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PROLOGUE

Science reflects the human necessity of thinking. Consequently, it possesses an
intrinsic warrant. Science qualifies itself by its methodology: the ideology by
which knowledge can develop in a justified manner.

The classic empiric view of Bacon and Hume - and of their twentieth-
century alternatives of the Wiener Kreis - bases knowledge on elementary ob-
servations. The obvious methodology is the step-like scheme of perceiving, rea-
soning, perceiving, etc. The hypothesis of the foundation of knowledge on ele-
mentary observations implies that postulations can be verified by means of the
empiric and logic activity.

Popper (Objective knowledge, 1972) challenges the primary of observation
on the arguments that scientists do not gather sensory experiences randomly
but that they are guided by certain notions or presumptions; secondly, that
scientists are restricted in their observations and that the verification of a postu-
lation can therefore never be based on an infinite number of empiric activities;
and thirdly, that various theoretical terms as ‘receptor’, ‘energy’, and ‘neurohu-
moral factor’ hardly refer to sensory perception. Popper states that scientific
theories must enable criticism, never can be verified but only falsified. Accepta-
tion of a falsificator implies rejection of a theory and new concepts have to be
formed.

His last statement is that the empiric activity is a function of the knowledge
which is already possessed. Observations are mediated by a varisety of pre-
sumptions, theories and knowledge (for instance about the used measuring in-
struments) altogether forming the epistemological field of knowledge. This im-
plies that both verification and falsification are theory-depsndent procedures.

If it is accepted that observations are a function of the epistemological field,
two alternatives can be considered at the moment when a certain fact is not in
conformity with a theory: the theory may be rejected, or when the theory is at-
tractive because of its explanation for a greater variety of phenomena, an ad hoc
hypothesis may be formulated which for instance makes the fact lesser compel-
ling. Eventually, as Lakatos describes (Proofs and refutations, 1976}, such a the-
ory can be protected by a shield of ad hoc hypotheses. The methodology of Pop-
per does not explain why a theory is sustained despite of numerous refutations.

The solution to this problem is that a scientific discipline which is a populati-
on of concepts, develops within an ecological niche, as Toulmin calls it {Human
Understanding, 1972). This ecological niche is determined by intrinsic factors,
thus the scientific methodology, and extrinsic factors which are imposed by the
economic, social and cultural context.

For instance, the Cartesian progress of objectivation of life, which gave way
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to the study of living as well as dead matter dominated by the law of nature, was
an epistemological rupture not restricted only to science but inspired by the
whole of occidental culture which replaced hierarchical analogy by analysis, as
Foucault shows (Les mots et les choses, 1966).

And it is the impact of the ecological niche of a population of investigators
which selects between the methodological alternatives of refuting a theory or
supporting it with the help of ad hoc hypotheses. Only those concepts which
comply with both the intrinsic and extrinsic terms, are accepted to evaluate a
theory.

This implies that the changes in the way scientists regard nature, which
Kuhn calls the scientific revolutions (The structure of scientific revolutions,
1962) appear not that drastic when also the extrinsic factors which determine
the ecological niche are taken into account. This also implies the possiblity that
the selection criteria which choose between conceptions are not intrinsic to the
scientific discipline and therefore not independent. Since the selection criteria
are a function of the social context which gradually changes, they have to be
adapted constantly.

The establishment of the selection criteria at a given point of time is control-
led by the hierarchy within the population of investigators. This hierarchical su-
pervision does not necessarily ly with a subgroup of internationally recognized
investigators who possess the power to judge and select. In the view of Fou-
cault, power is not demonstrable. Invisibility has been granted to power by fo-
cussing the attention on the less powerful, who become objects of power, Power
deals with relations, more or less organized, more or less coordinated (Surveillir
et punir, 1975). The strategics of power can be visualized by studying its techni-
ques on the level of the smallest mechanisms e.g. the acceptance or refutation
of a concept. The way wich a concept traverses through the scientific discipline
may be of more interest than the concept itself.

in hypertension research, Guyton’s systems analysis approach based on
the earlier concepts of Borst to explain long-term arterial pressure regulation
has been widely acknowledged. The theory of development and maintenance
of chronic hypertension is based on two concepts: in the first place, it situates
the origin of hypertension within the kidney by stating that an initial shift of the
renal function curve which relates arterial pressure to urine output, to higher le-
vels of arterial pressure, is necessary in order to sustain chronic hypertension;
in the second place, that this shift of the renal function curve leads to a state
of hypervolemia and increased cardiac output which elevates vascular resistan-
ce reflexively by means of the autoregulation mechanism. For detailed discussi-
on of this hypertension theory is referred to the General introduction. In recent
years, it has been indicated in various animal hypertension models which prima-
rily interfere with renal function that there exists no hypervolemic stage in the
development of hypertension. However, the theory has not been rejected.

This thesis sets out to evaluate the Borst-Guyton theory with regard 1o its
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two concepts. In the following chapters, it will be shown that hypertension may
originate within the kidney. However, it will be proven that hypertension can be
induced by initial changes in renal function without any volume dependency.
The experimenis leading to this conclusions, were undertaken in full recognition
of the demands intrinsic to the scientific discipline, as will be shown in the next
chapters. However, the scope of this thesis on longer term may be that it ena-
bles us to follow its course through the epistemological field and thereby, to en-
visage the strategics of science once more.
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1. RENAL CONTROL OF ARTERIAL BLOOD PRESSURE — AN
INTRODUCTION

The fundamental role of renal function in arterial blood pressure regulation has
been acknowledged over the years. Selkurt (1951) observed in anesthetized
dogs that if arterial pressure is raised acutely by 29% while renal blood flow and
glomerular filtration rate do not change, output of urine increases markedly by
B85%; and conversely, when arterial pressure is reduced, water and salt excreti-
on is decreased by the kidney. As indication of the impact of this so-called
pressure-diuresis phenomenon: when arterial pressure is elevated acutely by
expanding the blood volume in decapitated dogs from normotensive values of
100 mmHg to 200 mmHg, output of water and electrolytes increases 12-fold
(Guyton et al, 1981a). Furthermore, it has been shown that sodium intake up to
8 times normal for weeks in men does not elevate arterial pressure while the so-
dium output from the kidneys increases steeply (Guyton et al, 1980). Increasing
the sodium intake 10 times above normal elevates arterial pressure only by 17
mmHg and is also associated with tremendous increase of urinary salt excretion
(Murray et al, 1978). Loss of fluid and salt and thereby decrease of extraceliular
fluid volume declines arterial blood pressure and this is maintained until arterial
blood pressure has returned to its original level (Borst and Borst-De Geus, 1963;
Guyton et al, 1974; Struyker Boudier and Rahn, 1979). This feature of the renal
hydraulic mechanism is called "'infinite gain’’ which differentiates it from other
blood pressure regulating systems, e.g. the baroreceptor control mechanism
which has a finite gain possibly due to its adaptation to changed pressure within
seconds (Eckberg, 1977) to days (Guyton et al, 1981b) and may sustain blood
pressure at its deviant level.

The pressure level at which the renal hydraulic mechanism controls arterial
pressure may be influenced by a variety of factors, intrinsic or extrinsic to the
kidney. Urine output is determined by the difference between glomerular filtrati-
on rate and tubular reabsorption rate. Any factor which influences the relation-
ship between arterial blood pressure and glomerular filtration rate, or arterial
blood pressure and tubular reabsorption rate can affect the pressure control le-
vel of the renal function curve relating arterial pressure to urine output (Guyton
et al, 1974).

Such factors are for instance neurchumoral agents as catecholamines, an-
giotensin il, aldosterone, antidiuretic hormone and prostaglandines; they are
discussed below in their specific role of changing renal function primarily and
leading to chronic hypertension eventually. These substances, however, add
their actions to a regulation mechanism which is intrinsic to the kidney and
known as renal autoregulation.
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1.1. Renal autoregulation

Under normal conditions, renal blood flow, glomerular filtration rate and tubular
sodium reabsorption rate are kept remarkably constant, despite of variations in
mean arterial pressure thanks to a phenomenon which is called 'renal
autoregulation™.

1.1.1. Autoregulation of renal blood flow

Constancy of renal blood flow is maintained by adaptations in renal vascular re-
sistance to changes in renal perfusion pressure; autoregulation of renal blood
flow is, in principle, independent of neurohumoral factors and an intrinsic cha-
racteristic of the renal vascular bed. Various mechanisms have been proposed
to explain this autoregulation capacity (Stein, 1876; Renkin and Gilmore, 1976)
but nowadays the myogenic theory of autoregulation of renal blood flow has
been accepted (Folkow, 1982). This theory was originally formulated by Bayliss
{1902} who postulated vasodilatation of the hind limb of dog and cat in response
to decreased perfusion pressure, in order to restore blood Hlow, which has been
considered to be a general feature of vascular tissue since. it is hypothesized
that a decrease in the transmural pressure gradient occurring when intravascu-
lar pressure decreases and exiravascular pressure remains constant, will lead
to a decrease in wall tension and to vasodilatation. This theory finds support by
the observation that autoregulation is decreased during intrarenal infusion of pa-
paverine or procaine which agents paralyze smooth muscle (Baer et al, 1870;
Stein, 1976).

Myogenic autoregulation should be regarded as superimposed on the tubu-
loglomerular feedback mechanism within the macula densa (Folkow, 1982). It
is suggested that changes in renal blood flow, and consequently changes in glo-
merular filtration rate (see below), alter the distal tubular load of sodium chioride
which is sensored by the macula densa region lying in close association with
this tubular segment (Fig. 1.1). Then, the macula densa triggers the juxtaglome-
rular apparatus to adapt the release of renin, and thereby the synthesis of angio-
tansin Il which is capable of potent vasoconstriction. However, there is conside-
rable contraversy concerning the way by which the macula densa is stimulated
by sodium chloride. Thurau (1974) applying single nephron microperfusion tech-
niques reported increases of renin activity in the juxtaglomerular apparatus
when sodium chloride concentration in the distal tubule was elevated. He propo-
sed a mechanism whereby increase in renal blood flow, leading to increase in
tubular sodium chioride load, is counteracted by intrarenally synthetized angio-
tensin H which is supposed to exert its main vasoconstrictory action on the affe-
rent renal arteriolae and to reduce renal blood flow.

This view has been challenged by Davis and Freeman {1976} and Nakane
et al {(1980) in favor of evidence that it is rather a decrease in distal tubular so-
dium chioride concentration which stimulates renin release. Furthermore, intra-
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renal angiotensin Il formation is found to be increased in rats fed on a sodium-
deficient diet (Mendelsohn, 1979). Lastly, angiotensin li seems to control glome-
rular filtration rate via efferent arteriolar constriction rather than through chan-
ges in afferent vascular tone (Hall et al, 1976; Baer and McGiff, 1880). Another
objection is that in Thurau's view decreased renal perfusion pressure would
lead to decreased renin release while in fact the contrary has been reported
{Guyton, 1976; Hall et al, 1976; Abe et al, 1976b).

1.1.2. Autoregulation of glomerular filtration rate

It is generally accepted that autoregulation of glomerular filtration rate is a part
of autoregulation of renal blood flow (Brenner et al, 1976). Glomerular filtration
is promoted by the capillary hydrostatic pressure and opposed by the hydrosta-
tic pressure in Bowman's capsule as well as by capillary blood oncotic pressure.
In dogs, the capillary hydrostatic pressure is the primary driving force for glome-
rular filtration (Youngberg et al, 1977); increasing the plasma oncotic pressure
hardly decreases the glomerular filtration rate (Hall and Guyton, 1976). in
Munich-Wistar rats, the only rat strain with superficial glomeruli and therefore
easily accessible for micropuncture studies, renal blood oncotic pressure ap-
pears to be the main determinant of glomerular filtration rate: a filtration equili-
brium is obtained when the hydrostatic pressure gradient equals the opposive
oncotic pressure gradient (Brenner et al, 1976}. This difference between rats

Glomerular
epithelium

Efferent

arteriole Juxtaglomervior

cells

25 Afferent
&, orteriole

Basement membrane

Smooth muscle cells Internal elastic

laming

Figure 1.1

Schematic drawing of the juxtaglomerular apparatus fllustrating the close contact
between the distal tubule, the macula densa and the juxtaglomerular cells.

From: Guyton AC: Textbook of medical physiology (1976).
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and dogs in dependency of glomerular filtration on plasma oncotic pressure is
caused by the far greater permeability to water of the glomerutar membrane of
ras.

However, though autoregulation of renal blood flow is defined fo be inde-
pendent of vasoactive substances such as noradrenaline or angiotensin il
(Stein, 1976. Hall et al, 1977a; Abe et al, 1976a) autoregulation of glomerular
filtration rate does require an operational renin-angiotensin system (Hall et al,
1977b; 1981). In this respect, the term "autoregulation” is not guite correct. In
sodium-depleted dogs with activated angiotensin Il synthesis, reduction of the
ranal artery pressure by means of abdominal aorta clamping does not affect glo-
merular filtration rate except when formation of angiotensin Il is inhibited by ap-
plication of the converting enzyme blocker captopril. While calculated afferent
arteriolar resistance declines during aortic constriction, keeping renal blood flow
constant also during captopril administration, efferent resistance decreases af-
ter blockade of angiotensin Il synthesis. Secondary infusions of angiotensin |l
restore glomerular filiration rate and efferent arteriolar resistance. Furthermore,
in anesthetized rats which are infused with noradrenaline close to the renal arte-
ry, maintenance of the glomerular filtration rate despite of the reductions of renal
blood flow, is dependent on the intactness of the renin-angiotensin system
(Arundell and Johns, 1982). Therefore, it is concluded that angiotensin Il con-
trols glomerular filtration rate via regulation of efferent arteriolar resistance.

1.1.3. Autoregulation of tubular reabsorption rate

Adaptation of tubular reabsorption processes to changes in glomerular filtration
rate is essential for constant volume and composition of body fluids. Except for
the distal convoluted tubular segments and the collecting ducts which are direc-
ted by humoral agents such as antidiuretic hormone and aldosterone, intrinsic
adaptation to variations in glomerular filtration seems to be general feature of
tubular epithelium.

At the proximal tubule level a considerable constancy of fractional reab-
sorption is observed implying that increases in glomerular filtration rate corre-
late with increases in tubular reabsorption rate; a phenomenon which is general-
ly referred to as glomerulotubular balance.

Several mechanisms have been proposed to provide an explanation for this
observation. In the first place, it has been postulated that tubular transmem-
brane transport is a function of the plasma oncotic pressure in the peritubular
capillaries; when for instance, glomerular filtration rate increases and renal
plasma flow is held constant, peritubular plasma protein concentration in-
creases which facilitates tubular water and sodium reabsorption via paracellular
pathways (De Wardener, 1978) (see also Fig. 1.2). Much evidence in favor of this
hypothesis has been gathered in experiments in which changes in peritubular
oncotic pressure were prevented during variations in glomerular filtration rate
and glomerulotubular balance appeared to be blunted (Jacobson and Seldin,
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1977}). However, there are some methodological difficulties concerning micro-
perfusion techniques in the peritubular capillaries which prevent a clear view on
the relevance of the tubular transmembrane oncotic gradient in relation to the
glomerulotubular balance (De Wardener, 1978}.

In the second place, it has been suggested that, possibly in addition to peri-
tubular oncotic pressure, hydrostatic pressure plays a role in promixal tubular
reabsorption since it has been shown that effects on urinary sodium excretion
caused by changes in arterial blood pressure are independent of glomerular fil-
tration rate. Small hydrostatic gradients with the pressure higher in the peritubu-
lar capillary exert a pronounced inhibition of sodium reabsorption (De Warde-
ner, 1978).

NEOXNat
glucose ATP
mi-
7,
amirvoac:in}sz

phospha ‘i
Nad"'
&

Figure 1.2

Survey of various models of transtubular Na* transport.

Ma-K pump couples ATP hydrolysis to active Ma* transport from cytoplasma to
extracellular fluid and creates electrochemical Na* gradients from extracellular fluid to
cytoplasma. Carriers mediating Ma* -coupled active transport of solutes are placed in
numerical order. In proximal convoluted tubules (PCT), 1-5 have been identified in
isolated membrane vesicles. In proximal straight tubules (PST), 6 and 7 are hypothetical.
Primary active Na* transport and secondary active Cl- transport (8) are hypothesized to
occur in medullary (MTAL) and cortical (CTAL) thick ascending limbs of Henle.
Furthermore, Na* may be actively reabsorbed in distal convoluted tubules {DCT) and
collecting ducts (CD} (9).

From: Jérgensen PL: Physiol Rev 60: 864-917, 1980.

19



The third hypothesis is that intratubular mechanisms are responsible for
the glomerulotubular balance. One view is that proximal tubular reabsorption
could depend on facilitated transport mechanisms following Michaelis-Menten
kinetics whereby the concentration of the substance influences the transport
rate of that substance; for a solute with deciining concentration along the
nephron a rise in glomerular filtration rate would increase substrate concentra-
tiong and thereby transmembrane transport (Kill, 1982). However, intratubular
flow rate dependency of proximal tubular processes has not been established
yet (Jacobson and Seldin, 1977; Haberle et al, 1981; Kiil, 1982). If the tubular
filtrate containg substances which control their own reabsorption via changes in
their tubular concentration, this implies that variations in glomerular filtration
could be secondary, since changes in tubular reabsorption will lead to changes
in the intraluminar hydrostatic pressure and therefore, influence the hydrostatic
gradient over the glomerular membrane (Leyssac, 1978; De Wardener, 1978).

Lastly, in the loop of Henle and in the distal tubular reabsorption of sodium
chloride is directly dependent of the rate of sodium chloride delivery which re-
sults in a constancy of fractional reabsorption rate (De Wardener, 1978; Folkow,
1982).

1.2. Neurohumoral contro! of renal function

1.2.1. influences of renal nerves

The kidney is richly innervated as anatomical studies over the past decade have
shown. Applying fluorescence and electron microscope techniques, the existen-
ce of adrenergic nerve endings have been established in the wall of both affe-
rent and efferent renal arterioles in rats and monkeys (Stein, 1976; Barajas,
1978). Furthermore, existence of adrenergic nerve terminals in close associati-
on with basement membranes of proximal and distal tubules has been con-
firmed in rats and monkeys (Barajas, 1978) as well as in dogs (DiBona, 1977)
after earlier disagreement due to non-specific staining techniques (Kim et al,
1980).

Cholinergic innervation of the renal cortex indicated by histochemically ve-
rified acetylcholinesterase presence parallels that observed with catecholamine
fluorescence except that nerve terminals at the tubular level have not been de-
fined so clearly (Stein, 1976; Barajas, 1978). Whether or not this particular stai-
ning technique reveals actual existence of cholinergic neurones remains un-
solved since it is possible that adrenergic nerves contain acetylcholinesterase
(Barajas, 1978); furthermore, renal denervation abolishes adrenergic, but not
cholinergic staining (Stein, 1978).

Beside morphological, also physiological evidence for adrenergic innerva-
tion of the kidney and sympathetic control of renal function has been brought up.

Electrical stimulation of efferent renal nerves in anesthetized dogs and rats
produces an acute fall in renal blood flow due to renal vasoconstriction (Kottke
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et al, 1945; Hermansson et al, 1981). Single nephron glomerular filtration rate
tends to decrease {(Hermansson et al, 1981). The same results are obtained in
conscious dogs although decreases in renal blood flow and glomerular filtration
rate are not maintained over the whole stimulation period (Block et al, 1852).

Activation of the renal adrenergic nerve system produces vasoconstriction
in the kidney via stimulation of postsynaptic alpha-receptors (Katholi et al, 1977;
insel and Snavely, 1981). It is discussed whether these postsynaptic alpha-
adrenoceptors are of the alpha,- or alpha,-subtype (Ruffolo et al, 1981; Starke
and Docherty, 1982) but rat arterial tissue probably contains both (Drew and
Whiting, 1979; McGrath, 1982), each stimulated by the sympathetic neuro-
transmitter noradrenaline.

The release of noradrenaline by the sympathetic nerve endings is modified
by presynaptically located receptors which are influenced by a variety of circula-
ting endogenous substances. Inhibition occurs by noradrenaline via
alpha,-adrenoceptors (Timmermans and Van Zwieten, 1982), by dopamine
(Starke, 1981) or acetylcholine (Robie, 1979), and prostaglandines (Starke,
1981). Facilitation of adrenergic transmitter release may be produced via activa-
tion of beta,-adrenoceptors (Starke and Snavely, 1981) and by angiotensin Il
(Zimmerman, 1978). All these possible interactions have to be considered in
evaluation of the role of the sympathetic nervous system in renal hemodyna-
mics. However, since renal denervation does not influence renai blood flow or
glomerular filtration rate (Stein, 1976; Rogenes and Gottschalk, 1982; Pelayo et
al, 19838}, it is assumed that under normal conditions renal hemodynamic para-
meters are controlled primarily by the renal autoregulation (Stein, 1976) and that
renal nerves are involved in stressful or even pathological changes in renal func-
tion as for instance hypertension.

The observation that acute renal denervation in anesthetized animals indu-
ces decreases in reabsorption of water and sodium at the proximal tubule level,
only partially compensated by autoregulatory increases in distal tubular trans-
membrane transport (BelloReus et al, 1975; Colindres and Gottschalk, 1978)
points at possible neuragenic control of tubular reabsorption, especially since
effects on urine output appear to be direct and not secondary to changes in re-
nal hemodynamics (Colindres and Gottschalk, 1978) or peritubular oncotic and
hydrostatic pressure {(Pelayo et al, 1983).

However, acute renal denervation also increases urinary excretion and in
chronically denervated animals, at least when conscious, there is no difference
in diuresis and natriuresis between intact and denervated kidneys (Lifschitz,
1978; Gotischalk, 1979). Furthermore, possible contribution of the renin-angio-
tensin or prostaglandin mechanisms imposed on effects of renal denervation
has not been evaluated.

Clear insight into the control of efferent renal nerves on tubular reabsorpti-
on of water and salt comes from electrical and chemical stimulation of intrarenal
adrenergic systems. Low-level electrical stimulation of renal nerves in anesthe-

21



tized rats which does not affect renal blood flow or glomerular filtration rats, de-
creases urinary flow and sodium excretion via increases in reabsorption at the
proximal tubular level (DiBona, 1977, Colindres and Gottschalk, 1978) as wsll
as in Henle's loop (DiBona and Sawin, 1982). Possible interference by the renin-
angiotensin system or prostaglandins could be excluded (Gotischalk, 1979).

Application of noradrenaline to the perfusate of isolated rat Kidneys in-
creases sodium reabsorption when perfusion pressure is held constant, without
affecting urinary flow or fractional potassium excretion suggesting direct action
on sodium reabsorption rate (Besarab et al, 1977). In isolated proximal tubules
of the rat rather high concentrations of noradrenaline are able to stimulate fluid
reabsorption when applied from the peritubular, but not from the luminal side
(Bello-Reus, 1980; Chan, 1980).

These findings suggest that noradrenaline exerts its action on the renal
Na*-K* ATPase located on the proximal tubular basement membranes (see Fig.
1.2) by increasing active transport of sodium. However, effects on active reab-
sorption of anions as HCO3 on the proximal level (Kiil, 1982) and CI” on the dis-
tal level (De Wardener, 1978) as well as on permeability to water or on sodium
transport in the distal tubule (Besarab et al, 1977) cannot be excluded.

The increases in sodium reabsorption after stimulation of intrarenal adre-
nergic mechanisms have been reported to be inhibited by means of alpha-
adrenoceptor blockade with phenoxybenzamine (Gill and Casper, 1971; Zam-
braski et al, 1976; Chan, 1980). Possibly, adrenoceptors influencing tubular
reabsorption of sodium and fluids are of the alpha,-subtype (Young and Kuhar,
1980). However, also beta-adrenoceptors, maybe of the beta,-subtype (Gaven-
do et al, 1980) have been associated with the effects of noradrenaline on sodium
and water reabsorption in the proximal tubule [Besarab et al, 1977; Bello-Reus,
1980; Smits, 1980). Application of alpha- or beta-agonists have not defined the
nature of the adrenoceptor involved yet (Blendis et al, 1972; Kim et al, 1980;
Insel and Snavely, 1981).

Clearly, a very important feature of the renal adrenergic nerve system is its
close functional relationship with several intrarenally operating humoral mecha-
nisms; this role of the efferent renal nerves will be discussed later in this
Introduction.

Afferent nerve signals have been demonstrated to be generated within the
kidney. Afferent nerves do not influence renal hemodynamics and tubular reab-
sorption directly but they contribute as sensoric input to reflex loops mediated
by the central nervous system {Calaresu and Cirielio, 1981) which may modify
renal function via efferent renal nerves or via circulatory changes (Colindres et
al, 1980). Both hypertensive and hypotensive effects of electrical stimulation of
afferent reral nerves have been reported (Moss, 1982) whereas increases in
sympathetic discharge frequency occur reflexively in both ipsilateral and contra-
lateral efferent renal nerves (Calaresu et ai, 1978).

Two classes of receptors which can activate afferent nerves leaving the kid-
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ney have been identified: the mechanoreceptors and the chemoreceptors. Re-
nal mechanoreceptors are triggered by increases in renal arterial or venous
pressure (Moss, 1982). Renal chemoreceptors have been subclassified using di-
rect nerve activity recording technigues in types R1 and R2 (Recordati et al,
1981a). R1 receptors have no resting activity and are stimulated after complete
renal ischemia whereas R2 receptors show electrical discharges under basic
conditions and respond to backflow of urine into the renal pelvis. Especially high
concentrations of potassium when present in renal pelvis perfusion solutions are
able of triggering B2 chemaoreceptors.

Furthermore, the frequency of afferent renal nerve signals is increased by
adenosine (Recordati et al, 1977; Katholi et al, 1983) which is produced during
renal ischemia. Also bradykinin has been reported to elicit cardiovascular
responses attributed to activation of renal afferent nerves (Smits and Brody,
1983).

1.2.2. The renin-angiotensin system

Renin is synthesized, stored and released by the juxtaglomerular apparatus in
the kidney. Upon its appearance in plasma it acts on its substrate angiotensino-
gen, an alpha,-globuline, to produce the decapeptide angiotensin | which is con-
verted enzymatically into the octapeptide angiotensin Il mainly when passing
through the pulmonary vascular bed. However, as already mentioned, also intra-
renal formation of angiotensin Il is possible (Thurau, 1974; Mendelsohn, 1979).

Angiotensin Il is the most potent endogenous arterial vasoconstrictor; its
action on renal arteriolae in autoregulation of giomerular filtration rate and its
function in the tubuloglomerular feedback loop have been discussed above.
Furthermore, it exerts a positive inotropic effect on cardiac muscle (Goodfriend
and Peach, 1977). There is some controversy regarding the guestion whether
the octapeptide influences sinoaortic baroreceptor function (Hatton et al, 1981;
Coleman et al, 1981) but its functional interaction with the sympathetic nervous
system is well established (Zimmerman, 1978; Recordati et al, 1981b; Hatton et
al, 1982).

A possibly important feature of the intrarenal action of angiotensin 1l could
be its effect on tubular reabsorption processes. Intraluminar application of un-
physiologically high concentrations of angiotensin Il decreases sodium reab-
sorption rate at the proximal and distal tubule level (Thurau, 1974) but smaller
concentrations are abile to block fiuid reabsorption when microperfused at the
peritubular side (Leyssac, 1976). Lastly, angiotensin Ii stimulates the zona glo-
merulosa of the adrenal cortex to secrete the mineralocorticoid aldosterone,
which enhances renal excretion of potassium and inhibits excretion of sodium
by its interference with distal tubular reabsorption. The angiotensin Il
aldosterone axis established the renin-angiotensin system as a link between the
nephron and the adrenal cortex (Young and McCaa, 1980) and confirms its do-
minant role in body salt homeostasis.
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in evaluating the renin-angiotensin system in relation to its capacity to regu-
late renal function, determining factors are the several modes by which renin is
released from the juxtaglomerular apparatus.

Well-known triggers for renin release are decreases in renal perfusion pres-
sure and renal blood flow (Guyton, 1976; Peart, 1977). Strangely, this release
mechanism is only functional when renal arteriolar autoregulation is operational
(Abe et al, 1978a). After intrarenal application of papaverine, known to block au-
toregulation, renin secretion after acute hemorrhage is no longer observed (Da-
vis and Freeman, 1878). The actual stimulus for release of renin might be a de-
crease of intraluminar arteriolar pressure at the level of the juxtaglomerular ap-
paratus decreasing the transmural pressure gradient or a primary decrease in
transmural pressure gradient causing renal vasodilatation, which possibly acti-
vates an intrarenal baroreceptor reflex loop. Intrarenal baroreceptors are belie-
ved to be located at the preglomerular site and they could be stimulated by arte-
rial pressure reduction, renal artery obstruction and preglomerular vasoconstric-
tion {Folkow, 1982).

Secondly, activation of the tubuloglomerular feedback at the site of the ma-
cula densa will lead to secretion of renin, as is discussed above.

Furthermore, renin release is under direct or indirect control of several in-
trarenally operating humoral factors as for instance, angiotensin I (Torretti,
1982) or aldosterone, which perhaps exerts its influence via the tubular salt ba-
lance (Folkow, 1982), both inhibiting secretion of renin.

In the fourth place, release of renin is under sympathetic control, as is wide-
ly recognized. Renal sympathetic nerve terminals contact the juxtaglomerular
apparatus (Davis and Freeman, 1976; Folkow, 1982). Low-level electrical renal
efferent nerve stimulation which does not affect renal hemodynamics, increases
renin secretion in dogs and cats (Osborn et al, 1980; Holdaas et al, 1981; Am-
mons et al, 1982). Blockade of beta-adrenergic receptors, in specific
beta,-receptors, by means of intrarenally applied atenolol or metoprolol (Osborn
et al, 1980; Holdaas et al, 1981} abolishes the increases in renin secretion rate
after renal nerve stimulation. Intrarenal infusion of the beta-agonist isoprenaline
raises renin release which is inhibited again by beta-receptor blockade (Krausz
et al, 1980).

However, not only stimulation of beta-adrenoceptor interferes with renin se-
cretion by the juxtaglomerular apparatus. Since alpha-adrenoceptors are lo-
cated in the preglomerular arteriolae, this subtype of adrenoceptors may in-
fluence renin release by mediation of the intrarenal baroreflex mechanism.
Whether stimulation of alpha-adrenoceptors decreases or increases renin
secretion, remains controversial (Torretti, 1982); furthermore, it is suggested
that there exists a direct alpha,-receptor mediated inhibitory action on the
juxtaglomerular apparatus (Pettinger et al, 1976; Reid et al, 1978} or an indirect
inhibition by means of blockade of noradrenaline release via presynaptically lo-
cated alpha,-receptors (Reid et al, 1978).
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It has been given some consideration that stimulation of afferent renal
nerves may increase reflexively renin release from the contralateral kidney. This
hypothesis, however, is not supported by experimental evidence (Calaresu et al,
1975).

As may be clear from presented observations, the renal adrenergic nerve
system is closely related to the renin-angiotensin system, even to such extent
that it has been argumented that renin release which is caused by non-neural
stimuli e.g. decrease in renal perfusion pressure, is supported by increase of ef-
ferent renal nerve activity (Thames and DiBona, 1979).

1.2.3. The renal prostaglandin system

The initial enthusiasm for postulating a role of prostaglandins as circulating arte-
riolar vasodilators and therefore as important regulators of cardiovascular func-
tion, has been diminished by experimental evidence that under homeostatic
conditions effects of prostaglandins on hemodynamics are not significant (Fol-
kow, 1982). However, their influence on renal function is clearly recognized, as
complicated as it is due to the vague difference between direct actions of
various prostaglandins and their interference with other humoral agents affec-
ting kidney blood flow and tubular water and salt reabsorption.

Intrarenal infusion of PGE,, PG, or the prostaglandin precursor arachido-
nic acid in anesthetized dogs results in increases in renal blood flow and renal
vasodilatation (Anderson et al, 1978; Heinemann and Lee, 1976; Gerber and
Nies, 1981) mainly in efferent arteriolae (Folkow, 1982), suggesting a role in an-
giotensin Il mediated autoregulation of glomerular filtration rate. Earlier reports
on rats indicated that PGE, causes renal vasoconstriction, contrary to dogs,
while PGl, induces vasodilatation (Gerber and Nies, 1981). However, it has
been shown recently that intra-aortic or intrarenal infusion of PGE, in low doses
in anesthetized rats increases renal blood flow and lowers arterial pressure
(Haylor and Towers, 1982; Jackson et al, 1982). Administration of prostaglandin
synthesis inhibitors as indomethacin decreases renal blood flow in unconscious
dogs (Anderson et al, 1976; Gerber and Nies, 1981), while effects on glomerular
filtration rate are contradictory (Olsen et al, 1876; Feigen et al, 1976). No clear
description of the role of prostaglandins in renal hemodynamics could be obtai-
ned when dogs were conscious (Gerber and Nies, 1981).

Autoregulation of renal blood flow appears to be independent of inhibition
of prostaglandin activity in dogs (Anderson et al, 1978) and rats (Finn and
Arendshorst, 1976) indicating that under normal conditions, prostaglandins do
not contribute to renal hemodynamics.

A second intrarenal action of the prostaglandin system is on sodium and
water excretion. This is based on the observation that there is an inverse relati-
onship between sodium intake and urinary PGE, excretion in rats, possibly me-
diated by angiotensin Il or catecholamines (Tobian and O'Donnell, 1976). Fur-
thermore, indomethacin induces reductions in urinary sodium excretion (Brater,
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1878; Haylor and Lote, 1980). The localization of prostaglandin synthesis in the
renal medulla suggests a main action on medullary excretory functions e.g.
vasopressin-independent water permeability in collecting tubules, medullary
blood flow and transmembrane sodiumchigride transport.

PGE, decreases the facilitation of water permeability by vasopressin {Fol-
kow, 1882) but its concrete action is not fully understood (Stokes, 1981}. Fur-
thermore, prostaglandins increase medullary blood flow in dogs via an unknown
mechanism (Anderson et al, 1976. Stokes, 1981) which may result in a decrease
in peritubular osmotic pressure thereby reducing water reabsorption. In isolated
medullary tubules of the rabbit, a not clearly established inhibition by PGE, on
chioride transport in the thick ascending part of Henle's loop and on sodium
transport in the collecting tubule has been reported (Stokes, 1981). Applying mi-
cropuncture techniques in rat kidneys, it has been confirmed by use of prosta-
glandin inhibitors that chioride reabsorption in the ascending distal tubule is de-
creased by prostaglandins (Higashihara et al, 1979).

A third main action by which prostaglandins control renal function, is modu-
lation of renin release. In non-filtering dog kidneys with eliminated adrenergic
control, infusion of arachidonic acid increases renal venous renin activity (Data
et al, 1978). This effect is blocked by indomethacin. Application of prostaglan-
dins PGl, and PGE, in the same experimental model also increases renin activi-
ty (Gerber et al, 1979). In man, intravenous infusion of PG, increases plasma
renin activity (Patrono et al, 1982). Indomethacin blocks the increases in renin
secretion after reduction of renal perfusion pressure within the autoregulation
range in dogs, suggesting interference of prostaglandins with the intrarenal ba-
roreceptor (Data et al, 1978; Blackshear et al, 1979). In conscious rats, indome-
thacin decreases urinary excretion of PGE, and plasma renin activity. Further-
mare, indomethacin inhibits stimulation of renin release by beta-adrenoceptor
agonists, arachidonic acid and vasodilatory agents (Suzuki et al, 1981).

As already indicated by the fact that sympathetic influence on renal functi-
on has to be excluded in order to evaluate contributions of the prostaglandin
system to the release of renin, there is a close functional relationship between
prostaglanding, renal adrenergic nerve activity and the renin-angiotensin me-
chanism. Renal nerve stimulation or intrarenal infusion of noradrenaline and
adrenaline, as well as angiotensin Il enhance renal prostaglandins synthesis in
dogs (Baer and McGiff, 1980; Gerber and Nies, 1981). Indomethacin inhibits the
slow return in renal blood flow to control levels after the initial decreases in-
duced by these vasopressor stimuli {Satoh et al, 1981); furthermore, it increases
the renal vascular response to exogenous angiotensin 1l and catecholamines
but not to renal nerve stimulation (Finn and Arendshorst, 1976; Zambraski and
DiBona, 1979). In the last place, prostaglandins mediate the increase of renin
release after renal nerve stimulation via interference with alpha- or beta-
adrenoceptors (Kopp et al, 1981 vs. Campbell et al, 1979).

It would appear from these interactions that prostaglandins on the one
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hand and angiotensin Il and renal catecholamines on the other hand counter-
balance each other’s influence on renal blood flow and especially glomerular fil-
tration rate, resuiting in a delicate neurohumoral system for renal hemodynamic
control. Howewer, this point of view should be regarded as an experimental fra-
mework and not as a definite mechanism since several other humoral agents
influence renal function.

1.2.4. Other hormonal systems

In fact, a variety of hormones is involved in renal function regulation. Thyroid
hormones, calcitonin, insulin, glucagon, progesterone, prolactin (Katz and Lind-
heimer, 1977) as well as histamine (Campbeli and ltskovitz, 1976) and dopamine
{Greven and Klein, 1977) can somehow influence renal hemodynamics and tu-
bular reabsorption processes. Furthermore, as already mentioned, metabolites
as adenosine can behave as intrarenally active hormones (Oswald et al, 1982;
Katholi et al, 1983). Discussing all these endogenous substances in detail, is
beyond the scope of this thesis. However, there are some humoral systems
which deserve particular attention since they have been related in specific to re-
nal function in the last years.

In the first place, the renal kallikrein-kinin system located in the distal tubu-
les (Carretero and Scicli, 1980) has found to be related to the renin-angiotensin
and the renal prostaglandin systems. Plasma kallikrein releases kallidin from
the substrate kininogen; kallidin in turn is converted into bradykinin by an ami-
nopeptidase. Bradykinin is inactivated by kininase Il which in fact is the angio-
tensin | converting enzyme and forms the biochemical link between the renin-
angiotensin and the kallikrein-kinin system. Furthermore, there are three physio-
logical ways by which kallikrein release is modulated via the renin-angiotensin
system: both angiotensin Hl and aldosterone stimulate kallikrein synthesis and
release. Kallikrein release is also stimulated by prostaglandins the synthesis of
which is increased by angiotensin Il (Levinsky, 1879; Carretero and Scicli, 1980).
Reversely, kallikrein activates renin and stimulates prostaglandin release by the
kidney; since prostaglandins stimulate renin releass, the kallikrein-kinin system
activates the renin-angiotensin systems indirectly (Levinsky, 1979; Schachter,
1980). In evaluating the interdependency of these three intrarenally operating
humoral systems, the prostaglandins seem to play a pivotal role.

Kallidin and bradykinin are potent vasodilators (Folkow, 1982; Carretero
and Scicli, 1980) and particularly by increasing renal blood flow in the renal me-
dullary regio, they increase excretion of water probably by decreasing the peritu-
bular osmotic pressure, and — secondarily to increases in urine volume — they
will stimulate sodium excretion (Mills and Ward, 1975; Carretero and Scicli,
1980); direct actions on the distal tubule transport processes however cannot be
excluded. Obviously kinins may produce diuresis and natriuresis via stimulation
of prostaglandin release and thereby vasopressin actions on tubular reabsorp-
tion (Levinsky, 1979; Carretero and Scicli, 1980).
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As mentioned before, vasopressin or antidiuretic hormone is a humoral
substance fundamentally involved in kidney excretory function; it increases per-
meability of water and therefore water reabsorption at the levels of the distal fu-
bule and collecting duct, where in fact permeability of water is rate limiting to
transmembrane transport, contrary to the proximal tubule.

Recently, much attention has been focussed on an endogenous sodium ex-
cretion stimulating substance. It appears in the circulation after blood volume
expansion (De Wardener, 1978), which is best demonstrated in an experiment
in which a donor rat is crosscirculated with a recipient assay rat. During blood
volume expansion in the donor rat, urinary sodium excretion increases in the re-
cipient assay rat. Plasma from a volume-expanded rat causes natriuresis when
infused in another rat (De Wardener and Clarkson, 1982). This natriuretic hor-
mone is an ouabain-like inhibitor of renal Ma*-K* ATPase (De Wardener and
Clarkson, 1982; Folkow, 1982) which is possibly released by the central nervous
system e.g. the upper brain stem-hypothalamus since natriuresis was not obtai-
ned in isolated kidney perfused with blood from a decapitated volume-expanded
dog (Kaloyanides et al, 1977). Furthermore, lesions in the preoptic-hypothalamic
periventricular region of rats reduce the natriuresis after volume expansion by
eliminating the natriuretic hormone-like activity in plasma (Bealer et al, 1983}.

The possible trigger for release of natriuretic hormone from the brain could
be increase in right atrial pressure stimulating a reflex loop which also affects
renal neurogenic activity (Linden, 1979), via afferent nerve fibers from the heart,
as may be the case for another sodium excretion mediating substance, the atrial
natriuretic factor. Injection of atrial homogenate produces natriuresis and diure-
sis in the rat {DeBold et al, 1981). This atrial natriuretic factor has been located
in atrial myocytes of rat, rabbit, dog, baboon, and man (Trippodo et al, 1983).
The molecular weight of the atrial natriuretic factor, probably a polypeptide
which does not inhibit renal medullary Na*-K* ATPase, is about 4000 while the
natriuretic hormone has a molecular weight smaller than 1000 (Thibault et al,
1983).

Lastly, two hormone-like lipids have been extracted from the renal medulla
of rabbits: the antihypertensive neutral and polar renomedullary lipids (Muir-
head, 1980). Both decrease arterial blood pressure, but the polar lipid increases
heart rate and renal nerve activity while the neutral lipid reduces heart rate and
renal nerve activity (Muirhead et al, 1983).

In general, the kidneys appear to be the source as well as the target of a
variety of neurchormonal substances. They provide a still not fully explored but
rapidly developing experimental field which calls for distinct demarcations. In or-
der to evaluate disturbances in renal function related to for instance chronic hy-
pertensive conditions, one has chosen to determine a finite number of renal he-
modynamic and neurchumoral factors creating an experimental matrix based
on methodologicatl considerations, rather than on the acknowledgement of the
epistemological context.
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1.3. Renal function in hypertension

1.3.1. The cascade theory of whole body autoregulation

Since the renal hydraulic system which counterbalances changes in arterial
pressure beyond its pressure control level by large alterations in urinary water
and sodium excretion, is characterized by its infinite gain, it is axiomatic that a
shift in pressure setpoint of the renal function curve to higher arterial pressure
values is elementary in order to sustain the hypertensive state. Should this shift
not occur, elevations in arterial pressure would be reduced by continuous in-
creases in sodium and water excretion so that normal pressure ievels are even-
tually obtained.

This shift in renal function curve sets the primary role of the kidney in hyper-
tension disease as indicated by Borst and Borst-De Geus (1963) and elaborated
by Guyton and co-workers (1974, 1977, 1980).

As a consequence of the shift in the renal function curve in hypertension, balan-
ce of sodium and water intake vs. excretion is obtained at the elevated arterial
pressure level initially under slightly hypervolemic conditions.

This will be demonstrated firstly by increases in the extraceliular fluid volu-
me and in blood volume, which starts the cascade effect: increases in blood vo-
lume will raise central venous pressure and right atrial pressure. This will increa-
se cardiac performance (according to Frank-Starling’s faw)} and therefore car-
diac output. Since arterial pressure is regarded to be the product of cardiac out-
put and total peripheral resistance, increase in cardiac output will elevate arteri-
al pressure, but only slightly.

Increases in cardiac output will raise blood flow and oxygen supply to the
organs. This induces a rise in tissue resistance to higher flow via autoregulatory
mechanisms, as originally formulated by Borst and Borst-De Geus (1963) and
described previously in discussing renal autoregulation. increase in overall
blood flow will lead to elevation in total peripheral resistance via the concept of
whole body autoregulation (Guyton, 1976, 1977, Liard, 1979). Although increa-
ses in arterial pressure will be initially blunted by baroreceptor mediated vasodi-
latation, this neurogenic reflexes will adapt gradually to the elevated blood pres-
sure and pressure is allowed to raise further via increases in total peripheral re-
sistance. Normalization of organ blood flow by increase of organ resistance will
reduce cardiac output to control levels. Furthermore, renal loss of water and salt
will decrease body fiuid volume and thereby, cardiac output.

Liard (1978, 1979) has evaluated the possibility that a primary increase in
cardiac output elevates total peripheral resistance via whole body autoregulati-
on and therefore causes hypertension. Intracoronary administration of the beta-
adrenoceptor agonist dobutamine increases cardiac performance and cardiac
output. Hypertension develops and cardiac output decreases to control, indica-
ting — secondarily to increases in arterial pressure — an adjustment in renal
function, possibly caused by prolonged exposure of the kidney to increased per-
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fusion pressure which involves a large scale of intrarenal neurohormonal factors
{(Knox and Haas, 1982).

The dominance of the kidniey in the induction of hypertension has led to the
development of various animal hypertension models which primarily alter renal
function. It is discussed in the next section to what extent hypertension in this
animal models is associated with cascade-like elevations in vascular resistance
secondary to an initial volume-retaining phase.

1.3.2. Kidney function and experimental models of hypertension

in humans suffering from essential hypertension, renal vascular resistance has
found to be increased in quite an early phase (Hollenberg et al, 1978). A former
postulation is that in essential hypertension elevated body load of sodium is
maintained at normal levels of sodium intake which may point to deficiency in
renal sodium excretion (Borst and Borst-De Geus, 1963). Furthermore, in spon-
taneously hypertensive rats, an in-bred strain which is genetically predisposed
to develop high blood pressure and which is generally regarded as an experi-
mental animal model for the chronic hypertensive condition in humans, there
are also indications for early renal dysfunction.

When kidneys from hypertensive rats are implanted into normotensive ani-
mals the recipient rats become hypertensive,; implantation of kidneys from nor-
motensive rats reduces blood pressure of spontaneously hypertensive rats (Bi-
anchi et al, 1974). Renal vascular resistance is increased in a very early stage
of hypertension (Evenwel, 1982) mainly due to preglomerular vasoconstriction
(Arendhorst and Beierwaltes, 1979a). Furthermore, renal perfusion pressure
has to be increased relatively more in spontaneously hypertensive rats in order
to excrete a certain amount of salt and water (Arendhorst and Beierwaltes,
1979b). A shift of the renal function curve to higher arterial pressure levels has
been established in spontansously hypertensive rats (Norman et al, 1978) and
plasma volume appears to be increased in very young animals (Evenwel, 1982).
in the Milan hypertensive rat strain, glomerular filiration is reduced and plasma
volume increased compared with normotensive controls, at weaning age. These
differences disappear in adult animals but at this age the hypertensive animals
appear to have a smaller number of glomeruli (Bianchi et al, 1979). Renal dys-
function is also associated with another form of genetic hypertension, the Dahl
salt-susceptible rat (Rapp, 1982).

Cbviously, it has been suggested that a primary interference with renal
function can induce and maintain hypertension. Over the years, several animal
hypertension models have been developed applying physiological or pharmaco-
logical technology, which somehow influence the relation between arterial pres-
sure and glomerular filtration rate, or between arterial pressure and tubular
reabsorption, resulting in a fundamental change in urine output as function of
arterial pressure and a shift of the renal function curve to higher pressure levels.

When kidney mass in dogs is reduced by almost 70% and the animals are
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chronically salt-loaded, hypertension develops exactly as predicted by the cas-
cade model (Coleman and Guyton, 1969). Due to the severe decline in excretory
capacity, 5-times normal intake of salt is able to increase body fluid volume by
30% and cardiac output by 40% within two days. Secondarily to changes in car-
diac output total peripheral resistance increases over a 14-day period 1o approxi-
mately 40% above control levels. Arterial pressure is slevated by 20% after 2
days and maintained at a level 45% above normal (Guyton et al, 1880).

Secondly, extrarenal compression of renal parenchyma by wrapping the
kidney in cellophane or silk according to Page or by applying a figure-of-eight
ligature with a silk thread according to Grollman, also induces sustained hyper-
tension after contralateral nephrectomy. However, hypertension is associated
with increases in total peripheral resistance from the onset. Although under nor-
mal conditions cardiac output is increased in the initial phase of hypertension
in rabbits, eievations in total peripheral resistance also occur when the animals
are held on a sodium-restricted diet and no volume retention is possible (Korner,
1980).

Artificial constriction of the renal artery by clamping has been introduced
by Goldblatt as an animal hypertension model. There are two basic principles:
with and without contralateral nephrectomy (one-kidney, one-clip vs. two-kidney,
one-clip), both leading to hypertension in rabbits and rats; two-kidney, one-clip
dogs usually fail to sustain elevated pressure chronically (Carretero and Ro-
mero, 1977).

After 30 days of clamping the renal artery in one-kidney rabbits, total body
water as well as extracellular fluid volume, but not plasma volume appear to be
increased (Kurz et al, 1981). A positive sodium balance has found to occur in
one-kidney, one-clip rats (Carretero and Romero, 1977), associated with an in-
crease in cardiac output (Freeman et al, 1982) and a shift of the renal function
curve to higher levels of arterial pressure (Norman et al, 1978).

Plasma renin activity is only increased in the early phase (Kurz et al, 1982;
Freeman et al, 1982); chronic infusion of angiotensin | converting enzyme inhibi-
tors in the rat prevents increases in arterial pressure until the 8th day after clip-
ping (Freeman et al, 1979). The one-kidney, one-clip Goldblatt model seems to
be renin-angiotensin dependent in its developmental phase and volume-
dependent in its established phase. However, hypertension also develops in
one-kidney, one-clip dogs and rats which are fed on a sodium-deficient diet and
plasma volume does not increase (Freeman et al, 1982).

The situation in two-kidney, one-clip animals is more complicated. Body
fluid volume and cardiac output may be increased in the very early phase (Car-
retero and Romero, 1977. Liard, 1979) but sodium balance and blood volume
tend to be normal or negative in the later phase (Carretero and Romero, 1977,
Liard, 1979} although also an increase in blood volume has been reported (Al-
bertini et al, 1979).

Application of converting enzyme inhibitors prevents the onset of hyperten-
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sion over the compiete clipping period (Freeman et al, 1979) suggesting a funda-
mental sustenance by the renin-angiotensin system in this hypertension model.

One-kidney, one-clip animals vs. two-kidney, one-clip animals differ in the
functional contribution by various hormonal systems. Inhibition of prostaglandin
synthesis by indomethacin increases blood pressure and decreases renal blood
flow and plasma renin activity in one-kidney, one-clip rabbits, but affected only
renin activity negatively in two-kidney, one-clip rabbits (Romero and Strong,
1979).

in one-kidney, one-clip rats, urinary kallikrein activity decreases more ra-
pidly than in two-kidney, one-clip rats during the development of hypertension
(Albertini et al, 1979).

Furthermore, the Goldblatt two-kidney as well as the one-kidney models are
characterized by release of Muirhead’s antihypertensive lipids from the renal
medulla upon declipping (Muirhead et al, 1980; Gdthberg et al, 1982).

Also, chronic administration of desoxycorticosterone (DOCA}, a sali-
retaining hormone of the adrenal cortex, in combination with simultaneous salt-
loading has been widely used as a rather pharmacological tool for induction of
hypertension (Grollman, 1975). Hypertension develops after 1 to 2 weeks and
is always preceded by increases in plasma and blood volume (Villamil et al,
1982).

Lastly, stimulation of the renin-angiotensin-aldosterone axis by chronic in-
travenous infusion of angiotensin il or aldosterone has been tried in order to in-
duce hypertension. Angiotensin Il when chronically infused via the jugular vein
of rabbits and dogs causes immediate plasma concentration-dependent increa-
ses in arterial pressure which are maintained throughout the infusion period (Yu
and Dickinson, 1971; Bean et al, 1978). Cardiac output is decreased so that hy-
pertension is related to elevated total peripheral resistance (Young et al, 1880).
Renal blood flow decreases but glomerular filtration rate remains unaffected
(Hall et al, 1978). Angiotensin Il infusion stimulates aldosterone secretion (Hall
et al, 1978; Bean et al, 1979) but sodium retention occurs also when aldosterone
levels have returned to normal (Hall et al, 1978; Young et al, 1980; Guyton et
al, 1981).

It Is postulated that during chronic intravenous angiotensin Il infusion sodi-
um balance is achieved at higher arterial pressure levels.

Chronic subcutaneous infusion of aldosterone in rats increases arterial
blood pressure dose-dependently (Gorwitz and Jones, 1982). Chronic intrave-
nous aldosterone infusion in dogs raises blood pressure while cardiac output
stays within normal range (Lohmeier et al, 1978; Pan and Young, 1982). Blood
volume and body water and salt load remain increased throughout the aldoste-
rone application period (Pan and Young, 1982). Also during chronic aldosterone
infusion fundamental changes in renal function, possibly on the tubular level,
seem to result in a shift of body fluid and salt homeostasis to higher arterial pres-
sure levels.
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1.3.3. Renal nerve activity and experimental hypertension

Whether or not hypertension is caused and maintained by sympathetic hyperacti-
vity, has been discussed widely over the years, inspired as it became by the metho-
dological progress of the radioenzymatic catecholamine assay {(Golidstein, 1981).

Recently, cardiovascular research has given increased attention to the role
of renal afferent and efferent nerves in kidney function as described previously
in section 1.2.1. The consideration that renal adrenergic hyperactivity may indu-
ce a shift in the renal function curve by changing renal hemodynamics and tubu-
lar reabsorption processes, and thereby sustains hypertension, has initiated the
evaluation of renal nerve activity in various animal hyperension models.

Direct electrical recording of splanchnic nerve activity has shown higher
sympathetic discharge frequencies to the kidney in anesthetized and conscious
spontanaously hypertensive rats (Iriuchijima, 1973; Judy et al, 1976; Thorén and
Ricksten, 1979) although these results also have been contradicted {Francisco
et al, 1981).

Surgical denervation of the kidneys retards the development of genetic hy-
pertension (Liard, 1976; Kline et al, 1978; Diz et al, 1982). Renal tissue levels
of noradrenaline are decreased after denervation during the period of delay
(Kline et al, 1980; Cuche and Liard, 1981) but the renin-angiotensin and the
kallikrein-kinin system in the kidneys of spontaneously hypertensive rats are left
unaffected (Sayndvdlammi et al, 1982).

Renal denervation has also been found to inhibit the development of
DOCA-salt hypertension. When arterial pressure did raise eventually, it went
along with increases in renal noradrenaline content indicating reinnervation
{Katholi et al, 1980).

Furthermore, renal denervation reduces the severity of hypertension
caused by clipping the renal artery or placing a figure-of-gight thread around the
kidney in uninephrectomized rats (Katholi et al, 1981). Also in the two-kidney,
one-clip model renal denervation of the clipped kidney lowers increased blood
pressure as well as elevated plasma noradrenaline levels to normal values with-
out influencing renin activity (Katholi et al, 1982).

Renal denervation reduces the noradrenaline content in the hypothalamus
of normotensive and one-kidney, one-clip hypertensive rats (Calaresu an Ciriel-
lo, 1981; Winternitz et al, 1982) which indicates disturbances in central nervous
system mediated neurogenic reflex loops. Since clipping of the renal artery in
two-kidney rats increases plasma noradrenaline concentrations, while unclip-
ping as well as renal denervation decreases plasma noradrenaline levels again,
it has been suggested that clipping interferes with renal afferent tone resulting
in hypertension correlated with sympathetic hyperactivity; surgical denervation
interrupts renal afferent input and is supposed to diminish sympathetic hyperac-
tivity (Katholi et al, 1982).

Lastly, renal denervation is effective in retarding the development of coarc-
tatio aortae hypertension (Whitlow et al, 1882).
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These data show clearly the contribution of the renal nerve system to expe-
rimental hypertension.

Reversely, it has been attempted 1o produce increases in arterial blood
pressure by stimulating sympathetic nerve activity or more specifically efferent
renal nerve activity. Chronic electrical splanchnic nerve stimulation in conscious
dogs increases arterial pressure throughout the stimulation period; renal plasma
flow and glomerular filiration tend to increase or stay within control range (Kubi-
cek et al, 1952},

In anesthetized cats, acute splanchnic nerve stimulation causes hyperten-
sion associated with normal peripheral resistance and increased cardiac output
before adrenalectomy and normal cardiac output as well as venous and arterial
vasoconstriction after adrenalectomy, indicating the necessity of adrenal cate-
cholamines in order to increase cardiac output (Greenway and Innes, 1980). In-
directly induced baroreceptor-mediated sympathetic hyperactivity causes renal
vasoconstriction while renal blood flow is normal (Fink and Bryan, 1980).

Since splanchnic nerve stimulation may affect renal function indirectly by
production of vasoconstriction in the complete splanchnic bed, electrical renal
nerve stimulation has been applied in order to exclude this aspecificity. Acute
renal nerve stimulation in anesthetized dogs produces frequency-dependent de-
creases in renal blood flow and increases in renal vascular resistance; further-
more, the concentration of noradrenaline in renal venous plasma increases
(Kottke et al, 1945; Carriere et al, 1980; Oliver et al, 1980}. Arterial blood pressu-
re is normal (Kottke et al, 1945) or slightly elevated (Oliver et al, 1980).

Changes in intrarenal humoral mechanisms, primary via neurogenic activa-
tion or secondary via effects of nerve stimulation on renal hemodynamics have
not been investigated yet.

Lastly, chronic electrical stimulation of renal nerves produces hypertensi-
on, maintained over the stimulation period (Kottke et al, 1945). However, data
on renal function during long-term experimentally stimulated renal nerve activity
are not available.

1.4. Chronic intrarenal infusion of noradrenaline —
a new hypertension model

In hyperiension research, increases in plasma noradrenaline concentration are
considered as indices of overall sympathetic hyperactivity. Ever since the postu-
lation that essential hypertension in man is a disease of neurogenic origin, one
has determined plasma noradrenaline levels in order to evaluate the activity of
the sympathetic nervous system. The controversy whether or not plasma nor-
adrenaline concentrations are elevated in essential hypertension, is reviewed
extensively elsewhere (Goldstein, 1981).

The intriguing point is that upon intravenous infusion of noradrenaline in
normotensive man, one has to raise plasma noradrenaline levels far beyond the
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values observed in essential hypertension in order to obtain the same increases
in arterial blood pressure (Silverberg et al, 1978; Vlachakis, 1979; Beretta-
Piccoli et al, 1980).

Certainly, it could be argued that in hypertensive conditions, sensitivity of
vascular adrenoceptors to circulating noradrenaline might have been increased.
This may be the case but determination of vascular responsiveness to elevati-
ons in plasma noradrenaline levels in hypertensive and normotensive man has
not revealed any indication for a drastical increase in adrencceptor sensitivity
in essential hypertension (Vlachakis, 1979; Beretta-Piccoli, 1980).

Secondly, since it is hypothesized that rather small cumulations in plasma
noradrenaline concentrations are caused by spillover of noradrenaline from the
synaptic cleft, due to increased release of the neurotransmitter by synaptic
nerve terminals, intravenous noradrenaline infusion may have to raise plasma
levels steeply in order to increase noradrenaline load of the synaptic cleft effi-
ciently. However, electrical stimulation of overall sympathetic activity in normo-
tensive pithed rats does not result in small elevations but in large increments of
plasma noradrenaline concentrations which are 10-fold higher than measured
levels in spontaneously hypertensive rats (Yamaguchi and Kopin, 1979).

After these considerations, it seems atiractive to postulate that it is rather
the specificity of sympathetic hyperactivity, directed towards the kidney which
alters renal function and induces a kidney-mediated form of hypertension; the
relatively small rises in plasma noradrenaline concentrations during hypertensi-
on may result from increased renal venous outflow of noradrenaline.

Alternatively, one could propose a model whereby renal efferent nerve hy-
peractivity stimulates renin release directly or indirectly. Increases in plasma re-
nin activity raise circulating levels of angiotensin Il which facilitates noradrenali-
ne release from sympathetic nerve endings by its presynaptic action. Further-
more, the possibility remains that sympathetically induced changes in renal he-
modynamics in turn stimulate renal afferent nerves and via the centrally media-
ted reflex loops elevate overall sympathetic activity and plasma noradrenaline
levels.

In order 1o test the hypothesis that an increase of the discharge frequency
of sympathetic nerves, specifically directed towards the kidney, induces and
maintains hypertension, a new experimental animal model had to be developed.
Because of the obvious methodological difficulties of chronic electrophysiologi-
cal stimulation of renal efferent nerves in unanesthetized animals, a different ap-
proach was chosen: chronic increases in renal nerve discharge frequencies are
simulated by means of continuous intrarenal infusion of the sympathetic neuro-
transmitter noradrenaline.

Long-term intrarenal infusion of noradrenaline has been performed in con-
scious dogs (Katholi et al, 1977; Cowley and Lohmeier, 1979). An infusion rate
of 17 ug noradrenaline.kg™.hr™* induces sustained hypertension characterized
by immediately decreased renal blood flow, increased plasma renin activity and
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positive sodium balance associated with a shift of the renal function curve to
higher pressure levels. Cardiac output measured however only in the late pha-
se of noradrenaline infusion appears to be decreased so that hypertension is
related to elevations in total peripheral resistance by that time. Only one dosis
of noradrenaline has been applied intrarenally, elevating plasma noradrenaline
levels 2-fold, which may indicate that hypertension is caused by increases in
circulating noradrenaline concentrations with possible contributions of circula-
ting angiotensin Il and augmented adrenoceptor responsiveness by changes
in electrolyte balance. However, no information of acute effects on central he-
modynamics or body fluid volume is available.

1.5. The present thesis

Graded activation of renal adrenergic systems over a certain period of
time is the appropriate way to test the hypothesis that hypertension is
induced and sustained by specific hyperactivity of efferent renal adrenergic
nerves.

Evaluation of the effects of varying infusion rates of intrarenally adminis-
tered noradrenaline in relation with measurements of plasma noradrenaline le-
vels provides the opportunity to determine the action of noradrenaline restric-
ted to the kidney. Application of sophisticated technology which enables acute
and chronic measurements of renal and central hemodynamic parameters in
conscious animals such small as the rat, may assess the accurateness of the
predictions of Guyton and co-workers that an inital shift of the renal function
curve assumably induced by intrarenal infusion of noradrenaline, causes hy-
pertension via volume expansion and subsequently — by means of whole bo-
dy autoregulation — via elevations in total peripheral resistance.

Therefore, the aim of this thesis is to determine the acute and chronic
cardiovascular effects of intrarenal application of several doses of noradrenali-
ne In conscious rats.

Because of the small diameter, catheterization of the renal artery in rats
is not possible without interrupting blood supply to the kidney and causing re-
nal infarction. Theretfore, an alternative technique for long-term intrarenal drug
administration had to be developed (chapter 2).

In chapter 3, pressor responses to intrarenal infusion of several doses of
noradrenaline will be related to changes in plasma noradrenaline concentrati-
ons and compared to results obtained during intravenous noradrenaline infusi-
on. The fate of noradrenaline administered via these two infusion routes will
be discussed in chapter 4. In chapter 5, the contribution of the renin-
angiotensin system will be examined. Special attention has to be paid to ef-
fects of acute and chronic intrarenal infusion of noradrenaline on renal functi-
on and on central hemodynamics. Changes in body fluid and salt homeostasis
will be determined (chapters 6, 7 and 8).
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Finally, in the general discussion acute and chronic effects of intrarenal
noradrenaline infusion will be evaluated within the framework of the respective
hypotheses concerning adrenergic modulation of renal function in relation to
hypertension.
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2. CHRONIC LOCAL INFUSION INTO THE RENAL ARTERY OF
UNRESTRAINED RATS"

2.1, Introduction

As discussed in the introductory chapter, the kidney plays a crucial role in the
development and maintenance of hypertension. Local administration of
substances into the kidney or its blood supply may provide a tool for further elu-
cidation of this aspect of renal function. This type of experiment is mostly con-
ducted in large animals like dogs and sheep, because in these animals a cathe-
ter may be placed in the renal artery without a very great disturbance of renail
blood fiow.

Both Beuzeville (1968) and Fine et al (1974) have described methods for
renal artery catheterization in rats. Both methods do, however, involve introduc-
tion of a catheter into the lumen of a renal artery. This, by itself, may be a cause
for hypertension (Davis, 1977). Furthermore, using that approach in preliminary
experiments, we have frequently encountered problems like gross renal dama-
ges. Therefore, a technique has been developed which allows long-term access
to the renal artery and which does not require any disturbance of the renal blood
flow.

This chapter describes the technique and the evaluation of long-term ef-
fects of the catheter on blood pressure and renal function.

2.2. Methods

2.2.1. Construction of the catheters

Catheters were constructed of a 15 cm piece of PE 10 tubing (Clay Adams, Par-
sippany, NJ). The tip of the catheter had been stretched over a hot soldering iron
to reduce its outer diameter to approximately 0.2 mm. An inner diameter of
0.1 mm was maintained by the previous introduction of a steel wire of that dia-
meter, The stretched tip was cut to a length of approximately 1 cm. A 1 cm plece
of PE 50 tubing (Clay Adams, Parsippany, NJ) was heat-sealed to the other end
of the catheter and a 4-5 cm piece of 602-155 silastic tubing (Dow Corning, Mid-
land, MI) was slipped over it. Two silk ties (2-0) provided secure attachment of
the silastic to the polyethylene tubing.

* based on: Smits JFM, Kasbergen CM, Van Essen H, Kleinjans JC and Struyker Boudier
HAJ: Chronic local infusion into the renal artery of unrestrained rats. Am J Physiol
244: H304-H307, 1983.
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2.2.2. Animals

Male Wistar rats, weighing 250-350 grams, were purchased from CPB/TNO
Zeist, The Netherlands. They had free access to standard lab food and tap water
throughout the experiments.

To prevent the non-cannulated kidney from obscuring any effect of the me-
thod on renal function, a unilateral (left) nephrectomy was performed under light
ether anesthesia through a flank incision 4-5 weeks before the actual catheter
implantation. Special care was taken to leave the adrenal gland and its blood
supply intact.

2.2.3. Catheter implantation

For the implantation of the renal catheters, animals were lightly anesthetized
with ether. The abdominal cavity was opened through a ventral midline incision
and the intestines were kept in gauzes, wetted with 0.9% NaCl.

The liver was slightly retracted upwards and the right renal artery was loca-
lized. The inferior suprarenal artery ascending towards the adrenal gland origi-
nates from the renal artery at the right side of the rats as illustrated in Fig. 2.1,
on the contrary to the left side where the suprarenal artery emerges directly from
the abdominal aorta. The suprarenal artery was carefully freed from connective
tissue over a length of 6-8 mm, starting at the bifurcation of the renal and supra-
renal arteries. Three silk ties (6-0) were passed under the vessel. The tie proxi-
mal to the renal artery was used for retraction of the artery only. The ligature
distal to the renal artery was pushed up as far as possible and tied into a firm
knot, whereas the middle ligature was tied ioosely around the vessel for later
fixation of the catheter. The suprarenal artery was slightly retracted at the two
outer ties and a small hole was cut in it. The catheter was slipped in, the ligature
proximal to the renal artery preventing insertion of the catheter tip into the lumen
of the renal artery. The catheter was secured to the vessel and the silk ties were
released. Patency was checked by drawing blood into the saline-filled catheter
and immediately flushing it back. Intrarenal infusion had now become feasible
by means of transportation of substances to the kidney via the renal blood fiow.

If the catheters were to be used for chronic experiments, they were guided
to the neck and attached to an Alizet TM osmotic minipump (ALZA corporation,
Palo Alto, Ca; model 2001, shown in Fig. 2.2) which had been primed in saline
at 37° C for 4 hours before implantation. The pumps were filled with normal sali-
ne, which was pumped out at a rate of 0.90 + 0.02 yl.hr' (mean + S.D.), as
found in in vitro calibrations. No heparin was added. The Alzet pumps were in-
serted subcutaneously between the shoulder blades.

For drug infusions, the pump may be replaced after some time with a drug-
containing minipump. In the present study, only saline was infused in order to
measure possible artefacts resulting from this type of catheterization. Pumps
were replaced after 2 days of infusion and if necessary, again 7 days later. This
was done under light ether anesthesia.
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Figure 2.1

Drawing indicating the normal position of the right suprarenal artery in Wistar rats. The
catheter is introduced 6-8 mm distal to the origin of the suprarenal artery from the renal
artery. For clarity, the vena cava which was overlying the suprarenal artery, was retracted

with a cotton-tip.
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Figure 2.2
Schematic drawing of the working principle of the Alzet TM osmotic minipump, type 2001.
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2.2.4. Evaluation of renal function

Renal function was evaluated in conscious rats by measuring clearances of
51Cr-EDTA and '25)-PAH as estimates for glomerular filtration rate (GFR) and ef-
fective renal plasma flow (ERPF). Clearances were obtained according to stan-
dard pharmacokinetic methods (Smits et al, 1982).

Briefly, the animals were equipped under ether anesthesia with a PE 10 fe-
moral artery catheter and a silastic jugular vein catheter the day before measu-
rements were done. One day later, blood pressure was measured according to
the protocol described in section 3.2. After that, an i.v. bolus injection of 10 uCi
S1Cr-EDTA (CJ 13P, The Radiochemical Centre, Amersham, England) was
given and exactly 2 min later, a 100 ul arterial blood sample was obtained.
Again, 2 min later 10 uCi *#5I-PAH (iM 315 P, The Radiochemical Centre) was
given i.v. and repeated 100 ul arterial blood samples were taken at 2, 5, 10, 15,
20, 30, 45, 60, and 90 min after the last injection. The exact times of blood samp-
ling were carefully noted. Each blood sample was replaced by an equal amount
of fresh donor blood obtained from litter mates. Concentrations of both 3'Cr-
EDTA and '25-PAH in plasma were determined in a Packard scintillation coun-
ter, In each sample, overlap between channels was corrected for by internal
standardization.

The data were fitted to a two-compartment open model according to:

Clt) = Ae~ + Be~ M
The area under the plasma concentration time curve (AUC) was calculated by
using the trapezium rule where C (t = 0) was (A + B) and extrapolation to infinity
was performed by dividing the last concentration on the curve by £.

Clearance was then calculated by:

Clearance = Dose injected/Auc.

Clearance of 3'Cr-EDTA was taken as a measure for GFR, whereas clearance
of 12%].PAH was taken as ERPF. Both were calculated as absolute values as well
as normalized for kidney weight, which was determined at the end of the experi-
ment. No corrections for incomplete extraction or extrarenai clearance were ma-
de in the present study.

2.2.5. Composition of experimental groups

Blood pressure and renal hemodynamics were measured in 5 groups of ani-
mails. One group had 2 intact kidneys (group I; n = 10). In group ll, animals had
besn subjected to a left unilateral nephrectomy 5 weeks before measurements,
but no i.r. catheter was implanted (n = 9). In groups I, IV and V, left unineph-
rectomized animals were infused i.r. with saline. Durations of the infusions were
respectively 2 days (n = 8), 6 days (i.e. 4 days after replacement of the first
pump; n = 9) and 14 days (i.e. 12 days after replacement of the first pump;
n = 8).
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At the end of the clearance experiments, animals were sacrificed with an
iv. overdose of pentobarbital and correct placement of the catheters was
checked by macroscopic inspection. Data are presented as means + S.E.M.
Groups were compared using Student’s t-test for unpaired observations.

2.3. Results

Table 2.1 shows the results of measurements of parameters relevant to kidney
function in unireated animals, left uninephrectomized animals and unineph-
rectomized rats at various phases of intrarenal saline infusion.

No significant aberrations in MAP in the experimental groups were
observed when compared with untreated animails.

In rats, uninephrectomized 5 weeks previously, absolute levels of GFR and
ERPF were clearly lower than in untreated rats. Catheterization of the right
suprarenal artery of uninephrectomized rats and subsequently intrarenal saline
infusion did not alter GFR and ERPF over the 14-day infusion period when com-
pared with data in non-cannulated uninephrectomized animals.

When GFR and EPRF were normalized for right kidney weight, the same
values for kidney function parameters were obtained in untreated rats,
uninephrectomized rats and uninephrectomized rats receiving saline intra-
renally.

The filtration fraction data indicated that neither uninephrectomy nor
insertion of a catheter into the suprarenal artery on the contralateral site,
interfered with renal function.

2.4. Discussion

The method described above provides a simple and reliable tool for obtaining
access to the renal artery in rats. It has been used in acute and in chronic
experiments for periods up to 14 days. For chronic infusions, it has now been
used in more than 400 rats. Unlike methods described before (Beuzeville, 1968;
Fine et al, 1974) it does not imply insertion of a catheter into the lumen of a renal
artery.

The success ratio for the method is very high. In approximately 5% of the
animals, it is impossible to use the right suprarenal artery as an access to the
renal artery, because it originates from the ascending aorta. On the left side of
the animals, this is always the case. Although preliminary observations in
Sprague-Dawley rats indicate that in the latter strain the right suprarenal artery
also originates from the ascending aorta in most animals, it should be regarded
as a rare phenomenon in Wistar rats.

Although no anti-coagulants were used in the infusion solutions, clotting of
the catheter occurred in only 4 out of the 48 rats that were used in this particular
experiment. In all cases, this occurred during the first two days of infusion. At
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that time the minipumps were replaced by drug-containing pumps. Clotting as
well as any other obstruction is evident immediately from balloon-like swelling
of the silastic part of the catheter system. The absence of clotting probably re-
sults from the implication of an Alzet osmotic minipump in the infusion system,
providing a continuous flush. Aithough the pumping rate of the type 2001 pump
is ordy 1 gl.hr™', this results in a calculated flow velacity of an approximately 2
mm.min~" in the 0.1 mm tip of the catheter, thus preventing any blood from ente-
ring it. In the present study, the effects of implantation of the catheter on renal
function has been investigated in 44 rats. In order to prevent any possible com-
pensation of a decreased renal function in the cannulated kidney by the contra-
lateral kidney, the left kidney had been removed 5 weeks before the implantati-
on of the catheter. Preliminary studies indicated that by that time the weight of
the remaining kidney did not increase further. In the present study, hypertrophy
was evident from the fact that in the uninephrectomized group, kidney weight
was between 65 and 85% of the total kidney weight of the two-kidney group. At
the time of the unilateral nephrectomy, extreme care was taken to leave the left
adrenal and its blood supply intact. Because insertion of the catheter implies in-
terruption of the blood supply to the right adrenal it is essential that the left adre-
nal is functioning. In none of the animals studied so far any sign for adrenal in-
sufficiency has been observed. In fact, by macroscopic view, left adrenal hyper-
trophy indicated by its enlarged size, was found in most of the rats.

Blood pressure in all groups of animals, measured intra-arterially before
clearance measurements, was normal. This may be regarded as a gross indica-
tion for a normal renal function, since renal artery obstruction will result in hyper-
tension (Davis, 1977). In the present study, direct evidence has been obtained
for a normal renal function from the values for plasma clearances of $'Cr-EDTA
and '251-PAH, which are used as indications for respectively GFR and ERPF.

As compared to the two-kidney control group, all other groups had a slightly
reduced GFR and ERPF when expressed as absolute values. However, if para-
meters were normalized for total kidney weight, no differences whatsoever were
observed. Furthermore, comparison of GFR and ERPF in cannulated groups
and the group which was only subjected to a unilateral nephrectomy indicate
that implantation of the catheter system per se did not have any effects on renal
function. Also, in all groups filtration fractions were comparable.

The present study shows that it is possible to gain chronic access to the
renal circulation of unrestrained rats for periods up to at least 14 days using the
methods described here. There is no reason to assume that the 14-day period
in this study is a maximum, since all catheter systems remained patent until ter-
mination of the animals. The fact that the catheter is not within the lumen of the
renal artery is a major advantage over previously described methods (Beuze-
ville, 1968; Fine et al, 1974) which in our hands led to renal infarctions and hy-
pertension. Furthermore, the latter infusion systems were only tested for periods
up to 48-81 hours (Fine et al, 1974).
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In summary, chronic catheterization of the suprarenal artery has proven to
provide a reliable tool for long-term intrarenal infusions of drugs. The present
study indicates that this catheterization method does not interfere with renal
function. Effects of a substance, intrarenally applied via the suprarenal artery,
are therefore produced directly by the drug itself.
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3. BLOOD PRESSURE RESPONSE TO CHRONIC LOW-DOSE INTRARENAL
MORADRENALINE INFUSION IN CONSCIOUS RATS*

3.1. Introduction

The major conclusion of Guyton's systems analysis approach to blood pressure
control is the acknowledgement of the dominance of renal function in chronic
biood pressure regulation (Guyton et al, 1974). Chronic hypertension is stated
to result from a shift of the renal function curve representing the steady-state re-
lationship between mean arterial pressure (MAP) and urine output, to higher
MAP levels. This adjustment in pressure control level at which excretion of water
and salt is enhanced by even small increases in MAP, is present in spontanes-
ously hypertensive rats (Norman et al, 1978).

it has been suggested in section 1.3.3 that an increased sympathetic activi-
ty towards the kidney could initiate or maintain hypertension by influencing renal
function and preventing pressure diuresis and natriuresis. Directly and indirectly
induced sympathetic hyperactivity towards the kidney causes renal vaso-
constriction (Kubicek et al, 1953; Fink and Bryan, 1980). Additional neurogenic
influences on renin release (Zanchetti et al, 1976) and renal tubular sodium
reabsorption have been reviewed (DiBona et al, 1977). Direct recording of renal
nerve activity shows increases in sympathetic discharge frequency towards the
kidney in spontaneously hypertensive rats {lriuchijima, 1975; Judy et al, 1976)
and renal denervation delays the onset of genetic hypertension (Liard, 1977)
and experimental renovascular hypertension in rats (Winternitz and Oparil,
1982). Furthermore, increased renal adrenergic activity as induced by chronic
intrarenal infusion of noradrenaline causes hypertension in dogs (Katholi et al,
1977; Cowley and Lohmeier, 1979). However, effects of renal noradrenaline ap-
plication at varying infusion rates in relation to increases in overall plasma nora-
drenaline concentrations were not studied.

intrarenal infusion in conscious rats has not been achieved. in this chapter,
the method for intrarenal infusion in unrestrained rats as described in chapter
2 is applied and the effects of a 5-day intravenous and intrarenal infusion of se-
veral doses of noradrenaline (NA)Y on MAP and plasma NA concentrations will
be compared.

* based on: Kleinjans JCS, Smits JFM and Struyker-Boudier HAJ: Chronic intrarenal infu-
sion of low doses of noradrenaline produces hypertension in rats. In: Hypertension
Mechanisms (eds WM Rascher, D Clough and DJ Ganten), Schattauer Verlag, Stutt-
gart, W. Germany, 1982, pp 490-494.

Klginjans JCS, Smits JFM, Kasbergen CM, Vervoort-Peters HTM and Struyker-
Boudier HAJ: Blood pressure responses to chronic low-dose intrarenal noradrenali-
ne infusion in conscious rats. Clin Sci 65: 111-116, 1983.
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3.2. Methods

102 male Wistar rats varying in weight from 292 to 425 g were used. Four weeks
after removal of the left kidney, the animals were prepared under ether anesthe-
sia for chronic infusion as follows: in 59 rats, the right suprarenal artery was can-
nulated with a stretched PE 10 catheter (volume 12 ul) as described in section
2.2.In 43 rats, a silastic catheter (volume 17 pl) was inserted into the right jugu-
lar vein for intravenous infusion. Catheters for intrarenal and intravenous infusi-
on were flushed with saline (0.9% NaCl) from a subcutaneously implanted Alzet
TM osmotic minipump. Furthermore, both groups of animals were provided with
a PE 10 catheter into the femoral artery for arterial pressure measurements and
blood sampling.

After this surgery, the animals were allowed to recover for 2 days. They we-
re housed individually and had free access to food and water. Arterial pressure
was recorded under unrestrained conditions daily between 14.00 and 17.00
hours using a Strain Gauge transducer (CP0Q1; Central Technology Company,
Inglewood, Ca) and a Grass 7D Polygraph. Arterial pressure data were sampled
after A-D conversion by a Minc RT-11 minicomputer every 15 seconds during
the last hour of each recording session; average arterial pressure (MAP) was
calculated. Only rats with interdaily differences during the 2-day control period
less than 10% were used for infusion studies.

After this control period, saline minipumps were replaced under light ether
anesthesia by pumps containing either saline or NA solutions in such concentra-
tions that rates of infusion of NA of 4 ug.kg™*.hr™1, 12 ug.kg™'.hr?, and 36
pg.kg . hr™? were obtained.

Previously, chemical stability of NA in the pumps was tested. A 5 mg per mi
solution of NA { (-}-arterenol bitartrate, Sigma, USA) in 0.9% NaCl was prepared
towhich 1 mg per ml ascorbic acid was added in order to prevent oxidation of NA.
Two minipumps were filled with this solution and kept at 30-36° C. The fluid relea-
sed was analyzed daily for NA according to Holman et al (1976). These analyses
indicated that more than 95% of the substance released daily is pure NA.

MAP was determined on five consecutive days. 0.5 ml blood samples were
taken from the animals in the experimental cage on control day as well as on
the first and fourth day after starting the infusions and were analyzed for NA con-
centrations by means of a radioenzymatic assay (Peuler and Johnson, 1977).
Plasma NA levels during intrarenal and intravenous infusion of three doses of
NA were plotted against corresponding blood pressures; log concentration-
effect curves were fitted using an analyzing computer routine based on log-logit
curve fitting as described by De Lean et al (1978}, running on a digital Minc 11
minicomputer. Goodness of fit was evaluated on the basis of Chi-square sta-
tistics. Further data were analyzed statistically by means of non-parametric one-
way analysis of variance for response curves (Zerbe, 1979) or a Student’s t-test
for unpaired values.
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3.3. Results

Chronic intrarenal MA infusion caused at all doses of NA increases in MAP
which were statistically significant after 5 days of infusions as compared to le-
vels of MAP during intrarenal saline infusions (Student’s t-test; for p values, see
figures). Control levels of MAP varied between 94 and 126 mmHg with a mean
of 112 + 1 mmHg (mean + SEM) and stayed within this range during saline
infusion (n = 13). Five days of intrarenal infusion of 4 ug NA kg™ ".he™" {n = 14)
increased MAP to 120 + 4 mmHg; 12 pug.kg™ .hr™ ' (n = 7) elevated MAP to 131
+ 3 mmHg, and 36 ug.kg '.hi™' (n = 15) brought MAP up to even 150 + 3
mmHg (fig. 3.1a).

Before starting intravenous infusions, MAP varied between 99 and 130
mmHg with a mean of 111 + 2 mmHg; MAP stayed at control levels during sali-
ne infusion {(n = 9). Intravenous application of 4 ug NAkg™.hr™' (n = 8) for 5
days did not cause significant changes in MAP. Increases in MAP during intra-
venous infusion of 12 ug.kg ™ .hr™ (n = 10} gained significance at day 5 when
MAP reached levels of 121 + 3 mmHg. Intravenously applied doses of 36
H49.kg ™Y (n = 12) increased MAP significantly up to 140 + 4 mmHg on day
5 (fig. 3.1b). Fig. 3.2 summarizes the difference in MAP evaluated by means of
an analysis of variance during chronic intrarenal vs. intravenous infusion of sali-
ne and three doses of noradrenaline. While there is no difference in MAP during
saline infusion at both routes, intrarenal NA infusion produced significant grea-
ter increases in MAP compared to intravenous application at each dose for the
complete infusion period.

Control plasma NA levels before starting intrarenal infusions were 0.52 +
0.01 ng.mi™ and NA concentrations did not change during saline infusion when
compared by means of a Student’s ttest. Intrarenal infusion of each dose of NA
raised plasma NA concentrations siowly but significantly on day 4 (Fig. 3.3). In-
trarenal infusion of 4 ug NA.kg™'.hr! resulted in plasma NA levels of 1.65 +
0.40 ng.mi™'. At doses of 12 ug NA.kg '.hr™? plasma NA concentrations of 3.00
+ 0.60 ng.ml-1 and at doses of 36 ug NA.kg™'.hr™1, plasma NA leveis of even
7.33 + 1.77 ng.ml™! were obtained.

On the day of starting intravenous infusions, plasma NA concentrations
were 0.56 + 0.01 ng.mi™}; NA levels did not change significantly during chronic
intravenous infusion of either saline or NA at doses of 4 ug.kg™'.hr™*. Doses of
12 ug NAkg '.hr™1 raised plasma NA levels significantly to 1.61 + 0.21 ng.mi™
and doses of 36 yg NA.kg ".hr'* to 3.63 + 0.28 ng.ml™" on day 4.

The role of the systemic elevations of plasma NA was further analyzed by
plotting plasma NA concentrations during intrarenal and intravenous NA infusi-
on against corresponding blood pressures and fitting sigmoid log concentration-
effect curves (fig. 3.4). Goodness of fit was evaluated applying the sum of squa-
re residues principle. The relationship between plasma NA concentrations and
MAPs during intrarenal and intravenous NA infusion appeared to be described
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Effects on MAP during intrarenal (a) and intravenous (b) infusion of three doses of
noradrenaline as compared with saline.
*p <0.05; **p <0.005 (Student’s t-test).
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well enough (x%ir = 28.62 < x2p _ g.05, when v = 40; x%j, = 36.61 < X’p
= (.05, when v = 56} by presented log concentration-effect curves indicating
an increased responsiveness of MAP to elevation of plasma NA concentrations
during infrarenal NA infusion vs. intravenous NA.

3.4. Discussion

These experiments showed that renal adrenergic hyperactivity in uninephrecto-
mized conscious rats as caused by chronic intrarenal infusion of NA induced
sustained hypertension at doses which were non-effective when infused intrave-
nously. Doses of noradrenaline which elevated MAP when given intravenously
caused even greater increases in MAP when given intrarenally. These findings
support the hypothesis that a renal neurogenic factor e.g. intrarenal noradrener-
gic activity, is involved in the development and maintenance of experimental hy-
pertension in rats {Liard, 1977; Winternitz and Oparil, 1982) and essential hyper-
tension in men (Hollenberg et al, 1978).

Intravenous infusion of NA at doses between 12 and 40 ug.kg™'.hr™! has
been reported to elicit pressor responses in conscious rabbits (DeSwiet and Dic-
kinson, 1969), rats {Yamori et al, 1980), dogs (Johnson et al, 1979; Casals-
Stenzel et al, 1982), and men (Silverberg et al, 1978; Beretta-Piccoli et al, 1980},
probably by stimulating vascular alpha-adrenoceptors (Yamori et al, 1980). In
general, intravenous NA infusion had to raise plasma NA Jevels to 1.6 ng.ml™
(3.2 on the logarithmic scale of Fig. 3.4) or higher in order to produce
hypertension.

Considerably lower doses of NA when infused intrarenally in conscious
one-kidney dogs, increase blood pressure (Johnson et al, 1979); furthermore,
chronic intrarenal NA infusion at a rate of 17 ug.kg™'.hr"' causes a sustained
elevation in MAP of approximately 25 mmHg while intravenous infusion of the
same dose resulted in either transient (Katholi et al, 1877) or sustained but signi-
ficantly smalier increases in blood pressure (Cowley and Lohmeier, 1979). Ho-
wever, plasma NA levels during intrarenal and intravenous infusion appear to
be the same at day 1 in the study in which plasma concentrations were actually
measured (Katholi et al, 1979).

We found higher increases in plasma NA concentrations during intrarenal
MA infusion, especially on day 4 (fig. 3.3) which means that at least part of the
observed higher MAP during intrarenal NA administration may be attributed to
higher plasma NA concentrations.

Either differences in modulation of the endogenous NA release mechanism
or relatively more decreased NA clearance can account for higher plasma NA
levels during intrarenal infusion. Circulating NA is mainly cleared by reuptake
in sympathetic nerve endings {uptake1) (Iversen, 1973} and blood flow to richly
innervated organs could determine NA clearance. Higher plasma levels of NA
during intrarenal NA infusion could be caused by differences in blood flow distri-
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bution towards clearing organs. However, blood flow distribution data during
chronic intrarenal NA infusion in the dog or in the rat are not yet available.

Furthermore, both glomerular filtration and tubular secretion contribute to
the renal clearance of unbound MA (Silva et al, 1979). It is assumable that the
concentration of unbound NA in the kidney is much higher during intrarenal than
during intravenous NA infusion. The possibility exists that a decrease in glome-
rular filtration rate as observed during intrarenal infusion of NA in dogs (Cowley
and Lohmeier, 1979) results in a rather steep decrease in renal NA clearance
which explains the higher plasma NA levels.

Finally, an alternative explanation for the higher elevations in plasma NA,
concentration during intrarenal NA infusion could be a relatively more activated
sympathetic nerve system due to stimulation of renal afferent nerves as is pro-
posed by Winternitz and Oparil {(1982), in order to elucidate the role of the sym-
pathetic nerve system during established Goldblatt hypertension. Catecholami-
nes have been suggested to stimulate afferent nerve tracts via modulation of ar-
terial chemoreceptors (Mills and Smith, 1983).

&3 369 NAKghr!
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intrarenal infusion

Figure 3.3

Plasma noradrenaline concentrations during intrarenal and intravenous infusion of three
doses of noradrenaline and saline.

*p <0.05; **p <0.005 (Student’s t-test).
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The experiments described in this chapter indicate that intrarenal infusion
of doses as low as 4 ug NA.kg . causes hypertension without obvious in-
creases in circulating plasma NA levels after 24 hr of infusion. Hypothesized in-
creased responsiveness of MAP to elevating plasma NA levels during intrarenal
infusion of three doses of NA was confirmed by plotting plasma NA concentrati-
ons against corresponding MAPs and fitting log concentration-effect curves.
The lack of plasma MNA data lying on the flat upper part of the concentration-
effect curve during intravenous NA infusion does not necessarily lead to misin-
terpretation since the log-logit curve fitting computer model is able to correct for
this problem (De Lean et al, 1978). It appears that the log concentration-effect
curve is shifted to the left during intrarenal MA infusion. vs. intravenous infusion,
indicating that any elevation of plasma NA levels above approximately 1.40
ng.mi™ (3.1 on the logarithmic scale of Fig. 3.4) caused by intrarenal NA infusi-
on induces higher levels of MAP compared to effects on MAP during intrave-
nous infusion. This extra pressor effect during intrarenal NA infusion could be
explained by increased sensitivity of vascular NA receptors. This is possibly

180, MAP (mm Hg)

»----e intrarenal infusion
= intravenous infusion

L

160, *
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100
2 3 % og[pl NA] (pg .mIy
Figure 3.4

Comparison of log concentration-response curves during intrarenal and intravenous
infusion of noradrenaline.

54



caused by varied modulation of electrolyte balance, .g. on the level of tubular
sodium reabsorption {DiBona et al, 1977) which has been shown to mediate NA
receptor sensitivity in the dog (Cowley and Lohmeier, 1979).

However, another explanation could be triggering of an additional intrarenal-
ly located pressor mechanism. Obviously, activation of the renin-angiotensin
system is suggested. Increased plasma renin activity (PRA) during intrarenal NA
infusion in the dog has been reported (Cowley and Lohmeier, 1979; Ayers et al,
1981). Chronic increases in PRA elevate circulating angiotensin Il levels which in
turn results in hypertension by the direct pressor effects (Bean et al, 1978). Fur-
thermore, angiotensin 1l facilitates NA release by adrenergic nerve endings (Zim-
merman, 1978). Increased formation of angiotensin during intrarenal NA infusion
in conscious rats may contribute to elevations in arterial pressure by the direct va-
soactive action of the octapeptide and the presynaptic stimulation of NA release.

in the last place, intrarenal NA administration probably interferes with renal
function primarily, causing renal vasoconstriction, renin secretion and changes
in tubular reabsorption. The relatively higher renal load of NA during intrarenal
infusion compared with intravenous infusion, especially at the low infusion rate
of 4 yug NA.kg ™ .hr™' may lead to retention of fluid and salt by the kidney, in-
creasing extracellular fluid volume and plasma volume. This, in turn, will result
in elevations of MAP according to the cascade theory of whole body autoregula-
tion as described in section 1.3.1 which are superimposed on the higher MAP
levels during intrarenal NA infusion, due to more increased plasma NA
concentrations.

The strategy for further characterization of cardiovascular effects during sti-
mulation of renal adrenergic mechanisms may be cbvious from the various ad
hoc hypotheses proposed in this chapter, to explain the pressor response obser-
ved during chronic intrarenal NA infusion. The following chapters are aimed at
an analysis of each of these hypotheses.

In chapter 4, it will be investigated whether the relatively higher plasma
concentrations of NA during intrarenal infusion are to be attributed to a de-
crease in whole body clearance of NA, due to effects on central and renal hemo-
dynamic parameters of the drug itself, or alternatively to an increase in endoge-
nous MA release. By means of infusion of *H-NA along with unlabelled NA via
the osmotic minipumps, the contribution of exogenously administered NA to
overall plasma concentrations will be established.

Chapter 5 will evaluate changes in the renin-angiotensin system under the
influence of intrarenal and intravenous NA infusion. Angiotensin Il formation will
be blocked chronically by means of the intraperitoneally administered conver-
ting enzyme inhibitor captopril, along with the long-term NA infusion. Determina-
tions of MAP and plasma NA levels will reveal whether the support of circulating
angiotensin Il to NA-induced hypertension is direct or indirect via facilitation of
NA release.
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In chapter 6, renal function will be studied during acute as well as during
chronic intrarenal NA infusion in order to evaluate the primacy of renal vaso-
constriction to increases in MAP. Furthermore, pathological conditions to the
kidney, resulting from NAmediated ischemic insult, will be excluded.

Chapter 7 contains the hemodynamic characterization of acute and chronic
cardiovascular effects of intrarenal and intravenous NA infusion.

Chapters 7 and 8 will analyze the hypothesis of the cascade-like develop-
ment of NA-induced hypertension. In chapter 8, body load of fluid and salt will
be determined during chronic intrarenal and intravenous NA infusion and rela-
ted to intake as well as excretion of water, sodium and potassium.

Finally, chapter 9 will integrate the effects of long-term activation of the re-
nal adrenergic mechanisms on cardiovascular parameters within the concept of
changes in renal function related to sustained hypertension as described in the
General Introduction.
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4. DETERMINATION OF WHOLE BODY CLEARANCE AND APPARENT
RELEASE RATE OF NORADRENALINE DURING
CHRONIC NORADRENALINE INFUSION

4.1. Introduction

In the previous chapter, it was described that the relatively higher pressor
response to chronic intrarenal infusion of noradrenaline (NA) compared with in-
travenous application of the same doses of NA had in part to be attributed to
achieved higher plasma concentrations of NA. Especially, on the 4th day of NA
infusion, the difference in increases in plasma NA levels produced by intrarenal
respectively intravenous NA administration was very obvious.

The first explanation for this cbservation might be that during intrarenal NA
infusion, for some reason, the whole body clearance of NA has decreased relati-
vely. The half-life of NA in plasma is very short (Ferreira and Vane, 1967) and
it is mainly cleared by peripheral vascular beds. NA is taken up by richly sympa-
thetically innervated tissues as the heart, the spleen, the lungs, the adrenal
glands, and to a lesser extent, the kidneys (Whitby et al, 1961). Both neuronal
(uptake,) and extraneuronal (uptake,) reuptake processes account for the tissue
binding of circulating NA (Lightman and Iversen, 1969; lversen, 1973; Bell and
Kushinsky, 1978); after blockade of uptake, by desmethylimipramine and
uptake, by normetanephrine in rats, the half-life of NA is prolonged from 1.5 to
6.3 minutes (Benedict et al, 1978).

Also metabolic clearance contributes considerably to the disappearance of
NA from plasma (Gitlow et al, 1981). Furthermore, non-protein bound NA is clea-
red by the kidney via glomerular filtration (Silva et al, 1979) as well as via active
tubular secretion (Silva et al. 1979; Willis et al, 1980; Ball et al, 1982). Decreases
in renal blood flow and glomerular filtration rate as produced by chronic intrare-
nal infusion of NA in conscious dogs (Cowley and Lohmeier, 1978) may affect
renal clearance of NA.

The second explanation for the relatively steeper rises of plasma NA con-
centration during intrarenal NA infusion could be that the overall sympathetic
activity monitored by plasma NA levels (De Champlain, 1978; Micalizzi and Pals,
1979; Wallin et al, 1981) was increased. The trigger for this sympathetic hype-
ractivity could be the stimulation of renal afferent nerves directly or indirectly by
intrarenal effects of NA. Changes of renal afferent nerve activity has been pro-
posed to mediate in the plasma NA levels elevations in Goldblatt hypertensive
rats (Winternitz and Oparil, 1982).

in this chapter, a method for estimating the rate of entry of NA into plasma
{NA apparent release rate) and clearance of NA as developed by Esler et al
{1979) and modified for use in chronically NA-infused rats, was applied.

Although this method does not provide an index for the amount of NA which
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was produced endogenously and which was released from the osmotic mini-
pumps, the determination of NA clearance and NA apparent release rate may
elucidate to what extent changes in these parameters were responsible for the
observed differences in plasma NA concentrations during chronic intrarenal and
intravenous NA infusion.

4.2. Methods

6 Rats were cannulated under ether anesthesia with a catheter into the right su-
prarenal artery for chronic intrarenal infusion; in 8 rats, a catheter was inserted
into the right jugular vein for intravenous infusion as described in settion 3.2
Furthermore, the animals were provided with a catheter into the left femoral ar-
tery for blood sampling. Osmotic minipumps containing saline and 7-3H-NA
(NET-377, New England Nuclear, specific activity 1-5 Ci/mmol, more than 95%
pure 3H-NA) stabilized with a 1 mg/mi ascorbic acid were subcutaneously im-
planted and connected to the suprarenal artery or jugular vein catheter.

The rats were infused with saline and 7-3H-NA at a dose of approximately
185.000 cpm.hr™? for 2 days. On the second day, blood samples of 1.5 ml were
taken for determination of basal levels of plasma NA clearance and apparent re-
lease rate. After that, the saline minipumps were changed under light ether
anesthesia by pumps containing, again, 7-*H-NA as well as unlabelled NA in
such concentrations that intrarenal and intravenous infusion rates of 185.000
cpm 3H-NA.hr™t and 36 ug NA.kg '.hr™? (13 ug NA.hr™") were obtained. Blood
samples were taken on the 1st and 4th day of chronic NA infusion, immediately
cooled and centrifugated. The red blood cells resuspended in 1 ml 0.9% CaCl
were resubstituted and piasma was assayed for *H-NA and unlabelied NA as fol-
lows: to 400 ul plasma was added 4 ml Tris-HCI buffer, pH = 8.6, and 200 mg
aluminia (W 200, ICN Pharma) activated according to Anton and Sayre (1962).
Standard procedures for determination of tritiated NA in plasma were applied
(Esler et al, 1979; Majewski et al, 1982). *H-NA was eluted by vortexing with 800
41 1 M HCI. Pilot studies indicated that 1 M HCI recovers *H-NA from the alumi-
nia by 100% after correction for measuring errors.

The remaining plasma was assayed for unlabelied NA according to the ra-
dioenzymatic method of Peuler and Johnson (1977} as described in section 3.2.
Pilot experiments (n = 4) during which plasma was incubated without the pre-
sence of COMT, showed that tritiated metabolites of ¥H-NA possibly occurring
in plasma did not interfere with the radioenzymatic NA assay beyond the back-
ground level of radicactivity.

The specific activity of 3H-NA in plasma was then calculated. Whole body
clearance and apparent release rate into plasma of NA were calculated using
the following equations (Esler et al, 1979):
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~ 3H-NA infusion rate {cpm.hr™Y)
NA clearance (L.hr™") =

plasma 3H-NA concentration (cpm.l™)

3H-NA infusion rate (cpm.hr™)
NA apparent release rate =

{ug.hr) specific activity of H-NA in plasma {(cpm.ug™)

Data are expressed as mean ¢ S.E.M. and were statistically analyzed by means
of a Student’s t-test for unpaired values.

4.3. Resuits

Values of whole body clearance and apparent release rate of NA during a con-
trol period foliowed by 5 days of continuous intravenous or intrarenal infusion
of 36 ug NA.kg '.hr™', are given in Table 4.1.

Before starting the intrarenal NA infusion, plasma NA concentrations were
0.64 + 0.14 ng.ml™! and the intrarenally applied infusion rate of 36 ug
NA.kg™1.hr™ produced significant increases to 7.44 + 1.62 ng NA.mi™ on day
4. Intravenous infusion of the same dose of NA raised plasma NA levels from
0.66 + 0.15 ng.ml(™" significantly to 4.77 + 1.04 ng.mi™". On the 4th day of intra-
renal NA infusion, plasma NA levels were increased by 56% above the concen-
trations obtained by intravenous infusion of the same dose of NA. These data
are comparable with the results on changes in plasma NA levels in the previous
study described in chapter 3 (see Fig. 3.3). The calculated NA clearance on con-
trol day during intrarenal infusion of 3H-NA was 3.52 + 1.51 Lhr™? which was
insignificantly higher than the 2.23 + 0.54 Lhr™? found during intravenous 3H-
NA application. During 4 days of intravenous NA infusion, the clearance of NA
was within control range. On the 4th day of intrarenal NA application, the NA
clearance was decreased by 686% which was significantly lower than values ob-
tained during intravenous NA infusion.

The apparent rate of entry of NA into plasma under normal conditions was
approximately 1.5 ug.hr™'. During chronic intrarenal NA infusion, the NA appa-
rent release rate increased steeply to levels of 9.01 + 4.06 ug.hv™ ! insignificant-
ly higher than values of 4.48 1.07 ug.hr™ found on the ist day of intravenous
NA application. The apparent release rate of NA was equal in the later phase
of intrarenal and intravenous NA infusion.

4.4. Discussion
This chapter presents preliminary observations on the mechanism responsible
for the observed differences in plasma NA concentration increases during long-

term intrarenal and intravenous NA infusion. The rather large interindividual va-
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riations and the small groups of animals in the present study prevent definite
conclusions but interesting observations on whole body clearance of NA and the
NA apparent release rate, a relative index for the rate of entry of NA into plasma,
have been made.

It is shown that whole body clearance of NA in rats under control conditions
is 2.2-3.5 Lhr™! dependent on the infusion route and thereby on the differences
in extraction ratio of NA by the heart vs. the kidney. These levels are deviant
from values of total systemic clearance of NA obtained via alternative methods
in rabbits (approximately 4.4 Lkg '.hr™') (Brown et al, 1879; Majewski et al,
1982) and men (approximately 3.5 Lkg™'.hr "} (Silverberg et al, 1978; Esler et
al, 1979). The high values in the rat are probably due to species differences; fur-
thermore, it has to be recognized that in general, the more reliable method for
measurement of NA clearance is obviously by means of determination of plasma
disappearance curvves of NA after rapid bolus injections of 3H-NA which in
practice will be difficult because of the short half-life of NA.

NA clearance remained unaltered during chronic intravenous NA infusion
but steeply decreased on the 4th day of intrarenal NA application. Since neuro-
nal uptake of NA (Iversen, 1973} as well as active tubular secretion (Silva et al.
1979; Willis et al, 1980) are probably concentration-dependent processes, it is
suggested by the data of the present study that chronic intrarenal NA infusion
eventually saturated the renal extraction mechanism of NA. Furthermore, im-
pairment of the glomerular filtration rate as actually induced on the 4th day of
long-term intrarenal but not intravenous infusion of 36 ug NA.kg™.hr™* as shown
in chapter 6, might additionally or alternatively reduce the urinary excretion of
NA (Masuyama et al, 1979; Ball et al, 1982).

It is concluded that decreased whole body clearance of NA specifically during
intrarenal NA infusion accounted for the relatively higher plasma NA concentra-
tions on the 4th but not on the 1st day of NA application.

Under normal conditions, the apparent release rate of NA was 1.5 ,ug hrt
which was equal to values obtained in rabbits if normalized for body weight {(Ma-
jewski et al, 1982) but considerably higher than in men (Esler et al, 1979).

On the 1st day of chronic intrarenal NA infusion, the rate by which NA ente-
red into plasma was increased 1o a substantially higher level than during intrave-
nous MA application, but this infusion route-dependent discrepancy in the in-
creases of the NA apparent release rate had disappeared by the 4th day of chro-
nic NA infusion. Since whole body clearance of NA had not changed on the 1st
day of NA application as compared with control values during intrarenal and in-
travenous infusion of *H-NA combined with saline, it is concluded that the relea-
se of endogenously produced NA was elevated specifically on the 1st day of in-
trarenal infusion of 36 ug NA.kg™'.hr™1 although it is acknowledged that the ap-
plied method does not aliow distinct discrimination between exogenously and
endogenously released NA. The differences in plasma NA concentration in the
initial phase of intrarenal and intravenous NA infusion are thus likely due to in-
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creased spillover of NA from the synaptic clefts of sympathetic nerves induced
via renal adrenergic hyperactivity.

This elevated activity of the sympathetic nervous system on the 1st day of
intrarenal NA infusion was possibly triggered by changes in discharge frequen-
cies of renal afferent nerves. Stimulation of afferent nerves originating from the
kidney has been suggested to account for the observed high plasma NA levels
in Goldblatt hypertensive rats (Katholi et al, 1982).

Since renal ischemia has been found to increase discharge frequencies in
renal afferent nerves (Recordati et al, 1981a) and intrarenal NA infusion de-
creases renal blood flow {Katholi et al, 1977; Cowley and Lohmeier, 1979; see
also chapter 6}, MA might modify renal afferent nerve activity indirectly by chan-
ging renal hemodynamics. Furthermore, NA has been shown to stimulate affe-
rent nerves directly via chemoreceptors (Mills and Smith, 1983). The fact that
the NA apparent release rate was equal on the 4th day of intrarenal and intrave-
nous NA infusion might indicate that by that time the increases in overall sympa-
thetic activity were no longer dependent on the route of NA administration.

Lastly, it could be argued that the actually measured plasma concentra-
tions of unlabelled NA during intravenous and intrarenal NA infusion were consi-
derably lower than calculations based on infusion rate and clearance data would
have predicted.

Under-estimation of the NA clearance by the applied method remains pos-
sible due to the isotope effect with regard to neuronal uptake and metabolic de-
gradation (Trendelenburg et al, 1983). Furthermore, NA is conjugated by the en-
zyme phenolsulfotransferase instantly upon its appearance into plasma (Kuchel
et al, 1982). If the aluminium oxide also extracted conjugated *H-NA from
plasma, under-estimation of whole body clerarance of NA might have been the
consequence. In summary, the higher plasma MA concentrations produced by
intrarenal NA infusion, compared with intravenous application of the same do-
ses of NA, are to be attributed initially to specifically increased endogenous NA
releass indicating overall sympathetic hyperactivity possibly caused by renal af-
ferent nerve stimulation and to decreased whole body clearance of NA in the
established stage of hypertension.
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5. PLASMA RENIN ACTIVITY MEASUREMENTS AND EFFECTS OF
CAPTOPRIL DURING NORADRENALINE-INDUCED HYPERTENSION

5.1. Introduction

Activation of the renin-angiotensin system is likely to occur during intrarenal no-
radrenaline infusion in conscious rats. As reviewed in section 1.2.2, release of
renin by the juxtaglomerular apparatus in the kidney is under direct control of
renal sympathetic nerves, Low-level electrical stimulation of efferent renal ner-
ves in dogs and cats increases renin secretion without affecting renal hemody-
namic parameters (Osborn et al, 1980; Holdaas et al, 1981; Ammons et al,
1982). Intrarenal infusion of noradrenaline (NA), increasing the local neuro-
transmitter concentration sharply, stimulates plasma renin activity in conscious
dogs (Katholi et al, 1977; Cowley and Lohmeier, 1979; Ayers et al, 1981).

Intravenous NA infusion also increases plasma renin activity in dogs (Ka-
tholiet al, 1977; Anderson et al, 1981), rats (Arundell and Johns, 1982}, and men
(Viachakis, 1979; Beretta-Piccoli et al, 1980), maybe by increasing noradrenali-
ne delivery to the kidney or by reducing glomerular filtration rate as observed
in dogs (Cowley and Lohmeier, 1979. However, there still exists considerable
discrepancy with regard to the response of renin release to intrarenal and intra-
venous infusion of NA.

Relatively higher renin release, and therefore increased levels of the circu-
lating vasoactive peptide angiotensin ll, may account for the additional pressor
response in rats to chronic intrarenal NA infusion as described in chapter 3. Fur-
thermore, angiotensin Il could contribute to observed higher plasma levels of NA
during intrarenal infusion compared with intravenous infusion, by means of pre-
synaptic stimulation of NA release from sympathetic nerve endings (Zimmer-
man, 1978).

In the present chapter, activation of the renin-angiotensin system during
chronic intrarenal and intravenous NA infusion was determined direcily by mea-
suring plasma renin activity (PRA), as well as indirectly by measuring effects af-
ter inhibition of angiotensin ll formation by means of long-term intraperitoneal
administration of the converting enzyme blocker captopril: differences in blood
pressure responses to intrarenal and intravenous NA infusion with and without
captopril were determined and changes in blood pressure were related to in-
creases in plasma NA concentrations.

5.2. Methods

5.2.1. Plasma renin activity measurements
33 Uninephrectomized rats were prepared under ether anesthesia for
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chronic intrarenal and intravenous infusion as described in section 3.2. Further-
more, they were provided with a catheter into the right femoral artery for bicod
sampling. After 2 days of saline infusion, osmotic minipumps were replaced un-
der light ether anesthesia by pumps containing either saline or NA solutions,
stabilized with 1 mg/ml ascorbic acid, so that saline or NA at infusion rates of
4 and 36 ugkg'.hr', was administered intrarenally. Only the 36 ug
NAkg .hr™" was infused intravenously.

Blood samples of 1.0 ml were taken without disturbing the animals which
stayed in their home cages, on control day and on the 1st and 4th day of chronic
infusion of saline or NA.

Plasma was assayed for renin activity using a standard radioimmunological
method (Sealey et al, 1972). In short, 25 yl plasma was incubated at 37° C for
3 hours in the presence of 0.3 mg/ml dimercaptopropancl and 0.9 mg/mi quinali-
ne (pH was 5.5). Blank incubation was done at 0° C in order to correct for pre-
sent angiotensin |. Angiotensin | was extracted from the incubation mixtures by
means of a Dowex-WX4 ion-exchange resin. After washing with ammonium ace-
tate pH =15, 10% acetic acid and water, angiotensin | was eluted with ammonia
pH =10, and diethylamine. For correction of losses of angiotensin | during purifi-
cation of plasma, '2*|-angiotensin | (NEX-101, New England Nuclear) was added
as tracer.

Radioimmunological assay was carried out by means of a commercial anti-
serum (NEA-022A, New England Nuclear) and 1zsl-angiotensin | as radioligand.
Free antiserum was bounded to active carbon. PRA was determined as ng of
angiotensin | synthesized per mi plasma per hour.

The intraassay variation was 7%. Data are expressed as mean + S.EM.
and statistical significances of differences were evaluated by means of a Stu-
dent’s t-test for unpaired values comparing effects of NA with saline.

5.2.2, Chronic captopril administration
40 Rats were provided under ether anesthesia with a femoral artery catheter and
a chronic intrarenal or intravenous infusion catheter, perfused with saline from
a subcutaneously implanted osmotic minipump. Furthermore, an osmotic mini-
pump containing the converting enzyme blocker captopril (SQ 14.225 Squibb,
Princeton, USA) in such concentrations that an infusion rate of 400 ug.kg™".hr™
was obtained, was implanted into the abdominal cavity. This chronic intraperito-
neal infusion of captopril has been reported to attenuate the pressor response
to a range of doses of angiotensin | 4-6-fold dependent on the duration of capto-
pril infusion (Freeman et al, 1979; Millar et al, 1980) and has been used since
to block angiotensin |l synthesis on a long-term basis (also: Clappison et al,
1980; Seymour et al, 1980).

After a 2-day control period, saline-containing minipumps were replaced
under light ether anesthesia by pumps filled with saline or NA solutions so that
intrarenal infusion of saline or 4 and 36 ug NA.kg™".hr " was accomplished. Only
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the 36 ug.kg '.hr™ infusion rate was applied intravenously. NA was stabilized
by means of ascorbic acid.

MAP was measured on control day and on 5 consecutive days of NA infusi-
on according to the protocol described in section 3.2. Blood samples for deter-
mination of NA concentrations in plasma were taken from the femoral artery ca-
theter on control day and on the ist and 4th day of NA infusion.

As in chapter 3, plasma NA concentrations found during intrarenal NA infu-
sion were plotted against corresponding MAPs and log concentration-affect cur-
ves fitted according to De Lean et al (1978). Goodness of fit was determined fol-
lowing the sum of square residues principle.

Elevations in MAP and plasma NA concentrations during combined infusi-
on of NA and captopril were compared with data during intrarenal infusion of sa-
line together with intraperitoneally administered captopril, applying the Stu-
dent’s t-test for unpaired values for statistical analysis.

Ditferences in MAP and plasma NA levels during intrarenal infusion of sali-
ne or NA and intravenous NA infusion with and without (in fact data from chapter
3) captopril treatment, were evaluated by means of non-parametric one-way
analysis of variance (Zerbe, 1979).

5.3. Resulis

5.3.1. PRA measurements
PRA on control day before starting the chronic saline or NA infusions averaged
1.65 + 0.12 ng Angl.ml-1.hr-1 with a range from 0.90 to 3.49 ng Angl.mi-1.hr-1
and stayed within this range during intrarenal saline infusion (Table 5.1}. In the
later stage of intrarenal infusion of both 4 and 36 g NA.kg™.hr™', PRA was in-
creased to approximately 2.20 ng Angl.mi™*.hr™", although statistical significan-
ce in these elevations of PRA compared with saline data was only obtained du-
ring intrarenal infusion of 4 ug NA.kg™*.hr,

During intravenous infusion of 36 ug.kg™'.hr™ of NA, PRA increased to le-
vels of 2.92 + 0.48 ng Angl.ml™.hr™" on day 4, which was statistically significant
whan compared with PRA levels during intrarenal saline infusion.

5.3.2. Effect of converting enzyme blockade on NA-induced hypertension
MAP of animals equipped with intraperitoneally placed osmotic minipumps and
chronically infused with 400 ug.kg™'.hr™' of captopril, ranged from 88 to 118
mmHg before starting intrarenal infusion of saline or NA and intravenous infusion
of NA; MAP stayed within this range during long-term intrarenal infusion of saline
(fig. 5.1). During intrarenal NA infusion at the 4 ug.kg™".hr™" infusion rate combi-
ned with i.p. administration of captopril, MAP increased to 115 + 8 mmHg on day
5, statistically significant differences with saline data were found only at day 4. In-
trarenal infusion of 36 ug NA.kg™.hr™1 during i.p. captopril administration caused
immediate significant increases in MAP up to 135 + 5 mmHg on day 5.
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When the 36 ugkg-1.hr-1 infusion rate of NA& was applied via the jugular
vein during chronic converting enzyme inhibition, MAP rose significantly from
day 2, 1o fingl levels of 121 + 6 mmHg.

When increases in MAP induced by intrarenal and intravenous NA infusion
during anglotensin § converting snzyme blockade were compared with MAP le-
vels in non-captopril treated rats {data described in chapter 3), it was immediate-
ly evident that captopril inhibited significantly the pressor responses o 36
pig.kg . of NA infused both via the intrarenal and intravenous route {analy-
sis of varlance; Fig. 5.2). Except for day 1, differances in increases of MAP were
approximately 15 mmHg.

Although pressure levels during captopril application remained lower al in-
trarenal infusion of 4 gg.kg ™ .hr* of NA and of saline, no statistical significance
in differences was oblained over the whole infusion period {analysis of varian-
ce). Captopril was able o block increases in MAP only during the initial phase
of intrarenal infusion of 4 ug NA kg T hr™t.

Plasma NA concentrations before staring the intrarenal infusions when
captopril had been administered intraperitoneally for 2 days, were .80 + 0.13
ng.mi Y which was significantly higher than conirol levels of plasma NA without
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Figure 5.1

Effect of parallel intraperitoneal application of captopril on MAP responding to intrarenal
infusion of saline or two doses of NA, as well as intravenous infusion of NA,

p <0.05; “*p <0.005 indicate statistically significant differences vs. corresponding
saline data {Student's t-test for unpaired values).
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captopril application which were 0.52 + 0.01 ng.mi™ (unpaired t-test; fig. 5.3a
vs. fig. 6.3b). During intrarenal infusion of saline combined with captopril,
plasma NA levels decreased again so that on the 4th day of saline infusion no
longer a significant effect of captopril on plasma NA levels was observed.

During intrarenal infusion of 4 and 36 ug.kg™*.hr™! of NA, plasma NA levels
did not rise that much in the presence of the converting enzyme blocker as ab-
served without captopril, although no statistical significance in the differences
was obtained. On day 4, intraperitoneal infusion of captopril had reduced the in-
creases of plasma NA levels by 0.40 ng.mI™ at the 4 ug.kg™.hr™? infusion rate
and by 3.47 ng.ml™ at the 36 ug.kg™*.hr™! infusion rate of NA.

Also before starting the intravenous NA infusion, plasma NA concentrati-
ons were significantly higher in the presence of captopril: 1.40 + 0.24 vs. 0.56
+ 0.01 ng.mi™*. On the 1st day of intravenous infusion of 36 ug.kg™*.hr™* of NA,
captopril treatment diminished the elevations of plasma NA levels insignificantly
by 1.17 ng.ml™". On the 4th day of intravenous NA infusion, plasma NA levels
were equal with and without intraperitoneal captopril infusion.

Furthermore, effects of intraperitoneal captopril infusion on the relationship
between MAP and plasma NA concentrations during chronic intrarenal NA infu-
sion were evaluated. The sigmoid log concentration-effect curve presented in
fig. 5.4 appeared 1o be a reliable representation of these relations (x?%, = 58.9
<x%p = 0.05 when v = 47). Captopril treatment shifted the log concentration-
effect curve obtained by intrarenal NA infusion down and slightly to the right. No
concentration-effect curve was determined for the relation between plasma NA
levels and MAP during intravenous NA infusion because of the lack of sufficient
data.

5.4. Discussion

In chapter 3, the hypothesis has been formulated that relatively more increased
circulating levels of angiotensin Il may be responsible for bath the higher plasma
NA concentrations and the additional pressor response during chronic intrare-
nal MNA infusion, compared with intravenous infusion of the sympathetic
neurotransmitter.

The activity of the renin-angiotensin mechanism during intrarenal and intra-
venous NA infusion has been evaluated in the present study by measuring
plasma renin activity (PRA) and by administering the converting enzyme inhibi-
tor captopril intraperitoneally along with the long-term NA infusions.

Chronic intrarenal infusion of 4 and 36 g NA.kg '.hr' increased PRA
slowly and significantly by 38% on day 4. Intravenous infusion of 36 ug
NA.kg " '.hr™! even increased PRA by 83%. This difference might be due to the
fact that during intrarenal NA infusion, the relatively high load of NA in the kid-
ney interfered with both beta-adrenergic receptors which mediate the stimu-
lation of renmin release (Weinberger et al, 1975) and alpha-adrenergic
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Comparison of effects on MAP of intrarenal infusion of saline or two doses of NA as well
as intravenous infusion of NA with and without captopril treatment. Arrow indicates
appearance of statistically significant differences (analysis of variance).
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receptors which possibly mediate the inhibition of renin release (Pettinger et al,
1978). During intravenous WA infusion, the intrarenal NA concentration may
have been relatively low so that only beta-receptor stimulation occurred.

Effects on increases of PRA during intravenous and intrarenal NA infusion
in various species are not consistent in literature. In men, intravenous infusion
of NA at pressor doses does not affect PRA (Viachakis, 1979) or increases PRA
by 44% (Beretta-Piccoli et al, 1980). In conscious dogs, intravenous infusion of
approximately 17 ug NA.kg™*.hr™* has been reported, not to atfect PRA (Cowley
and Lohmeier, 1979), to increase PRA 3-fold transiently (Katholi et al, 1977) or
even, to reduce PRA (Casals-Stenzel et al, 1982). Higher infusion rates,
elevating plasma NA concentrations 14-fold, increase PRA 2-fold {Casals-
Stenzel et al, 1982). In conscious rats, long-term intravenous infusion of 36 ug
NA. kg '.hr™? which increases plasma NA levels 6- to 8-fold as is shown in
chapter 3, significantly increased PRA after 4 days of infusion.
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Figure 5.3

Comparison of effects on plasma NA concentrations of intrarenal infusion of saline or twp
doses of NA as well as intravenous NA infusion with (left} and without (right} captopril

treatment. )
*p <0.05; **p <0.005 indicate statistically significant differences vs. day-0 levels

(Student's t-test for unpaired values).
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Intrarenal infusion of approximately 17 ug NA.kg .1 in conscious dogs
stimulates PRA (Katholi et al, 1977; Cowley and Lohmeier, 1979), initially maybe
via non-adrenergic mechanisms since PRA increases cannot be blunted by
alpha- or beta-adrenoceptor blockers (Ayers et al, 1981). In anesthetized rats,
intra-arterial infusion of NA close to the renal artery during 30 min increases
PRA {Arundell and Johns, 1982). In the study described in this chapter,
intrarenal infusion of 4 and 36 ug NA.kg™".hr™' both increase PRA significantly
when compared with saline infusion.

Johnson et al (1979) have found that intrarenal infusion of 7.5 ug
NAkg™'.hr"' in conscious dogs does not raise PRA while intravenous
application of the same dosis increases PRA by 509%. Adrenaline appears
to be even more effective to elevate PRA when infused intravenously but not
imrarenally. These authors therefore suggest the mediation of renin release by
an extrarenal beta-receptor.
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Comparison of log concentration-effect curves during chronic intrarenal NA infusion with
and without paraliel captopril application.
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Since angiotensin Hl is capable of inhibiting renin release, PRA measure-
ments do not necessarily reflect the functional contribution of the renin-
angiotensin system to NA-induced hypertension. Clearer insight may come from
the captopril infusion studies. Intraperitoneal infusion of the converting enzyme
blocker captopril in a dose of 400 ug.kg '.hr™! has been reported to decrease
the pressor response to angiotensin |. The ratio of doses required to increase
arterial pressure by 10 mmHg in captopril-treated vs. control rats after 5 days
of infusion was 4.6 (Millar et al, 1980). This infusion rate of captopril lowered ar-
terial pressure after 2 days in intrarenally saline infused Wistar rats as shown
in this study, as well as in normotensive Sprague-Dawley rats (Millar et al, 1980)
but over the whole period of intrarenal saline infusion, effects of captopril on
MAP were not significant.

Captopril did not prevent hypertension to occur during chronic intrarenal
and intravenous infusion of 36 pug NA.kg™.hr™', but elevations in MAP were ap-
proximately 15 mmHg below MAP levels obtained without captopril treatment.
During combined infusion of captopril and 4 ug NA.kg™'.ht™ intrarenally, this
difference of 15 mmHg in pressor response even resulted in absence of hyper-
tension except for day 4.

Plasma NA concentrations during the control period before starting the NA
infusions were higher in captopril-treated rats, consistent with findings in stroke-
prone spontaneously hypertensive rats (Lai et al, 1981) and hypertensive men
(Campell et al, 1982). This was probably caused by neurogenic activation re-
flexively to the observed decreases in MAP after 2 days.

Since plasma MA concentrations increased to a lesser degree with
intraperitoneally administered captopril during intrarenal infusion of, especially,
36 ug NA.kg™.hr™', antihypertensive effects of captopril in this animal model
could be attributed to lowering of the plasma NA levels produced by intrarenal
NA infusion. It is unlikely that renal NA clearance (Silva et al, 1979) was
increased because of the fact that converting enzyme blockade has been
reported, not to affect or even reduce glomerular filtration rate in dogs and rats
(Johns, 1979; Clappison et al, 1980; Arundell and Johns, 1982).

However, release of renin was stimulated similarly by intravenous and
intrarenal infusion of 36 ug NA.kg '.hr"! and therefore circulating levels of
angiotensin Il were probably equal as also indicated by the observation that
captopril lowered MAP by 15 mmHg both during intravenous and during
intrarenal application of this infusion rate. This implies that captopril treatment
should have reduced plasma NA levels via inhibition of presynaptic facilitation
of NA release by angiotensin It (Zimmerman, 1978) not only during intrarenal NA
infusion but also during intravenous NA infusion. However, this did not occur.

An explanation for the plasma NA lowering effect of captopril, specifically
during intrarenal NA infusion, may be that the differences in plasma NA levels
during intrarenal vs. intravenous infusion of NA resulted from overall sympathe-
tic hyperactivity caused by afferent renal nerve stimulation only during intrarenal
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NA infusion as has been suggested in chapter 3. Although plasma angiotensin
It levels were probably the same during intrarenal and intravenous NA infusion,
the NA release stimulating effect of angiotensin Il and thereby the inhibitory
effect of captopril might be only evident during intrarenal NA infusion.

Intraperitoneal infusion of captopril shifted the log plasma NA
concentration vs. MAP curve during intrarenal NA infusion down and slightly to
the right. If stimulation of angiotensin Il synthesis was exclusively responsible
for the additional pressor response during intrarenal NA infusion as described
in chapter 3, application of the converting enzyme blocker would have shifted
the log concentration to the level obtained during intravenous NA infusion
Comparing figs. 3.4 and 5.4, this appeared mot to be the case; since PRA was
equally increased during intravenous and intrarenal infusion of 36 ug
Na.kg .hr™Y, it is concluded that angiotensin |l contributed to hypertension
induced by both intravenous and intrarenal infusion of NA equally by its direct
pressor response.

Furthermore, since it is known that captopril treatment attenuates the
vascular response to NA {Antonaccio and Kerwin, 1981; Imai et al, 1982), blood
pressure lowering effects of converting enzyme inhibition during intrarenal and
intravenous NA infusion may also be attributed to equal decreases in vascular
adrenoceptor sensitivity.

Since captopril inhibits formation of angiotensin Il by blocking the
converting enzyme which is identical to kininase I, blood pressure lowering
effects of captopril during NA infusion could be due to accumulation of
bradykinin, especially because urinary bradykinin excretion increases after
intravenous captopril application in anesthetized dogs (Clappison et al, 198).
However, it has been shown in conscious rats that bradykinin is not responsible
for the antihypertensive action of captopril since original blood pressure levels
can be fully restored by administration of angioctensin Il (Textor et al, 1981).

In summary, in conscious rats made hypertensive by chronic stimulation of
intrarenal adrenergic mechanisms, the renin-angiotensin system is activated
but does not sustain the extra pressor effect by the direct vasopressor action of
angiotensin Il. The octapeptide contributes to the blood pressure elevations
mainly by its indirect potentation of overall sympathetic activity.
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6. REMAL FUNCTION DURING ACUTE AND CHRONIC INTRARENAL
NORADRENALINE INFUSION: EXCLUSION OF ACUTE RENAL FAILURE*®

6.1. Introduction

Chronic hypertension is presumed only to persist by means of a shift of the renal
function curve representing the steady-state relationship between arterial pres-
sure and urine output, to higher pressure levels. Any factor influencing (&) renal
vascular resistance, (b} glomerular filtration rate, and (c) tubular sodium and wa-
ter reabsorption can induce this shift of the renal function curve (Guyton, 1974).

Neurogenic factors may alter renal function. Electrical stimulation of effe-
rent renal nerves in anesthetized dogs and rats decreases renal blood flow and
produces renal vasoconstriction (Kottke et al, 1945; Hermansson et al, 1981)
while glomerular filtration rate tends to decrease (Hermansson et al, 1981). In
conscious dogs, the same results have been obtained although the reductions
in renal blood flow and glomerular filtration rate are not maintained over the
whole stimulation period (Block et al, 1952).

Furthermore, low-level electrical stimulation of renal nerves which does not
influence renal hemodynamics, increases the secretion of renin in cats and
dogs (Osborn et al, 1980; Holdaas et al, 1981. Ammons et al, 1982) and therefo-
re stimulates the synthesis of angiotensin Il. Angiotensin it may influence renal
blood flow via its overall pressor action and increase glomerular filtration rate
by constricting the renal efferent arteriolae (Hall et al, 1977b, 1981).

Activation of renal adrenergic receptor by means of intrarenal application
of noradrenaline (NA) has been found to increase renal perfusion pressure in
isolated rat kidneys (Besarab et al, 1977). Long-term infusion of NA into the re-
nal artery of conscious dogs decreases renal blood flow. Glomerular filtration ra-
te is unaffected (Katholi et al, 1977) or reduced (Cowley and Lohmeier, 1979).
From these data, it is obvious that chronic intrarenal NA infusion in conscious
rats may produce changes in renal hemodynamics which could lead to a shift
of the renal function curve to high levels of arterial pressure. Hypertension du-
ring intrarenal NA infusion is possibly characterized by slevations in vascular re-
sistance as a reflex to increase in cardiac output caused by volume retention af-
ter this shift of the renal function curve (Guyton, 1977). This could offer an expla-
nation for the additional pressor response superimposed on the direct vasopres-
sor action of NA during intrarenal NA infusion as described in chapter 3. In the

*based on: Kleinjans JCS, Smits JFM, Kasbergen CM, Van Essen H and Struyker-
Boudier HAJ: Evaluation of renal function during long-term intrarenal norepinephri-
ne infusion in conscious rats. Renal Physiol, in press, 1983.
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present study, acute and chronic effects of intrarenal NA infusion on renal blood
flow and glomerular filtration rate were determined in order to test the hypothe-
sis that activation of renal adrenoceptors primarily changes renal function. In the
following chapters 7 and 8, the consequences for central hemodynamics and
body fluid and salt homeostasis will be evaluated.

Secondly, intrarenal infusion of high doses of NA in anesthetized dogs and
rats has been developed as a model for human acute renal failure (Cronin et ai,
1978a, 1878b; Taguma et al, 1980; Conger et al, 1981). Acute renal failure indu-
ces pulmonary edema and cardiac failure, often associated with hypertension
due to severe hypervolemia. This implies that during intrarenal NA infusion, hy-
pertension may develop not as a direct result of stimulation of renal adrenergic
mechanism but as a side-effect of induced renal ischemia. Chronic intrarenat in-
fusion of NA, especially at the infusion rate of 36 xg.kg™'.hr™* may cause patho-
logical conditions in the kidney. Therefore, in this study the possibility of the oc-
currence of acute renal insufficiency was evaluated and it was also investigated
whether the NA-induced changes in renal hemodynamics were reversible.

6.2. Methods

6.2.1. Acute effects of intrarenal NA infusion on renal blood flow
Because of the bulkiness of the electromagnetic flowprobes determinations of
renal blood flow by this measuring device cannot be achieved in conscious rats.
The pulsed Doppler technique which has been developed at the Depariment of
Pharmacology, University of lowa, and introduced in our laboratory recently,
provides the possibility for acute measurements of changes in regional blood
flow. The method has been described extensively elsewhere (Haywood et al,
1981). In this set of experiments, 5 uninephrectomized rats were provided under
pentobarbital anesthesia with a Doppler flowprobe around the right renal artery.
This probe consists of a 1-mm diameter piezoelectric crystal that emits a
20-MHz signal and receives the reflected sound waves from passing blood celis.
The crystal was embedded in epoxy and placed in a Silastic cuff which was
constructed to hold the crystal at a 45° angle to the blood vessel. Wires were
guided subcutaneously to an ultraminiature receptable attached to the skull.
The Doppler frequency shift which is a function of the velocity of the blood celis
and therefore provides a relative parameter of the blood flow through the renal
artery was measured by a 545 C-3 directional pulsed Doppler flowmeter and re-
corded on a Schwarzer polygraph. This surgical procedure involved furthermore
the implantation of a catheter into the suprarenal artery.

After 4 days for recovery, the rats were cannulated under ether anesthesia
with a catheter into the left femoral antery for measurements of arterial pressure.
The next day, the animals were prepared for measurements of renal blood flow
during intrarenal NA infusion. Catheters and wires were protected by means of
a light steel spring. After an equilibration period of 1 hour, the suprarenal artery
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catheter was filled with the particular NA solution. Then, baseline values of
mean arterial pressure (MAP), renal blood flow (RBF), and calculated renal va-
scular resistance {RVR) were determined over a 20-minute contral period. After
that, NA was infused intrarenally by means of a Precidor infusion pump (pum-
ping rate 100 ul/hr) during 2 hours. MAP, RBF and RVR were averaged over
15-minute periods and effects of intrarenal NA infusion were expressed as per-
centile changes of control levels. Firstly, the dose of 4 ug NAkg™'.hr™" was ap-
plied; a few days later, the rats received 36 ug NA kg ".hr™' intrarenally.

Data are expressed as mean 1+ S.E.M. and were analyzed by means of a
Student’s t-test for paired values.

6.2.2. Chronic effects of intrarenal and intravenous NA infusion on renal
function

For intrarenal infusion, the right suprarenal artery was cannulated under ether
anesthesia in 75 uninephrectomized rats. For intravenous infusion, a catheter
was inserted into the right jugular vein of 16 rats. All animals were provided with
a catheter into the left femoral artery for measurements of MAP and for blood
sampling, and with a catheter into the left femoral vein for intravenous injecti-
ons. Saline-containing osmotic minipumps were connected to the suprarenal ar-
tery or jugular vein catheter and the animals were given a control period of 2
days. For chronic NA infusions, the saline minipumps were replaced under ether
anesthesia by pumps containing NA solutions in such concentrations that intra-
renal infusion rates of 4 and 36 ug NA kg™ *.hr™! were obtained. Only the 36 ug
NA.kg™'.hr™* dose was applied intravenously. Intrarenal NA infusion was stop-
ped after 5 days by disconnecting, again under light ether anesthesia, the osmo-
fic minipumps.

MAP was determined as described in section 3.2 before starting the renal
function experiments. Effective renal plasma flow (ERPF) and glomerular filtrati-
on rate (GFR) were measured as plasma clearance of 125|-para amino hippuric
acid (PAH) and of *'Cr-EDTA respectively according to experimental procedu-
res already described in section 2.2. RVR was calculated as resistance to renal
plasma flow. All data were normalized for right kidney weight. 11 Experimental
groups were created: ERPF and GFR as well as MAP were measured in groups
of rats on control day (n=29), an the 1st and 4th day of intravenous infusion of
36 ug NA kg™ '.hr™ " (n =7, respectively n = 9, on the 1st and 4th day of intrarenal
infusion of 4 ug NAkg '.hr'!' (n=10, respectively n=10), and 36 ug
NA kg™ .hr™ (n=8, respectively n=9). Furthermore, in additional groups of
rats on the 1st and 4th day after terminating the intrarenal infusion of 4 (n=7,
respectively n=7) and 36 ug NA.kg™.hr'! (n=10, respectively n=6).

Data are expressed as mean + S.E.M. and were analyzed by means of a
Student’s t-test for unpaired values.
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6.3. Resuits

8.3.1. Acute effects of intrarenal NA infusion on renal function

Acute intrarenal infusion of 4 ug NA.kg™.hr™! increased MAP significantly by
10% (Fig. 6.1a) and produced a transient significant decrease in RBF with a mi-
nimum of 13% below starting levels after 1 hour of infusion (Fig. 6.1b). In the
second hour of NA infusion, RBF returned to control levels again. RVR increa-
sed transiently with a maximum of 30% above starting values. After 2 hours of
intrarenal infusion of 4 ug NA.kg *.hr™f, RVR was still elevated by approximately
5% although no statistial significance was obtained (Fig. 6.1¢). Intrarenal infusi-
on of 36 ug NA.kg™. hr™" increased MAP significantly by 25% after 15 minutes
(Fig. 6.1a). RBF was decreased to a minimum of 34% below control (Fig. 6.1b).
in the second hour, RBF rose again but stayedr significantly reduced by 15%.
RVR increased steeply by 50-80% at this infusion rate with a maximum of 92%
after 45 min (Fig. 6.1c). Thereafter a slight return of RVR to 50% above control
values which evidently was a statistically significant difference, was observed.

6.3.2. Chronic effects of intrarenal and intravenous NA infusion on renal
function

Effects of chronic intrarenal infusion of 4 and 36 ug NA.kg™'.hr™ and intrave-
nous infusion of 36 g NA.kg .hr™" on MAP are summarized in Table 6.1. While
MAP stayed within control range on the first day of NA administration, MAP had
increased insignificantly on the 4th day of intrarenal infusion of 4 ug
NA.kg™L.hr™" and significantly during infusion of 36 ug NA.kg™".hr™? at both rou-
tes applied. After cessation of intrarenal NA infusion, MAP decreased to control
levels.

GFR ranged from 0.76 to 1.30 ml.min~'.g kidney weight™ on contro! day
(Fig. 6.2a) and stayed witin this range during intravenous infusion of 36 ug
NA.kg™1.hr! and during intrarenal infusion of 4 g NA.kg™'.hr™'. A small insigni-
ficant decrease to .88 + 0.13 ml.min '.g kw™! was observed on the 4th day of
intrarenal infusion of 36 ug NA.kg™thr™",

ERPF on control day varied between 2.36 and 4.84 ml.min™'g kw™" (Fig.
6.2b). 36 ug NA.kg™'.hr™" infused intravenously did not affect ERPF significant-
ly. ERPF during intrarenal infusion of 4 ug NA kg™ .hr™" decreased significantly
(p < 0.005) t0 2.78 + 0.27 ml.min™g kw™! at day 1, but returned to control le-
vels at day 4, whereas ERPF stayed at this decreased level during the complete
period of intrarenal infusion of 36 ug NAkg ™ .hr.

Calculated filtration fraction (FF) did neither change during chronic intrare-
nal nor during intravenous NA infusion (Fig. 6.2c).

AVR on control day was 29.8 + 3.5 mmHg.min.g kw.ml™* and an insignifi-
cant increase was observed during intravenous infusion of 36 ug NA.kg™'.hr™!
(Fig. 6.3). Intrarenal NA application at both infusion rates produced significant
increases in RVR on the 1st day. While RVR was only slightly elevated on the

78



o

30,

20,

AMAP (%)

o

ARBF (%)

30

40

(o]

100,

15]

50

ARVR %)

15

=

Figure 6.1

B

1
— ! I
\”“\}[E/ \ L/{*/? |

wee s 36 /gNA kgt hit
— b - .1

Percentual changes in mean arterial pressure {MAP), renal blood flow (RBF) and
calculated renal vascular resistance of acute intrarenal infusion of two doses of NA.
Results of statistical analysis are described in section 6.3.
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Effects of chronic intrarenal infusion of 4 and 36 ug NA.kg~'.hr* as well as intravenous
infusion of 36 nug NA.kg™'.hr' on (a) glomerular filtration rate (GFR), (b) effective renal
plasma flow (ERPF) and (c} filtration fraction (FF).

p <005, **p <0.005 indicate statistically significant differences vs. control values
(Student's t-test for unpaired values).
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4th day of intrarenal NA infusion of 4 ug.kg '.he™, it had increased further to
686.0 + 13.0 mmHg.min. g kw.ml™ at the 36 ug.kg™'.hr™.

After cessation of the intrarenal NA infusions by disconnecting the osmotic
minipumps, GFR and ERPF did not differ significantly from control values (Figs.
6.4a and b). In rats in which ERPF was significantly decreased during intrarenal
infusion of 36 ug NA.kg™ .hr™", it had returned to 92% of levels observed in the
control group within 24 hr after stopping the infusion,

6.4, Discussion

intrarenal NA infusion in conscious rats produced immediate dose-dependent
reductions in RBF and increases in RVR. During intrarenal infusion of 36 ug
NA.kg™.hr™', decreases in RBF were maintained throughout the 5-day infusion
period. Intrarenal infusion of 4 g NA.kg™'.hr™ caused transient decreases in
RBF; RBF decreased initially after starting the infusion, returned to normal in the
second hour, was reduced again on the 1st day of application of this infusion
rate and rose to levels slightly below normal in the later phase of the infusion
period. It is possible that RBF was restored by the increasing MAP during
intrarenal infusion of 4 ug NA.kg™".hr™1 but not during intrarenal infusion of 36
#g NAkg™.hr™1, Also RVR was elevated over the whole infusion period of 36
ug NA kg™ .hr™', peaking after 1 hour, decreasing somewhat on the 1st day of
infusion and approaching levels of 70% above normal finally. During intrarenal
infusion of 4 ug NAkg'.hr also a maximum in increases of RVR was

E] control
N gNakgThrt i
1 36 " " i,f
: . 4
100, RWVR (mmHg.min.g kw.mi*) [["I[I] % v
80
60/
40
2 H
8 b day
Figure 6.3

Effects of chronic intrarenal and intravenous NA infusion on renal vascular resistance
{RVR).
*p <0.05; statistically significant differences vs. control (Student’s t-test for unpairec
values).
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observed after 1 hour; then RVR decreased to almost control values but was
again elevated on the 1st day of NA infusion. Finally, RVR had returned on day
4 to levels insignificantly elevated above control. The reductions in RVR afler
the initial increases were probably due to the renal autoregulation. However, the
steep increases in RVR on longer term during intrarenal infusion of 36 ug
NA.kg™'.hr™! could not be prevented. Since myogenic autoregulation is a rather
fast operating mechanism (Stein, 19786), it may explain the reductions in RVR
after the fast increase but it is not clear what caused the reductions in RVR to
slightly elevated levels on the 4th day of intrarenal infusion of 4 ug NA.kg™.hr™.
in conscious dogs, chronic electrical stimulation of renal nerves could also not
maintain the reductions in RBF and GFR over the complete stimulation period
(Block et al, 1952).

a: GFR (miminTgkw ] control
s T L pgNAKg et i
10 '
B 3
5]
I
i} 13 day
b: ERPF (mlmin-gkw.1)
w
20
1 N
0 1 day

Figure 6.4
Recovery of {a) glomerular filtration rate (GFR) and (b) effective renal plasma flow (ERPF)
after chronic intrarenal NA infusion. No significant differences vs. control data are
observed.
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GFR was not affected in the present study: only a small insignificant de-
crease was observed on the 4th day of intrarenal infusion of 36 ug NA.kg ' .hr 1,

The changes in renal function produced by intrarenal NA infusion were di:
rectly caused by renal adrenoceptor stimulation and were not secondary to in-
creases in MAP: intravenous infusion of 36 ug NA.kg .hr™? elevated MAP wi-
thout influgncing renal hemodynamics. Furthermore, when data on RVR during
intrarenal NA infusion are related to data on total peripheral resistance presen-
ted in the next chapter, it may be obvious that increases in RVR preceded in-
creases in total peripheral resistance at both doses of NA applied intrarenally.

During long-term intrarenal infusion of 17 ug NAkg™ .hw™! in conscious
dogs, RBF is also decreased after 1 hour of NA application (Katholi et al, 1977)
and stays below starting values throughout the infusion period (Katholi et al,
1977; Cowley and Lohmeier, 1979). GFR is not changed (Katholi et al, 1977) or
is decreased, dependent of sodium intake {Cowley and Lohmeier, 1979).

In anesthetized rats and dogs, however, acute intrarenal infusion of doses
of 36-45 ug NA.kg '.hr™! produces steep decreases in RBF and GFR (Conger
et al, 1981; Cronin et al, 1978b). Furthermore, after termination of the intrarenal
NA infusion, RBF as well as GFR stay reduced for weeks (Cronin et al, 1978a).

Therefore, intrarenal NA infusion has been postulated as a model for hu-
man acute renal failure. During intrarenal NA infusion RBF and GFR decreases
to practically undetectable levels (Cronin et al, 1978b; De Torrente et al, 1978).
Sustenance of the reductions in GFR and RBF is associated with increases in
intraluminar proximal tubule pressure (Burke et al, 1980; Conger et al, 1981)
and with morphological changes in tubular epithelium {Cronin et al, 1978b; Ta-
guma et al, 1980).

Severe pathological reductions in GFR and RBF have not been observed
during intrarenal infusion of NA in conscious dogs (Katholi et al, 1977; Cowley
and Lohmeier, 1979) and rats (the present study). After 4 days of intrarenal infu-
sion of 36 ug NA.kg™'.hr™", GFR was still 89% of control levels in rats. A long-
term decrease of at least 30% in ERPF seemed necessary in order to produce
a reduction in GFR at all.

Duration of intrarcnal MA infusion, a eruscial faster in oxporirmeonts with
anesthetized animals (Cronin et al, 1978a), played no important role in awake
rats as indicated by the fact that GFR remained unaltered. Furthermore, after
cessation of the NA infusion by disconnecting the osmotic minipumps, ERPF
and GFR returned to control levels within 24 hours.

The elegance of the catheterization method applied in the present study
which does not imply insertion of a catheter into the renal antery and therefore
does not disturb renal blood flow, might also explain why acute renal failure
does not occur during intrarenal infusion of NA in conscious rats.

Furthermore, it is speculated that activation of neurogenic reflexes via sti-
mulation of renal afferent nerves is inhibited under pentobarbital anesthesia and
neurogenic mediation in the mobilization of protective mechanisms has become
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impossible. For instance, autoregulation of GFR is dependent on angiotensin
formation {(Hall st al, 1977b) and therelore, on renin release, and may be
nampered in anesthelized animals with diminished sympathelic fons.
Furthermore, release of endogenous vasodilators which could be stimulated by
renal sympathetic nerves, might be inbibifed due to anesthesia. This could
explain the absence of acute renal fallure during chronic infusion of NA into the
ranal artery of conscious rals.

In summary, intrarenal NA infusion in the present hypertension model
induces renpal vasoconstriction which precedes the elevations of 1otal peripheral
resistance. Mo pathological conditions 1o the kidney are crealed.

85






7. ACUTE AND CHRONIC EFFECTS OF INTRARENAL NORADRENALINE
INFUSION ON CENTRAL HEMODYNAMICS*®

7.1. Introduction

This chapter will deal with the possibility that the changes in renal function in-
duced by stimulation of adrenergic mechanisms by means of intrarenal infusion
of noradrenaline (NA) as described in chapter 8, alter the steady-state relation-
ship between arterial blood pressure and urine output. Renal vasoconstriction
and decreased glomerular filtration rate may lead to decreases in urinary excre-
tion of water and salt, thereby causing hypervolemia (Guyton, 1976; Norman et
al, 1978). Additionally, the direct stimulating effect of NA on renal tubular reab-
sorption of water and sodium (Besarab et al, 1977; Bello-Reus, 1980) may in-
crease extracellular fluid and plasma volume. Volume retention increases
cardiac output by augmenting venous return, which implies that in the initial
phase after shifting of the renal function curve the elevations in arterial blood
pressure are associated with higher cardiac output. Increases in overall organ
blood flow induces reflexively — by means of the autoregulation mechanism —
elevations of peripheral resistance so that in the established phase of hyperten-
sion increased arterial blood pressure is correlated to increased total peripheral
resistance (Guyton, 1977; Liard, 1979).

These cascade-like elevations in total peripheral resistance may be super-
imposed on the direct vasopressor actions of increases in plasma NA concen-
trations during chronic intrarenal NA infusion, offering an explanation for the ob-
served additional pressor response caused by stimulation of renal adrenergic
mechanisms as depicted in chapter 3. Artificial activation of renal adrenergic
mechanisms by means of electrical stimulation of splanchnic nerves in anesthe-
tized cats increases cardiac output acutely (Greenway and Innes, 1980). Long-
term intrarenal NA infusion in conscious dogs causes hypertension characteri-
zed by a positive sodium balance (Katholi et al, 1977, Cowley and Lohmeier,
1979). However, information on the acute and chronic effects of induced renal
adrenergic hyperactivity in conscious animals, sampled on a rather continuous
basis, is not available yet.

Therefore, in this chapter we measured central hemodynamics during acu-
te and long-term intrarenal NA infusion in freely moving rats provided with an
electromagnetic flowprobe for cardiac output determinations; the results of this
study will be combined with data on renal function from chapter 8 and data on

*based on: Kleinjans JCS, Smits JFM, Van Essen H, Kasbergen CM and Struyker-
Boudier HAJ: Hemodynamic characterization of hypertension induced by chronic in-
trarenal infusion of norepinephrine in conscious rats. Hypertension, submitted for
publication.
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body fiuid and salt balance as will be described in chapter 8 in order 1o evaluate
the hypothesis of volume-dependent developments of hypertension induced by
intrarenal NA infusion.

7.2. Methods

7.2.1. Acute hemodynamic measurements

12 Uninephrectomized rats were instrumented under Nembutal anesthesia with
an electromagnetic flowprobe (Skalar, The Netherlands) around the ascending
aorta according to a surgical procedure standardized in our laboratory (Smits et
al, 1982). The flowprobe gets incapsulated in connective tissue and after a
week, long-term recording of cardiac output becomes feasible. After this recove-
ry, rats were provided under ether anesthesia with catheters into the right supra-
renal artery for intrarenal infusion or into the right jugular vein for intravenous
infusion. Furthermore, a catheter was inserted into the left femoral artery for de-
terminations of mean arterial pressure [MAP).

After 2 days, the rats were prepared for acute hemodynamic measure-
ments while staying in their home cages with free access to food and water.
MAP was recorded by means of a Grass 7D-polygraph; a continuous flow of
pyrogen-free saline (0.5 mi/hr) was maintained through the femoral artery cathe-
ter using a PVB F 100 continuous flush device and a Harvard 975 infusion
pump. Cardiac output was monitored by means of a Skalar 600 slectromagnetic
biood flow meter and a Grass amplifier, and normalized for body weight (Cl).

Generally, continuous measurements of cardiac output over several hours
cannot be performed without close observation and correction of possible varia-
tions of the blood flow zero level, which are due to off-set fluctuations in the elec-
tromagnetic flowprobe. Therefore, a micropressor unit was constructed by the
Electronic Department of the Universtiy of Limburg. This consists of an analog
system which generates data of mean arterial pressure and mean cardiac out-
put as well as heart rate and compensates for zero-level aberrations in the blood
flow signal as indicated below, and of a digital system {8800-micro) wich digiti-
zes and samples corrected analog data on a minute-to-minute basis. There-
upon, data are presented to a Minc RT-11 minicomputer for storage and further
calculations. In the analog part of this measuring device, mean cardiac output
containing the zero-level variations is calculated from the unfiltered flow signal.
A peak detector determines the zero value of each flow complex. A sample-hold
circuit combined with an integrator calculates the mean zero level over a
1-minute period which is subtracted from the earlier determined mean flow valu-
es, resulting in mean cardiac output compensated for off-set fluctuations.

Heart rate (HR), normalized stroke volume (SVI} and normalized total peri-
pheral resistance (TPRI) are calculated from the MAP and Cl data, determined
every minute and averaged from hour to hour.

intrarenal infusions of 4 and 36 ug NA.kg™.hr™! as well as intravenous
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infusions of 36 ug NA.kg '.hr™* over a 22-hour period were performed by means
of a Precidor infusion pump {pumping rate: 100 ul/hr). Catheters and wires were
protected by a light steel spring and connected to a Tech Serv swivel system.

After a 1-hour period for adaptation to the experimental circumstances, the
suprarenal artery or jugular vein catheter were filled with the particular NA solu-
tions and after a 20-minute control period for baseline determinations, the intra-
renal or intravenous NA infusions were started.

Rats were used as their own control. Data are expressed as mean i+
S.E.M. and were analyzed by means of a Student’s t-test for paired values.

7.2.2. Long-range hemodynamic measurements

37 Rats were provided with electromagnetic flowprobe as described above. Ca-
theters were implanted into the left femoral artery for measurement of MAP. Fur-
thermore, the rats were prepared for chronic intrarenal or intravenous infusion
as described in section 3.2. Saline-containing osmotic minipumps were connec-
ted and central hemodynamics were determined over a 2-day control period.

MAP, HR and Cl were recorded on a Grass 7D-polygraph. Cl was preampli-
fied via a Skalar 600 electromagnetic flowmeter; HR was derived from the cardi-
ac output signal using a Grass tachograph.

Analog data were digitally converted by a Minc RT-11 minicomputer and
sampled every 15 seconds. TPRI and SVI were caiculated. Measurements were
performed between 14.00 and 17.00 hr during 2-hour sessions, and mean valu-
es of the hemodynamic parameters over the last 45 minutes of the recording
session were determined. After 2 days, saline infusing minipumps were repla-
ced under light ether anesthesia by pumps containing either saline or NA soluti-
ons acidified by 1 mg/ml ascorbic acid so that intrarenal infusion of saline or NA
in doses of 4 and 36 ug.kg '.hr™', as well as intravenous infusion of 36 ug
NA.kg™'.hr™1 could be applied. Effects of 5-day intrarenal or intravenous NA in-
fusion on central hemodynamics were daily determined and compared with data
obtained during intrarenal saline infusion.

Statistical significance in the differences were calculated using a Student’s
t-test for unpaired values.

7.3. Results

7.3.1. Acute effects of NA on central hemodynamics

Control levels of MAP over a 20-minute period before starting the acute intrare-
nal infusion of 4 ug NAkg™.hr™1 (n =4) were 119 + 5 mmHg (Fig. 7.1). No signi-
ficant increases of MAP vs. control values were caused during the 22 hours of
intrarenal infusion of this dose of NA except for the 4th hour when MAP reached
levels of 128 + 1 mmHg. A transient significant fall in CI below starting values
of 32.8 + 4.1 ml.min™1.100 g bw™ ' was observed during the first 10 hours of NA
infusion, with a minimum level of 26.6 + 3.5 ml.min™7 in the 9th hour. Decreases
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Effects on hemodynamic parameters of acute intrarenal infusion of 4 ug NAkg™'.hr-'. For
abbreviations, see text.

*p <0.05; **p <0.005: statistically significant differences vs. pre-infusion wvalues
(Student’s t-test for paired values).
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Effects on hemodynamic parameters of acute intrarenal infusion of 36 ug NAkg-'.hrt,
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in Cl were caused by decreases in SVI {minimum value 76.7 +12.8 ul.100 g
bw™* during the 9th hour) whereas no effects on HR were observed. Control va-
lues of TPRI were 3.9 + 0.6 mmHg.min.100 g bw.m{™ and intrarenal infusion
of 4 ug NA kg™ .hr™! caused a transient significant increase to a maximum of
5.0 + 0.5 mmHg.min.100 g bw.mi™". Both Cl and TPRI returned to contro! levels
in the latter haif of the 22-hour infusion period of 4 ug NA kg™ .hr™t.

Acute intrarenal infusion of 36 ug NA kg ' .hr™ (n = 4) produced changes in
hemodynamic parameters which were sustained throughout the 22-hour infusi-
on period (Fig. 7.2). MAP was 122 + 1 mmHg before starting the NA administra-
tion and rose immediately to levels of approximately 145 mmHyg. Statistical sig-
nificance of these increases vs. control values was cbtained over the first 15
hours. After that, MAP decreased slightly but never reached initial levels. Basic
values of Cl were 26.1 + 1.4 mi.min™.100 g bw™" and intrarenal infusion of
36 ug NA kg™ '.hr™' caused immediate decreases to a minimum of 16.1 +
1.6 mL.min™.100 g bw™ after 7 hours. Although a small increase was observed
in the latter period of NA infusion, Cl stayed below starting levels for these 22
hours. Obvious decreases were seen again in SVI which reached a minimum
of 4.6 + 6.9 ul.100 g bw™ ' in the 9th hour. No effects on HR were produced,
TPRI was elevated immediately by intrarenal NA infusion of 36 ug.kg Lhrt.
Starting at 5.1 + 0.4 mmHg.min.100 g bw.ml™, levels of 89 + 09
mmHg.min.100 g bw.mi™" were obtained in the 6th hour. Statistically significant
differences vs. control values in TPRI were gained over the same period as in
MAP and CI. In the latter phase of NA infusion, TPRI decreased slightly but did
not return to starting levels.

During 22 hours of intravenous infusion of 36 ug NA.kg '.hr™! (n=4, dala
not shown), MAP rose occasionally by 40 mmHg (see Appendix I). Cl was de-
creased over the complete infusion period with a minimum of 22% below star-
ting levels after 8 hr. TPRI was constantly elevated with a maximum of 76%
above control values in the 7th and 8th hour.

7.3.2. Chronic effects of NA on central hemodynamics
On the second day of the control period before starting the chronic NA infusions
by connecting NA containing osmotic minipumps, MAP varied between 96 and
126 mmHg (Fig. 7.3) and stayed in this range during chronic intrarenal infusion
of saline (n=9). Intrarenal infusion of 4 ug NA.kg™'.hr™" for 5 consecutive days
(n=9) raised MAP to 133 + 8 mmHg; increases were immediately significant
when compared with saline data. When the 36 ug.kg™.hr™1 infusion rate of NA
was applied intrarenally (n = 10}, increases in MAP up to 150 £ § mmHg on day
5 were produced; statistical significance of the pressor response was obtained
over the complete infusion period. The same dose of NA intravenously infused
{n=9) induced relatively smaller increases in MAP though also significant from
the second day; ultimate levels of MAP were 145 + 3 mHg.

Fig. 7.4 shows the effects on Cl. Control values were between 19.6 and
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Changes in mean arterial pressure (MAP) caused by chronic intrarenal infusion of saline
or two doses of NA as well as intravenous infusion of one dose of NA.

*p <0.05; **p <0.005: statistically significant differences vs. corresponding saline data
(Student's t-test for unpaired values).
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Changes in normalized cardiac output (CI) during chronic intrarenal and intravenous NA
infusion statistically analyzed by comparing with corresponding intrarenally applied saline
data.

"p <0.05; “*p <0.005 (Student’s t-test for unpaired values).
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35.8 mlmin™.100 g bw™'. During intrarenal infusion of saline, Cl rose to levels
of 28.8 + 2.6 mi.min '.100 g bw™". Cl decreased significantly to approximately
22.0 ml.min™1.100 g bw™ during intrarenal infusion of both doses of NA; how-
ever, obvious decreases were obtained earlier in the infusion period of 36 ug
MAkg ' .hr™? although statistical significance was not reached. Cl decreased to
the same extent on the 5th day of intravenous infusion of 36 ug NA.kg " .hr™,

Fig. 7.5 indicates that the decreases in Cl during chronic intrarenal NA infu-
sion were associated with decreases in both determinants of Cl, HR (Fig. 7.5a)
and 8VI (Fig. 7.5b). Although changes in HR were marginal, significant decrea-
ses in SVI parallelled significant decreases in Cl exactly. During intravenous NA
infusion, HR rose slightly so that the low Cl levels on day 5 were caused exclusi-
vely by a relatively greater decrease in SVI.

Effects on TPRI are shown in Fig. 7.6. On control day, TPRI ranged be-
tween 3.02 and 5.83 mmHg.min.100 g bw.mi™; during chronic intrarenal infusi-
on of saline, TPRI decreased somewhat along with the increases of Cl. Intrare-
nal infusion of 4 ug NA.kg™".hr™" elevated TPRI significantly over the whole infu-
sion period up to 5.95 + 0.45 mmHg.min.100 g bw.mi™* on day 5 and the 36
ug NA kg ™. he™" infusion rate produced immediately significant increases to final
levels of 7.49 + 0.35 mmHg.min.100 g bw.mli™. Intravenous infusion of 36 ug
MAkg™ '.hr' raised TPRI significantly from day 2 to levels of 6.68
+ 0.39 mmHg.min.100 g bw.m!™ on day 5.

7.4. Discussion

In this study, it has been found that hypertension induced by either intrarenal
or intravenous NA infusion is characterized by elevated total peripheral resis-
tance at any stage of its development. Differences in pressor response to intra-
renal vs. intravenous application of NA correlate well with differences in increa-
ses of TPRIL No indication of volume retention hemodynamically manifested by
increases in cardiac output, has been observed during NA infusion by either rou-
te. Cl decreased slowly and secondary to elevations of MAP, mostly by reduc-
tions in SVI probably caused by increases of cardiac afterload and activation of
baroreflex mechanisms; application of 4 g NA.kg™'.hr™! via the suprarenal arte-
ry caused acutely transient decreases in Cl and elevations in TPRI while MAP
rose slightly but insignificantly. The infusion rate of 36 ug NA.kg ™ .hr™* pro-
duced sustained decreases in Cl and increases in TPRI throughout the infusion
period when applied intrarenally, and minor decreases in Cl when infused intra-
venously.

During chronic infusion of NA, measurements of hemodynamic parameters
revealed that Cl also decreased secondary to elevations in MAP and TPRI, indu-
ced by intrarenal as well as intravenous NA application. The observed increases
in Cl during intrarenal saline infusion were probably due to hypovolemia during
the first days after laparotomy necessary for suprarenal artery catheterization.
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Figure 7.5

Effect on (a) heart rate (HR) and (b} normalized stroke volume (SVI) of chronic intrarenal
and intravenous infusion of NA statistically analyzed by comparing with intrarenally
applied saline data.

*p <0.05 (Student’s t-test for unpaired values).
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Therefore, values of hemodynamic parameters during 5 days of intrarenal and
intravenous NA infusion were compared with corresponding data during chronic
intrarenal infusion of saline.

TPRI was elevated significantly on the 1st day of intrarenal infusion of 4 and
36 ug NA. kg™ ".hr"T compared with saline data and on the 2nd day of intravenous
infusion of 36 ug NA.kg™ '.hr™"; the increases in TPRI were maintained over the -
complete infusion period.

Despite the initial renal vasoconstriction and the presumably high tubular -
and peritubular load of NA during intrarenal infusion of the neurotransmitter, in-
creases in cardiac output did not precede hypertension in this animal model.

Long-term infusion of 17 ug NA.kg™'.hr ! into the renal artery of conscious
dogs which raised MAP by 25 mmHg has been reported to produce a positive
sodium balance, even when plasma sodium concentrations are elevated step-
wise (Katholi et al, 1977, Cowley and Lohmeier, 1979). However, cardiac output
was only measured in the later phase of intrarenal NA infusion, by means of the
dye-dilution technigue, and appeared to be decreased (Katholi et al, 1977).
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Figure 7.6

Effects on total peripheral resistance index (TPRI) of chronic intrarenal and intravenous
NA infusion. _

*p <0.05; **p <0.005: statistically significant differences vs. corresponding intrarenally
applied saline data (Student’s t-test for unpaired values).
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Generally, elevation of renal vascular resistance does not necessarily lead
to volume retention and increased cardiac output. In one-kidney, one-clip rats
and dogs, hypertension was characterized by immediately apparent and sustai-
ned increases in total peripheral resistance; volume and cardiac output changes
were not essential for the development of chronic hypertension (Korner, 1880).
Elevation of MAP in another experimental renal hypertension model, bilateral
cellophane wrapping in rabbits, was also due to increases in peripheral resistan-
ce from the earliest stage {Freeman et al, 1982}. In fact, in only one animal hy-
pertension model, reduction of renal mass combined with chronic excessive salt
loading, renal dysfunction leads to cascade-like increases in total peripheral re-
sistance exactly as predicted (Guyton et al, 1980).

An intriguing observation in the course of the experiments on hemodyna-
mic characterization of effects of intrarenal NA application is that the infusion
rate of 4 ug NA.kg™.hr™! when applied intrarenally was effective to increase
MAP (see also chapter 6) and TPRI within a few hours. Since this infusion rate
during acute {preliminary experiments) and chronic (see chapter 3) intravenous
administration was not able to elicit a vasopressor response and, furthermore,
plasma NA levels were not increased until the 4th day of intrarenal infusion of
this dose, the increases in vascular resistance were not the result of leakage of
NA into the systemic circulation. It is therefore hypothesized that intrarenal NA
infusion stimulated renal afferent nerves directly or indirectly.

Stimulation of the renorenal reflex loop (Recordati et al, 1981a) could lead
to increases in overall sympathetic activity as is shown in two-kidney, one-clip
Goldblatt rats (Katholi et al, 1982). During the acute phase of intrarenal infusion
of 4 ug NA.kg™.hr™, this sympathetic hyperactivity does not necessarily have
to be reflected by increases in plasma NA concentrations since spillover of the
neurotransmitter from the synaptic cleft may be a rather slow process.

Alternatively, stimulation of renal afferent nerves may activate another un-
known vasopresor mechanism, or reversely inhibit the synthesis and release of
endogenous vasodilatory substances.

For further discussion on the evidence that hypertension caused by intrare-
nal or intravenous NA infusion is not volume-dependent at any developmental
stage, and suggestions concerning alternative mechanism which could explain
the elevation in TPRI, see section 8.4.
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g. BODY FLUID AND SALT LOAD AS FUNCTION OF INTAKE AND QUTPUT
DURING CHRONIC INTRARENAL INFUSION OF NORADRENALINE"

8.1. Introduction

This chapter deals with further searches for evidence that longterm intrarenal
infusion of noradrenaline in conscious rats causes water and sodium retention
by the kidney thereby revealing volume dependency of the development of hy-
pertension induced by activation of renal adrenergic mechanisms.

It is assumable that renal excretion of water and salt declines during intra-
renal NA infusion. In the first place, decreases in renal blood flow as reported
in chapter 8 may reduce glomerular filtration rate (Guyton, 1976). Secondly, low-
level stimulation of renal efferent nerves which does not affect renal hemodyna-
mics, has been found to decrease urinary excretion of water and sodium (DiBo-
na, 1977; DiBona and Sawin, 1982). Furthermore, application of NA to isolated
rat kidneys stimulates tubular sodium reabsorption if the renal perfusion pressu-
re is held constant (Besarab et al, 1977) and rather unphysiological concentrati-
ons of NA increase water reabsorption in isolated rat tubules (Bellio-Reus, 1980;
Chan, 1980). In the third place, intrarenal NA infusion stimulates the renin-
angiotensin-aldosterone axis in dogs (Katholi et al, 1977; Cowley and Lohmeier,
1979; Ayers et al, 1981) and rats (see chapter 5); aldosterone increases sodium
reabsorption by its direct tubular action.

In the present study, plasma volume as well as plasma sodium and potassi-
um concentrations, related to intake and urinary excretion of water and salt,
have been determined during chronic intrarenal NA infusion and compared with
data obtained during intravenous NA infusion.

8.2. Methods

in uninephrectornized rats, the suprarenal artery was cannulated for chronic in-
trarenal infusion of saline or NA as described in section 3.2. As control for ef-
fects of systemically appearing NA, another group received a catheter into the
jugular vein for intravenous infusion of NA. Catheters were perfused with saline
from a subcutaneously implanted osmotic minipump over a 2-day control period.
After that, the saline minipumps were replaced by saline or NA-containing
pumps so that chronic intrarenal infusion of saline or 4 and 36 ug NAkg™L.hr™
as well as intravenous infusion of 36 ug NA.kg™'.hr™' became possible.

*based on: Kleinjans JCS, Smits JFM, Kasbergen CM and Struyker-Boudier HAJ: Body
fluid and salt homeostasis during hypertension caused by chronic intrarenal norepi-
nephrine infusion in conscious rats. J Hypert, in press, 1983.
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in 84 animals, a method for plasma volume determination in conscious
freely moving rats was applied which has been developed in our laboratory re-
cently (Evenwel, 1982). Beside the catheters for intrarenal and intravenous infu-
sion of NA, catheters were inserted into the right femoral artery for blood samp-
ling and into the right femoral vein for injection of *25l-albumin.

Plasma volume was measured as follows: after a rapid bolus injection of
5 uCi 25l-albumin (Ire, The Netherlands), blood samples of 0.2 ml were taken
from the femoral artery catheter at t = 30, 80 and 90 min. Donor blood was given
as substitution for loss of red blood cells. Radioactivity in plasma was counted.
Log concentration vs. time extrapolation to t=0 was applied and the plasma
1250-albumin concentration at time of injection was calculated. Plasma volume
was determined by dividing the doses and the plasma concentration at t=0 of
125|.albumin and normailized for body weight (PVI).

PVI was measured on control day and on the ist of intrarenal infusion of
saline or NA and intravenous infusion of NA in one subgroup of rats as well as
on control day and on the 4th day of saline or NA infusion in a second subgroup
in order to avoid possible complications resulting from immunological reactions
observed after three times repeated albumin administration. Before the second
measurement of PVI, a blood sample was taken in order to correct for resting
radioactivity in plasma.

Plasma concentrations of sodium and potassium were measured by means
of a flame photometer in blood samples of 32 rats, collected in the course of the
determination of plasma renin activity during intrarenal and intravenous NA infu-
sion as described in chapter 5.

A group of 23 rats were housed in metabolic cages with free access to food
and water. After 4 days for habituation, ad libitum intake of food and water, as
well as urine output were monitored daily during chronic intrarenal infusion of
saline or NA and intravenous infusion of NA; cumulative water intake (WI) and
urine output {(UO) as well as cumulative intake and urinary excretion of sodium
{Ina + vs. Ung +.V) and potassium (I + vs. Uk +.V) were determined.

Data were statistically analyzed by means of a Student’s t-test for unpaired
values.

8.3. Results

Effects of chronic intrarenal infusion of 4 and 36 ug NA.kg.”"hr™1, and intrave-
nous infusion of 36 ug NA kg™ '.hr™* on PVI and plasma sodium and potassium
concentrations as compared with data obtained during intrarenal safine infusion
are displayed in Table 8.1,

During 5 days of intrarenal saline infusion, PV increased slowly from 4.1
+ 0.1105.5 + 0.1 ml.100 g bw™* and both intrarenal and intravenous NA infu-
sion produced significantly lower PVIs on the 4th day of infusion.

QOnly during intrarenal infusion of 36 ug NA kg™ .hr™1, significant changes
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in plasma sodium concentration were obtained. The plasma sodium concentrati-
on was decreased by approximately 7% over the whole infusion period.

On the contrary, intrarenal infusion of MA as well as intravenous infusion
of NA were able to elevate plasma potassium concentration as compared to sa-
line data. On the 4th day of intrarenal saline infusion, plasma potassium concen-
tration wes 5.3 + 0.2 mMol; intravenous infusion of 36 ug NA.kg ' .hr™ pro-
duced an insignificant increase of 11% while intrarenal infusion of 4 and 36 ug
NA.kg L.hr' raised plasma potassium concentration significantly by 17 and
26%, respectively.

Decreases in PVI during intrarenal infusion of 4 ug NA.kg™. hr™! were rela-
ted to significant increases in curmulative UQ (fig. 8.1b) since cumulative Wi was
unchanged (fig. 8.1a). However, changes in PV during intrarenal application of
the higher dose of NA were produced by decreases in cumulative W1 since cu-
mulative UO was normal. Furthermore, during intravenous infusion of 36 ug NA,
kg™L.hr™*, cumulative UQ was increased in the initial phase and cumulative W
was decreased during the latter part of the NA infusion period.

Decreases in plasma sodium concentration during intrarenal infusion of
36 ug NA.kg™ .hr™' appeared to be caused by steeply decreased cumulative
Ing + over the complete infusion period, which even surpassed the decline in
cumulative Uy +.V in the later phase of MA infusion (figs. 8.2a and 8.2b). Du-
ring the complete period of chronic intrarenal as well as intravenous infusion of
WA, Uy + .V was decreased significantly (fig. 8.3b). Only during intrarenal infusi-
on of 36 ug NA.kg™'.hr™t, significant decreases in cumulative lx + were ob-
served {fig. 8.3a).

8.4. Discussion

In this study, body fluid and salt homeostasis during chronic activation of renal
adrenergic mechanisms was evaluated in order to find supporting evidence for
the hypothesis formulated in section 3.4 that hypertension induced by long-term
intrarenal NA infusion may be characterized by a volume-retaining phase.

However, no indication of increased body load of water and sodium could
be obtained during hypertension caused by either intrarenal or intravenous infu-
sion of NA. During intrarenal saline infusion, PVI increased somewhat confir-
ming the suggestion that rats were hypovolemic at the point of starting the long-
term intrarenal NA infusion (in order to correct for this loss of fluid during laparo-
tomy, normal tap drinking water is replaced nowadays in our laboratory by a 5%
glucose solution from which the rats tend to drink large quantities). Both during
intrarenal and during intravenous infusion of NA, PV stayed significantly below
the PVivalues obtained during intrarenal saline infusion correlating well with the
decreases in cardiac output during chronic NA infusion described in chapter 7,
suggesting that in the sustained phase of hypertension the decreased cardiac
preload mainly reduced cardiac output.
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Figure 8.1

Changes in cumulative (a) water intake (WI) and (b) urine output (UO) caused by
intravenous and intrarenal NA infusion and statistically compared with corresponding
intrarenally applied saline data.

*p <0.05 (Student’s t-test for unpaired values).
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Figure 8.2

Changes in cumulative (a) intake of sodium and (b) urinary excretion of sodium caused
by intravenous and intrarenal NA infusion and statistically compared with corresponding
intrarenally applied saline data.

*p <0.05 (Student’s t-test for unpaired values).
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Changes in cumulative (a) intake of potassium and (b) urinary excretion of potassium
caused by intravenous and intrarenal NA infusion and statistically compared with
corresponding intrarenally applied saline data.

'p <0.05 (Student’s 1-test for unpaired values).
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However, the mechanism by which the lower PV|s were produced are appa-
rently not the same. Intrarenal infusion of 4 ug NA.kg ".hr™? produced decrea-
ses in PVI by increasing the renal water excretion while 36 ug MA. kg .hr't ad-
ministered intrarenally reduced mainly the intake of water. Intravenous NA
infusion influence initially urine output, but in the later phase also water
intake. i

Steep reductions in sodium intake were responsible for the decreases in
plasma sodium concentrations during intrarenal NA infusion; the observed redu-
ced urinary sodium excrstion in the later phase of NA application seemed to be
secondarily related to the decreased sodium intake and not to be caused by the
direct tubutar effects of the neurotransmitter as was expected conformably the
renal nerve stimulation experiments (DiBona, 1977; DiBona and Sawin, 1982).

These data indicate that the hypothesis that intrarenal NA infusion leads to
retention of water and sodium by the primary action of NA on renal function, is
not verified, which may be subscribed by additional data on the tubular effects
of NA: Besarab et al {1977) have shown that application of NA to the perfusate
of isolated rat kidneys does not increase tubular sodium reabsorption when the
renal perfusion pressure is allowed to raise under influence of the vasopressor
actions of NA. Furthermore, unphysiologically high concentrations of NA have
to be applied in order to stimulate water reabsorption in isolated rat proximal fu-
bules (Bello-Reus, 1980).

Intrarenal infusion of 17 ug NA.kg. *hr™ in conscious dogs, however, prg-
duces a positive sodium balance (Katholi et al, 1977; Cowley and Lohmeier,
1979), while the renal function curve relating arterial pressure to urine output,
was shifted to higher MAP levels (Cowley and Lohmeier, 1979). But these dogs
were held on a fixed sodium diet while the rats in the present study, having fres
access to food and water, decreased their plasma sodium concentration mainly
by reducing their sodium intake — in fact, by eating less. This points at changes
in behavioral patterns resulting either from different sensoric input to the central
nervous system possibly caused by the altered homeostatic conditions during
chronic intrarenal NA infusion, or by the direct central action of NA itself which
has been reported to elicit a central sympatho-inhibitory effect after intravenous
administration at doses of 10-15 ug.kg™' in anesthetized cats (Sinha and
Schmitt, 1974).

Summarizing the effects of chronic stimulation of renal adrenoceplors on
central herodynamics and body load of water and sodium, it is obvious that hy-
pertension induced by chronic intrarenal NA infusion is characterized by imme-
diate elevations in total peripheral resistance which are primary and not reflexi-
ve o increases in cardiac output. This implies that the additional pressor
response during intrarenal NA infusion indicated by the shift of the log plasma
NA concentration vs. arterial pressure curve to lower plasma NA levels, as desc-
ribed in chapter 3, was not caused by autoregulatory vasoconstriction after an
initial hypervolemic phase.
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Therefore, despite of the primary change of renal function, this renal hyper-
tension model is not volume-dependent.

Also in other animal hypertension models, which are supposed to interfere
with renal function directly, the autoregulation theory of hypertension can not
longer be upheld. Although in one-kidney, one-clip Goldblatt hypertensive rats,
the pressure control level of the renal hydraulic system is shifted to higher levels
of arterial pressure {(Norman et al, 1978), and a positive sodium balance and in-
creased cardiac output usually occurs in the established phase of hypertension
(Carretero and Romero, 1977, Freeman et al, 1982), hypertension can develop
in sodium-depleted one-kidney Goldblatt dogs which have no possibility of sodi-
um and water retention, and is associated with immediately elevated total perip-
heral resistance and decreased cardiac output {(Freeman et al, 1982).

Cellophane-wrapping of the remaining kidney in uninephrectomized rabbits
has also been reported to cause hypertension correlated with initially higher car-
diac output, but again during sodium depletion hypertension develops without
increases in cardiac output but is entirely associated with elevated vascular re-
sistance (Korner, 1980, 1982).

It is therefore concluded that hypertension experimentally induced by pri-
mary changes in renal function, is not generally characterized by a volume-
retaining phase and that at this point the Borst-Guyton theory is not correct.

Since activation of the renin-angiotensin system nor whole body autoregu-
lation accounts for the additional increase in totai peripheral resistance during
intrarenal NA infusion, alternative mechanisms have to be considered.

The most striking difference between effects of intrarenal and intravenous
infusion of NA may be obtained from the present data on plasma potassium con-
centrations. Chronic infusion of 4 and 36 ug NA.kg™'.hi™! into the renal artery
of conscious rats produced significant increases in plasma potassium concen-
trations after 4 days while intravenous infusion of 36 ug NA.kg™'.hr™? elevated
plasma potassium concentration slightly and insignificantly. Increases in
plasma potassium concentrations are mainly caused by decreased urinary ex-
cretion of potassium, although during intrarenai application of the higher infu-
sion rate of NA also potassium intake was diminished. Since plasma potassium
concentrations as well as urinary potassium excretion did not differ very much
during intrarenal infusion of 4 and 36 ug NA.kg™'.hr™!, the possibility remains
that reductions of faecal potassium excretion compensated for decreases in po-
tassium intake, associated with decreases in sodium intake during intrarenal in-
fusion of 36 ug NA kg™ '.hr™t.

Furthermore, it is clear that increases in plasma potassium concentrations
are not related to decreases in plasma sodium concentrations, which excludes
the possibility that potassium is reabsorbed by the kidney in exchange for so-
dium.

It has been reported recently that tubular NA handling is featured by active

107



secretion of NA. Electrical stimulation of renal nerves in rabbits increases uring-
ry MA excretion when compensated for changes in glomerular filtration rate
{Lappe et al, 1982) and acute renal denervation decreases NA excretion in rats
{Morgunov and Baines, 1881). Active secretion of NA is inhibited by cyanine 863
suggesting that tubular transmembrane exchange of NA is exerted via a cation
exchange mechanism (Lappe et al, 1980). The steeply increased plasma potas-
sium concentrations during intrarenal NA infusion could be explained by the fact
that peritubular unbound NA which is highly concentrated during intrarenal infu-
sion of 4 as well as 36 ug NA.kg™".hr™" but assumably not during intravenous
infusion of 36 ug NA.kg™".hr™1, was actively exchanged for potassium.

However, an alternative mechanism may account for the increases in
plasma potassium levels during intrarenal NA infusion (Heidenreich O, personal
communication). The rat kidney contributes considerably to the storage of glu-
cose. Adrenaline, but to a lesser extent also noradrenaline, is known to stimu-
late the intracellular gluconeogenesis, which appears to be associated with
steep increases of the intraceliular potassium concentration. The elevations of
plasma potassium concentrations during chronic intrarenal NA application may
be due to leakage of potassium from kidney cells parallel with a NA-stimulated
gluconeogenesis. Measurements of plasma glucose levels may elucidate the re-
levance of this suggested mechanism.

In turn, these increased plasma potassium concentrations could result in
exaggerated vascular tension since depolarization of arterial vascular muscle
cells is facilitated by reducing the resting membrane potential (Hermsmeyer,
1976) and arterial responsiveness to NA is increased (Casteels et al, 1977;
Skang and Detar, 1981) by raising extracellular potassium concentrations.
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g, GENERAL DISCUSSION AND CONCLUSIONS

This thesis presents an experimental hypertension model in which etferent renal
sympathetic nerve hyperactivity in conscious rats is simulated by means of intra-
renal infusion of noradrenaline (NA). Specific stimulation of renal adrenergic
mechanism may involve a rhapsody of cardiovascular responses many of which
will be induced by secondary activation of neurohumoral systems supporting the
initial effects of increased sympathetic tone within the kidney eventually leading
to hypertension, as elucidated in the General Introduction.

Increased renal sympathetic nerve activity has been established to be as-
sociated with genetic hypertension by means of the technique of direct recor-
dings of renal nervous discharge frequencies. Furthermore, it has been shown
that elimination of the sympathetic innervation of the kidneys by surgical renal
denervation at least retards the development of genetic hypertension and
DOCA-salt hypertension. Also, renal denervation reduces the arlerial pressure
levels in Goldblatt hypertensive rats and in dogs with chronic coarctation hyper-
tension.

The observation that changes in renal function are eminent in an early
phase of essential hypertension in men and spontaneous hypertension in rats,
supports the Borst-Guyton hypothesis that a primary alteration in renal function
is a necessary condition for the development of sustained hypertension. Since
urinary output of water and salt is inter alia a function of arterial pressure, a shift
of the excretory capacity of the kidney to a level of higher arterial pressure may
result in hypertension characterized by volume retention and — reflexively to in-
creases in cardiac output — elevations in vascular resistance. Renal adrenergic
hyperactivity may lead to changes in renal hemodynamics and tubular reabsorp-
tion processes adjusting the renal hydraulic system to increased levels of arteri-
al pressure.

The relevance of renal adrenergic hyperactivity to the development of hy-
pertension has been estalished by long-term infusion of NA into the renal artery
of conscious dogs, which causes increase of arterial pressure associated with
a positive sodium balance and a shift of the renal function curve to higher pres-
sure levels. However, in these studies an infusion rate has been applied which
does not restrict the action of NA to the kidney. Furthermore, no information on
the time dependency of several processes associated with the development of
hypertension has been obtained.

Therefore, in this thesis, cardiovascular responses to varying intrarenally
applied doses of NA in conscious rats were determined. Recent advances in
small animal laboratory technology make the rat suitable for measurements of
systemic and regional hemodynamic parameters on a rather continuous scale
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s0 that in specific the precedence of changes in renal function, and subsequent-
ly of increases in cardiac output, to the elevations of arterial pressure during in-
trarenal NA infusion could be evaluated in order to test the validity of the Borst-
Guyton hypothesis.

Because infusion into the renal artery of conscious rats has not been
achieved yet, a method for chronic intrarenal infusion in freely moving rats had
to be developed in the first place. Cannulation of the right inferior suprarenal ar-
tery which originates from the right renal artery and ascends towards the
adrenal gland, with the tip of the catheter manipulated towards the bifurcation
with the renal artery, appeared to provide a reliable tool for gaining long-term
access to the renal artery of rats as described in chapter 2.

Applying this type of catheterization, NA was administered into the right
kidney of normotensive uninephrectomized Wistar rats at infusion rates of 4, 12
and 36 ug.kg '.hr™* for 5 days by means of Alzet TM osmotic minipumps (chap-
ter 3). All doses of MA were effective in elevating arterial pressure {MAP); fur-
thermore, MAP increased further during intrarenal infusion of a particular dose
of NA when compared with intravenous infusion via the jugular vein. Partly, this
relatively augmented pressor response was attributed to achieve higher plasma
NA concentrations during intrarenal MNA infusion. However, by plotting log
plasma NA concentration vs. MAP curves, it could be shown that any elevation
of plama NA concentrations beyond approximately 1.40 ng.mi™ produced by in-
trarenal NA application caused considerably greater increase in MAP when
compared with intravenous infusion. It was speculated that this additional pres-
sor response during intrarenal NA infusion was caused by either increased sen-
sitivity to circulating NA of adrenoceptors focated in the vascular wall, or stimula-
tion of a kidney-mediated pressor mechanism.

In chapter 4, it was investigated whether the relatively higher increases of
plasma NA levels during intrarenal NA infusion were due to reduced whole body
clearance of NA or to increased release of endogenously produced NA. By filling
osmotic minipumips with NA solutions containing tracer amounts of tritiated NA,
values of NA clearance and the rate of entry of NA into plasma during chronic
intravenous and intrarenal infusion of 36 gg NA kg™ *.hr™' could be calculated.
The apparent release rate of NA was relatively more elevated on the 1st day of
intrarenal NA infusion; since whole body clearance of NA was not changed on
the 1st day of NA application compared with control levels, it was concluded that
the endogenous production of NA was relatively more increased. This was inter-
preted as a first indication that the overall activity of the sympathetic nervous
system was Increased during intrarenal NA infusion, possibly induced by intra-
renal changes which modified renal atferent nerve tonus, conformable to find:
ings on increased plama NA levels in Goldblatt hypertensive rats which also
have been attributed to afferent renal nerve stimulation. On the 4th day of NA
infusion, the apparent release rate of NA was equal during intravenous and in-
trarenal NA application. By that time, the differences in plasma NA concentra-
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tions were related to decreased whole body clearance of NA during intrarenal
MNA infusion, possibly caused by changes in renal function or saturation of renal
MA clearance mechanisms.

In summary, the higher plasma NA concentrations during intrarenal NA in-
fusion as compared with intravenous infusion were caused initially by the higher
endogenous release of NA and secondarily by decreased whole body clearance.

Chapter 5 evaluates the contribution of the renin-angiontensin system to
the elevated MAP during intrarenal and intravenous NA infusion in order to
assess the nature of the pressor mechanism triggered by renal adrenergic
hyperacitivity which possibly added its action to the direct pressure elevating ef-
fects of circulating NA. Intrarenal infusion of 4 and 36 ug NA.kg™'.hr™' as well
as intravenous infusion of 36 ug NA.kg™'.hr ¥ increased the plasma renin activi-
ty equally from starting levels of 1.65 ng Angl.ml™ .hr’* to 2.20-2.92 ng Angl.
mi~1.hr™Y on the 4th day of NA infusion probably via the direct stimulation of in-
trarenal, renin release mediating, beta-adrenoceptors. However, intrarenal NA
might also counteract renin secretion via interference with renal alpha-
adrenergic receptors. Increases in renal vascular resistance were quite margi-
nal on the 4th day of intrarenal infusion of 4 ug NA.kg™'.hr™* and intravenous
infusion of 36 ug MA.kg™'.hr™* (see chapter 6) which makes stimulation of renin
release via intrarenal baroreceptors unlikely.

Secondly, inhibition of the angiotensin Il synthesis by means of intraperito-
neal infusion of the converting enzyme blocker captopril parallel with the chronic
NA infusions was equally effective in lowering MAP during intravenous and in-
trarenal NA application. The mean decrease in MAP was approximately 15
mmHg indicating that during intrarenal infusion of 4 and 36 ug NA.kg™*.hr™! and
intravenous infusion of 36 ug NA.kg™'.hr™* the synthesis of angiotensin Il and
thereby the vasopressor action of the octapeptide was equally stimulated as was
already suggested by the plasma renin activity data.

Furthermore, during chronic intraperitoneal infusion of captopril, intrarenal
but not intravenous NA application raised plasma NA concentrations to a lesser
degree than without captopril treatment. On the 4th day of intrarenal infusion of
36 ug NA kg '.hr™! combined with captopril plasma NA concentrations did not
excead levels obtained by intravenous infusion of the same dose of NA, with or
without conwverting enzyme blockade. This observation was interpreted as the
second indication of overail sympathetic hyperactivity specifically during intrare-
nal NA infusion via stimulation of renal afferent nerves. It is hypothesized that
the presynaptic facilatory action on NA release of angiotensin Il is necessary to
elevate the plasma NA concentrations during intrarenal NA infusion as high as
they did.

The renin-angiotensin system could not account for the additional pressor
effect during intrarenal NA infusion because of its equal activation by infrarenal
or intravenous application of pressor doses of NA. Therefore, it was investigated
whether an initial change in renal function induced by stimulation of renal
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adrenergic mechanisms by means of intrarenal, but not intravenous NA infusion,
might lead to increases of peripheral resistance according to the cascade-like
model of development of hypertension as described in the General Introduction:

Renal blood flow appeared to decrease immediately in a dose-dependent
manner during intrarenal NA infusion (chapter ). The elevations of renal vascu-
lar resistance were directly caused by the intrarenal action of NA and were not
secondary to increases in MAP since the intravenously applied pressor dose of
36 g NA.kg .hr™ did not alter renal function. The primacy of the effect on renal
blood flow was furthermore assessed on the 1st day of intrarenal infusion of 4
g NA kg .hr™* when renal vascular resistance was significantly increased at
normaotensive pressure levels. Glomerular filtration rate was reduced slightly on
the 4th day of intrarenal infusion of 36 ug NA.kg™ .hr™! which probably also con-
tributed to the decreased NA clearance, described in chapter 4. Severe renal
dysfunction, however, was not observed.

Thereupon, in order to evaluate the predicted increases in cardiac output

assumably caused by the volume-retaining action of NA within the kidney, acute
and chronic effects on central hemodynamics of intrarenal vs. intravenous MA
infusion were determined. However, a hyperkinetic stage in the development of
hypertension either caused by intrarenal or by intravenous NA application could
not be demonstrated. Elevations in MAP were associated with increases in total
peripheral resistance and reductions in cardiac output from the onset (chapler
7). Furthermore, it was shown that intrarenal application of the low dose of 4 ug
NA kg™ .hr! was able to elevate MAP already in the acute phase of administra-
tion. Since this infusion rate did not cause hypertension when applied intrave-
nously, the immediate pressor response to intrarenal infusion of low doses of MA
was taken as the third indication of the vasopressor effect of increasing the renal
afferent nerve tonus. Because of the fact that on the 1st day of intrarenal infu-
sion of 4 ug NA. kg™ .hr™! plasma NA concentrations were not increased signifi-
cantly yet as was described in chapter 3, it cannot be excluded that stimulation
of renal afferent nerves might involve another vasopressor neurchumoral me-
chanism than the sympathetic nervous system.
Further evidence that hypertension induced by long-term activation of renal
adrenergic systems is not volume-dependent at any developmental phase, cu-
mulated during studies on the body fluid and salt balance during chronic NA in-
fusion as described in chapter 8. Plasma wvolumes decreased parallelly with
the reductions in cardiac output depicted in chapter 7, not only by increased uri-
ne output but intriguingly also by reduced intake of water. Plasma sodium con-
centrations were unchanged or decreased only during intrarenal infusion of 36
g NAkg '.hr™t mainly by diminishing the sodium intake — in fact, by eating
less.

Since total peripheral resistance increased immediately from the onset of
NA-induced hypertension and furthermore since only reductions in body fluid
and sodium load as well as in cardiac output were observed, the elevations of
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MAP during chronic intrarenal or intravenous NA infusion were not initiated by
a primary hyperkinetic phase.

Also in alternative hypertension modeis in which renal function is modified
primarily e.g. one-kidney, one-clip Goldblatt hypertension and hypertension
caused by bilateral cellophane wrapping of the kidneys, increased cardiac out-
put appears not to be a necessary prehypertensive condition. Therefore, the
autoregulation theory of the development of hypertension which predicts
cascade-like elevations in vascular resistance after an initial hypervolemic
phase, has o be rejected.

However, this thesis acknowledges that the site of origin of hypertension
may be situated within the kidney. The relevance of renal adrenergic hyperacti-
vity in theorizing on the role of the kidneys in the development and sustenance
of arterial hypertension may be obvious (Fig. 9.1).

The most striking differences between the discussed studies on the chronic
intrarenal infusion of NA in conscious dogs and the experiments on rats presen-
ted in the previous chapters of this thesis, are the data on the plasma slectrolyte
concentrations. While sodium was retained specifically during intrarenal NA in-
fusion in dogs, application of NA into the renal artery of rats did not change or
even decreased plasma sodium concentrations. Since the dogs were held on a
fixed sodium diet while the rats had free access to food and water and reduced
mainly their sodium intake, this discrepancy within the experimental protocol
might explain the differences in these highly significative data.

Furthermore, rats increased their plasma potassium concentrations by re-
ducing the urinary excretion of potassium. lt is suggested that NA interferes se-
lectively with renal potassium retaining or releasing mechanisms. Subsequent-
ly, these elevations of plasma potassium concentrations might account for the
increased peripheral resistance via sensitization of vascular adrenoceptors.
Since plasma potassium concentrations were higher during intrarenal than
during intravenous infusion of NA, relatively more increased vascular adreno-
ceptor sensitivity might explain the additional pressor response observed during
intrarenal NA infusion. The obwvious test of this hypothesis is to elevate plasma
potassium concentrations without affecting body sodium load during chronic in-
travenous NA infusion which should increase MAP further.

Furthermore, at various moments it has already been hypothesized that in-
trarenal NA application could interfere with renal afferent nerve tonus, resulting
in activation of vasopressor mechanisms. An experimental approach to investi-
gate the contribution of renal afferent nerves to kidney-mediated hypertension
could be to eliminate the sensoric input from the renal afferent nerves to the cen-
tral nervous systern specifically by dissecting the ipsilateral dorsal roots of the
spinal segments T9 to L1 through which the renal afferent nerves have been
found to enter the spinal chord (Ciriello et al, 1982; Lappe et al, 1982b).

Whether or not the effects of intrarenal NA infusion on renal afferent nerves
were direct or indirect, is rather irrelevant; modification of renal afferent nerve
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activity provides a new concept not integrated within the Borst-Guyton theory -
concerning the role of the kidney in arterial pressure regulation and hypertensi-
on. The possession of a fastly operating neurogenic reflex loop by the kidney
may provide an extrinsic control system of renal hemodynamics additional to the
intrinsic autoregulation mechanism, Changes in ipsilateral renal function may
be buffered by adaptation of the ipsilateral renal efferent nerve activity and fur-
thermore, counteracted by the contralateral kidney, as a centrally mediated
response to alterations in renal afferent nerve tonus, resulting in constancy of
body excretory capacity. Specific features of this renal neurogenic reflex loop
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S(:ghematic representation of suggested relations between events initiated by intrarenal
infusion of noradrenaline as discussed in the present thesis. The interrupted line stands
for putative mechanisms.
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as for instance receptor adaptation vs. infinite gain, have to be determined in
order to obtain clear insight on the function of renal afferent nerves in long-term
arterial pressure control. In this respect, the usefulness for future hypertension
research of the presented experimental hypertension model may be asserted.
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10. SUMMARY

Essential hypertension in men has often been discussed to have a neurogenic
origin. Earlier concepts concerned an increase in overall sympathetic activity to
induce and maintain hypertension. However, recent developments in cardiovas-
cular research show that specific elimination of the input of efferent sympathe-
tic nerves to the kidney has a substantial blood pressure lowering effect in vari-
ous animal hypertension models. This thesis aimed to reversely induce specific
renal adrenergic hyperactivity in conscious normotensive rats in order to produ-
ce sustained hypertension. Chronically increased renal nerve discharge fre-
quencies were simulated by means of long-term infusion of the sympathetic
neurotransmitter noradrenaline (NA) into the renal artery of rats. In the General
Intraduction which deals with intrinsic and extrinsic features of renal control of
arterial pressure, it is extensively discussed why hypertension is likely to ocour
during chronic activation of renal adrenergic mechanisms.

Since intrarenal infusion in unanesthetized rats has not been achieved yet,
a method to gain long-term access to the renal artery had to be developed first.
Cannulation of the right suprarenal artery which emerges from the right renal
artery appears to provide a reliable tool for chronic intrarenal infusion of drugs
in conscious rats (chapter 2).

In chapter 3, it is shown that infusion of NA into the renal artery of unineph-
rectomized rats for 5 consecutive days causes dose-dependent increases in ar-
terial pressure maintained throughout the infusion period. Intrarenal NA infusion
raises arterial pressure to a higher level compared with intravenous infusion of
NA at that particular dose. Partly these increased pressor responses to intrare-
nal NA application are due to achieved higher levels of NA. Furthermore, an ad-
ditional kidney-mediated pressor mechanism is triggered during intrarenal NA
infusion.

Chapter 4 deals with further investigations of mechanisms which could be
responsible for the relatively higher increases in plasma NA concentrations du-
ring intrarenal NA infusion. It is shown that in the initial phase of NA application,
the release of endogenously produced NA is relatively more increased during
intrarenal NA infusion, reflecting overall sympathetic hyperactivity, but that du-
ring the established stage of hypertension the higher plasma NA levels are due
to decreased whole body clearance of NA.

In the following chapters, it has been attempted to determine the nature of
the additional pressor mechanism activated by intrarenal NA infusion.

Chapter 5 evaluates the contribution of the renin-angiotensin system. Mea-
surements of plasma renin activity as well as intraperitoneal infusion of the con-
verting enzyme blocker captopril during chronic NA application indicate that an-
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giotensin Il raises arterial pressure additional to circulating NA to the same ex
tent during intrarenal and intravenous NA infusion. Therefore, it is concluded
that specific activation of the renin-angiotensin system during intrarenal NA infu-
sion is not likely to account for the additional pressor mechanism.

Furthermore, in this chapter it is shown that angiotensin i possibly contri-
butes to the elevated overall activity of the sympathetic nervous system during
intrarenal but not during intravenous NA application by its presynaptic facilitati-
on of NA release from sympathetic nerve endings.

The additional pressor response can also not be attributed to cascade-like
elevations in total peripheral resistance reflexive to a hyperkinetic stage of hy-
pertension. Although intrarenal NA infusion changes renal function primarily
{chapter 8), expectingly leading to volume and sodium retention and fo increa-
ses in cardiac output, total peripheral resistance increases immediately from the
onset of hypertension induced by either intrarenal or intraveous NA infusion whi:
le cardiac output decreases slowly and secondarily to arterial pressure elevati-
ons (chapter 7). Furthermore, in chapter 8 it is shown that aiso plasma volume
and plasma sodium concentrations are reduced during intrarenally NA-induced
hypertension indicating that no volume retention by the kidney occurs. Stimulati-
on of renal adrenergic mechanisms leads to hypertension not characterized by
a body fluid volume-dependent phase.

Obviously, alternative pressure elevating systems are involved in the deve-
lopment of renal experimental hypertension. With regard to the augmented vas-
cular response during intrarenal NA infusion, two mechanisms increasing arte-
rial pressure possibly additional to each other, may be of importance:

- specific stimulation of renal afferent nerves espacially in the initial phase of
intrarenal NA infusion may induce a pressor effect via stimulation of either the
overall activity of the sympathetic nerve system or via an unknown pressor me-
chanism mediated by the central nervous system;

- specific increases in plasma potassium concentrations during intrarenal NA
infusion may sensitize vascular wall adrenoceptors causing a more effective
pressor effect of already elevated circulating NA levels.
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11. SAMENVATTING

Essentiéle hypertensie is reeds eerder voorgesteld als een ziekte met een neu-
rogene oorsprong. In voorafgaande jaren werd gedacht in termen van een toe-
name van veeleer de algehele aktiviteit van het sympathisch zenuwstelsel die
hypertensie zou veroorzaken en in stand houden.

Recente ontwikkelingen in het kardiovaskulair onderzoek tonen echter aan
dat het uitsluitend elimineren van de sympathische innervatie van de nier reeds
een duidelijke verlaging van de bloeddruk veroorzaakt in diverse diermodelien
voor hypertensie. De opzet van dit proefschrift was om in wakkere noermotensie-
ve ratten de aktiviteit van het sympathische zenuwstelsel, specifiek in de nier,
juist te doen toenemen met de bedoeling kontinue toename in de bloeddruk te
veroorzaken.

Chronische stijgingen in de frekwentie van zenuwontladingen in de nier
werden nagebootst met behulp van langdurige toediening van de sympathische
neurotransmitter noradrenaline (NA) via de nierarterie van de rat. In de Algeme-
ne Inleiding die de intrinsieke en extrinsieke eigenschappen van de nier in het
licht van de bloeddrukreguiatie bespreekt, wordt uitgebreid aan de orde gesteld
waarom het waarschijnlijk is dat de bloeddruk zal stijgen tijdens een chronische
aktivatie van intrarenale adrenerge mechanismen.

Aangezien intrarenale infusie in niet-verdoofde ratten tot nu toe onmogelijk
was, moest in de eerste plaats een methode ontwikkeld worden waarmee op
langere termijn via de nierarterie geinfundeerd kan worden.

Het blijkt dat in de katheterisatie van de rechter arteria suprarenalis, die
zich aftakt van de rechter nierarterie, een betrouwbare manier gevonden is om
chronisch stoffen toe te dienen aan de nier van walkkere ratten (hoofdstuk 2).

In hoofdstuk 3 wordt aangetoond dat infusie van NA via de nierarterie van
één-nierige ratten tijdens 5 opeenvolgende dagen dosisafhankelijke stijgingen
in de bloeddruk veroorzaakt, die gedurende de gehele periode van toediening
in stand worden gehouden. Intrarenale infusie van NA produceert bloeddrukni-
vo's die hoger zijn vergeleken met intraveneuze toediening van dezelfde dosis
van NA. Deze sterkere reaktie van de bloeddruk tijdens de intrarenale toedie-
ning van MNA is gedeeltelijk het gevolg van het feit dat hogere plasmakoncentra-
ties van NA bereikt worden. Bovendien wordt tijdens de intrarenale infusie van
NA een mechanisme geakliveerd dat via de nier additioneel de bloeddruk
verhoogt.

Verder onderzoek naar mechanismen die verantwoordelijk zouden kunnen
zijn voor de sterkere stijgingen in de plasmakoncentraties van NA tijdens de in-
trarenale infusie van NA, wordt beschreven in hoofdstuk 4. Het blijkt dat in de
initidle fase van toediening van NA het verschijnen van endogeen NA in plasma
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relatief meer is toegenomen tijdens de intrarenale infusie van NA, hetgeen ap
een algehele aklivering van het sympathisch zenuwstelsel wijst; wanneer dg -~
bloeddruk zich op het hogere nivo gestabiliseerd heeft, wordt de grotere stijging
in de plasmakoncentraties van NA echter verporzaakt door een afname van de
totale lichaamsklaring van NA. ;

In de daaropvolgende hootdstukken is een poging ondernomen om de aard
van het additionele bloeddrukverhogende mechanisme dat door de intrarenale
infusie van NA geaktiveerd wordt, te achterhalen.

In hoofdstuk 5 wordt de bijdrage van het renine-angiotensine systeem vast-
gesteld. Bepalingen van de aktiviteit van renine in plasma, alsmede intraperito-
neale infusie van captopril dat de vorming van angiotensine |l tegengaat, geven
aan dat angiotensine Il in dezelfde mate bijdraagt aan de drukstijgingen tijdens
de intrarenale en intraveneuze infusies van NA als toevoeging aan het effekt
van cirkulerend NA zelf. De konklusie ligt voor de hand dat het additionele
bloeddrukverhogende mechanisme, in werking gesteld tijdens de intrarenale in-
fusie van NA, waarschijnlijk niet synoniem is met de specifieke aktivering van
het renine-angiotensine systeem.

Bovendien wordt in dit hoofdstuk aangetoond dat angiotensine Il mede ver-
antwoordelilk zou kunnen zijn voor de toegenomen algehele aktiviteit van het
sympathisch zenuwstelse! tijdens de intrarenale, maar niet tijdens de intrave-
neuze toediening van NA in die zin dat angiotensine |l via zijn presynaptische
werking de afgifte van NA door de sympathische zenuwuiteinden bevordert.

Evenmin lijkt het additionele bloeddrukverhogende effekt toegeschreven te
kunnen worden aan kaskade-achtige stijgingen in de totale lichaamsvaat-
weerstand als een reflex op een hyperkinetisch stadium in de hypertensie. Hoe-
wel de intrarenale infusie van NA primair de nierfunktie beinvioedt (hoofdstuk
6), hetgeen volgens verwachting zou moeten ieiden tot retentie van water en na-
trium en stijging in het hartminuutvolume, neemt de totale lichaamsvaat-
weerstand onmiddellijk toe, gepaard aan stijgingen in de bloeddruk en onafhan-
kelijk van de omstandigheid dat hypertensie veroorzaakt wordt door intrarenale
dan wel door intraveneuze infusie van NA. Het hartminuutvolume daalt lang-
zaam en als reaktie op de toename in de bloeddruk (hoofdstuk 7). Bovendien
wordt in hoofdstuk 8 aangetoond dat het plasmavolume en de plasmakoncentra-
tie van natrium eveneens afnemen tijdens hypertensie, geinduceerd door de in-
rarenale infusie van NA, hetgeen aangeeft dat er geen retentie van water in de
nier plaatsvindt. Dit impliceert dat de hypertensie die veroorzaakt wordt door de
langdurige stimulatie van renale adrenerge mechanismen, niet gekarakteri-
seerd wordt door afhankelijkheid van de volumebalans.

Er zijn duidelijk andere bloaddrukverhogende mechanismen betrokken bij
de ontwikkeling van deze renale vorm van experimentele hypertensie. Twee
systemen die elkaar wellicht ondersteunen in het doen toenemen van de bloed-
druk, kunnen van belang zijn met betrekking tot het relatief grotere effekt op de
vaatwand:
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— specifieke stimulatie van afferente zenuwbanen uit de nier, met name tijdens
de beginfase van de intrarenale toediening van NA, zou een bloeddrukverho-
gende reaktie kunnen induceren, ofwel via toename van de algehele aktiviteit
van het sympathisch zenuwstelsel ofwel via stimulatie van een onbekend
systeem dat bloeddrukstijgingen veroorzaakt via het centrale zenuwstelsel;

- specifieke toename in de plasmakoncentratie van kalium tijdens de intrarena-
le infusie van NA zou de gevoeligheid van de in de vaatwand gelegen adrenerge
receptoren kunnen vergroten, hetgeen effektievere bloeddrukstijgingen door de
toch al verhoogde plasmakoncentraties van NA tot gevolg zou kunnen hebben.
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APPENDIX: ARTERIAL PRESSURE VARIABILITY DURING HYPERTENSION
INDUCED BY CHRONIC INTRAVENOUS INFUSION OF HORADRENALINE®

A.1. Introduction

Standard laboratory procedures usually involve determinations of mean arterial
pressure (MAP) by recording arterial pressure during 1 hour, sampling arterial
pressure data with a certain frequency and averaging these values over the re-
cording period thereby obtaining the MAP of that paricular day (see section
3.2.). The variability in MAP as indicated by the standard deviation of MAP is
generally not taken into account.

However, during recordings of arterial pressure in rats made hypertensive
by chronic intravenous (and intrarenal) infusion of noradrenaline (NA), a pro-
nounced instability of arterial pressure was observed (Fig. A.1).

In this appendix, an attempt is made to characterize this variability in arteri-
al pressure in detail. In the first place, by evaluating the standard deviation
(8.D.) of the MAP, averaged over a group of rats which were chronically infused
intravenously with NA, information on the magnitude of the variability was obtai-
ned. Secondly, since it is possible that changes in variability of arterial pressure
are due to alteration of the amplitude of certain frequencies or to appearance
of additional oscillations, spectral analysis was applied in order to determine the
contribution of frequency bands to the variability of the arterial pressure signal.
Furthermore, it was attempted to find a physiological correlate of the variability
in arterial pressure. The most important system in shortterm regulation of ar-
terial pressure is the sino-aortic baroreflex mechanism which regulates changes
in arterial pressure instantaneously and keeps fluctuations in arterial pressure
within low range. Elimination of the baroreflex mechanism by means of afferent
denervation or lesions of the central relay nucleus, the nucleus tractus solitarii,
induces high variability in arterial pressure (Nathan and Reis, 1977; Norman et
al, 1980; Cowley, 1981; Talman et al, 1980). It was therefore hypothesized that
decreases in baroreflex sensitivity (BRS) are responsible for the wvarlability
during NA-induced hypertension and the relation between BRS and arterial
pressure variability during chronic intravenous NA infusion was investigated.

*based on: Kieinjans J, Kasbergen C, Vervoort-Peters L, Smits J and Struyker-
Boudier H: Chronic intravenous infusion of noradrenaline produces labile hyperten-
sion in conscious rats. Life Sci 29: 509-514, 1981,
Kieinjans J, Muytjens A and Struyker-Boudier H: Variability in blood pressure
during noradrenaline-induced hypertension in rats. Arch Int Physiol Biochem, in
press, 1983.
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Example of determination of baroreflex sensitivity by means of serial injections of
phenylephrine and sodium nitroprusside. For further explanation, see section A.2.
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A.2. Methods

44 Rats were provided with a catheter into the femoral artery for measurements
of arterial pressure and a catheter into the jugular vein for intravenous infusion.
After a 2-day control period, osmotic minipumps were connected so that chronic
intravenous infusion of saline or NA at doses of 12 and 36 ug.kg '.hr™! was
maintained for 5 consecutive days. MAP was determined daily as described in
section 3.2 and the S.D. was calculated. $.D.s were averaged over the sub-
groups receiving intravenous NA infusion to mean S.D. and compared with data
obtained during saline infusion by means of a Student’s t-test for unpaired
values.

Spectral analysis of the analog variations in the arterial pressure registra-
tion of a rat intravenously infused with 36 ug NA.kg™.hr™?, was made accessible
by the Department of Medical Information of the University of Limburg and per-
formed as follows: analog arerial pressure measurements using a CTC CP 01
strain gauge and Grass equipment were registrated on control day and on 5 con-
secutive days of NA administration by means of a Hewlett and Packard 3960 in-
strumentation recorder (cut-off frequency 100 Hz), during 1 hour. Analog arterial
pressure registrations were sampled (cut-off frequency 10 Hz, sample frequency
30 Hz) and power spectra of these arterial pressure time series were estimated
applying Fast Fourier Transform by means of a IMSL routine (FTFPS) on a Vax
computer. In order to increase accuracy, arterial pressure time serigs are di-
vided in a number of consecutive segments of equal length; for calculation of
mean power spectra, we used 96 segments of 1024 samples. Power spectra
were normalized (total power equals 1).

In 20 rats, additionally provided with a catheter into the femoral vein, BRS
was measured by means of serial injections of phenylephrine, elevating arterial
pressure, and of sodium nitroprusiside, causing depressor effects (Mancia et al,
1980; Faris et al, 1980). Maximal change in heart rate (HR) induced by each
change in arterial pressure was measured. Correlations between maximal
changes in heart period (HP = 1/HR) and related maximal changes in arterial
pressure were calculated using linear regression. Although values of BRS deter-
mined by serial phenylephrine injections were slightly higher than obtained by
sedium nitroprusside, the differences were not statistically significant. There-
fore, linear regression was applied to the complete set of correlations between
heart rate and arterial pressure. Only significant correlations were used and the
slope was taken as an index for BRS (For example, see Fig. A.2).

BRS was determined on control day, on the 1st and 5th day of intravenous
infusion of 12 g NA.kg™".hi™! and on the 1st and 4th day of infusion of 36 ug
NA.kg ' .hr''. Rats were used as their own control: data were analyzed by
means of a Student’s t-test for paired values.
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A.3. Hesults

Fig. A.3 shows the mean S.D. in MAP on control day and on 5 consecutive days
of intravenous infusion of saline or NA in doses of 12 and 36 ug.kg™*.hr™. Varia-
bility in arterial pressure increased with the dose-dependent increases in MAP
(Fig. 3.1.b). During intravenous infusion of 12 ug NA.kg™*.hr™!, mean S.D. was
approximately 10 mmHg and during infusion of 36 ug NA kg™ .hr™?, even levels
of 20 mmHg were obtained.

Fig. A.4a shows the power spectrum of a rat’s arterial pressure signal un-
der normal conditions. Clear contributions of the following components were
seen:

- hetween 5.0 and 7.0 Hz, variations were aftributed to HR,

~ between 1.5 and 2.5 Hz, variations were possibly reflecting respiratory ac-
tivity,

- smaller than 1.0 Hz, variations were slow-wave components the physiological
correlates of which are poorly understood.

Along with the intravenous infusion of 36 ug NA kg™ .hr™, comparing Fig.
A.5a with Fig. A.4a, HR contributions tended to spread over a wider frequency
band (3.0<F<7.5 Hz) whereas low-frequency components with F<0.05, com-
paring Fig. A.5b with Fig. A.4b, tended to increase.

Table A.1 shows the effect of intravenous infusion of 12 and 36 ug
NA.kg™'.hr™1 on BRS. While no changes in BRS were observed on the 1st
day of NA infusion, both doses of NA decreased BRS significantly in the
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Figure A.3

Variability in arterial pressure during intravenous infusion of saline or two doses of NA,
*p <0.05; "*p <0.005 indicate statistically significant differences vs. corresponding
saline data (Student's t-test for unpaired values).
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DAY 0:  MAP 118 + 4
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Figure A.4

a. Power spectrum of arterial pressure time series of a rat under control conditions.
b. Extended horizontal axis

For further explanation, see text.
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DAY 4:  MAP 121 + 19
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Figure A5

a. Power spectrum of arterial pressure time series of a rat on the 4th day of intravenous
infusion of 36 ug NAkgt.hrt.

b. Extended horizontal axis.

For further explanation, see text.
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later phase of infusion. However, decreases in BRS were not parallel to MAP ©
related increases in variability: arterial pressure variability was higher during in-
fusion of 36 pg NAKg™ .hr™' compared with 12 ug NA kg™ .hr™%, but BRS was
not further decreased.

A.4. Discussion

Several procedures were followed in order to characterize the increased variab
lity of arterial pressure during chronic intravenous infusion of NA. The magni-
tude of the variability expressed as the S.D. of daily MAP values appeared to
correlate with the height of MAP.

The nature of the variability determined by the contributions of various fre-
quency components in the power spectrum of the arterial pressure time series,
was associated with broadening of the heart rate components over a wider fre-
guency band and with increasing of the contribution of slow-wave components.

Before more definite conclusions can be drawn on the participation of dif-
ferent frequency components in variability, a more extensive series of experi-
ments needs to be performed.

In studies on hypertensive patients, S.D. in MAP determined over a 24-hour
period is increased when compared with normotensive controls (Mancia et al,
1980). Significant positive correlations were found between variability and systo-
lic arterial pressure but there seemed to exist no clear relation between variabili-
ty and diastolic pressure (Littler et al, 1978; Clement et al, 1979; Watson et al,
1980). In spontaneously hypertensive rats, variability of arterial pressure is also
increased at high pressure levels (Frohlich et al, 1972).

The importance of power spectrum analysis to obtain insight in cardiovas-
cular control, has been acknowledged (Akselrod et al, 1981). The increase in
the contribution of low-frequency components to arterial pressure variability in-
duced by intravenous NA infusion may point at intermittent slow release of hu-
moral agents which elicit a vasopressor response directly or indirectly. But it
could be established by means of power spectrum analysis that the renin-
anglotensin system is not responsible for ascillations in arterial pressure of dogs
fed on a chronically altered sodium level (Shimada and Marsh, 1979). However,
the blockade of the renin-angiotensin system by converting enzyme inhibition in-
creases the low-fréquency heart rate fluctuations drastically in dogs on a normal
diet (Akselrod et al, 1981). Fluctuations in heart rate may cause fluctuations in
cardiac output and thereby in arterial pressure (Shimada and Marsh, 1973). Du-
ring intravenous NA infusion, the release pattern of renin could be changed
without necessarily influencing overall plasma renin activity (see chapter 5). Ad-
ditional infusion of the converting enzyme inhibitor captopril, however, does not
affect the S.D. in MAP of the NA-infused rats.

Since elimination of the baroreflex mechanism by afferent denervation
{(Norman et al, 1980; Cowley, 1981) or lesion of the nucleus tractus solitarii
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(Nathan and Reis, 1977; Talman et al, 1980) induces high variability of arterial
pressure, changed BRS has been associated with variability observed in hypsr-
tension. BRS has been shown to be decreased in hypertensive men (Simon et
al, 1977} and spontaneously hypertensive rats (Struyker-Boudier et al, 1982).
However, decreased BRS is correlated only weakly with arterial pressure varia-
bility in men (Mancia et al, 1980).

Decreased BRS is partly associated with increased arterial pressure varia-
bility during hypertension produced by chronic intravenous NA infusion as is
shown in Table A.1. But during infusion of 36 ug NA. kg™'.hr™', BRS was de-
creased to the same extent as during infusion of 12 g NA. kg™ *.hr™, while varia-
bility of arterial pressure was substantially higher.

The decrease in BRS cannot be attributed to effects of NA itself on sino-aortic
baroreceptors since MA is known to increase baroreceptor afferent nerve activity
in isolated carotid sinus preparations {Tomomatsu and Nishi, 1981; Yao and Tho-
rén, 1983) and therefore is not likely to cause inhibition of baroreceptors. Decrea-
ses in BRS may parallel the development of hypertension via the reduction of dis-
tensibility of blood vessels in which the baroreceptors are located, or secondarily
as a result of functional alterations in the central nervous system.

Furthermore, in in-vitro aortic arch-aortic nerve preparations of normotensive
rats, increases of extraceliular potassium concentrations appear to decrease the
baroreflex sensitivity (Andresen et al, 1979). The changes in electrolyte balance
e.g. the small increases in extraceliular potassium concentrations during intrave-
nous NA infusion as described in chapter 8, may decrease BRS.

ltcould be argued that the variability in arterial pressure was caused by varia-
tions in the minute-to-minute release rate of NA by the osmotic minipumps crea-
ting in fact an artificial pheachromocytoma (Mancia et al, 1979; Bravo et al, 1979).
This would also imply that variability in heart rate was produced by this pulsatile
release pattern of the osmotic minipumps because NA was infused via the jugular
vein, approaching the heart as first target.

However, intravenous injection of the ganglion blocker chlorisondami-
ne{(5-7.5 mg.kg-1) abolishes the variability in heart rate but does not affect variabi-
lity in arterial pressure despite of the fact that MAP was lowered by approximately
40 mmHg indicating that the minipumps do not release NA in a pulsatile manner
{Smits et al, 1983). Subsequent bolus injections of NA after ganglion blockade do
increase heart rate so that it is concluded that the responsiveness of adrenacep-
tors remains unaltered by ganglion blockade.

Therefore, variability in arterial pressure during intravenous infusion of NA
is not due to fluctuations in the release of NA by the osmotic minipumps. Variability
is partly associated with decreased baroreflex sensitivity. Since ganglion blocka-
de lowers MAP without affecting variability, the observed slow oscillations in arte-
rial pressure are partly neither of neurogenic origin nor related to the height of arte-
rial pressure, but seem to be an intrinsic feature of the peripheral vascular system
responding to excessive amounts of NA.
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