells {CMBC) o the cortex and
medulis. At the complation of esch eaperiment, the lefl kidmty wnt pmoved
snd desictued 30 that its dry weight covld be determined. Therafore, RBF
values nre expressed per g dry Kidney weight

Experimental protocols

At leant 60min afier establixhement of the extracorporeal circuit end once

systemic and renal haemodynamic vzsiables hod stabilized, RAP was s to
either spprozimaicty &5 mmHyg (growps [-2) or 1M mmHg (group 4%
Following a Ferther 3050 rin equilibration period and peovided ABF had
reached o relatively constant leved, i.v. infutiona of either yaling vehicle
{154 mmol/L NaCt at 30 pLfkg per min), Angli (group 2: 300ng/kg per min:
Auspep, Purkville, Victoria, Aostratia) or (Phe’Jle’ Orn’l-vuoprusin

(groups 3 and 4; wnmpumim. insula Lat e, CA,
USA) d and wane Ined for 2 further 20 min.
Statistical analysis

We used the i fon term {Eme™ } tram

lysia of variance'? 1o st whether the resp wAnglldlﬂ'ertﬂmM
of its vehick (Fig. 1) and whether the response to [Phe’, e’ Om'*}-vasopreasin
wies dependent on the level of RAP (Fig. 2). To protect againat the ineressed
risk of = falve-positive inference,  volues were conservatively sdjusied wing

the Greenhauseeinser comection,™ Puired rtzsts were ased 10 detcrmine
whether huemodynamic variubles ¢ifTered from their baseline fevel during
the final 5 min of euch 20 min [afuslon,

RESULTS

Velilcle

Levels of all variables remained relotively stable during infusion of
the saline vehicle (Fig. [; Table ().

Anglotensin I

Intravenous infusion of Angll was accompanied by chauge: In
systemic and renud hoemodynamic voriobles, which, with the
exception of MBF, resched equilibrium by the final 5 min of the
infusion {Fig. 1). During the final § min period, MAP and RAP were
incressed 4327 and 1322%, respectively, comparsd with the
10min control period, while RBF and CBF were reduce:d by 5026
and 43212%, respectively (Table 1), In contrast, the response of
MBF was more complex and variuble, During the first 'Omin of
infusion, MBF was incrensed in ) five rabbits, aversging 324 33%
more than during the control peripd. In the fnal 10 mie of [nfusion,
MBF returned 1o control levels in two of five rabbits, but remained
above control leveis in the other thres rabbits. The CMBC was not
significantly affccted in either the cortex or medulla, avemging
43231 and 12=7% greater, respectively, during the final $ min of
infusion compared with cantrol levels.
(Phe?,11e?,0rn']-Vasopressin '

When RAP was (nitially set ot approximately 65mmHg, Lv.
infusion . of [Phe’,l1é",Om")-vasopressin wos accompanied by
increased MAF (by 302 5% of coawol levels during the final 5 min
of infusion) and RAP(9+2%: Fig. 2; Table [). Renal blood fiow was
reduced by I1:7%. The reduction in MBF (572 10%) was
considarnbly greater than thal of CBF (1524%), The CMBC wes
not significantiy affected in either the cortex or medulfa, averaging
2%] and 12:28% less, respecilvely, during the Gnal 5min of
infusion compared with control levels,

When RAP way initially set ot approximately 130 mmHg, i.v.
infusion of [Phet.lle?,Om®)-vasopressin did not significantly affect
MAP, but RAP was reduced by 7%1%. Both REF and CBF were
increased (by [322 and 5£2%, respectivcly), but MBF was reduced
(38x11%). The CMBC was not significantly affected in either
the conex or medulla, averaging I=2 and 02 5% lexs, respectively,
during the final 5 min of infusion compared with control levels.

Tablel Effects of i.v. infusion cf vebicle, angiotentin IT and [Phe’Tie*,Grn")-vasopressin on sysiemis and renal beemodynesmic vasiables

Restiog RAP MAP HR RAP REF CBF MBF
Agent {(mmHg) (%echange) (% change} (% change) (% change) (% thonge)} (% changa)
Saline vehicle {50 uLAg per min) 65 1=5 0=2 2=4 ~5x3 94 b=t
Aagll (300 ng/kg per min} (11 37 =t=2 122" - 506! -43n12* 100245
ma‘.ns’.oﬂ';l -asopressin (30 ngikg per min} 65 x5t -22+3" gaie YA ~1524¢ =t 0
Tie!,Om*-vasoprestin (30 ng/kg per min) 130 -H£17 -1824* 72t 13=2 62 LI
WuumMMzsmﬂmmudmu the period ) 5-20 min afer 1§ £ach infusion from the level during the 10 min

control period {nm3$). The level to which renal ariery pressure wos inidally set is shown in the seeand coluamn, pells, P <001 for paired #1est

comparing levels before and dusing (15-20min) each infusion.

RAP, renal actery pressure; MAP, mear arterial pressure; HR, beart cate; RBF, cenal biood Bow: CBF, cortcnl perfusion; MBF, medullary perfusion; P,

perfusion anits; Angll. angiotensin IT,
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DISCUSSION The precise mechanisms underlying the disparaie effects of vaso-

The present findings with regard to the effecs of iv. infusion
of Angll and [Phe’,lle,Om'}-vasopressia in the extracorpocenl
circuit made! were simllar w0 those we have obsecved previoucly
in anaesthetized and conscious ineuct rabbits. ™' Thus, with RAP
set initially at approximately 65 munHg, which is similar to resdng
MAF In conftious' and pentobarbitone-ansesthetized” rabbits,
AngT (300 0g/kg per min) redueed CBE, but oot MBF. Indeed, MEF
transieatly increased in all five cabbis scodied, slthough the
magnitude of this responss was highly vadable, In coatast, under
the same conditions, the vasopressin V. recepiar sgonist
{Phe’,Ns?,Om’)-vasopreasin (30ng/kg per min} reduced MBPR
spproximately four-fold more than it did CBF, Becanse none of these
trestments significandy affected CMBQC jp either the cortex or
medulla, we can be confident that the changes in CBF and MBP
observed resulted predominsntly from changes in red blood
cell velocity (rather than conceatrution), secondary (o dtemluas in
vascular tone,

In our previous study lo mtnct anaesthetized mbbits,? Lv,
infusions of these doses of AngIl and [Phe’.Jle’, Oon'}-vusopressin
were accompanied by increases in MAP of spproximaiely 84 and
14%, respeciively, Themfore, it remained possible that the dif-
ferences we observed between the effects of these agents on regional
kldney pecfusion reauited secondarily from tielr different effects an
systemic haemodynamice, For example, It could be hypothesizad
that MBF did not fall during infuston of Angll because of the szcom-
panylng large Incresss in MAP. This hypothesis is supported by
experimental results suggesting that the medullary microcirenlation
hat only limited sutoregulatory capacity compared wich the coctax.”
Haowevar, the preseat observation now permit us to exclude thiy
poasibiliry, because our exparimenral model allowed us to test the
renal haemodynamlc effects of these agents In liolation from their
systemlc heemodynamic effects, Thus, sltbough both ageats
produced considernble increases In MAP, we observed similar
modest Increases (by approximmely 10% of resting) in RAP
with both. Therefore, these obiervations provide strong evideacs
that the heterngeneous effects of these agents on CBF apd MBF in
anaesthetized rabbits arise from diffecences in thelr direct actions
Within the rena! vaseulaturs,

Our observations and conclusions are also consistent with those
of previous studies in ran chowing thet Asgll and erginine
vasoprestin can differentially affect CBF and MBF {ndependently
of effects on arterial pressure, For exarmple, Nobes er af. found that
Angliserensed papillary perfusica in thetized rats, even whea
renal perfusion pregsure war mainteined at o constant level by use
of an sartic clamp.' Simdlarly, Franchini e¢ af, fouad that infusion
of arglnine vasopinssin in decerebeate rass, at & dose that jacrensed
the plasme arginine vesopressin concentration from 3 to 11 pg/ml,
reduced MBF without effecting CBF or mean wisrial pressure, ™7
There is also evidepce that these hormoones differeotially regulute
CBF and MBF under physiological condizions, Thus, increased NaCl
intake in rats reduces plasma levels of Angll and increascs CBF but
not MBE.'" Moreover, the reduced CBF in response to increasad sajt
intake can be abolished by slmultsnecus infusion of subpressor doses
of AnglL ! Similarly, 48 h water restriction Jn raes ineressed plesma
lzvels of arginine vasopressia and reduced MBF but aot CBE," The
effects of water restriction on MBF ware sttenuated by medullary
interstitlal infusion of n V) receptor antagonist.'?

constricioe agents an regional kidney perfusion remain unknows.
Howevee, it is likely that they include not oly differences in the
vascular distribution of receptors for these agents, but sise dif-
ferences in thelr effects on secondary, locally aiing {mainly endo-
thelint) factors, such as nitrie oxide (NO) and prosmnoids.**4 For
example, in anaesthetized rets, the increase in papillary perfusion
that hos beea observed during infusion of Angll sesms (o require
the p of NO, b it iz abolished by blocksde of HOD
synithesis but restored by co-Infution of sodium nitopeusside.? There
ia also evidence that both prostanoids®™ and NOP® act in vivo 1o
blunt medullary strictor resp to Angll The invalve-
ment of these local counter-regufatory mechanisms in modulating
mxponses of regiooal kidney pecfusion to Angll may explain, &t least
i part, appareat discrepancies between observations made In vivo
and those made vader iz vitro conditions. For example, Angll has
bean shown to consirict both juxtemedullary afferent and efferent
arteciales™ and outer medullary descending vesa recta® in virro, It
may be that the activity of countec-regulatory vasodilagr machan-
isms {e.g. NO, prostanocids) is bluntzd under in vitrp conditions,
exposing the underiying vasoconstrictor effecis of Angll on
vascular elements regulating MBF, ‘

In the group of rabbits in which RAP was set o appronmly
130 meHg, RBF and CBF (but not MBF) was considerably greater
than in the group in which RAP was set et approximately 65 mmHg,
However, there was clear cvidence of aetorsgulation of RBF,
because reating renal vaseular resistance wes 63% greater at the
higher level of RAP. Uder these conditions, [Phet.lie’ Oro®]-
vasopressin reduced MBF by a simifar magnitude, as was seen at
the lawer Jevel of RAP. However, rather than reducing RBF
and CBF, these were Increasad, Indeed, RAP was reduced during
this infusion, indiceting & conslderable reduction in globel rensl
vascular resistence. In contrest, the face that MBF was sti!) mduesd
by [Phe? Ne®,Om")-vesopressin in the face of reduced globa! recal
vascular resistance guggesis m differectial vasculer cespomse to
activation of ¥ receptors in vascular elements reguisting MBP
{e.g- vasoconstriction of sfferent and effercot ane.oles of juxta-
medullary glomerli and/or cuter meduliary descending vase recta)
compared with thass vasculir elements regulating perfusion in the
outer and mid-cortex {e.g. vasodilatation iz afferent and efzrent
erterioles of glomeruli whose efferent arterioles lead to corteal
perimbular capillaries andfor vasodilatation in upstream vascular
sites).

Wscmon]y:pecuh:e.umeu. g wmemhnismmpon-
sible foc this apparent conversion of the reeal vasocoastrictor eifect
of [Phe’Tle’,0m®)-vasopressin into vasadilatation (at least in
vessels ather than those conmolling MBEF), but it likely relates 1o
the impect of RAF on the intrarenal hormonal milieu. For example,
there is some evidence for the releese of a putative renal mednllary
depressor hormote under thicse cxperimencel conditions, "’
which may be responsible for the abolition of the xysiemic pressor
effect of [Phe’ Ne’ Omd)-vasopressin we observed, It may also be
respoasible Jor the renal vasodilantion we observed ip the present
study, either as » dircer effect of the putative harmone per 3¢ or as
an Interactive effect with [Phe?,Re’,Om")-vasopressin. We believe
that the former possibility is unlikely, becauss we have previousty
observed that RBF and RAP remain relatively stable in this experi-
mental mode] when RAP is set to this ievel.'™? Furthermore, the
fal! in RAP and (ncreases in RBF and CBF during infusion of
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{Pie? e Om"[-vasopressin occurred over a similar time-course as
the fal! ia HR and over a similar time-course i@ the systemic and
renal hasmodynamic effects of this agent observed when RAP was
initizlly sez to approximately 65 mmiig.

Increased release of numerous locully geting hormones, includ-
ing NO, prestanoids and endochelins 2% is aiso believed to ocour
when RAP is increased, The possibility that these contribute 1o the
modulation of the renal vascular affeces of [Phellle?,Om’]-
vasopressin by the level of RAP medts further investigution.
‘There is certainly good evidence that NO contributes 1o arginine
vasopressin-induced renal vasoditatation,™ sithough previous
studies heve suggesied that this s predominantly mediated by
activation of V; recepto=s.™ In conteast, the resulis of the present
sludy suggest that V) recepiors can also mediate renal vasodilats-
tion, &t least uader some experimental conditdons. This hypothesis
should be tested in future experiments using antagonists selective
for V and Vg receptors.

[n coacluzion, the results of the present study show that &t levels
of RAP st the lower eod of the range normally observed io Intact
conscious rabbits, the wvasoconstrictor agemts Angil and
{Phe?, De? Om')-vasopressin have disporare effects on CBF and MBE,
We also found that insreasing RAP can profoundly influence the
namre of renal vascular responses Lo infused vasoactive ageats, ut
least in the case of [Phetll2’.Om¥-vasopressin. This latter
observation “ighlights the potential complex inleractions betwesn
circulating and locally acting vasoactive hommones and prevailing
haemodynamic factors in the raguluwn of inrarenal Blood fow
in vive.
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Effects of activation of vasopressin-V,-receptors on regional
kidney blood flow and glomerular arteriole diameters
Anabela G. Correia, Kate M. Denton and Roger G. Evans

Objectives Wa tested whethar vasocanstrictfon of
Juxtamedullary glomarular arterioles conbributes to
vasoprasaln Vy-receptor-mediated raductions in medu[tury
patfusion (MBF).

Deslgn and methods The left kidnay of pantobarbitons
anzesthelized rabbits was danervalad, a perivassuler flow
probe placed around the renal artery and laser-Doppler
flow probes positioned In the inner madulla and on the
cortical surface, Rabbits than recelved a 30min
Intravenous intuston of [Pha,lle® Om*lvasopreasin (v~
AG; 30 ng/kg per min; 2= 7) ar its vohicla {n= 7). Kidnays
ware parfusion fixed at the finel recorded maan arteriaf
preasure {MAP) and filled with methecrylate casting
matarial, Dlamatars of atferent and effarent artericles wers
datermined by scanning slectron microscopy.

Regults Vi-AQ Increased MAP {19 % 3%) and reduced
MBEF {30 & B3%) but not cortical perfuston or fotal renal
bload fiow. Vehicle-treatmaent did not significantly affect
these varables. After vehicle- and V,-AG-treatment,
juxtamedullary afferent arteriole luminal diametar
averaged 15,36 = 1,31 and 15.88 £ 1.85 um, respectively
{Pm0,82), while juxtamedullary efferent arteriole luminal

Introduction

Although only appmxlmatehr 10% of total rena! blood
Baw enters the renal medulls, there is now good
evidence that the medullary microcirculacion plays &
key tole in long-term blood pressure rogulation, chisfly
theough Irs influence on tenal sale and water handling
[1]. Therefore, in ordet to understand the mechanisms
underlying the long-term reguladion of blood pressure,
we require 1 more compleie understanding of the
factors regulating medullary blood perfusion (MBF).

In both conscious and anaesthetized rats and rabbies,
intravenous infusion of low doses of arginine vasopres-
sin [23] or the sclecdve Vj-receprar agonist [Phef,
1le} Om?)vasopressin (Vi-AG) [4,5] can reduce MEGF
without affecting cortical perfusion {CBF} or total renal
blood Aow (RBF). There is also good cvidence that
arginine vasopressin plays an important role in the
physiological regulation of MBF {6). The precise me-
chanisms mediating the selective effect of acginine
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diameter averaged 17.75 £ 1.86 and 18.36 % 224 um,
respectively (F = 0.23),

Conclualans V,-AG reduced MBF but did not significantiy
affect dtamaduliary arteriolar diamaeter, Qur rasuits
tharefore do not support a role for juxtamedullary
arteriolas In praducing Vy-receptor-maediated reductions In
MEF, suggesting that downstream vascular alements (a.c.
outer medullary descending vasa recta) might be Involved.
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vasopressin on MBF remain unknown, but they could
theoretically involve vasoconstriction of afferent andfor
effzrent arterloles of juxeamedullury glomeruli (the
source of MBF), oc downstream vascular elements (vasa
recta) (71, On che other hand, we can exclude vasocon-
stiction at vasculer sites upscream from the afferenc
arcetiole, which would be expected to also teduce CBF
and RBF. We can probably also exclude 2 role for
proposed contractile elements in inner medullary des-
cending vasa recta [8), since Ziramethackl o 4/, using
vides-microscopy, were unable to detese argining vaso-
pressincinduced changes in the dismeress of these
vessels, even though erythrocyte velocity wichin them
was significantly reduced {2].

In support of che hypothesis chaz Vy-receptor mediated
des:eases in MBF are mediated by vasoconstrction of
juxcamedullary artericles andfor outer meduliary des-

cending vasa recta, Vy-recepeor mRNA has been located

in these vascular elements [9). There is also good

850 Journal of Hypertension 2001, Vol 19 No 2 [part 2)

evidenee from in-viuo studies thar arginine vasopressin
ean constrict juxtamedullary arcecioles [10-12] and out-
et medullary descending vasz recta [13]. On the other
hand, in the scudy by Hanison-Bernard and Carmines
10}, usmg the blood—pcrfused juxtamedullary nephron
prcpam:on. geginine vasopressin ar physiological con-
centrations (> 107" mmelf)) was found to constrice
afferent arcerioles of juxczmedullary glomeruli bue not
outec medullary descending vasa rectz. Furthecmore, in
one srudy demonsuating vasocanstriction of oucer me-
dullary duccndmg vasa recta in response o arginine
vasopressin fn vifro, the concentrations reguired (ap-
proximacely 10-" mmelfl} were spproximarely one or-
der of magnitude greacer than chose encountered in
plasma under physiological conditions 13} Thus, en
balance, this evidence supports a role for vasoconstric-
tion of juxtamedullzry glomerular arrerioles in mediac-
ing reduced MBF in response to asctivation of V-
receptars. Hlowever, a3 yel, there is no evidence from
in-vivo studies ro confirm or reject chis hypothe.ls.

Thecefore, in the cuttent study, we directly tested chis
hypothesis in ansesthetized rabbits by sxamining the
effects of an intravenous infusign of Vi-AG on RBF,
CBF and MBF, and employing the technique of
vascular casting o measuce the luminal diménsions of
afferent and efferent arterioles in the outer-, mid-, and
juxtamedullary cortiesl regions [14,15),

Methods
Anlmais
Fourteen, New-Zealand White, male mahbies were used

{body weight 2.18-2.62 kg; mean 2.41 & 0.03 kg). Prior

to cxperimentation, all rabbits were meal fed and
allowed water ad fibitum. Ar the conclusion of dhe
experiment, they were killed with an intravenous over.
dose of pentobarbitone sedium (300 mg). All exped-
ments were performed in  accordance with the
Australian Code of Practrice for the Care and Use of
Animals for Scientific Purpases and were approved in
gdvance by the Monash Univerity Department of
Physiclogy/Central Animal Services Animal Ethics
Commictee.

Surglesl preparation

Catheters were placed in both cencral ear artecies and
marginal ear veins under local ansesthesia (0.5% Lig-
nociine; Astrz Pharmiaceuticals, North Ryde, NSW,
Australia). Rabbits were anaesthetized with pentobarbi-
wne sodivm (90-150 mg iv. Nembuzal: Boehringer
Ingetheim, Artarmon, NSW, Australiz) and this wag
immediacely followed by endotracheal intubaricn snd
arcificial vencilation {Model 55-3438 Ventilator, Harvard
Instrumencs; MA, USA). Anaesthesia was mainmined
during surgery and throughout the experiment by incra-
venous pentobarbitone infusion {30-50 mg/h). Playma
volume was raintained chroughout the experiment by

sn inteavenous infusion of Harmmann's solution {com-
pound sodium fuctate; Baxcer Healthcare Py Lad,
‘Toongabbie, NSW, Australia; 0.I18 mikg per min).
Surgery was performed on a heated wble, and cesopha-
geal temperacure was mainuined ac 36-38 "C chrough-
out the experiment using a secvo-controlled infraced
{famp (Digi-Sense temnperacusee Concrolles; Cole Palmer
Inscrument Company, Chicagoe, [llinois, USA). '

Surgery ]

A left Aank incsion was made and the lefc kidney,
aorta, vena cava, and ureters were exposed. The lefi
and right urcters were cannulated with silascic eubing
{autsr diameter 0.94 mm, inner diam=ter 0.5 mmy
Dow Corning, Midland, Michizan, USA), The left
kidney was dencrvated and pliced in a smable cup for
the positioning of laser-Doppler Bow probes. For mess-
urement of MBF, 2 26-gauge needle rype probe
(DP4s, Moor Instsuments Lid, Mitiwey, UK) was-
advanced 10 mm below che mid-region of the lacznl
surface of the kidney, using 2 micto-manipulator (Nae-
ashige, Tokyo, Japan). A laser Doppler flow probe
{Standard plastic seraight probe, DPZb; Moor Instru-
ments Litd) was placed on the dorsal surface of the
kidney, for measurement of CBF. A mansic-time ulca-
sound fiow probe was placed argund the renal artery for
measurement of RBF (type 25B, Transonic Systems
Inc., Ichaca, New York, USA). A bolus of heparin
sedium (5000 [U i.v.: Fisons, Thoenleigh, NSW, Ausera.
lia}) was adminiscered, acd 2n infusion of 30 IU/min
concinued for the remainder of the experiment. A
large-bore cannula (outer diamerer 3 mm, inper dia-
metee 2 mm) was placed in the aora diseal to the renal
arteries, which was later connected to the perfusion
appacarus. The abdominal aorta was also isolated above
the renal arteries, so chae it could to be occluded during
the fixacion process.

Upcn compledion of the surgery, bolus doses of [PH]-
inulin (4 uCi; NEN Research Products, Sydney, Ausera-
li)) and {"*Cl-paraminohippuric acid (PAH; I pCh
NEN Reseaxch Products) wets administered iners-
venously, and the maintenance infusion of Harcmann's
soludon (0,18 mlfkg pet min) was repi-sed with &
sotution containing 300 nCifm! BH]-inulin and 83 nC{
mt {C]-PAH, in four parts Hatmann’s and ane part
10% viv polygeline {(Haemaccel, Hoechst, Meiboume,
Awustralia).

Experimantal orotoesl
Following 2 60 min equilibracion period, snd a 30min
contrel period, rabbits received a J0min intravenous
infusion of cither V,-AG (Peninsula Laboratories Inc.,
Belmonx, California, USA; 30 ngficg per min; #=7), or
its vehicle {50 plkg per min 154 mmolll NaCl; # =7,
Urine produced by the left and right kidneys was
collected dusing the final 20 min of both the control
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Ine.). The laser-Doppler Bowprobes were connecred to
2 faser-Doppler flowmeter (DRT4, Moor Instrumenes
Ltd). The signals were amplified and recorded on a
Neotrace pen recorder (Neomedix Systems, Sydney,
Auyzralia) and relayed co an IBM compatible computer
equipped with an znalog-to-digital converter that pro-
vided 20s meins of acterial pressure (mmHpg), heant
tate {beats/min), RBF {mlfmin), CBF and MBF ((Per-
fusion Units, PU), equivalent o the instrument output
in mV X 10).

Analysis of urine and blood samples
Hiematocrit was measured by the capillary tube meth-
* od, and the remaining blood was centrifuged ac 4 %3 for
10 min ac 3000 r.p.m. Plasma and urine samples were
aspirsted and frozen for lacer analysis. PH]-inulin
slearance was used to estimate glomemilar filtracion rate
(GFR) and [C]-PAH clearancs was corrected for
haematocric w0 peovide effective renal blood flow
(ERBF), as previowsly described {16). Sadium snd
potassium concentrations were measuced by acomic

Seiencific Sofeware, Victoria, Auatralia).

Vascular dizmetar and resistance .

Mean values for the cadius (r) and diameter of each
vessel were detived fiom the measurements made
along the vessel length. Relutive resiscnces {R) were
c2lcolated according to Poiseuille's refadonship (R=1f
r*) and expressed per unic fength (14,15],

Statistical analyzis

All dawm are reported a3 the mean £ SEM. Hypotheses
were tested using Student’s paired 20d unpaired (as
appropriate} fteses, P <005 wasz considered scatisd-
cally significant.

Results

Baseilne levals durlug the cantrol padod

Systemic and renal haemodynamic variables (Figs 1
and 2), and renal excretory variables (Fig. 2) during the
concrel period were similar co those previously obsecved
by us under similac experimsneal conditions [4,14=18].
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1 and infusion periods. Ear arterial (3 ml) blood samples  sbsorption specerophotometry (Avanta, GBC Scientific et
were collected ac the mid-point of each peciod for  Equipment, Dandengng, Victoria, Australia).
decermination of plesma sodium concentration and . 100 p.o33 “40  owpos PYSST
1 hzematocrit, Preparation of methacrylate casts for micrascopy - _
& : Only che lefe kidneys weee examined. Following re. . T. T =
T_ Pecfusion fixation of both kidneys commenced immedi-  moval from the rabbit, each kidney was stored indivi- - L] o . agk= Sote!
1 stely after completion of the second urine collection.  dusfly in fixative to silow complece polymerization of :::::
* One litee of 2.5% paraformaldehyde in 0.1 mmol/l phos-  che methacryfate (24-48 ). To eliminzce the tissue a _T_‘ - : "ol
- phate buffer (pH 7.3-7.4) &t room tempersture was  from che casg, each kidney was sliced coronally (2-3 cm i § ol
§ pedfused cetrogradely chrough che disaal aorta at @ chick) end placed in potassium hydroxide (20% wiv E 20 j= reele
' pressuce equivalent lo mean artecial-pressure (MAP)  KOH) for 1 week (fresh KOH every 24 h), The concain- ; so}e é :::::
1 during the finz! 2 min of the Vi-AG oc vehicle infusion  ers were incubared in a4 wacer bach at 55 °C, Once the beded
+ for cach mbbir. The upper aora was clamped above  cissue had been digesced away, the casts were rinsed in 16 0
i the kidneys and the vena cava vented as soon as  disdlled water and placed in 5% wiv sodium hipochlor- 2wl w
t petfusion of the fixstive commenced, Immediately  ite for 1 h. The clezn vascolar casts were then dried, - voel
i following the fxaton process, a mixture of methaery-  mounted and gold-coated (SCD 005 Spueter Cozter; [
' late and secelerator (20:1) (Mercox CL.2B-5;- SPI,  Bal-Tee, Licch’enstein} before being examined in a 0 o
i West Chester, PA, USA) was perfused into the lefc and  scanning electron microscape at 10 Ky (Hitachi 8-570,
{ aghec kidneys at che same pressure as the fixative, Both Hizachi Cicy, Japan). ) 300 = 400 1=
| kidneys were then clampad above the renal hilus, and Pw=0as P = 0.001 P =08y
. the methacrylate resin was allowed to harden im sitw for  Luminal diamietess of afferent and efferent acterioles of
30min. The lefc kidneys were removed, weighed  outer-, mid- 2nd juxtamedullary-cortical glomeruli ware
(13.37 £0.33 g} and stored in 2.5% panaformaldehyde  measured from scanning electron microscope micro-
for lares processing. graphs {Gnal magnification X 660), Diameter measure- 200 - —~ 4
: ments were made ar 25 i intervals along each vessel g o]
i Heemodynamic verlables ’ from its junction with the glomerulus to i fot KO0
© Arerial pressute was measured througheur che exped-  beanching paine, Six afferent and efferent vessels from 5 :::::
ment using 2 side-arm catheter, 3 mm proximal o the  cach region of the cortex (oucer, mid-cortical and N [
- tip of the cannula inserced into the aora, This was - juxtamedullery) were measuted. These wece selected 100 1= KR
- connected to o preswure transducer (Cobe, Arvada, CO,  and classified as previously described [14,15). The , ::::t
USA), and hearc rate was measured by o cachometer  vascular cases were coded and randomized before the ]
(Model 173; Baker Medical Research Instiouce, Mel-  micrographs were taken, Measursments were made : et
bouene, Victorla, Australia), scrivaced by the pressuce  using a digitizing mablet (Summagraphics; resolution 0 2%
pulse. Lefc RBF was messuced by connecting the 100 lines/mm, accurscy (0.25 mm, Calgraph, Fullerton
transic-time ultrasound fow probe to an ulwisonic  CA, USA) and the MEASURE program (Capricom
volume flaw mater {(Model T108, Trnsonic Systems : a0 -

o
.‘

mudrnu.nic uri:blga. M:!:'. mean arterial prassues; MR,

[Pha?, Ma?, Om™vascpressin

ENects of intravarious ifusion of (Phe? fs?, Om¥jvasopressin 3 ig/kg par min) of ile vehicle (154 mmol NaC, 50 ¢ min} on systemic end
of o o e e 1O g haart rg:: HCT, hasratocrit: RBF, ranal Blpod ﬂow%gBF. renal cang:l parfusion;

MBF, renal medk
{open cohumaa),

P and arroe barg represant the mean £ SEM of data [ = 7) during the fingl 20 mia of the control perod
and the beal 20 min of the period of inkusion of vehicl (hatchad columnst of (Pha? 2e),0mTvasapressin {cross-ha
rapraaand oulcomes of paired HMeats, leating whather vadablas changed eignificantly during infusions of vehicle or

(Pre Jin? Om®fvasopraasin,

(Phe?, te?, Om®vazapgarsia
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There were no systematic differences in these variables
becween the owo groups of rabbics (P > 0. 05).

Haemodynamlec and renal responses to Vy-AQ end vehicls-
treatment

Lneravenous V;-AG (30 ng/kg per min} increased MAP
£19 + 3%} and haematocric (7 £ 2%), and reduced heart
rate (16 £2%) and MBF (30 + 8%), but RBF, CBF
and renal vascular resistance {dawz not shown) did noe
significandy chinge (Fig. 1). Vehicle-creatment did not
significandy affece any of the measured variables with
the exception of hasmartcerit, which increased by
3% 1% (Fig. 1. .

Vi-AG-teecarment had no significanc effece on ERBF in
either kidney. In both the left {denervated) and right
(intagc) kidney, Vi-AG-treatment significandy increased
GFR (58 & 13 and 109 £ 38%, respeccively), urine flow
{166 &£ 32 and 355 X 78%, tcapectively) znd sodium
excretion (118 & 21 and 290 £ 82%, respectively). Fol-
lowing vehicle-treatment, chere were smail bue statisti-
cally significant incrcases in GFR in the right kidney
(33 £ 10%), vrine flow in the left kidaey {32 & 14%),
and sodium excretion in both the lefc (36 & 15%) 2nd
right (42 £ 16%) Kidneys, but no significant changes in
ERBF (Fig. 2).

Vessel lumen dlamaters and caleulated relative

resistances

No evidence of focal constriction was observed along
the length of che any of the anerioles and 1 mean
diameter was calculated for esch afferent and efferent
acteriole in che different regions, as an arichmecic mean

. of earh measurement (every 25 pm} along the length of

the vessel from the glomerulus.’

There were no significant diffcrences in glomerular
artceiole lumen dimensions betwesen vehicle- end V-
AG-wreated rabbis (Fig 3). In particular, juxtamedul-
lary afferent and efferent anterolac diameters weee
‘closely similar in the owe groups of rabbits. However,
there was & tendency for mid-cortical efferent aceriolar
diamecer to be less in Vy-AG-treated than in vehicle-
teated rabbits (P =0.07, Fig. 3). Calcu'ated relative
resistance per unit vessel length was closely similar in
vehicle- and Vy-AG-treated rabbits for all arerioles
{data not shown, P 0.40), excepr for mid-cortieal
efierent artecioles in which a cendency for increased
relative resistince was observed in the Vi-AG-treated
rabbics (P = 0.07).

When averaged across boch groups of cabbits, afferent
arteriole lumen digmeters in the outer, mid and juxe-
medullary cortex were 15,06 £0.70, 13,87 £ 0.52, and
1548 & 1.20 £m, respectively. Compared with these
afferent arcerioles, the corresponding efferent agterioles
had smaller diameters in the outer coreex ([2.37:%

1.00pm, P=10.02) and mid-correx (12.13 £ 0.61 um,
£ =0.03), but greater dizmecers in the juxumedullary
coteex (17.62 & 1.48 pm, P = 0.02).

Discussion

Intravenous infusion of V| -AG selectively reduces MBF
compared with CBF and RBF in rabbies [4,5). Ouw
present aim was o determine whether che effect of V-
AG on MBF i» mediated by vasoconstriction of juxza-
medullary glomerular arrerioles. lneravenous Vi-AG
reduced MBF by 30 £ 8%, but we could not deteer
teductions in afferenc or efferenc juxcamedullary aceer-
iolar dizmeter, These dars are not consiscent wich 2 role
of juxtzmedullary artericles in mediating the effects of
V1-AG on MBF. Since vasoconstriction of - .sufar
clements wvpstream from glomemular acterioles (e.g.
interlobular or arcuace asteries) shovld resuls in reduc.
tiens in CBF {and RBF} as well as MBF, our daca raise
the possibilicy of a role for downstream vascular ele-
ments in mediating MBF r2sponses to V;-AG. The
outer medullary portions of the descending vasa recn
are the mose likely candidates, since chese are respon-
sive to both arginine vasopressin and Vi-AG in viro
[13). :

In the currene study, our combinstion of in-vivo meas.
urements of RBF, CBF and MBF, togcther wich datx
from ex-vivo znalysis of vasculir cases from the same
animals, provided a2 unique opportunity for direct
comelation of the sctions of Vy-AG on regionzl kidney
blood flow and glomerular arcericle dimensions. The
laser Doppler technique has previously been validated
{17} and used extensively w demonstrate the diversity
of responses of regional kidney bizod Bow to hormonal
sgents [1,3-6,16]. Alchough some arcefaer is associated
with the vascular easting procedure, ic has previously
been extensively validated [14,15,18-20). Lmportantly,
our estimates of glomerular arteriole diameters are
comparzble o those previously reported in rabbics
using several techniques, including vascular casting
[14,15), stzreology [21], and isolated arteriole prepars-
tions [22,23]. We also observed regional diffsrences in
glomerular arreriole diameters, which is consistent with
previous studies in chis [14,15,21) and other species
[19,24]. Furthermore, previous studies using the vascu.
lar casting technique hive demonstrited vasoconstrie-
tion in glomenelar areerioles in response co angiorensin
H {14,15], noradeenaline [18) and vasodilatatien in
response to acrial nattiucesic pepeide {18], We can
therefore be confident that it can be used to derect
changes in renal arteriole dimensions.

Consistent with the lack of effecr of Vy-AG on CBF or
RBF, we did not derect differences berween vehicle-
and Vi-AG-treated rabbits in aneriolar dizmeters §

superficial and mid-.cortical regions. If the 30% teduc
tion in MBF were entirely due o vasoconsuiction in
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juxtamedullary acterigles, we would predict (based an
Poiseuille’s relationship, where resisance |s inveaely
propattionat to vessel radius to the power of 4) juxu}-
meduflacy sreediole diametst 10 have been approxi-
mately 9% less wa Vy-AG-teated- compased to vehicle-
treaced cabbic, However, juxtamedullary aeteriole dia-
mecers wers indistinguishable in the ewo groups of
rabbies and, if anything, were numerically (approxi-
mately 3%) greacer in Vi-AG-treated chan in vehicle-
treated rabbits.

Our fallure to detect Vi-AG-induced reductions in
juxtamedullary glomerular arteriole diameter might

‘refBlect some inherent insensitivicy of the casting tach.

nique. However, we belicve chis is unlikely, since we
previously detected decreases of approximately 1 jim in
outer cortica! effetcnc arteriole digmeter in rabbics
teceiving renai arcedal infusions of angiotensin I {1 g
kg per min), that cause 3 35% deccease in RBF [15], By
comparison, in the cucrenc study, s 9% decreass in
juxtameduliasy acteriolar diamerer (predicted from a
30% decrease in MBF) cormesponds to zeductons in
arceriolar diameter of 1.4 pm (afferent) to 1.6 pm (effer-
ent).

Qur in-vive daca are thecefore st odds wich the results
of in-vitre studies showing constriction of juxtamedul-
lery afferent srterioles in respense to physiological
concencradions of arginine vasopressin [10). Nevenhe-
less, this is the Arst study we are aware of thas hay
addressed this issue under in-vivo conditions, and it is
likely that the responsiveness of renal vasculic ele-
menes to setivation of Yi-receptors is highly dependens
upon the intrarenal hormonal milieu. Furthermore,
slthough they appear less sensicive than afferent aner-
ioles under inwitte conditions {10), outer medullary
descending vast .ecta do respond to argirine vasopres-
sin and Vi-AG [13]. Taken together, these dara suggest
a possible role for outer medullacy descending vasa

- recta in emediating che selective effect of V;-AG {and

perhaps also that of acginine vasopressin) on MBF. This
hypothesis remaing o be cested direccly.

The present study also tllowed us to make a number of
intecesting obscrvacions about the systemic haemody-
namic and renal effects of Vy-AG. Intravenous infusion
of this agent increased MAP, GFR, urine fow and
sodium excretion, The diuretic and natrivretic effects
of Vi-AG have been described previously in both raw
and zabbits, and appear to result chiefly from a dircer
cwhulsr acdonr of sctivaton of Vi-teceptors [4,25). In
che presenc swdy, we also found thac ¥y -AG increased
GFR. This effsct his not been previously described,
but is consistent with the pressor effect of chis agent,
and the lack of evidence in our casting data for
autoregulatory vasoconstriction in Vj-AGureated rb-
oits. Irdeed, the only vessels in which there was sny

cvidence of vatoconstriction were the efferent arterioles

“of mid-carcical glomeruli, in thae the average digmetecs

of these vessels tended (o be approximately 11% less in
Vi-AG-tceated- than  in  vehicle-treated  rabuic
(P = 0.07). Our data are therefore consistent with the
hypathesis chat glomecular capillery pressure increases
during ingavenous infusion of doses of Vi-AG cthar
increase MAF. This hypothesis merits direct testing
with micropuncture.

In conclusion, the esults of the present study are not
consistent with an impocanc role of juxtamedullacy
glomerular artetioles In medisting the selective effect
of ¥;-AG on MBF. A role for downstecam vasculag
elements and, in particular, outer medutlary descending -
vasa recea, is possible, However, since our present in«
vivo data arc at odds wich che results of previous in-
vie swdies, they requite confirmation by future ex-
petiments,
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*Dominance of pressure natriuresis in acute depressor
responses to increased renal artery presc're in rabbits

and rats

Anabela G, Correia, Gdran BergstrSm®, Jing Jia*, Warwick P. Anderson and Roger G. Evans
Depariuent of Physiolegy, Monash University, Victoria, Australia and *Department of Physiolagy, University of Gareborg, Goteborg, Sweden

Increasing venal artery pressure {RAP) ictivates pressure diuresis/natriuresis and inhibics renal
renin ralease, There is nlio evidence that increasing RAP stimulates releass of 3 putative depressor
hormone from the renal medulls, although this hypothesis remains controversial. We examined the
relative roles of these antihypertensive mechanisms in the scute depressor responses to increased
RAP in angesthetized rabbita and rats. In rabbits, an extracorporeal circult was established which
ellows RAP to be set and controlled without direct effects on systemic haemodynamics, When RAP
was maintsined st ~65 mmHg, cardisc output (CO) and mean arterial pressure (MAP) did not
change significantly. In convrast, when RAP was increased to —160 mmHg, CO and MAP fell
20 X 5% and 36 £ 5%, respectively, over 30 min. Urine Aow slso increased more than i8-fold when
RAP was increased. When compound sodium lacuate was infused intravenously at a rate equal to
urine flow, peither CO nor MAP fell significantly in response to Increased RAP. In | kidney-1 clip
hypestensive rats, MAP fell by 54 £ 10 mmHg over a 2 h period after unclipping, In rats In which
Irotonic NaCl wes sdminlstered intravenously st a rate equal to urine flow, MAP did not change
signifecantly after undipping (~14 £ 9 ramHg}. Oue results suggest that the depressar responsesta
Increasing RAP in these experimental models nre chiefly attributsble to hypovolsemia secondary to
pressure diuresis/natrurests, These models therefore appesr not to be bioassays for relesse of 1

putative rana! medullary depressorhormone,
{Recelved 17 Seprember 2001; sccepied alter seviiion 71

2001) -

Corrasponding muthor R, Evang: Deparimant of Phylology, PO Box 13F, Monrash Unlwenlty, Victada 3800, Australs,

Emall rogerevansOmad.monshopcu au

The kidneys play an important role in long-teem bload
pressure contol. Thus, when renal artery pressure (RAP)
is increased, renal renin release Is reduced, so that the
activiry 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 reducdon in cardiac output
{Cowley, 1992}, Thirdly, evidence now exists to support
the release of a putative depressor hormone from the renal
medullain response toincreased RAP (Muirhead & Pitcock,
1985; Muirhead, 1990; Thomas ef al. 1996; Bergstedm of
al, 1998}, Muirhead and colleagues provided the initial
evidence supporting the existence of o renal medullary
depressor hormone, which they dubbed medullipin, Tn a
series of experiments spanning four decades, they showed
depressor responses to transplants of medullary dssue
(particularly renal medullary interstitial cells), and to
adminlstration of extracts of medullary tissue, or venous
effluent of kidneys perfused at high pressure, They
concluded that medullipin could be a neutral lipid
hormone of pro-hormone housed in the medullary

interstitinl cells, and released in response to increased RAP
(Muirhead & Pitcock, 1985; Muirhead, 190). However,
neither they nor others have definitvely purified and
chemically identified the active princplein these exqacts
{Brooks etal 1994). '

Exparimental models have been employed to determine
the physiclogical processes medieting release of this
putative honmone, and its biologicel effacts, The common
feature of these models is that they allow RAP to be
increased in viva, and for the resulting effects on systemic
heemodynamics to be observed. For examaple arterial
pressure falls rapidly after remaoval of the renal artery clip
in Goldblatt hypertension (Muirhead & Brooks, 1950}, The
depressor response to unclipping is blunted by chemical
medullectomy (bromoethylamine {BEA)-pretreatment}
(Bing e¢ al. 1981), and. by inhibition of intrarenal
cytochrame P450-dependent arachidonate metabolism
{Zou et al. 1995), consistent with the hypathesis that it is
dependent, i part, on release of a lipid hormone from
the renal medulls, Another approach is to establish
extracorporeal circvits 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-
cireulating an isolated kidney from a ‘donor’ rat with
blood from an anaesthetized ‘recipient’ rat (Karlstrém &
Gothberg, 1987), In rabbitsand dogs, autoperfused kidney
preparations have been used (Christy er al. 1991, 1993;
Thomas zral 1994, 1995, 1996; Evans eral 19988 Correia
et al 2000). In these models, depressor responses o

increased RAP can be blunted or abolished by chemical

medullectomy (BEA) (Cheisty eral 1991), and treatments
that reduce renal medullary perfusion (Be:gstrdm ot ol
1595; Bergstrdm & Evans, 1998; Casreia ef al. 2000).
Thus, the experiments performed by Muirhead's group
(Muirhead & Pitcock, 1585; Muirhead, 1990; Brooks ez al
1994), combined with the more receat phystological
experimentation cited above, have provided strong
circumstantial evidence for the existence of this putative
renal medullary depressor hormone,

On the other hand, there bas been no definidve
demonstration that the acute depressor responses io
increased RAP in these models are independent of the
associated pressure diurcsis/patriuresis. To address this
tssue, in the present study we determnined the relative
contributions of changes in cardiae output and tonl
peripheral - resistance to the depressor response to
inereased RAP in anaesthetized rabbits. In some rabbits,

- we aimed to maintain cardisc output constant when RAP

was increased, by infusion of compound sodium lactate at
a rate equal to urine Bow ('cardiac output clamp’). This
allowed us to eliminate the systemic haemodynamic
effects of pressure diuresis/narriuresis. In a further group

of rabbits subjected to the *cardiac output damp’, we also |

tested whether inhibition of the renin-angiotensin system
cenrributes to the depressor respense to increasad RAP. In
anzlogous experiments in 1 kidney-1 clip (1K1C) byper-
tensive rats, we tested the effects of intravenous isotonic
sodium chloride, administered at 4 rate equal to urine
flaw, on haemodyaamic responses to unclipping.

METHODS

Rabbit extracorporeal clreult studies

Animals, Twenty-four New-Zealand White, male rsbbits were
studied (2,10-2.92; meen 2.53 + 0.03 kg). They were housed
individvally, in purpase butlt cages (500 em high, 740 em
long and 680 tm wide) with two ders for environmenta
enrichment. This housing zllowed visua), but not physieal,
contact with rabbits in adjoining cages. The rebbits were meal
fed (Evans et al. 2000) and allowed water ad libitum. The
experiments were approved in advance by the Monash
University Department of Physiology/Central Animal Services
Anima] Ethics Committee.

PreMminary surgery. Each rabbit underwent a preliminary
operation for implantation of an ascending aortic fowprobe
{8SB, Transonic Systems Inc., Ithacs, NY, USA) via 1 lefi
thoracotomy (Shweta et al. 1599). The plug of the fowprobe
was buried subcutanegusly for later retrieval on the day of the
acute experiment. A cathetee (24 gauge, Optiva, Johnson &
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Johnson Medical, Brussels, Belgium) was placed in a marginal
ear vein under local analgesia (1 % lignocaine, Xylocaine, Astrs
Pharmaceuticals, North Ryde, N5W, Australia). Anaesthesia
was then induced with intravenous propofol {10 mgkg™,
Diptivan, ICI, Victoria, Ausiralis) and after endotracheal
intubation, maintained with inhaled halothane (1-4%
Fluothane, IC1), Depih of anaesthesia was monitored by
testing corneal and toe-pinch reflexes. Priar to commencing
the surgery itself, each rabbit was given an intramusculsr

“ipjection of an antibiotic mixture contalning 16 mg

trimethoprim and 80 mi::‘ﬂphadiazine {Tribrissen, Jurox,
HS5W, Australia), and 3 subcutaneous injection of the narcotlc
analgesic buprenorphine (&0 ag, Temgesic, Reckitt and
Coleman, NSW, Auvstralia}, Lignocsine (196, 2—4 mi) was
instilled subcutzneously into the wound sites to enhance
analgesia. Thirty millifitres of 154 mmol I NaCl was given by
intravenous drip during the surgery, which took 30-50 min. At
the completion of the susgery, animals were closely monitored
far the next 3-5 h, while they recovered in a padded box witha
heat pad. Theresfier, the rabbit's wellbeing was moritored
daily by visual inspection and determination of food and water
intake, until the day of the acute experiment {2-3 weeks after
the peeliminary surgery)

Procedures on the day of the acute experiment, These were
carried out under lo anaglgesta {1 % lignocaine}, The plug of
-the flowprobe was retrieved from its subcutaneous position,

and catheters were placed in both central eararteries (22 gauge,
Optiva} and marginal ear veins {24 gauge, Optiva). The ear
artery catheters were used for measurement of systemicarteria]
pressure, and for collection ofarterisl blood semples. The car vein
catheters were used for intravenous infusions of anaesthetic
and physiological solurions (sze below), Following a 30 min
period to allow full recovery from these preparstive procedures,
systemic arterial pressure, cardiac output and heart rate were-
monitorad for 30 min in the conscious state,

All subsequent experimental procedures were carried out
under pentobarbitone anassthesia (90-150 rng for induction
plus 30-50 mg h™* for maintenance, 1.v.; Nembutal, Bochringer
Ingetheim, Artarmin, NSW, Australia) and artificial ventilation
as previously described (Bergstrom & Evans, 1998), The level
of anaesthesia was monitored by comszal and toe pinch
tefexes, snd adjusted by altering the rate of infusion of
peotabarbitone and, if necessary, administration of further bolus
doses of 5-10 mg, Surgical procedures included implantation
of s catheter via the jugular vein for measuring central venous
pressure (Shwets er al. 1999), 2 right nephrectany, cannulation
of the left ureter for urine collection, and estzblishment of the
extracorporesl circult (Bergstrdm & Evans, 1998). At the
completion of the experiment, the rabbits were humanely killed
with an intravenous overdose of peatobarbitane (300 mg).

Extracorporeal dreuit, Blood waswithdrawn from thesortz st
a rate of 110 mi min™ by 2 roller pump ecd returned to the
cabbit via twa limbs; one ta the renal arteryand the atherto the
vena cava (Christy 2t al. 1991; Bergstrdm & Evans, 1998). RAP
was controlled by adjusting a Starling resistor incorporated
into the vena cavai limb, while total fow through the clveuit
remained constant, For example increasing the mechinical
resistance in the vena caval limb using the Starling resisior
diverts blood Bow rowards the renal limb, so inéreasing RAP,
The circuit dead space {24 ml) was filled with 10% wiv dextran
40 in 154 mmol 1" NaCl {Gentran 40, Baxter Healtheare,
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Toonagabble, NSW, Austratia) containing 50 Lu. tl™ heparin

in, Fisons Pharmaceuticals, Sydney, NSW, Australis),
Thus, the establishment of the circuit resulted in some initial
haemodilutien, and consequently a relstively low haematocrit
{see Results).

Once the extracorpores! circuit was established, RAP wasset at
-45 mmHg for a 60 min equilibration perod. A bolus dose of
PE)-indins (4 pCi) (NEN Rescarch Products, Sydney, NSW,
Australia) was sdministered fn 1.0 ml of 154 mmol ™' NaCl.
An’infusion of polygeline solution {Haemaccel, Hoechat,
Melbourne, Victoria, Australia) containing 200 L. mi™ sodfum
heparin and 03 pCiml™ PHl-inulin then commenced
{0.18 ml kg™'rmin™"), which continued for the duration of the
experiment. Body temperature was meintained between 36
wnd 38°C, Mean arterial pressure {MAFP) and central venous
pressure were measured by connecting an ear artery catheter
and the jugular veln catheter, respectively, to pressure
transducers {Cobe, Avarda, CO, USIS. Heart rate (HR) was
measured by a tachometer (Model 173, Baker Medical
Research Institute, MeJbourne, Yictoria, Australia) activated
the arterial pressure trace. Cardiae output (CO) and renal
biood Bow (RBF) were measured by connecting the ascending
sortic fow probe, and an in-line fow probe in the renal arm of
the extracorporeal circuit (Type 4N, Transenic Systems Inc.),
fvely, to s compatible ter {Madel T208, Transonic
Systemis [ne.). Analogue to digital conversion of these signals,
n$ well as measurement of plasena renin sctivity, plasma and
urinary concentrations of [*H}-inulin and sodium, and
haermiatocrit, were made as previously described (Bergstrdm &
Evans, 1998), {"H)-inulin clearance was used to estimate
omerular Gltration rate {GFR} {Bergstrim & Evins, 1998).,
the completion of each experiment the [eft Kidney was
reoved and desiceated, and its dry weight determined, All
values of RBE, GFR, urine flow (U, and sodium excretion
(U ¥) 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
conseious rabbits for 30 min prior to induction of anassthesia.
Haemodynamic varisbles were also monitored durin
establishment of the extracorporeal circuit, to provide detail

information about the status of the circulation under these

conditions relative to conditiont in the normal cireulation of
conscious and ansesthetized rabbits. Following establishment
of the extracarporesl circult and a 60 rnin equilibration period,
rabbits were mdogﬂ assigned to one of the four experimental

ups {rf = 6 for cach group}, RAP was first set 1o 65 mmHg
g:a 30 min control pesiod in all groups. RAP was then either
maintained st ~65 mmiHg (group 1} or set at ~160 mmHg for
30min (groups 2-4). This period was then followed by a
30 min recovery period (RAP ~65 mmHg), In ali cabbits, urine
output was determined cach 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), 2 ‘cardiac
- output clamp', consisting ofintravenous infusions of compound
rodium lactate (Harimann't solution; compasition: Na*
129 mm, K* 5 mm, Ca** 2 mm, CI° 109 mm, lactate 29 mu} o
exactly match urine cutput each minute during the period
when RAP was increased (group 3), or the combination of 2
*eardise output clamp’ with 1 ‘renin-angiotensin system
tiamp’ (group 4), consisting of enalapriat (2.0 mg kg™ phus
10 pg kg 'enin™") and an intravenous infusion of wgiotensru I
{4050 ng kg~'min™; Auspep, Parkville, Victorja, Australia)
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titrated to restore MAP to its pre-enalaprilat level. The bolus
dose of enalaprilat was administered intravenously afier 30 min
of stable baseline recordings following establishment of the
extracorporea] circuit {that is, at the mid-point of the 60 min
equilibration period), and the Infusion of angiotensin 11
commenced {0 min later. Inhibition of ungiotensin converting
enzyme was confirmed by administration of bolus intravenous
dosesof angiotensin1 (10 and 100 ng kg™; Auspep).

Unclipping of IKIChypertensive rats

Antmals, Male Wistaz rats (200-220 g) were purchased from
the Mollegrd Breeding Centre (Stensved, Denmark), and
housed 24 per uFe, in 1 room maintained between 23 and
25°C with a 12 h lighvdark cycde, Standard rat chow (R-24,
Lactamin, Vadstena, Sweden) and water were provided ad
libiteers, The study was performed after priorapproval from the
Ethics Committee for Animal Experimentation st GSteborg
Undverrity.

Surgical and expertmental methodology. Under ketamine
(58 mg kg™ 1.r; Parke Davis, Warner Lambert Nordic AB,
Salna, Sweden) eod xylarine (7 mg kg™' 1.p., Bayer Sweden AB,
Gdteborg, Sweden) anaesthesta, s silver clip (inner diameter
0.2 mum, width 1.5 mm) was positioned around the jeft renal
artery and the right kidney was removed (BergsteSm ef al
2003. Buprenorphine {0.03 mg kg™, Temgesic, Scherring-
Plough AB, Stockholm, Sweden) wes sdministered post-
opentively foranalgesia.

Four to six weeks later, the terminal scute experiment was
perfarmed under sodjum thiobutabarbitone {120 mg kg™,
1.7, Inactin, Research Biochemicals International, Natick, MA,
UsA) mu;tlxpi;&nmduﬁl. w;;sm nﬁ;nilnred Lhm:dghogt the
surgeryan ntby perio testing corneal and toe-
pinch reflexss, and supplemented §f necessary by additional
intravenous bolus doses (5-10 mg kg™') of thiobutabarbitone,
The traches was cannulated (PE-240), the tail artery was
cannulsted (PE 50) for mezsurement of MAP, the right jugidar
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 mmel I
NaC, 4 mlb=') throughout the surgery and expeciment, and
the left ureter was cannulated {PE-10} for collection of urine.
Heparinized 154 smmel It NaCl {5 Lu. mi”, L2 mlh™%) was
infused via the tall artery catheter b malntaln jix patency. At
the completion of the experiment, each rat was humanely
::illcd g\;-uh an intravenous overdose of thicbutabarbitone
S50 mg).

Experimentsl protocol. Ninety micutes after completion of
the surgery, the anassthetized rats were randomized to three
different experiments] groups. In group 1, the renal artery clip
was manjpulated but not mmwef:dﬁle ingroups 2and 3 the
renal artery dip was remaved. Group 3 was given 154 mmol |
NaCl intravenously every 5 min, at a volume 2qual to urine
flow over the preceding 5 min, acrass the 2h experimental
period following removal of the renal artery clip. Thus, these
gzerimcmal groups were analogous to groups !, 2 and 3 in the

bit extracorpoceal circuit experiment. Urinary sodium
concentration was reasured by fame photemetry as previously
described (Bcrf:lrdm et al. 2001), in pooled samples from the
30 min control period, and each of the two 60 min periods
sfter unclipping or sham unclipping. Haemstocrit was
measured in 100 g] blood samples teken 30 min before the
unclipping/sham unctipping procedure and at the completion

504 A. G, Corrala and others

afthe experiment . All values of Uy and U, Vare expressed par
gram of wet kidney weight (g, mean 1.57  0.05 g}. -

Statistical analyses
Data eollected during the preparative phase of the rabbit

- experiment were subjfected to analysis of variance, partitioned

to make specific comparisons between each state {conaclous,
anaesthetized and "circuit established'), and between animals
receiving the ‘angiotensin I damp’ {group 4) and control
animals (groups 1, 2 xnd 3). P values were conservatively
adjusted using the Ryan-Holm-8idsk procedure to sccount
for the fact that six compatisons were made within this analysis
{Ludbraok, 1998]. : o

.
H
.

RAP (g}
&

REF fml i)

]

-
o
J

RVR (mmHg mé *min g)

. 1 2 a .4 5 a
Exparimantal pedad (15 ity duvation)

Figura 1, Renal haemodynamic responses o Increased
ronal arterial pressure (RAP) ’

Symbols and ercor bars represent the mesn & pEMm. of sverage
levels during each of the six 15 min experimental periods (n = 8).
In group 1 {0}, RAP was muintained st -5 camHg For the entire
90 min of the experlment, In groups 24, RAP was increased 1o
=160 mmHgduring perfods 3 and 4 {30 min io total). Group 2 {#)
recelved no Further trestment, bt groups 3 (M) and 4 (A ) recelved
anintrzvenows infusion of compound sodfum tactate aqual lo
urine Aow, dering perfods $ and 4 {'cardiac output clamp’). In
addition, group 4 had been pre-trested with the angiotensin
converting encyme inhibitor enalaprifat {2 mg kg™ plus

10 pg kg™ min™ tv.) and also received an Intravenousinfusion of
arglotensin I¥ {40-50 ng kg™ min™") to restore mean arserial
pressure and renal blood Aow to baseline levels ("anglotensin
clamp'; zee Table 1). RBF, cennl blood low; RVR, ranal vasculer
cesistance. Inthis and subsequent figures, some symbols are
shicured because the data points are colncident.

1 Physiol. 38,3

Ini the rabbit e:iperiment. we compared the levels of variables
during the final 15 min of the period of incressed RAP, with
the final 15 min ofthe conteol pericd. In the ret experiment, we
compared the levels of variables during the final 15 min of the
experiment (105120 min after unclipping) with those durlng
the 30 min control perdod. Our specific hypotheses were that

.the changes in these variables between Lhese two time periods

would differ between the experimental graups. We therefore
used unpaired ¢ tests 1o specifically compare the changes in
group 1 with groeup 2, group 2 with group 3, and {in the rabblt
experiment} graup 3 with group 4. F values wete conservatively
adjusted using the Ryan-Holm-Siddk (Ludbrook, 1998)
pracedure to sccount for the fact that muitiple comparizons
were made (three for the rabbit experiment and two for the rat
experiment). P< 0.05 was considered to be statistically
significant.

RESULTS

Baseline haemodynamicvariables in rabbits

Levels of haemodynamic variables in consclous and
anaesthetized states were similar to those we have observed
previously {Evans & Bergstrom, 1998; Shweta et al. 1999),
MAP was 23 £ 3 mmHg less, stroke volume (SV) was
0.19 £ 0.06 ml kg™ less, CO was 27 2 12 ml min~'kg"' less,
and HR was 35 + 11 beats min™ greater In the anaesthetized
compared with the consclous state. Once the extracorporeal
gireujt was established, MAP and CO returned to Jevels
similar to the conscious atate, although HR remained
elevated (by 39 % 7 beats min™') compared with the
conscious state {Table 1). Resting levels of alt haemo-
dynamie variabies, including RBF snd renal vasculsr
resistance (RVR), were closely similar in rabbits treated
with enslaprilatfangiotensin 1l (group 4; ‘anglotensin
clamp’} compared with those in rabbits not given this
treatment (Table 1), The enalaprilat treatment completely
abolished increases in MAP in response 10 10 and
100 ng kg™' angiotensin {, which averaged 3+ 1% and
§ Xt 29, respectively, in rabbits from groups 1-3,and =7 £ 2
and | % 396, respectively, in rabbits (rom group 4.

Responses to increased RAP in rabbits

Group 1. In these animals, in which RAP was maintalned
at ~65 mmHg for the entite 90 min of the experiment,
levels of venal haemodynamie (Fig. 1), renal excretory
{Fig. 2} and systemichaemodynamic(Figs 3 and 4) variables,
and levels of plasma renin activity {Fig. 5) remained
relatively stable.

Group 2. When RAP was fncreased to ~160 mmHg, R.BF
increased from 12 £ 2t044 £ 5 mimin™ g™’ and RVR was
reduced from 53+ 07 to 3.8+ 0.4 mmHgmi™ ming
{Fig. 1). Atthe same time, GFR increased from 1.5 £ 0.5
to 5.7 + 1.0 ml min™ g*!, U,y increased from 0.07 £ 0.04
to 1.88 £ 0.22 mi min™' g™", Us,Vincreased from 9+ 5 to
185 £ 14 pmol min™! g™, and the fractional excretions of
sodium and urine inceeased from 7 £ L to 41 £ 2% and
from 921 to 45 £ 3%, respectively (Fig. 2). Filtration
fraction did not change significantly (Fig. 2).
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Table 1, Resting hasmodynamic varlablas according to state {consclous, anassthatized or

with the extracarpareal drcult established) and group

MaP HR co CVP SVR v RAP RBF RVR
Control {(# = 13, groups 1 -3} . .
Consclouts 8412 I3 133x7 -_— 0.55£0.03 0.68%0.0 —_— -_— —_—
Anaeschetized GREN JSEE 1T 132211 L1:L) 035+007 053008

Circuitestablished B1i2 WOLE 143x9 19:07 051004 0:55 +004" 65204 142110 55204
‘Renin-apgiotensin system dlamp’ (a = 5)

Consclous $0+3 2018 152119 — 052005 0772008 ~— -_— -

Anaesthetized 025 M1£9* 172 éE 0011 04612007 0492001 e~ —— —_—

Clrcult established §2+£3 2837 15749 12E07 053%008 0422008 66105 IL1:07 £1:04
P <0001 <000y . 0.005 0.22 0.99 <0.001 —_— - -
Pown 0.54 0.50 .36 ol 0.93 032 0.83 0.45 0.21

Vidues are mean £ gm0, MAP, mean arterlal pragsure (memHg): HR, heart rate {beats min™); CO, cardiac

output {mlmin~ kg™ CVE, centnal venous pressure (mmHgh SVIL syvemic vascular tesistance

(mmHg mi™ minkg); 5V, stroke volume (ml kg™); RAP, renal arterla) pressure (mmHg); R8F, renal blood

Bow (ml min™ g™} RVR, renal vascular eesistance (samHg ml™ miin g), Pyey tests for differences betwees

gro:ﬂ;c 1=3 compared with group £ (d.f, 1.5—48). P.., teits for hetecogenelty sccording so state (4.1, 2, 45}
pe

comparisons were made within tsch group

partitioning the analysis of varlance: * P < 0.05,

by
4 0,01, ** P < 0.001 for difference from conscious state {d.€ 1,16-31). Because 3 totx] of six test statisticy
were derived for each variable (except for RAP, RVR and RBF), the Ryan-Holm-$idik {step-down)
procedutews applisd to these Pyvalues to protecy against the increased sk of type 1 ervor,

There was also 1 dramatic depressor response to Increasing
RAR, MAP fell frorm 83 % 4 10 54 £ 5 mmHg, and systemlc
vascular resistance {SVR) decreased from 0.63 £ 0.04 to
052+ 0.05 mmHZ mi™ ming. CVP was also reduced
from 2.4 % 1.7 to -0.2 = 1.3 mmKg (Fig. 3). CO fell

10+

from 132 £ 6 to 105 £ 4 ml min~' kg™ and SV fell from
0.49 £0.02 t0 0.39 £ 0,01 ml kg™ Haematocrit increased
by 1.5 & 0.6 %. HR remained relatively constant across the
90 mén experimental period (Fig. 4),
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Figure 2, Renal sxcratory responses ta
Incraased renal artery pressura

Symbols, ercor bars and treatments are w for
Fig. 1. GER, glomerular filtration rate;

£F, filtration fraction; FEy, frectional excretion
ofurlne; Ly, urine fow; FEw, fractional

sodlum excretlan; Uy, V, sodivm excretion.

Expacimantal perlod {15 min duration)
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Figure 3, Systemic haemodynamic
responses to Increased renal artery
pressure
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Symbols, errorbaraand treatments are as for
Fig L. MAF, mean artecial pressure; SVR,
systemnie vazcular resistance; CVP, central
venous pressure, Percentage changesin MAP
were caleulated for thelast 5 min of perinds
2-& relative to thedast S min of the preceding
period.
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Group 3 (‘cardiac output clamp'). When RAP was
tncyeased to ~160 mmHg and compound sodium [actate
wis infused at a rate equivalent to urine flow, RBF
increased, end RVR fell, similarly to that seen in group 2
(P » 0.18; Fig. 1). Increases in GFR, Uy, UiV, and the
fractonal excretions of sodium and urine were also similar
to those cbserved in group 2 {Pr.., » 0.15; Fig. 2). In
contrast to group 2, neither SY, CO, MAP, SVR nor
haematocrit changed significantly, although CVP fell from
2012 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 versiy group 3, 7 & 3 mmHg
P = 0.005), CO {group 2, 28 & 7 mi kg™ min™ versus
gronp 3, 3% 4mikg™ min ™ Pow, =0.04) and CVP

:
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F 1
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_
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1 : E
8

{group 2, 2.6 £ 0.5 mmHg versus group 3, 0.7 £ 0.2 mmHg;
Pryp = 0.01) were less in rabbits receiving the compound
sodium lactate infusion,

Group 4 (‘cardiac sutput damp’ plus ‘angiotensin
clamp'). Responses in this group were indistinguishable
from those in group 3 (Figs 1-5; Ppy » 0.08).

Plasmarenin activity in rabbits .
Plasma renin activity did not change significantly over the
course of the experiment in any of the four groups (Fig. S).

Cumulative Ne® balance inrabbits .

When RAP was mainuined at -85 mmHg (group 1), a
slightly positive cumulative sodfum balanes {0.7 % 0.3 mmol
Na*) was observed during the period 30~60 min afier
commencing the experiment. Group 2, in which RAP was

[]
»
. : 109 + H v
. . ] 1
. . L} 1
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ke o S A Figure 4. Systemichaemedynamic |
300 - responses to Increased renal artery
. . prassure
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Symbals, ervorbars snd treatments are as for
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HR, hezrurate; HCT, haemacocrit,
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increased to =160 mmHg during this petiod, developed a
markedly negative sodium balance (-14.4 £ 2.2 mmol
Na', Ppuny = 0.004 compared with group 1}. In group 3,in
which RAP was set to ~160 mmEg during thiz period, and
compound sodium lactate was infused at 2 rate equal to

urine flow, cumulative sodium balance was not significantly |

different from chat in group 1 (=3.7:% 2.6 mmol Na%
Py # 0.14). However, despite volume replacementand a
stable MAP in group 4, 2 smull but significant negative
sodium balancr, eveloped (=6.7 £ 1.9 mmol Na*; Pryep =
0.03 compared with group 1),

Responses to unclipping of IKIC hypertensiverats

Compared to contol levels, MAP had fallen by
54 + 10 mmHg during the period 105120 min after
unclipping in group 2 rats. This was sssociated with
increased Uy (from 4% 2 to 156 £26 sl min™'g™") and
UV (from 0.2 £ 0.1 10 17.1 £ 3.3 xmol min™ g™} during
the frst 60 min after unclipping. In the second hour after
uticlipping, U (58 & 11 gl min™g™") and ULV {7.6 2
2.1 pmolmin~'g™") reduced towards baseline levels. In
contrast, Uy and Ui,V remained reladvely stable in
group § rats, in which the clip was maniputated but not
removed, and MAP did not change (+3+6mmHg
changs). In group 3 rats, which received 154 munotl”
NaCl intravenously after unclipping, at & rate exactly
matched to Uy, Uy remained elevated for the 2k of the
study {249 + 46 and 265 £ 57 pl min™' g™, respectively),
as did UV (30.4 £5.9 and 32.8 % 6.6 gmol min™'g™',
vespectively), MAP fell by 14 & 9 mmHg in group 3,
significantly Jess than that observed in group 2 (Pysy =
0.049), snd not significandly different from the response
abserved sfter sham unclipping in group 1 (Pry., = 0.14).
Naither HR nor CVP changed signiScandy in any of the

Group{  Group2 Groupd, - Grougd

[ ]
w
Iy

5

Plasma senin activily {ag Ang ! mr*h™)

555 85 6515965 655,55 516065
Renal artary presyure (mmHg)

Figura 5, Responisas of plasma rentn activity te Increasaed
renal artery pressure

Columns and errocbars represens the mean £ s.emofplasma
renin activity stthe ends of perieds 1, 3 {E2) and 5 [» = 6). Groups
sreasiorFig. 1. Ang 1, angiotensin .
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groups across the course of the experiment {Fig. §).
Heematoerit fell sirnilarlyin all groups, averaging 43 £ 1%
during the 30 min control period, and 37 £ 2% at the
completion of the experiment.

In group 1, cumulative sodium balance was slightly
positive {+1.03 2 0,26 mmol Na*). Group 2, in which the
clip was removed from the renal artery, developed 4
negative sodium balance compared with group I (-0.76 =
0.41 mmolNa®, Ppyy, = 0.04). In group 3, in which the clip
wasremoved and isotanic NMaCl wasinfused ats rate equal
to Ul cumulstive sodivm balance wss positive and
significandy greater than that in group 1 (+3.10+
0.31 mmol Na*, Pgoq, = 0.008).

OISCUSSION

Our important new finding was that in two models that
have been used for studying the putative satihypertensive
hormonal functon of the kidney, the scute depressor
responses to incrensed RAP were abolished or gready
blunted when urinary fluid excretion was matched with
intravenous infusions of isotonic sale solutions. We
canclude 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 pucative renal medullary
depressorhormone.

O Group 1
* Groop 2
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figure 6. Systemic haemodynamic responses and urine .
output after removing the dip from the renal artery
{undlpplng) of 1 kidney-1 dip hypertensive rats

Groups are: sham-unclipping (group 1;0), unclipping {group 2
@} and unclipplog with isotonic saline administered ata e equal
tourine Bow {group 3; W). MAP, man arteriad pressuse; HR, heast
rate; CVE, central venaus pressure; Uy, urine fiow (expressed per
g ol tissue wetweight).

908 A. G, Correla and others

Because our conelusions draw heavily on results obtained
using the rabbit extracorporeal cireuit madel, our first aim
was to assess 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 conscious state. In contrast,
CO snd MAP in rabbits with an established extracorporeal
circuit were closely similar to values observed in the
conscious state, and remained stable when RAP wes
maintained at 55 mmHg over the 90 min course of the
experiment, Thus, our observations of the responses to
increated RAP are unlikely to be confounded by the
huemedynamicconditons of our experiment. Furthermore,
the ‘cardiac output clamp’ (rabbits in groups 3 and €)
effectively maintained heematocrit, SV and CO in the face
ofincreased &y, when RAP was increased to ~160 mmHg,
The sim of the ‘angiotensin damp’ (group 4) was to
provide inhibition of endogenous angiotensin [ generation,
white avoiding the potentially confounding effects of
hypotension and renal vasodilatation that normsllyattand
inhibitien of angiotensin converting enzyme, This aim
was met, a3 evidenced by the sbolition of responses to
intraveaous angiotensin 1, while resting systemic and renal
hatmodynamics were similar to those in anaesthetized
rabbits frora the other three groups.

When RAP was increased fam 65 to 160 ramHg in the
extracorporeal circuit model, RBF and GFR increased, and
RYR decreased. This apparent absence of autoregulatory
tehaviour proUably reflects the relatively narrow range of
sutoregulation 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 ft allows RAP 10 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 scute depressor response to increased RAP,

When RAP was increased in ahaesthetized rabbits thathad
not received the ‘cardiac output clamp’ (group 2}, MAP
fell. This depressor response was wssoclated with increased
U and UV, negative sodium balance, increased
haematocrit, reduced CVP, SV and CO, and a smalki but
significant reduction in SVR, Thus, it appears to result
predarminately from reduced CO mediated by pressure
diuresis/natriuresis. This hypothesis was confirmed in
rabbits treated with the ‘cardiac cutput clamp® {group 3).
{n this group cumulative sodium balance was maintained,
so that reductions in hacmatocrit, 5V and CO were
prevented, and no significant depressor response was
observed. The response to increased RAP in rabbilts from
group 2 tesernbles that to haemorrhage in conscious rabbits
afeer sino-sortic baroreceptor denervation, in which SVR
Falts as CO is reduced {Schadt & Ludbrook, 1951; Evans ¢
al, 2001). In contrast, the usual response to haemorthage
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or acute central hyprvolsemia in unanaesthetized rabbitg
{and indeed 2l mammals in which i has been studied),
consists of two distinet phases. In the first {compensatory)
phase MAP ismaintainedin the face of a falling CO, chiefly
by reflex increases in sympathetic vasomater drive and so
SVR. This is followed by a decompensatory phase i which
this reflex sympathetic activation fails, and SVR and MAP
fall precipitously (Schadt & Ludbrook, 1991), However,
soime general anaesthetic agents blunt the compensatory
phase, presumably.by inhibiting baroreceptor-mediated
increases in sympathetic vasomotor drive (Evans e al
2001). Pentobarbitone anaesthesia also greatly blunts
cardiovascular reflexes (Morita et af. 1987), so {t is hardly
surprising that SVR did not increase in response to
increased RAP in rabbits from group 2. SVR actually f2ll in
response to increased RAP in rabbits from group 2, which,
like the reduction in SVR seen during haemorrhage in
sino-sortie haroreceptor denervated rabbits, might be
secondary to the depressor response itself, perhaps
through local autoregulstory mechanisms (Schadt &
Ludbrook, 1991), Consistent with this, the ‘cardiac output
clamp’ also abolished the progressive reduction in SYR
duringincreased RAP,

Our experiments using 1K1 C hypertensive raws complement
our rabbit experiments,dn that they show that the depressor
response to uaclipping is sssociated with transient diuresls
and natriuresis, and is gready blunted when fuid and
soditm depletion Is prevented by admin{stration ofisotoni¢
salie. However, in contrust to the rabbit experiments, our
volume replacement regimen in rats resulted in « slightly
positive cumulative sodium balance, This is unlikely to
have confounded our cbservations, since administiration
of even large volumes of isotonic safine has liitle effect on
MAP in normovolaemic, Inactin-anaesthedzed, rats (Keeler
& Wilson, 1589), OQur observations therefore contrast with
those of Neubig and Hoabler (1975), who found similar
depressor responses to undipping in 1K1C hypertensive
rats, regardless of whether sodivm balance was maintained
by intravenous infusion of isotonie saline, However, they
are consistent with studies showing that the normalliation
of arterial pressure efter unclipping s delgyed or blunted
by & surgical uretero-caval anastamosis or saline losding
{Liard & Peters, 1970; Multhead & Brooks, 1980), Al of
these carlier studies were confounded by the fact that
unclipping was performed under relatively long-aeting
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 controiled and stable {fnactin)
amaesthesia, We thetefore conclude that the acute
depressor response to increasing RAP by unclipping 1K1C
hypertensive rats is most probably chiefly due to reduced
extracellular Auid volume, resulting from pressuce
diuresis/natriusesis,
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QOur tesules also conBrm and =xtend previous evidence
indicating that the renin-aagiotensin system playslittde or
na role in mediating the depressor response to increased
RAP in the rabbit extracorporeal circuit model (Christy et
al 1993), since systzmic haemodynamic responses to
increased RAP in rabbits receiving both the “cardiac output
clamp’ and the ‘angiotensin clamp’ were indistinguishable
from those in the group receiving only the ‘ardiac output
damp’. This hypothesis fs further supponted by our
observation af unchanged plasma renin activity throughout
the course of the experiment, Plasma renin activity does
fall whea RAP is increased in relatively long experimental
protocols using this tnods] (Bergstrdbm & Evans, 1998;
Correia er al. 2000), However, the relatively long circulating
haif-life of renin probably prevented substantial changes
in its cirulating activity across the relagively short tme.
coursc of the present experiment.

COur present observations prompt reinterpretation of our
previous studies ernploying the rabbit extracorporeal drcuit
mode}, because observations regarding the depressor

, response to increased RAP had previously been interpreted
in the context of release of a putative repomedullary
depressor hormone. For example the fact that the
depressor response to increased RAP was abolished in
chemically medullectomized (BEA-treated) rabbits (Christy
et al 1991}, and in rabbits in which medullary blood
fiow was reduced by medullary interstitiad infusion of
norzadrenaline {Cosreia ef gl 2000}, was taken as evidence
supporting the notion that increased medultary blood flaw

. mediates release of the putative renad medullary depressor
hormone in response to increased PAP. However, these
treatments also blunted the pressure diuresis/natriuresis
response {Christy er al 19915 Correia ef al 2000}, which
probably made impoctant contributions to thetr effects on
the systemic haemodynarnic responsesto increased RAP., .

Int contrast, our present resulis are difficult to recondile
with gur previous ebservation that medullary interstitial
infusion of the Vi-agonist [Phed,1i,0rn')-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 & Evans, 1998; Evans et al.
1998a). Interpreted in the light of our present findings, this
previous observation could possibly reflect cn effect of
Vi-receptor activation on the systemic haemodynamic
response to hypovolasrnia. This notion is consistent with
the proposed roles of both central nervous system
(Jobnson ef al 1988} and peripheral (Schadt & Ludbrook,
1991} V,-teceptors in recovery from severe hypovolaemia.
Furthermore, because significant systemic spill-over
oceurs when agents are infused into the renal medullary
interstitum of rabbits (Evans et al 1998a; Correia ef al,
1999), [Phe’.Ne’,Om')-vasopressin could have gained
access to these sites when administered via this route,
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In conclusion, the results of this study indicate that the
depressor tesponses to increased RAP, in both the
extracorporeal circuit model ins rabbits and afier unclipping
in 1K1C hypertensive rats, is chiefly due to hypovolaemia
secondary ta pressute diuresis/natrivresis, and not to
release of 2 putative renal medullary depressor hormone,
This conclusion is based on our finding that the depressor
responses to increasing RAP in these modeis are abolished
ot greatdy blunted when utinary Ruid losses are replaced by
intravenous Infusions of isotonic salt solutions, These
models therefore are notsuitable bioassays far the putative

renal medullary depressor hormone, even though they -

provide 2 presumed stimulus for its release - increased
RAP. This calls for reinterpretation of previous studies
by ourselves (Christy e ol 1991, 1993; Bergstrém er
al. 1995, 1998, 2001; Thomas er al. 19594, 1995, 1996;
Bergstrdm & Evans, 1998: Evans et al. 1998b; Carreia et af.
2000} 2nd others (Muirhesd & Brooks, 1980; Bing #f 2l
1981; Muichead & Pitcock, 1985; Karlsirttm & Gathberg,
1987: Muirhead, 1950; Zou ez al. 1995) using these models,
Furthermore, although our findings do not provide direct
evidence against the existence of 2 putative renal medullary
depressor hormone, they do reinforce the dominance of
pressure diuresisinatriuresls in mediating the scute

_antikypertensive function of the kidney,
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