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Chapter 1

General introduction

The renin-angiotensin system (RAS) has traditionally been viewed as a
circulating system. Kidney-derived renin cleaves liver-derived angiotensinogen
in the circulation, to form angiotensin 1 (Angl). Subsequently, Angll is
generated from Angl by angiotensin-converting enzyme (ACE) located at the
luminal side of the endothelium or by ACE in blood plasma. According to the
classical concept the RAS is a hormonal system, designed to deliver the effector
peptide AnglI to different tissue sites, where it exerts its effects via stimulation
of Angll receptors. Two types of Angll receptors have been described so far,
AT, and AT,

Angll plays an important role in the cardiovascular homeostasis. Not only
is it a potent vasoconstrictor, it also stimulates renal sodium reabsorption and
adrenal aldosterone production and -release. Furthermore, it is believed to act as
a growth factor’. All these effects are mediated via the AT, receptor. The role
of the AT, receptor is less clear; it may oppose some of the AT, receptor-
mediated effects™. The proportion of AT, and AT, receptors changes during
development. In fetal tissues AT, receptor expression is dominant, but this
abundance is followed by a rapid decline immediately after birth®.

In light of the vasoconstrictor and growth stimulating effects of Angll it
is not surprising that RAS blockade is beneficial in cardiovascular diseases.
Renin inhibitors, although at present not further developed due to their poor oral
bioavailability, reduce blood pressure effectively’™. ACE inhibitors, the class of
RAS inhibitors that was developed first, are effective blood pressure lowering
agents, and cause regression of cardiac hypertrophy and postinfarction
remodeling in subjects with heart failure'®!", This also appears to apply to AT~

receptor antagonists, the most recently developed class of RAS inhibitors' '8,
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The effects of ACE inhibitors on cardiac hypertrophy were shown to be
independent, at least partly, from the blood pressure lowering effect of these
drugs'™!”. This may indicate that ACE inhibitors have local effects in the heatt,
in addition to their blood pressure lowering effects. Indeed, the existence of a
so-called local RAS, as opposed to the circulating RAS, has been proposed in
the heart™. In fact, such local renin-angiotensin systems may exist in many
organs. RAS components and their messenger RNAs have now been identified
in kidney, adrenal, brain, ovary, testis, eye and heart'®?®, Many investigators
have speculated on the role and regulation of these local renin-angiotensin
systems. So far it has been difficult to clearly separate the circulating- and the
local RAS. Tt is even possible that the circulating RAS serves to deliver renin
and angiotensinogen to tissue sites, where local angiotensin production may then
occur,

The cardiac RAS is believed to play an important role in cardiac growth
and remodeling™. A better understanding of how and where angiotensins are
produced in the heart may shed further light on the mechanism by which RAS
inhibitors exert their effects in the heart.

1.1 Circulating renin-angiotensin system

Renin
The kidney releases both renin and ifs inactive precursor, prorenin, into the
circulation, Renal renin release is influenced by blood pressure, the sodium load
of the organism, the activity of the sympathetic nervous system, and a number
of humoral or locally generated factors. Angll inhibits renin release directly via
AT,-receptors and indirectly via a rise in blood pressure and an increase of the
sodium chloride load.

At present, the kidney is the only organ that is known to convert prorenin

into renin. Normally, approximately 90% of plasma total renin (renin +
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General introduction

prorenin) is present as prorenin. Following a bilateral nephrectomy, plasma
renin, but not plasma prorenin, decreases to very low levels?’?®, This suggests
that the kidney is the main or only source of plasma renin, whereas prorenin
may be synthesized extrarenally as well, Indeed, prorenin release into the
circulation has been demonstrated for several extrarenal organs, e.g. the ovary,
testis and adrenal®,

The function of prorenin remains unclear. Recently, renin receptors have
been described®™*, which bind renin and prorenin equally well*'. Renin binding
at tissue sites may be involved in the cascade leading to local angiotensin
generation. Possibly, prorenin competitively prevents renin from binding to these
receptors, thereby blocking the local formation of AnglI'! (Fig. 1). Alternatively,
prorenin might be converted to renin at tissue sites following receptor binding.
This activation may occur either on the cell surface or intracellularly (Fig. 1)

Renin appears to be metabolized mainly by the liver”. The half-life of
circulating renin is approximately 30 min®®, Renal clearance of renin is very
low™'. Renin has been detected immunohistochemically in the proximal tubule,

and low levels can be measured in urine.

A B

O OO

B (D)
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LOCAL ACTIVATION COMPETITION ®=prorenln
O=renln
*  -prosegment
Figure 1. Prorenin binding to (projrenin binding receptors may lead to prorenin

activation (A), either extra- or intracellularly, thereby stimulating local
angiotensin generation, or, when activation does not occur (B), it may
competitively prevent renin from binding, thereby inhibiting local angiotensin
generation.
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Angiotensinogen
The liver is the main source of circulating angiotensinogen. Although
angiotensinogen mRNA has been demonstrated in other organs (e.g. kidney,
brain and heart)” it remains uncertain whether extrahepatically produced
angiotensinogen contributes to the plasma levels of angiotensinogen.
Angiotensinogen production in the liver is stimulated by estrogens,
glucocorticoids and AngII**¥, Plasma angiotensinogen is cleared mainly by the
kidneys via receptor-mediated endocytosis, its elimination half-life being

approximately 10 hours®,

ACE
ACE has been detected on many cell types, but the conversion of circulating
Angl is probably mainly mediated by endothelial ACE. Plasma ACE appears to
be of minor importance®, Tts levels are partly determined by the so-calted
insertion/deletion ACE gene polymorphism®, This may also apply to tissue (i.e.,
endothelial) ACE".

ACE expression is subject to negative feedback by Angll*.

Angiotensin I and Il
Both Angl and II are rapidly degraded by angiotensinases located in the vessel
wall, their half-lives in the circulation being less than one minute. In early
studies in sheep®, Angl and II clearance across the pulmonary and combined
systemic vascular beds was calculated from the arteriovenous differences
measured across these beds during infitsion of high doses of Angl or II into the
pulmonary artery. These studies already indicated that the reaction of circulating
renin with circulating angiotensinogen ("plasma renin activity”, PRA) was
insufficient to make up for the rapid degradation of both angiotensins.

More recently, the regional clearance and metabolism of Angl and Angll
44,45

have been quantified, both in humans*** and in pigs™*, by giving constant

infusions of radiolabeled "*I-Angl or '®I-Angll. In humans the infusions were

10
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given through an antecubital vein, and in pigs into the left cardiac ventricle.
Blood was obtained from various arterial and venous sampling sites for
measurements of radiolabeled Angl and II. Additional measurements of the
levels of endogenous Angl and I, and measurements of PRA at physiological
pH made it possible to estimate how much of the venous Angl could be
attributed to arterial delivery, how much to de novo synthesis, and what
propottion of de novo synthesized Angl depends on the action of circulating
renin on circulating angiotensinogen. It was also possible to calculate how much
of the venous angiotensin II originated from arterial delivery and how much
originated from conversion of arterially delivered Angl.

It was found that, in all vascular beds studied™ * (heart, kidney, limbs,
liver, head, skin), a major proportion of venous Angl originated from de novo
production and that PRA contributed little to this production. One can therefore
conclude that Angl is produced at tissue sites and that part of it is released into
the circulation. While most of venous Angl appears not to be generated by the
action of circulating renin on circulating angiotensinogen, the level of venous
Angl produced at tissue sites correlated strongly with the level of PRA*. This
suggests that it is kidney-derived renin that is responsible for the production of
Angl at tissue sites.

For Angll, the situation is different. Most, if not all, venous Angll appears
to originate from Angll delivered by the artery and from that generated by
conversion of arterially delivered angiotensin [**. Thus, angiotensin I produced
at tissue sites and released into the circulation may have escaped conversion to
Angll, It is possible that Angl produced in the tissue enters the blood at a level
distal to the site where arterially delivered Angl is converted to Angll by the
vascular endothelium, so that this conversion site is bypassed. Angl formed at
tissue sites may enter the circulation at the level of the capillaries or venules,
whereas conversion of Angl to Angli occurs at the level of the arterioles.

Alternatively, Angll is produced in the tissue and may remain there,

11
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Effect of RAS inhibitors on circulating RAS components

Inhibition of the RAS always results in the onset of feed-back processes (Table
1). Remikiren inhibits plasma renin activity, thereby leading to reduced plasma
Angl and AnglI concentrations’. Consequently, renin release from the kidney
will increase, resulting in elevated immunoreactive renin levels™. However, due
to the presence of the renin inhibitor, this renin is enzymatically inactive. ACE
inhibitors also cause a rise in plasma renin, and as a result of that, a rise in
plasma Angl, Plasma Angll is reduced initially, but it may rise to levels above
normal during chronic treatment, as a result of the increased renin and Angl
concentrations®, AT,-receptor antagonists will not only increase plasma renin
and Angl, but plasma Angll as well™!,

1.2 Cardiac renin-angiotensin system

Renin

Renin mRNA concentrations in normal hearts are very low or undetectable®*,
suggesting that under normal condifions cardiac renin synthesis is unlikely to
occur. It is possible, however, that during foetal development® or under
pathological conditions®!, the renin gene is expressed in the heart. Cultured
cardiac cells (cardiomyocytes, fibroblasts, vascular smooth muscle cells and
endothelial cells) have all been teported to synthesize renin**>%, However, the
relevance of such findings for the in vivo situation may be questioned.
Moreover, since appropriate control measurements with specific renin inhibitors
were usually not performed, it is possible that renin-like enzymes such as
cathepsin D*, and not renin itself, were detected. Renin has been measured in
the heart of normal and nephrectomized pigs™. Angl-generating activity of
cardiac tissue was identified as renin by its inhibition by a specific active site-
directed renin inhibitor. The levels of renin in cardiac tissue (expressed per g

12
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wet weight) were found to be similar to those in plasma. The tissue levels of
renin, therefore, could not be accounted for by trapped plasma, suggesting that
renin may have been sequestered actively by the heart. Both in cardiac tissue
and in plasma, renin fell to undetectable levels after nephrectomy, suggesting
that under normal circumstances most, if not all, renin present in the heart
originates from the kidney.

Not much is known about cardiac renin sequestration. Renin, like ACE,
was found to be enriched in a purified cardiac membrane fraction prepared
from left ventricular tissue, suggesting that uptake of kidney-derived renin in the
heart may occur through binding to cell membranes™. This would fit with the

332 Binding to cell membranes is also

recently described renin receptors
suggested by chemical cross-linking studies using membrane fractions prepared
from various tissues, including heart and blood vessels®. The possibility that
prorenin, following its binding to these receptors, is locally activated cannot be

excluded, However, such local activation has never been demonstrated.

Angiotensinogen

Angiotensinogen mRNA can be detected in the heart’™", Its levels are
approximately 1% of the angiotensinogen mRNA levels in the liver’”. An
increase in cardiac angiotensinogen mRNA has been reported following
myocardial infarction®, but this could not be confirmed by others®!. Cultured
neonatal rat cardiomyocytes and fibroblasts appeared to release angiotensinogen
into the medium under serum-free conditions®. Other cells in the heart that have
been reported to synthesize angiotensinogen are vascular smooth muscle cells®®
and endothelial cells™,

The angiotensinogen concentration in porcine cardiac tissue are 10-25%
of the levels in plasma, which is compatible with its diffusion from plasma into
the interstitium®, Angiotensinogen is generally believed to be distributed equally
across the extracellular fluid®, It appears therefore that cardiac angiotensinogen
is largely derived from the circulation. The contribution of locally synthesized

13
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angiotensinogen, if present at all, is probably small. In support of this
assumption, the angiotensinogen concentrations in the coronary effluent of the
isolated perfused rat Langendorff heart are < 0.1% of the levels normally found
in rat blood plasma®'.

ACE

ACE has been demonstrated in the rat heart by autoradiography, using a
radiolabeled ACE inhibitor®, as well as by measurements of its activity in
cardiac homogenates®®, ACE mRNA is readily detectable in cardiac tissue®,
According to some investigators, cardiac ACE is normally limited to the
coronary vascular endothelial cells and the endocardium®. Cardiac ACE protein

and mRNA are increased following myocardial infarction®%

as well as during
pressure overload induced left ventricular hypertrophy®. Under these conditions
the localization of ACE may no longer be limited to the endothelium, In
humans, following myocardial infarction, ACE can be detected in the remaining
viable cardiomyocytes near the infarct scar of the aneurysmal left ventricle, as
well as in fibroblasts, vascular smooth muscle cells and macrophages in the scar
area itself®. In rats, following coronary occlusion, ACE was demonstrated in

fibroblasts in the healthy hypertrophying part of the heart®.

Angiotensin I and If

The concentration of Angl in cardiac tissue (expressed per g wet weight) is
similar to the level in plasma, whereas the cardiac tissue concentration of Angll
is two to three times the level in plasma®®’. The cardiac angiotensin levels,
therefore, are far too high to be explained by trapped blood or by simple
diffusion of angiotensins from plasma into the interstitial fluid. However, such
relatively high concentrations cannot be taken as unequivocal evidence that Angl
and 11 are generated in cardiac tissue independently of the circulating renin-
angiotensin system. For example, Angll may have been sequestered fiom the

circulation by a receptor-dependent process.

14
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As mentioned above, measurements of circulating angiotensins during '*I-

Angl infusion into the left cardiac ventricle provided evidence for the release of
Angl from cardiac tissue sites. These measurements of circulating angiotensins
provided no evidence for the release of tissue Angll into the circulation. Thus,
taken together, the evidence available so far suggests that Angl and possibly
Angll are generated in cardiac tissue, and that of these locally generated
angiotensins , only Angl is released into the circulation. Angl and II may be
formed in different tissue compartments which are not all capable of exchanging
freely with the circulation. Levels of Angl and II were undetectably low in both
plasma and cardiac tissue following a bilateral nephrectomy®. This is a strong

indication that cardiac angiotensin generafion 2 vivo depends on renin from the

kidney.
—_— /_—\
: BLOOD
AOGEN AoceN [y Ml \_/ AKG 11 —
[ace]
1 VESSEL WALL
AOGEN “°°E"$ Ane < T INTERSTETIAL FLUAD
&vmwﬁﬁ {:.f'z, AT
CARDIOMYOCYTES/S
! ! FIBROBLASTS
Figure 2, Origin of cardiac angiotensin I and II. See text {under Cardiac renin-

angiotensin system, Angiotensin [ and II) for a detailed description. Not
addressed in the Figure are 1) intracellular angiotensin generation by locally
synthesized renin or renin taken up from the circulation {depicted by a question
mark) and 2) how AT, receptor-mediated endocytosis (also depicted by a
question mark) night affect the intracellular Angll levels,
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A scheme depicting the possible angiotensin production sites is shown in
Fig. 2. Angiotensin production may either occur in extracellular fluid (blood
plasma and/or interstitial fluid) or at the tissue-fluid interphase (i.e., on the cell
membrane). A third possibility, not shown in the Figure, is intracellular
production of angiotensin by renin that is locally synthesized or taken up from
the circulation. Future investigation will have to address 1) what proportion of
angiotensinogen cleavage occurs by intracellular renin, membrane-associated
renin or renin in the fluid phase and 2) the exact localization of Angl and II in
cardiac tissue (intracellular, extracellular or membrane-bound). Extracellularly
formed Angll may, via receptor-mediated endocytosis, reach the intracellular

compartment.

Effect of RAS inhibitors on cardiac RAS levels

At present, not much is known about changes in cardiac RAS component
levels during treatment with RAS inhibitors (Table 1). Renin is elevated in
cardiac tissue of both humans® and pigs® treated with ACE inhibitors, whereas
cardiac angiotensinogen is decreased under these conditions®®%, ACE inhibition
with perindopril led to a 2-4 fold increase in cardiac Angl”. Cardiac Angll did
not change unless very high doses of quinalapril were applied. The AT, receptor
antagonist losartan increased cardiac Angl and Il approximately 7- and 2-fold,
respectively’. As a consequence of these non-parallel changes in cardiac Angl
and II, the cardiac Angll/l ratio decreased both with quinalapril and losartan.
The decrease in cardiac Angll/T ratio during quinalapril treatment most likely
iltustrates the degree of ACE inhibition obtained in cardiac tissue. The decrease
in cardiac Angll/l ratio during losartan treatment is more difficult to explain,
especially since cardiac ACE activity was unchanged following losartan
treatment’’. The authors speculated that a proportion of the measured tissue level
of Angll may have been receptor-bound and protected from metabolism and that
the displacement of receptor-bound Angll by losartan may have accelerated local
tissue metabolism of Angll, with a consequent decrease in the Angll/I ratio.

16
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Table 1. Effect of renin inhibition, ACE inhibition and AT, receptor
blockade on renin-angiotensin system component levels in blood plasma and
heart.

Immuno- Enzym- Angl Angll  Angll/I

reactive atically ratio
renin active
renin

Plasma
renin inhibition + \) J \! N.D.
ACE inhibition T T T 4 2
AT, receptor blockade T ) 0 T =
Heart
renin inhibition N.D. I:I.D. N.D. N.D. N.D.
ACE inhibition ) 1 T = J
AT, receptor blockade N.D. N.D. ) T \

T, increase; V, decrease; =, no change; N.D., not done. Data are taken from
references 7, 9, 13, 14, 68, 69, 70 and 71,
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1.3 Aim of the thesis

In order to obtain detailed information about angiotensin production at tissue

sites in the heart we have studied:

/. The cardiac uptake and clearance of arterially delivered renin,

angiotensinogen, angiotensin I and angiotensin II.

2. The localization and clearance of locally generated angiotensin I and IT in
the heart.

We made use of a modified version of the isolated perfused rat Langendorff
heart, which allowed the separate collection of coronary effluent (CE) and
interstitial transudate (IST). RAS components were infused in the perfusion
system and their presence in CE, IST and tissue was investigated under steady-
state conditions and following discontinuation of their infusion (chapters 2-4).
Infusion of Angl resulted in local generation of Angll, whereas during combined
infusion of renin and angiotensinogen both Angl and 1T were locally generated
(chapters 2 and 4). Infusions were performed under control conditions and in the
presence of an AT, receptor antagonist in order to investigate the binding of
Angll to cardiac AT, receptors (chapter 4). AT, receptor-mediated uptake of
arterially delivered AnglIl in the heart and other organs, as well as the in vivo
tissue half life of plasma Angll, was studied in pigs (chapter 5). Finally, Angl-
to-I conversion on the endothelial surface and at deeper sites in coronary
arteries was investigated using and in vitro model allowing luminal and
adventitial administration of Angl (chapter 6).
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Chapier 2

Renin-angiotensin system components in the interstitial
fluid of the isolated perfused rat heart,
Local production of angiotensin I.

2.1 Abstract

A medification of the isolated perfused rat heart, in which coronary effluent (CE) and
interstitial transudate (IST) were separately collected, to investigate the uptake and clearance
of exogenous renin, angiotensinogen and angiotensin I (Angl) as well as the cardiac
production of Angl. The levels of these compounds in IST were considered to be
representative of the levels in the cardiac interstitial fluid. During perfusion with renin or
angiotensinogen, the steady-state levels (mean * s.d.) in IST were 64 + 34% (p<0.05 for
difference from the arterial level, n=8) and 108 + 42% (n=6) of the arterial level,
respectively, and the levels in CE were not significantly different from those in IST, Angl
was not detectable in IST during perfusion with Tyrode’s buffer or angiotensinogen. It was
very low in IST during perfusion with renin, and rose to much higher levels during
combined renin/angiotensinogen perfusion. The total production rate of Angl present in
interstitial fluid could be largely explained by the renin-angiotensinogen reaction in the fluid
phase of the interstitial compartment. In contrast, the total production rate of Angl present
in CE and the net ejection rate of Angl via CE were, respectively, 4.6 £ 2.2 and 2.8 + 1.3
(p<0.01 and p<0.05 for difference from 1.0, n=6) times higher than could be explained by
Angl formation in the fluid phase of the intravascular compartment. Angl from the
interstitial fluid contributed little to the Angl in the intravascular fluid, and vice versa. These
data reveal two tissue sites of Angl production, i.e. the interstitial fluid and a site closer to
the blood compartment, possibly vascular surface-bound renin, There was no evidence that
the release of locally produced Angl into CE and IST occurred independently of blood-
derived renin or angiotensinogen.
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2.2 Introduction

A local renin-angiotensin system (RAS) in the heart may contribute to the
pathogenesis of congestive heart faifure, cardiac hypertrophy and remodeling, and
reperfusion arrhythmias'™. The RAS components, renin, angiotensinogen, angiotensin-
converting enzyme (ACE), and angiotensin {Ang) I and TI, which are all present in
circulating blood, have also been identified in cardiac tissue™®. In addition, the tissue
concentrations of Angl and II are too high to be explained simply by passive diffusion
out of the blood and distribution into the interstitial fluid®,

Perfusion of the isolated rat Langendorff heart with Angl leads to the
appearance of Angll in the coronary effluent”®, and perfusion with renin leads to the
appearance of both Angl and II'. Part of the Angl in the coronary venous blood
appears to originate from local production at cardiac tissue sites’, but it is not known
how much of this local production depends on renin that is synthesized by the heart
and how much on renin from the kidney. It has been reported that, in pigs, the release
of locally produced Angl into the coronary circulation is directly proportional to the
level of renin activity in circulating plasma’, and that the cardiac tissue levels of
renin, Angl and Angll are undetectably low 30 howrs after bilateral nephrectomy,
when plasma renin activity was practicaily zero® In the rat, the cardiac tissue levels
of Angl and II were also lowered by nephrectomy, although small quantities of Angll
are still detectable both in cardiac tissue and in blood®. These observations indicate
that the presence of Angl and II in cardiac tissue depends, at least in part, on kidney-
derived renin.

Little is known about the cardiac uptake of blood-derived RAS components.
The sites of cardiac Angl and II production are also unknown. A unique model to
address these issues is a modified version of the Langendorff heart'®’?, which enables
the investigator to separately collect the coronary effluent and the transudate derived
from the interstitial fluid compartment. We report here on the use of this modetl to
study the transport and distribution of blood-derived renin and angiotensinogen and

to investigate the local intracardiac production of Angl.
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2.3 Materials and methods

2.3.1 Chemicals

[1le’]-Ang-(1-10) decapeptide (Angl) was obtained from Bachem, Bubendorf,
Switzerland. 'Cr-EDTA and '#I-labeled human serum albumin (HSA) were obtained
from Armersham, s Hertogenbosch, The Netherlands. Bovine serum albumin (BSA)
was from Sigma, St. Louis, MO, USA. 1,10-phenanthroline was from Merck, Darm-
stadt, Germany. Sodium pentobarbital was obtained from Apharma, Arnhem, The
Netherlands. The AT, receptor antagonist, losartan, was a kind gift of Dr. R.D. Smith,
Du Pont Merck, Wilmington, Del., USA. The renin inhibitor, remikiren, was a kind
gift of Dr. P. van Brummelen, Hoffmann-La Roche, Basel, Switzerland. All other
reagents were of standard laboratory grade.

2.3.2 Preparation of renin and angiotensinogen

Renin was prepared from rat or porcine kidneys. Both rat renin and porcine renin
were used to perfuse the rat Langendorff hearts. Most of these perfusions were carried
out with porcine renin, because of the limited availability of sufficient quantities of
rat renin.

Angiotensinogen was prepared from plasma of nephrectomized rats, pigs or
sheep. Rat angiotensinogen was used as a substrate for rat renin measurements, and
porcine or sheep angiotensinogen was used for porcine renin measurements. Under
the conditions of our experiments, sheep angiotensinogen yielded higher quantities of
Angl than porcine angiotensinogen when incubated with porcine renin. The
angiotensinogens were also used to perfuse the Langendorfl heart. Most of these
perfusions were carried out with porcine or sheep angiotensinogen, because of the
limited availability of sufficient quantities of rat angiotensinogen.
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For renin preparation, kidney tissue was homogenized (1/1, weight/volume)
with a Polytron PT10/35 (Kinematica, Luzern, Switzerland) in 0.01 mol/I. phosphate
butfer, pH 7.4, containing 0.15 mol/L. NaCl. The homogenate was dialyzed for 48 h
at 4 °C against 0.05 mol/LL glycine buffer, pH 3.3, containing 0.001 mol/L disodium
EDTA and 0.095 mol/L. NaCl®, This was followed by dialysis for 24 h against 0.1
mol/L. phosphate buffer, pH 7.4, containing 0.001 mol/L. disodium EDTA and 0.075
mol/L. NaCl. The content of the dialysis bag was then collected, and denatured protein
was removed by centrifugation at 20,000g for 20 min at 4 °C. The supernatant
{’semipurified renin’) was stored at -80 °C. The renin concentration was 125 pmol
Angl/min per mL in the rat renin preparation, and 600 pmol Angl/min per mL in the
porcine renin preparation, as assessed by incubation with rat and porcine
angiotensinogen, respectively®.

Angiotensinogen was prepared as described before’’. The semipurified
preparations of rat, porcine and sheep angiotensinogen were stored at -80 °C. The
angiotensinogen concentrations in these preparations were 2500, 500 and 300

pmol/mL respectively.

2.3.3 Preparation of the modified Langendorff heart

All experiments were performed under the regulations of the Animal Care Committee
of the Erasmus University, Rotterdam, The Netherlands, in accordance with the
"Guiding principles in the care and use of animals’ as approved by the American
Physiological Society.

Male Wistar rats (Harlan, Zeist, The Netherlands; 280-400 g) were anesthetized
with pentobarbital (60 mg/kg, IP), and heparinized (5,000 units/kg, TV). The hearts
(1.0-1.4 g) were rapidly excised, cooled in ice-cold Tyrode’s buffer (125 mmol/L
NaCl, 4.7 mmoVlIL. KCi, 1.4 mmol/L CaCl,, 20 mmol/L. NaHCO,, 0.4 mmol/L
NaH,PO,, 1.0 mmol/L. MgCl,, and 10 mmol/L. D-glucose, pH 7.4) until contractions
stopped, and prepared for Langendorff perfusion. Continuously carbogen-gassed
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(95% 0,/5% CO,) Tyrode’s buffer at 37 °C was perfused immediately after
cannulation of the aorta, at a constant perfusion pressure of 80 mm Hg. Coronary
flow was between 4 and 8 mL/min. Subsequently the pulmonary artery was
cannulated and the caval and pulmonary veins were carefully lgated (Fig 1). After
the ligation procedure, which took 30-45 minutes, the hearts were stabilized for 30
min,

With this modified Langendorff heart preparation it is possible fo collect
separately coronary effluent and interstitial transudate'®'?, Coronary effluent (CE),
ejected by the right ventricle, was collected via the cannulated pulmonary artery. Dead
space of the pulmonary cannula was 0.1 mL. Interstitial transudate (IST), which keeps
dripping from the heart, was collected at the apex. IST flow was 0.03-0.16 mL/min
corresponding with 0.7-2% of the coronary flow. An IST flow > 2% of the coronary
flow was considered to be an indication of leakage, e.g. from veins that were not
properly ligated. Hearts with such a high IST flow were therefore not used.

CORQGNARY EFFLUENT

Figure 1. Modified Langendorff rat heart Lues

preparation, P, perfusate; A, aorta; PA,
pulmonary artery; LVCS, left vena cava
superior; LA, left atrium; RVCS, right
vena cava superior; RA, right atrivm; VCI,
vena cava inferior; RV, right ventricle; PV, 'NTERST”ML(TQFTD

pulmonary veins; LV, left ventricle.
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2.3.4 Checking for leakage of perfusate into the interstitial transudate (IST)

The hearts were perfused with red bloed cells to check for leakage of perfusate into
IST. The blood cells were isolated from heparinized (30 units/mL) rat blood and
washed two times with carbogen-gassed Tyrode’s buffer, containing heparin (30
units/mL). The cells were diluted in this buffer to a concentration of 5x10° cells/mL,
and infused via a T-connection, into the cannulated aorta by using a Harvard 22 pump
(South Natick, MA, USA) at a speed of 0.1 mL/min for either 10 or 20 min. The
cells were counted in CE and IST samples collected from the moment the infusion

was started to the end of infusion.

2.3.5 Measurements of intravascular and interstitial fluid volumes

The hearts were perfused with 'I-HSA or *'Cr-EDTA. The radiolabeled markers were
diluted to a concentration of 0.2 pCi/mL with Tyrode’s buffer, and infused, via a T-
connection, into the cannulated aorta at a speed of 0.1 mL/min. "PI-HSA was infused
for 1 min, and 3'Cr-EDTA for 10 min.

One-min CE samples and individual IST drops (approximately 50 puL) were
collected during the infusion period, and the hearts were removed immediately after
the perfusion had been switched off. Radioactivity levels (counts per minute or cpm)
of CE, IST and the whole heart were measured with a Minaxi 5000 nultiple channel
gamma-counter (Packard Instruments, IL, USA). Intravascular and extracellular fluid
volumes (mL/g heart wet weight) were considered to be equal to the distribution
volumes of '*I-HSA and *!'Cr-EDTA, respectively, in the heart, and were calculated
as the ratio between the radioactivity of the heart (cpm/g) and the radioactivity of CE
(cpm/mL). The intravascular compartment contains the fluid present in the coronary
vascular bed and right ventricle. The interstitial fluid volume (mL/g) was calculated
by subtracting the intravascular fluid volume from the extracellular fluid volume.
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2.3.6 Perfusions with renin-angiotensin system components and collection of
coronary effluent (CE) and interstitial transudate (IST)

The Langendorff hearts were perfused with Tyrode’s buffer via the cannulated aorta.
The buffer contained the AT, receptor antagonist, losartan, in a concentration of 10
mol/L. This concentration is sufficient to prevent Angll-mediated vasoconstriction'’,
After a 30-min stabilization period, the RAS components were infused, via a T-
connection, into the cannulated aorta at a speed of 0.1 mL/min.

CE and IST were collected during and after the infusions. One-min {(4-8 mL) or
4- to 5-min (16-40 mL) samples of CE were collected into BSA-coated 10- or 50-mL
polystyrene tubes, and I-min (approximately 50 pL) or 9- to 10-min {(approximately
450-500 pL) samples of IST were collected into BSA-coated 1.5-mL Eppendorf cups.
The Eppendorf cups and polystyrene tubes used to collect samples for Angl
measurement contained a mixture of inhibitors, 5 or 25 uL in the Eppendorf cups (for
the 1-min and 9- to 10-min IST samples) and 250 or 2500 pL (for the I-min and 9-
to 10-min CE samples) in the polystyrene tubes, in order to prevent ex vivo formation
of Angl, conversion of Angl to Angll and the degradation of Angl. The mixture
consisted of 0.2 mmol/L. of the renin inhibitor remikiren, 125 mmol/L. disodium
EDTA and 25 mmol/L I,10-phenanthroline®. Remikiren is an inhibitor of human renin
(ICs, 7 x 10°'° mol/L). Tt also inhibits porcine renin (ICs, 5 x 10* mol/1)%. The
Eppendorf cups and polystyrene tubes were kept on ice during the perfusions, so that
the samples were rapidly cooled during their collection and remained cold (0-4 °C)
during the experiment. After the experiment was finished, the samples for Angl
measurement were frozen at -80 °C. Samples for the measurement of renin and

angiotensinogen were frozen at -20 °C.

2.3.7 Control perfusion with Tyrode’s buffer to study the release of endogenous

renin, angiotensinogen and angiotensin I

Langendorff hearts were perfused with Tyrode’s buffer for a period of 40 min. The
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30-min stabilization period after heart preparation (see above) was omitted here,
because we assurned that after such a long period the endogenous RAS components
would have been washed away from the CE and IST. Nine-min collections of CE and
IST were used for measurement of Angl. Each 9-min collection was followed by a

1-min collection for measurement of renin and angiotensinogen,

2.3.8 Perfusion with renin, angiotensinogen or angiotensin T to study the uptake
and washout of exogenous renin-angiofensin system components

Langendorff hearts were perfused either with porcine renin, diluted 1/8 with Tyrode’s
buffer, with undiluted porcine angiotensinogen, or with Angl, diluted to a
concentration of 400 pmol/mL with Tyrode’s buffer. The RAS components were
infused into the perfusion system for 60 min (renin and angiotensinogen) or 15 min
(Angl). After the infusion had been switched off, the hearts were either rapidly frozen
in liquid nitrogen, or subjected to a 10-min washout period.

One-min samples of CE and individual drops of IST were collected during the
infusion and washout periods for measurement of renin, angiotensinogen or Angl. The
frozen hearts were used for measurement of the steady-state tissue levels of these RAS
components. Hearts frozen after 60 min of perfusion with Tyrode’s buffer served as

controls.

2.3.9 Perfusion with renin or angiotensinogen or renin combined with

angiotensinogen to study the cardiac production of angiotensin I

Langendorff hearts were perfused with rat renin or angiotensinogen to study Angl
production from endogenous (rat) angiotensinogen and renin respectively. Other
Langendorff hearts were perfused with porcine or sheep angiotensinogen to investigate
whether these hearts were capable of producing Angl, in the absence of exogenous
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renin, possibly by the action of a renin-like enzyme in the heart. Renin, diluted 1/4
with Tyrode’s buffer or undiluted angiotensinogen were infused into the perfusion
system for 40 min, followed by 10 min washout. Nine-min collections of CE and IST
were used for measurement of Angl, Each 9-min collection was followed by a I-min
collection for measurement of renin or angiotensinogen.

Finally, a number of Langendorff hearts were perfused with porcine renin
combined with porcine or sheep angiotensinogen to study the cardiac production of
Angl from both exogenous renin and exogenous angiotensinogen. Renin, diluted 1/4
with Tyrode’s buffer, and undiluted angiotensinogen were infused into the perfusion
system for 60 min, followed by a 30 min washout. The tenin and angiotensinogen
solutions were kept at 0-4 °C with ice until they reached the cannulated aorta. Ten-
min collections of CE and IST were used for measurement of Angl, Each 10-min
collection period was followed by a 5-min collection for measurement of renin and

angiotensinogen.

2.3.10 Biochemical measurements

Renin
The concentration of renin in CE, IST or cardiac tissue homogenate was determined

by measuring the rate of Angl generation during incubation, at pH 7.4 and 37 °C,
with known amounts of angiotensinogen, in the presence of a mixture of ACE-,
angiotensinase-, and serine protease-inhibitors®. Renin concentration was defined as
the maximal Angl generation rate (V,,) at saturating concentrations of
angiotensinogen,

For measurement of renin in cardiac tissue, the hearts were rapidly frozen in
liquid nitrogen. The frozen hearts were then minced and homogenized (1/3,
weight/volume) in 0,01 mol/L. phosphate buffer, pH 7.4, containing 0.15 mol/L NaCl,
with a Polytron PT10/35. Homogenate used for the measurement of renin was treated
as follows. One mL of homogenate was dialyzed for 48 hrs at 4 °C against 0.05
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mol/L glycine buffer, pH 3.3, containing 0.095 mol/L. NaCi®'®, This was followed by
dialysis at 4 °C for 24 his against 0.1 mol/L phosphate buffer, pH 7.4, containing
0.075 mol/L. NaCl. The content of the dialysis bags was then collected, denatured
protein was removed by centrifugation at 20,000g for 20 min at 4 °C, and volume
was adjusted to 1 mL with phosphate buffer. Experiments, in which 0.1 mL rat or
porcine renin was added to 1 g frozen tissue before homogenization, showed that the
recovery of renin was better than 90%.

In the experiments, in which the hearts were perfused with Tyrode’s buffer
(control perfusion) or with rat renin, the renin concentration was determined by
incubation with rat angiotensinogen, In the experiments, in which the hearts were
perfused with porcine renin, the renin concentration was determined with the use of
porcine angiotensinogen. In the experiments, in which the hearts were perfused with
porcine renin combined with porcine angiotensinogen or sheep angiotensinogen, the
renin concentration was determined by using porcine or sheep angiotensinogen,
respectively.

The incubation mixture of the renin assay consisted of (1) 100 pL undiluted CE
or 100 pL IST diluted /3 in 0.01 mol/L phosphate buffer, pH 7.4, containing 0.15
mol/L NaCl, or 100 pL acid-pretreated tissue homogenate, (2) 100 pL of 0.01 mol/L
phosphate buffer, pH 7.4, containing 0.15 mol/L NaCl, (3) 200 uL angiotensinogen,
and (4) 14 pL of an inhibitor mixture containing phenylmethylsulfony! fluoride (0.07
mol/L.), disodium EDTA (0.14 mol/L), 8-hydroxyquinoline sulfate (0.10 mol/L), and
aprotinin (2000 kallikrein-inhibiting units per mL).

Incubation time was 1 or 2 hours, and Angl generation was linear during this
period. Angl was measured with a sensitive radioimmunoassay'®. V, . was calculated
according to the equation: V., = V x (K, + [S])/[S], in which V is the measured
Angl generation rate, K, is the Michaelis-Menten constant and [S] is the
angiotensinogen concentration in the incubate. K| was determined by 5-, 10- and 20-
min incubations of renin with serial dilutions of angiotensinogen and by constructing
Lineweaver-Burk plots of the measured Angl generation rates. K, for the reaction of
rat renin with rat angiotensinogen was 2400 pmol/mL, which agrees with the values
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IT18 K, was 420 pmol/mL for the reaction of porcine renin

reported in the literature
with porcine angiotensinogen and 110 pmol/ml, for the reaction of porcine renin with
sheep angiotensinogen.

The lowest level that could be measured for rat renin (incubated with rat
angiotensinogen)} was approximately 10 fmol Angl/min per mL in CE, 40 fmol/min
per mL in IST and 40 fmol Angl/min per g in cardiac tissue. For porcine renin
(incubated with either porcine or sheep angiotensinogen), it was approximately 5 fmol
Angl/min per mL in CE, 25 fmol Angl/min per mL in IST and 25 finol Angl/min per

g in cardiac tissue.

Angiotensinogen

The concentration of angiotensinogen in CE, IST or cardiac tissue homogenate was
measured as the maximum quantity of Angl generated during incubation, at pH 7.4
and 37 °C, with porcine kidney renin, in the presence of a mixture of ACE-,
angiotensinase- and serine protease-inhibitors®. For measurement of angiotensinogen
in cardiac tissue, the frozen hearts were rapidly minced and homogenized as described
above under 'Renin’, but the dialysis step that was used for renin measurement, was
omitted here. Experiments, in which 0,1 mL rat, porcine or sheep angiotensinogen
was added to 1 g frozen tissue before homogenization, showed that the recovery of
angiotensinogen was better than 90%,

The incubation mixture of the angiotensinogen assay consisted of (1) 100 pL
undiluted CE, 100 pL IST diluted /3 in 0.01 mol/l. phosphate buffer, pH 7.4,
containing 0.15 mol/L NaCl, or 100 pL tissue homogenate, (2) 150 pL porcine renin
diluted 1/50 in 0.01 mol/L phosphate buffer, pH 7.4, containing 0.15 mol/L. NaCl, and
(3) 14 plL inhibitor mixture (see above). Incubation time was 1 hour, and the
conditions of the assay were chosen in such a way that Angl formation was completed
within 1 hour.

The lowest level of angiotensinogen that could be measured were 0.1 pmol/mL

in CE, 0.4 pmol/mL in IST, and 0.4 pmol/g in cardiac tissue.
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Angiotensin 1

The Angl concentration of CE and IST, collected during Angl perfusion, was
measured directly with a sensitive Angl radioimmunoassay'®. Measurements were
made in 50 pL undiluted CE and 50 pL IST diluted 1/1.5 in 0.25 mol/L phosphate
buffer, pH 7.4, containing 0.15 mol/L. NaCl. Recovery of Angl added to CE or IST
was better than 95%. The lowest level of Angl that could be measured with the direct
radioimmunoassay were 15 fimol/mL in CE and 40 fiol/mL in IST.

The Angl concentration of CE, IST or cardiac tissue, during perfusion with
Tyrode’s buffer, renin, angiotensinogen or renin combined with angiotensinogen, was
measured by radicimmunoassay, after SepPak extraction and reversed phase high
performance liquid chromatography (HPLC) separation®*!%, For measurement of Angl,
the frozen hearts were minced and homogenized (1/10, weight/volume) in an iced
solution of 0.1 mol/L. HCI/80% cthanol. Homogenates were centrifuged at 20,000g
for 25 min at 4 °C, Ethanol in the supernatant was evaporated under constant air flow.
The remainder of the supernatant was diluted in 20 mL of 1% ortho-phosphoric acid
and centrifuged again at 20,000g. The supernatant was diluted with 1% ortho-
phosphoric acid 1:1 (vol/vol). CE, IST or tissue homogenate supernatants were
concentrated over the SepPak columns (SepPak C18, Waters, Millford, MA, USA),
and the concentrated extracts were subjected to HPLC followed by radioimmunoassay.
12]_labeled Angl had been added to the samples before SepPak extraction (CE and
IST samples) or before cardiac tissue homogenization (tissue homogenate samples),
as an internal standard. Recovery was better than 70%, and the Angl results were
corrected for incompiete recovery. The lowest level of Angl that could be measured
with the Angl radioimmunoassay after HPLC separation were 0.05 fmol/mL in CE,
2.5 finol/mL in IST and 2.0 fiol/g in cardiac tissue.

2.3.11 Cﬁlcu]ations

In our calculations, IST that is dripping from the heart is distinguished from the
interstitial fluid (ISF) that is present in cardiac tissue. A distinction is also made
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between exogenous arterially delivered Angl and endogenous Angl that is formed in
the LangendorfT preparation.

The production of endogernous Angl present in ISF (fmol/min) was calculated
as follows:

Angl, production = [Anglg;] x clearance of Angliy; (1)

in which [Angl¢,] is the steady state concentration of endogenous Angl (fmol/mL)

in IST.
The clearance of Angly,: was calculated according to the equation:

Clearance of Angle = ISF volume x In2/,, (2)

in which the cardiac ISF volume (mL) is the difference between the distribution
volumes of *'Cr-EDTA and 'PI-HSA, and t,, is the half-life (min) of exogenous
Angli¢;, as measured in the Angl perfusion experiments,

The production rate of Angligy (fimol/min,) predicted on the basis of the renin-
angiotensinogen reaction in the fluid phase of the interstitial compartment, was

derived from the following equation:

Angli, production in the fluid phase = AGA, x interstitial fluid volume 3)
in which AGAg, is the Angl-generating activity (finol Angl/min per mL) of IST
caused by the renin-angiotensinogen reaction in the fluid phase of the interstitial

compartment. AGAq; was derived from the levels of renin and angiotensinogen in

IST and from the Michaelis-Menten constant according to the equation:

AGAsr = [Rygrl x [Aogsr (K, + [Aogr]) (4)

in which [R;g;] is the concentration of renin (fmel Angl/min per mL) measured in
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IST, [Aog;] is the concentration of angiotensinogen (pmol/mL) in IST, and K,
(pmol/mL) is the Michaelis-Menten constant (see ’Biochemical Measurements’
above’).

Anglier production calculated according to equation (1) is referred to as
‘measured’ Angly production, because the independent variables in this equation
were measured experimentally, Anglee production, predicted by equation (3), is
referred to as ’predicted” Angy, production.

The production rate of endogenous Angl.; (fmol/min), was calculated as

follows:
Angl; production = [Angl;] x Q/(1-ER) 5)

in which [Angl..] is the steady state concentration of endogenous Angl (fmol/mL) in
CE, Q is the perfusate flow (mL/min), and ER is the extraction ratio of Angl. ER was
calculated as the fraction of exogenous Angl that is extracted from the perfusion fluid
during its passage from the arterial to the venous side of the coronary vascular bed,
as measured in the Angl perfusion experiments. This equation may overestimate
Angl production, because it accounts for the extraction of arterially delivered Angl,
whereas endogenous Angl is added to the perfusion fluid during its passage through
the coronary vascular bed.

The net ejection rate of endogenous Angl (fimol/min) via CE was calculated as

follows:
Angl. ejection = [Angl ] x Q (6)

The production rate of Anglp (fmol/min), predicted on the basis of the renin-
angiotensinogen reaction in the fluid phase of the intravascular compartment, was

derived from the following equation:
Angl; production in the fluid phase = AGA; x (intravascular fluid volume + 0.1
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mL) (7)

in which AGA; is the Angl-generating activity (fimol Angl/min per mL) of the
intravascular compartment caused by the renin-angiotensinogen reaction in the fluid
phase. The intravascular fluid volume (ml.) is the distribution volume of "“I-HSA,
and 0.1 mL is the dead space of the pulmonary artery cannula. AGA; was derived
from the levels of renin and angiotensinogen in CE and from the Michaelis-Menten

constant according to the equation:

AGAcg = [Reg] x fAogee (K, + [Aogee]) ®)

in which [R.] is the concentration of renin (fmol Angl/min per mL) measured in CE,
[Aogcz} is the concentration of angiotensinogen (pmol/mL) in CE, and K, (pmol/mL)
is the Michaelis-Menten constant (see *Biochemical Measurements’ above).

Angl.; production calculated according to equation (5) is referred to as
‘measured’ Anglg production, because the independent variables in this equation were
measured experimentally. Angl. production, predicted by equation (7), is referred to
as 'predicted’ Angl.p production.

Our analysis is based on the following assumptions: 1) the disappearance of
exogenous Angl from IST and from the cardiac interstitial fluid follows first-order
kinetics, and the half-life of exogenous Angl is not different between the two fluid
compartments, 2) the steady-state concentrations of exogemows Angl in IST and
interstitial fluid are not different, and 3) these assumptions also apply to endogernous
Angl.

In assumptions (1) and (2) above, the interstitial fluid is considered to represent
a single compartment and the only source of IST. This is supported by kinetic studies
of the transport of inert low- and high-molecular weight substances from the perfusion
fluid into IST' and by studies of the release of cardiac enzymes and metabolites into
IST!121920 45 wwell as by studies of the cardiac glucose uptake, in which glucose levels
in CE and IST were compared in the same type of Langedorff model as we used
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here.'® For assumptions (1) and (2) to be valid, it is important to exclude leakage of
perfusate directly into IST, caused by damage to the coronary vessels or inadequate
ligation of the veins. Perfusions with red blood cells showed that such leakage only
marginally contributed to the formation of IST (see under 'Results’)

Assumption {3} implies that in the interstitial fluid the half-life of endogenous
Angl is the same as the half-life of exogenous Angl. The half-life of Angl in
interstitial fluid is determined by its metabolism by peptidases, by its back-diffusion
into the intravascular compartment, and by its loss via IST. It seems logical to assume
that in the interstitial fluid these mechanisms act on endogenous Angl in the same
way as on exogenous Angl.

Is the half-life of endogenous Angl in the IST drop also the same as the half-
life of endogenous Angl in the interstitial fluid? As described in 'Results’, the half-
life of exogenous Angl in IST in the collection tube was much longer than the half-
life in the IST drop while it was still on the cardiac surface. There may be little back-
diffusion of Angl from the IST drop into the interstitial fluid, and Angl in the IST
drop may be less exposed to peptidases than Angl in the interstitial fluid. This would
result in a longer haif-life in the IST drop on the cardiac surface than in the interstitial
fluid in cardiac tissue, so that the level of endogenous Angl in the IST might be
higher than the level of endogenous Angl in the interstitial fluid. Equation (1) would
then lead to an overestimation of the true production of the Angl that is present in the
interstitial fluid. However, the Angl production calculated according to equation (1)
was close to the value predicted by equation (3) (see under 'Results’), and, since
equation (3) gives the lowest possible value, the level of endogenous Angl does not
appear to be higher in IST than in the interstitial fluid.

2.3.12 Statistical analysis

Data are expressed as means * s.d., except when indicated otherwise. In the uptake
and washout experiments, the concentrations in CE, IST and cardiac tissue are
expressed as a percentage of the arterial concentration. In the Angl generation
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experiments the concentrations in CE and IST are given as absolute values.
Intraindividual differences were evaluated for statistical significance by Student’s
paired t-test. Differences were considered to be significant for values of p < 0.05.

2.4 Results

2.4.1 Leakage of perfusate into the interstitial transudate (IST)

During 10-min and 20-min perfusions with red blood cells, the cell counts in IST
were approximately 1% of the counts in simultaneously collected CE (Table 1).
Leakage of perfusate into IST may occur when the coronary vessels are damaged or
after the veins have been improperly ligated. Our results show that such leakage only

marginally contributed to the formation of IST.

Table 1. Red blood cell counts in coronary effluent and interstitial fluid during
perfusion of the modified Langendorff heart with red blood cells.

Cardiac fluid 10 min perfusion 20 min perfusion
n=4 n=4
Coronary effluent (CE) 0.11 £ 0.5 0.17 £ 0.08

(red cells, 10'%/L)

Interstitial transudate (IST)  0.001 £ 0.001 0.002 + 0.004
(red cells, 10'%/L)

[IST/CE]x100% 0.9+ 03 L £ 1.6

Values are means + s.d..
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2.4.2 Intravascular and interstitial fluid volumes

IB_HSA, when infused into the rat Langendorff heart, entered the IST and reached
levels comparable to those in CE after approximately [0 minutes. After 1-min
perfusion with "*I-HISA the level in IST was approximately 10% of the level in CE,
We used the '"PI-HSA level in CE, collected during the first minute of infusion and
the level in cardiac tissue after 1 min of infusion, to calculate the intravascular fluid
volume, which consists of the fluid in the coronary vascular bed and the right
ventricle. It was 38% (mean, n=4) of the cardiac wet weight (Table 2), which is in
agreement with previous studies in isolated hearts?!,

SIC-EDTA, when infused into the perfusion system, reached levels in IST
comparable to those in CE within 5 minutes of infusion. No further increase was
observed when the infusion was prolonged. We used *'Cr-EDTA levels in CE and
cardiac tissue after 10 min of infusion, to calculate the extracellular fluid volume. Tt
was 61% (mean, n=0) of the cardiac wet weight (Table 2). Since 38% of the cardiac
weight consisted of intravascular fluid, the inferstitial fluid volume is estimated to be

23% of the cardiac wet weight.

2.4.3 Release of endogenous renin, angiofensinogen and angiotensin I

During 40-min perfusion with Tyrode’s buffer immediately after preparation of the
Langendorff hearts (n=4), renin and Angl were below the detection limit of the assay
in both CE and IST. Angiotensinogen was undetectable in CE but not in IST.
Angiotensinogen in IST was 4 + | pmol/mL after 10 min of perfusion with Tyrode’s
buffer, and decreased to just above the detection limit (0.4 pmol/mL) after 40 min.
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Table 2. Intravascular and extracellular fluid volumes of the modified
Langendorff heart determined with "*I-human serum albumin and ¥ Cr-EDTA
perfusions.,

Cardiac fluid or I3 HSA SIC-EDTA
cardiac tissue n=4 n=6
Coronary effluent 14600 + 5490 7650 £+ 1790
(cpm/mL)

Interstitial transudate 1790 + 898 6720 + 2360
(cpm/ml.)

Cardiac tissue 5500 + 2150 5090+ 1110
(cpm/g)

Volume of distribution 0.38 £ 0.08 0.61 £ 0.06

(mL/g cardiac wet weight)

Values are means + s.d.. *I-HSA was infused into the perfusion system for 1 min, and ¥*Cr-EDTA
for 10 min. The intravascular space consists of the volume of fluid in the coronary vascular bed and
the right ventricle. HSA, human serum albumin. cpm, counts per minute.

2.4.4 Uptake and washout of exogenous renin, angiotensinogen and

angiotensin I

Renin

During perfusion with porcine renin (n=8), the steady-state renin level in CE was 78%
of the arterial level (mean value, p < 0.05 for difference from the arterial level; see
Table 3). Thus, some of the arterially delivered renin was removed from the perfusate
by the heart. A steady-state level in IST was reached within 20 min (Fig. 2), and it
was not significantly different from that in CE (Table 3, Fig. 2). After discontinuation
of the renin perfusion, renin disappeared from CE in a biphasic pattern (Fig. 3). The
rapid first phase had a t,;, of 0.42 * 0.03 min, and the slow second phase had a ¢,
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of 3.3 £ 0.8 min. Renin disappeared from IST in a monophasic way with a t;;, of 3.9
+ 1.4 min.

The cardiac tissue level of renin (per g tissue), immediately after the renin
perfusion had been switched off, was 56 £ 9% (n=5) of the arterial level (per mL
perfusate). Since the renin level in CE was 78% of the arterial {evel and not different
from the level in IST, and since in a different series of experiments the cardiac
extracellular space was found to be 0.61 mL/g heart weight (mean value, n=6; see
Table 2), the cardiac tissue level of renin is expected to be 0.61 x 78 = 48% (mean)
of the arterial level, assuming that renin in the heart is located in the extracellular
fluid compartment and that 1 g of tissue corresponds with a volume of 1 mE%?, This
calculated value is close to the renin level that was actually measured in cardiac tissue
(56 % of the arterial level). Thus, the cardiac tissue level of renin is consistent with
its location in the extracellular fluid at a concentration similar to that of CE. Renin
was not detectable in control hearts perfused with Tyrode’s buffer (n=4).

RENIN ANGIOTENSINOGEN ANGIOTENSIN

Per¢ant of 120 120 p
arterial
concentration

100+ 1903

so: MJ eo: ]

£r —I (118
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20 20 L
& o
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E] 19 kL) 30 RO 6 [ 1% 20 30 a0 &0 [ 3 ] 12 16
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Figure 2, Levels of porcine renin {left panel; n=8), porcine angiotensinogen (middle panel; n=6)
and angiotensin I {right panel; n=5) in coronary effluent {open circles) and interstitial
transudate (closed circles) during perfusion of the modified Langendorff heart with these
renin-angiotensin system components. Values {means and s.e.m.) are expressed as
percentage of the arterial level.

42



Cardiac Angl generation

Angiotensinogen

During perfusion with porcine angiotensinogen (n=6), the steady state angiotensinogen
level in CE was not significantly different from the arterial level (Table 3). Thus, in
contrast with renin, removal of angiotensinogen from the perfusate by the heart could
not be demonstrated. Angiotensinogen did reach the IST, and in IST a steady-state
level comparable to that in CE was reached after approximately 30 min (Fig. 2). After
discontinuation of the angiotensinogen perfusion, angiotensinogen disappeared rapidly
(t;» 0.54 + 0.32 min) from CE in a monophasic way (Fig. 3), and there was no
evidence for a slow second phase, as there was during renin washout.
Angiotensinogen disappeared from IST, also in a monophasic way, with a t;, of 2.9
t 1.0 min.

Table 3. Steady-state levels of renin, angiotensinogen and angiotensin T in
coronary effluent and interstitial transudate during perfusion of the modified
Langendorff heart with renin, angiotensinogen or angiotensin I, respectively.

Cardiac {luid Renin Angiotensinogen Angiotensin 1
n=38 n=6 n=5

Coronary effluent 78.3 %+ 14.6 102.9 + 17.3 59.9 + 10.3

Interstitial

transudate 63.9 + 344 107.8 + 41.7 16.8 £ 4.6

Values are means + s.d.. Renin, angiotensinogen and angiotensin I (Angl) levels in coronary effluent
(CE) and interstitial transudate (IST) are expressed as a percentage of the arterial level, which was
calculated as the rate of renin, angiotensinogen and angiotensin [ infusion into the perfusion system
divided by the perfusate flow. Arterial renin, angiotensinogen and Angl were 1.1 + 0.2 pmol
Angl/min per inl., 1.4 £ 5.3 pmol/mL and 6.4 £ 2.6 pmol/mL, respectively. Steady-state levels of
renin and angiotensinogen were averages of the levels after 25 min, 40 min and 60 min of renin or
angiotensinogen perfusion (see Fig. 1). Steady-state levels of Angl were averages of the levels after
13, 14 and 15 min of Angl perfusion (see Fig. 1). The renin and angiotensinogen levels were not
significantly different between IST and CE. Angl in IST was lower than in CE (p<0.01). The level
of angiotensinogen in CE was not significantly different from the arterial level, The renin and
angiotensin I levels in CE were lower than the arterial level (p<0.05 and p<0.01, respectively).
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The cardiac tissue level of angiotensinogen (per g tissue), immediately after the
angiotensinogen perfusion had been switched off, was 53 * 18% (n=5) of the arterial
level {per mL perfusate). Since the angiotensinogen levels in CE and IST were not
different from the atterial level, and since in a different series of experiments the
cardiac extracellular fluid space was found to be 0.61 mL/g (mean, n=6; see Table 2),
the cardiac tissue level of angiotensinogen is expected to be 0.61 x 100 = 61% {mean)
of the arterial level, assuming that angiotensinogen is located in the extracelluiar fluid
compartment and that 1 g tissue corresponds with a volume of 1 mL%? This
calculated value is similar to the angiotensinogen level that was actually measured in
cardiac tissue (53% of the arterial level). Thus, as with renin, the cardiac tissue level
of angiotensinogen is consistent with its location in the extracellular fluid at a
concentration similar to that of CE. Angiotensinogen was not detectable in control
hearts perfused with Tyrode’s buffer (n=4).

Angiotensin I
During perfusion with Angl (n=35), the steady-state Angl level in CE was 60% of the

arterial level {mean, p < 0.01 for difference from the arterial level; see Table 3).
Thus, 40% of the arterially delivered Angl was removed from the perfusate by the
heart. A steady-state level of Angl in IST was reached within 5 min (Fig, 2). It was
17% of the arterial level, which was significantly lower than the level in CE (p <
0.01). After discontinnation of the Angl perfusion, Angl disappeared rapidly from CE
in a monophasic way (Fig. 3), with a t;;, < 0.5 min. Angl disappeared from IST, also
in a monophasic way, with a t,;, of 0.9 £ 0.6 min. Angl that was added to samples
of CE and IST after they had been collected from control hearts perfused with
Tyrode’s buffer (n=2) had a half life > 40 min at 37 °C (in the absence of the mixture
of ACE- and angiotensinase-inhibitors that was routinely used during CE and IST
collection). Thus, the rapid disappearance of Angl from IST that was observed in the
Angl perfusion experiments, was not caused by the presence of peptidases in IST, but
by the rapid removal of Angl from the cardiac interstitial fluid.
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Figure 3, Washout of porcine renin (n=8), porcine angiotensinogen (Aog, n=6) and angiotensin
I (n=5) from coronary effluent (open circles) and interstitial transudate (closed circles)
of the modified Langendorff heart after its perfusion with these renin-angiotensin system
components. Values {means and s.e.m.) are expressed as percentage of the level
immediately before discontinvation of infusion of the renin-angiotensin system
components into the perfusion systein.

The cardiac tissue level of Angl (per g tissue), immediately after the Angl
perfusion had been switched off, was less than 5% (n=3) of the arterial level (per mL
perfusate). The Angl levels in CE and IST were 60% and 17% of the arterial level,
whereas in a different series of experiments the intravascular and interstitial fluid
spaces were 0.38 and 0,23 mL/g, respectively (see Table 2). Thus, the cardiac tissue
level of Angl is expected to be 0.38 x 60 + 0.23 x 17 = 27% of the arterial level,
assuming that Angl is located in the extracellular fluid compartment and that 1 g
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tissue corresponds with a volume of I mL%, The difference from the measured result
might be related to the rapid degradation of Angl in the vascular compartment. It is
possible that the short period between the moment the Angl perfusion was stopped
and the moment the tissue was transferred into liquid nitrogen, was long enough for
the endothelial peptidases to cause a loss of most of the Angl. Angl was not
detectable in control hearts perfused with Tyrode’s buffer (n=3).

2.4.5 Cardiac production of angiotensin 1

Results obtained during perfusion with rat renin (n=4), in the absence of exogenous
angiotensinogen, are shown in Fig. 4, Angl was not detectable in CE and IST samples
collected before renin was infused into the perfusion system. In samples collected
during renin perfusion, Angl remained undetectable in CE, whereas in IST Angl rose
to levels above the detection limit of the assay. Afier an initial increase, Angl in IST
decreased, despite the continuous perfusion with renin. This may be due to the
washout of endogenous (rat) angiotensinogen during the course of the experiment,
Angl was not detectable in CE and IST samples collected during perfusion
with rat, porcine or sheep angiotensinogen (n=3). Thus, there was no evidence for
cardiac Angl production by endogenous (rat) renin or renin-like enzymes (cathepsins).
Angl was easily detectable in samples of CE and IST collected during
perfusion with porcine renin combined with porcine or sheep angiotensinogen (Fig,
5 and Tables 4 and 5). During combined renin/angiotensinogen perfusion, the level
of Angl in CE had reached its steady state maximum in the 30-40-min and 45-55-min
samples, but not in the 0-10-min and 15-25-min samples. This contrasts with the
levels of renin and angiotensinogen, which had reached their steady-state maximum
in CE within less than 5 min (see Fig. 2). The slow increase of Angl in CE, as
compated with the rapid increase of renin and angiotensinogen is an indication that
the renin-angiotensinogen reaction in the fluid-phase of the intravascular compartment
was not the only source of Angl in CE. Also in IST, Angl had reached its steady-state
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maximum in the 30-40-min and 45-55-min samples, but not in the 0-10-min and 15-
25-min samples; this corresponds well with the time required for renin and
angiotensinogen to reach their steady state maximum in IST (see Fig. 2).

Perfuslon with rat renin

Angiotensin |
fmal fmL
" 0-8 10-13 20-29 30-39 4689
minules
Renin 1000
fmol Ang | mL™!min™?
600
o
200

min rtes

Figure 4. Top panel. Angiotensin I levels in interstitial transudate during 40-min perfusion of the

modified Langendorff heart with rat renin followed by a 10-min washout (n=4). Samples
were collected over 9 minutes. Angiotensin I in simultaneously collected samples of
coronary effluent was below the defection limit of the assay. Values are means and
s.e.nl..
Bottom panel. Renin levels in coronary effluent {open circles) and interstitial transudate
{closed circles) during and after 40 minute perfusion of the modified Langendorff heart
with rat renin {n=4). One-min samples were collected every 10 minutes. Values are
means and s.e.m..
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Table 4. Levels of renin, angiotensinogen and angiotensin I in coronary effluent
and interstitial transudate during perfusion of the modified Langendorff heart
with porcine renin and porcine angiotensinogen.

RAS component Sample collection period

30-40 min 45-55 min
n=6 n=6
Renin CE 2430 £ 418 2400 £ 433
(finol Angl/ IST 1620 £ 275 1670 + 280
min per mL) IST/CE 0.70 £ 0.22 0.73 £ 0.21
Angiotensinogen CE 104 £22 10.5 £ 2.1
(pmol/mL) IST 8.2+43 8.5 4 4.3
IST/CE 0.82 + 0.43 0.81 + 0.35
Angiotensin | CE 358+ 13.9 29.5 £ 10.2
{(finol/mL) IST 62.2 + 25.0 63.5 + 29.1
IST/CE 2.51 £ 1.14* 2.53 + 0.83%

Values are means + s.d.. RAS, renin-angiotensin system, CE, coronary effluent, IST, interstitial

transudate.
¥ Significantly different from 1.00 (p<0.05).

Figs. 6 and 7 give the measured Anglyg and Angl.; production rates as derived
from equations (1) and (5) {see ’Calculations’ above), for the 30-40-min and 45-55-
min samples. The measured production rates are compared with the production rates
predicted by equations (3) and (7), which are based on the assumption that the renin-
angiotensinogen reaction in the intravascular and interstitial compartments is occurring
in the fluid phase only. The renin and angiotensinogen levels that were entered into
these calculations are shown in Tables 4 and 5.

As shown in Figs. 6 and 7, the production of Angl,; could be accounted for
by the renin-angiotensinogen reaction in the fluid phase of the interstitial

compartment. The production of Angl.g, however, was too high to be accounted for
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by the renin-angiotensinogen reaction in the fluid phase of the intravascular
compartment, In the porcine renin/porcine angiotensinogen perfusion experiments, the
measured Angleg production rate was 4.6 = 2.2 times (average of the two samples
collected at 30-40 min and 45-55-min of perfusion, p<0.01 for difference from 1.0,
n=0) the rate predicted on the basis of the renin-angiotensinogen reaction in the fluid
phase. In the porcine renin/sheep angiotensinogen perfusion experiments, the
discrepancy was even greater, the measured production rate being 7.1(4.1-10.1) times
(mean value and range, n=3) the predicted rate.

Table 5. Levels of renin, angiotensinogen and angiotensin T in coronary effluent
and interstitial transndate during perfusion of the modified Langendorff heart

with porcine renin and sheep angiotensinogen,

RAS component Sample collection period
30-40 min 45-55 min
n=3 n=3
Renin CE 1875 (1441-2444) 1948 (1618-2251)
(fmol Angl/ IST 2225 (1032-4151) 2075 (1096-3512)
min per mL) IST/CE 1.11 (0.59-1,70) 1.04 (0.59-1.56)
Angiotensinogen CE 7.0 (§.7-9.3) 6.5 (5.9-7.7)
{(pmol/mL) IST 6.1 (5.7-6.8) 6.5 (5.9-7.5)
IST/CE 0.91 (0.73-1.00) 0.99 (0.97-1.00)
Angiotensin 1 CE 90 (38-150) 100 (38-160)
(finol/ml.) IST 186 (77-370) 236 (126-380)

IST/CE 1.96 (1.38-2.45)* 2.56 (2.00-3.29)*

Values are means and ranges, RAS, renin-angiotensin system. CE, coronary effluent. IST, interstitial
transudate, Significantly different from 1.00 (p<0.05)
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Figure 5. Angiotensin I levels in coronary effluent {open bars) and interstitial transudate (hatched
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bars) dwring 60-min perfusion of the modified Langendorff heart with porcine renin,

combined with porcine angiotensinogen (left panel) or sheep angiotensinogen (right

panel), followed by a 30-min washout. Results of two individual experiments are showr.
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Figure 6. Lefl panel. Measured total production rate (open bars) vs, predicted production rate

(hatched bars) of angiotensin I present in coronary effluent during perfusion of the
modified Langendorff heart with porcine renin combined with percine angiofensinogen
(means and s.e.m., n=6). Predicted production rate was calculated on the basis of the
renin-angiotensinogen reaction in the fluid phase of the intravascular compartment.
Collection periods I and II were at 30-40 min and 45-55 min of perfusion, respectively.
Measured production rate in each of the two collection periods was significantly higher
than predicted (¥, p<0.05; *¥, p<0.01).
Right panel. Measured total production rate (open bars) vs. predicted production rate
(hatched bars) of angiotensin I in the interstitial fiuid during perfusion of the modified
Langendorff heart with porcine renin combined with poreine angiotensinogen (means
and s.e.an., n=6). Predicted production rate was calculated on the basis of the renin-
angiotensinogen reaction in the fluid phase of the interstitial compartment. Measured and
predicted production rates were not different,
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Left panel, Measured total production rate (open bars) vs, predicted production rate
(hatched bars) of angiotensin I present in coronary effluent during petfusion of the
modified Langendorff heart with porcine renin combined with sheep angiotensinogen
(means + half range, n=3), Predicted production rate was calculated on the basis of the
renin-angiotensinogen reaction in the fluid phase of the intravascular compartment.
Collection periods I and I were at 30-40 min and 45-55 min of perfusion, respectively.
Measured production rate in each of the two collection periods was higher than predicted
in ali three experiments.

Right panel. Measured total production rate {open bars) vs predicted production rate
(hatched bars) of angiotensin I present in the interstitial fluid during perfusion of the
modified Langendor{f heart with porcine renin combined with percine angiotensinogen
(means + half range, n=3). Predicted production rate was calculated on the basis of the
renin-angiotensinogen reaction in the fluid phase of the interstitial compartment,
Measured and predicted production rates were similar.
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Figure 8. Leff panel. Measured net ejection rate {open bars) vs. predicted production rate (hatched

bars) of angiotensin I present in coronary effluent during perfusion of the modified
Langendorff heart with porcine renin combined with porcine angiotensinogen {means
and s.e.m., n=6). Predicted production rate was calculated on the basis of the renin-
angiotensinogen reaction in the fluid phase of the intravascular compariment. Collection
periods I and II were at 30-4¢ min and 45-55 min of perfusion, respectively. Measured
ejection rate in each of the two collection periods was significantly higher than the
predicted production {*, p<0.05).

Right panel. Measured net ejection rate {open bars} vs. predicted production rate
{hatched bars} of angiotensin I present in coronary effluent during perfusion of the
modified Langendorff heart with porcine renin combined with sheep angiotensinogen
(means + half range, n=3). Predicted production rate was calculated on the basis of the
renin-angiotensinogen reaction in the fluid phase of the intravascular compartiment.
Collection periods I and I were at 30-4G min and 45-55 min of perfusion, respectivety,
Measured ejection rate in each of the two collection periods was higher than predicted
production in all three experiments.
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The measured production rate of Angl; may be somewhat higher than the true
production rate, because the measured production rate accounts for the extraction of
arterially delivered Angl, whereas, during combined reninfangiotensinogen perfusion,
Angl is formed in the perfusate during its passage through the coronary vascular bed.
Fig. 8, therefore, gives the net ejection rate of Angl via CE, as derived from equation
(6), which is less than the total production of Angl... It can be seen, that even with
this underestimation of the true Anglc production rate results were higher than
predicted on the basis of the renin-angiotensinogen reaction in the fluid phase. The
measured net ejection rate of Angl was 2.8 £ 1.3 times (p<0.05 for difference from
1.0, n=6) the predicted rate in the porcine renin/porcine angiotensinogen perfusion
experiments, and 4.3(2.5-6.1) times (mean value and range, n=3) the predicted rate
in the porcine renin/sheep angiotensinogen experiments. It appears therefore that part
of the Angl in CE is produced at tissue sites. The Anglig production rate was much
lower than the Anglg production rate. The contribution of Angl from the interstitial
fluid to the Angl level in CE was therefore minimal,

2.5 Discussion

This study of the cardiac uptake and production of renin-angiotensin system (RAS)
components made use of a modified Langendorff heart model, that was perfused with
an albumin-free buffer solution under normoxic conditions. In this model the coronary
effluent (CE) is ejected by the right ventricle via the cannulated pulmonary artery, and
a small amount (0.7-2%) of the infusion fluid entering the coronary arteries passes
through the vascular wall, seeps through the heart tissue and reaches the epicardial
surface. This transudate fluid, which is referred to in this article as interstitial
transudate (IST), keeps dripping from the apex, and we assumed the levels of renin,
angiotensinogen and Angl in this fluid to be representative of the levels in the cardiac
interstitial fluid.

There is indeed strong evidence to support this assumption. The protein
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concentration in IST is much higher than in the CE'". Creatine kinase, lactate
dehydrogenase and malate dehydrogenase activity levels are about 100 times higher
in IST than CE". Glucose is taken up by the heart primarily from the interstitial fluid,
whereas lactate is primarily released into this fluid rather than into CE, and this is
reflected by the glucose and lactate concentrations in IST and CE'. The levels of
renin and angiotensinogen that were reached in IST during infusions of these RAS
components into the perfusion system were similar to the levels in CE. Using a
Langendorff heart preparation somewhat different from ours, Wienen and
Kammermeier'” found that, during perfusion with dextran T-70 (nolecular weight
(mol. wt.) 70 kD), the dextran level in IST was equal to that in CE, and the same
observation was made for albumin (mol. wi. 70 kD) during perfusion with 0.01%
bovine serum albumin, In the experimental setup that was used by Wienen and
Kammermeier'®, IST was collected by slight suction under a latex cap over the
ventricles, thereby minimizing the risk of evaporation. In view of the agreement
between the results obtained by these authors and the results obtained in our
experiments, it is safe to conclude that evaporation had minimal effect on the
measured concentrations of RAS components in IST. The half-life of Angl in IST
in the collection tube was much longer than the half-life in the IST drop while it was
still on the cardiac surface. Therefore, the rapid washout of Angl from the IST, while
it was still on the cardiac surface (as observed after the discontinuation of perfusion
with Angl), therefore, reflects the rapid disappearance of Angl from the interstitial
fluid in cardiac tissue, Ail of these observations, taken together, support the view that
the composition of IST indeed reflects the composition of the cardiac interstitial fluid.
The levels of exogenous arterially delivered Angl are probably similar in the two
fluid compartments, as are the levels of endogenous Angl formed in the Langendorff
preparation, This is indicated by our finding that the Angl level measured in IST in
the combined renin and angiotensinogen perfusion experiments was not different from
the level predicted on the basis of renin-angiotensinogen reaction in the fluid phase
of the interstitial compartment.

In our renin and angiotensinogen perfusion experiments, the release of renin
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(mol. wt. 48 kD) and angiotensinogen (mol. wt. 65 kD) into the IST was slow as
compared with the release of Angl into the IST during Angl perfusion. This is
probably related to the much smaller molecular size of Angl (mol. wt. 1.297 kD).
Similar observations have been published with respect to dextran-T70 (mol, wt, 70
kD) and disulfin blue (mol. wt. 0.566 kD)™, 1t should be noted that, in order to obtain
sufficient amounts of IST for Angl measurement, we did not add serum or serum
albumin to the perfusion fluid. Albumin, however, reduces not only the movement of
water and low-molecular weight solutes from the perfusate into the IST but also the
transport of other proteins, including albumin itself®. Our results may therefore
quantitatively differ from the situation in vivo,

Our measurements of renin and angiotensinogen in IST and CE, together with
measurements of the tissue levels during perfusion with these RAS components,
indicate that most of the renin and angiotensinogen was localized in the extracellular
fluid compartment. Some of the infused renin may bind to the cell surface or may
have been taken up by the cells. Cardiac membrane fractions contain renin®, and
binding of renin to vascular membranes has been reported?’. Cellular uptake of renin
followed by intracellular proteolytic destruction may explain why, during perfusion
with renin, the renin level in CE was lower than the arterial level,

In our perfusion experiments, approximately 40% of the infused Angl was
removed from the perfusate by the heart. This is in accordance with studies in intact
pigs, which demonstrated that, in the coronary vascular bed, 45-50% of the arterially
delivered Angl was removed from the circulation®, most likely by peptidases on the
endothelial surface.

An important aspect of the present study is the evidence it provides for local
Angl formation by the heart, outside the perfusate compartment. According to our
calculations, the level of Angl in IST during combined renin and angiotensinogen
perfusion can be explained by the renin-angiotensinogen reaction in the fluid phase
of the interstitial compartment. In contrast, most of the Angl in CE was not formed
by the renin-angiotensinogen reaction in the fluid phase of the intravascular
compartment. Angl from the intravascular compartment contributed little to the Angl

56



Cardiac Angl generation

level in IST, and Angl from the cardiac interstitial fluid contributed little to the Angl
level in CE. Most of the Angl in CE appears to be formed at tissue sites, and the
direction of Angl release from these sites seems to be toward the intravascular
compartment rather than the interstitial compartment. We assume therefore that these
sites are close to the luminal surface of the blood vessel wall and represent blood
vessel wall-bound renin, as suggested by Swales and Thurston more than 20 years
ago”. The finding that the Angl level in CE was not higher than in IST does not
argue against this conclusion, because Angl, after its release into the intravascular
fluid, is rapidly washed away by the flow of perfusate. The present study extends
carlier observation in intact pigs, which suggested that the Angl concentration in
coronary venous plasma was too high to be explained by the plasma renin activity’.
With the use of biochemical and immunohistochemical methods, renin has been
demonstrated in the endothelial cells of normal human gastroepiploic arteries”. In our
experiments renin disappeared from the coronary effluent in a biphasic manner after
the renin perfusion had been stopped. The slow second phase of the disappearance
curve may correspond with the endothelial compartment. Such a slow second phase
was not observed in the disappearance curve of angiotensinogen,

Fig. 9 presents a hypothetical scheme that is compatible with our observations.
It shows two sites of Angl formation outside the perfusion fluid, namely the vascular
surface and the interstitial fluid. Some renin and also the peptidases involved in Angl
metabolism are bound to the vascular endothelial cells, Angiotensinogen and Angl are
present in the fluid phase. Most of the Angl present in coronary effluent is produced
by endothelium-bound renin, Most of the Angl present in the interstitial fluid
compartment is produced by renin present in the fluid phase of this compartment.

The local formation of Angl at cardiac tissue sites depends on arterially
delivered renin, In our perfusion experiments, Angl was undetectable in CE and IST
collected after 30 min of perfusion with Tyrode’s buffer, before the infusion of renin
into the perfusion system had been started. Also, CE collected from the classical
Langendorff heart mode!l did not contain Angl, unless renin had been added to the
perfusion fluid’. Conclusive evidence that cardiac Angl production depends on blood-
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derived renin comes from our studies of the effect of nephrectomy on the cardiac
tissue levels of Angl and II in pigs®, Both peptides became undetectable in cardiac
tissue after bilateral nephrectomy. In the present study, Angl levels in IST and CE
were much higher during combined renin and angiotensinogen perfusion than during
perfusion with renin alone. It is, therefore, reasonable to conclude that Angl
production by the heart not only depends on arteriaily delivered renin but also on

arterially delivered angiotensinogen.

— Aog => Ang |

—

> Aog =—=> Ang | «4 [0

Figure 9. Proposed scheme of angiotensin I production in the heéart. Circulating renin and
angiotensinogen (Aog) both enter the interstitial fluid compartment, and reach
concenlrations in the interstitial fluid comparable to those in the circulation. Renin also
binds to the vascular wall. Angiotensin I is metabolized by peptidases while passing
through the vessel wall. Most of the angiotensin I in the interstitium is derived from the
renin-angiotensinogen reaction in the fluid phase of this compartment. Most of the
angiotensin I in coronary effluent is produced by vascular wall-bound renin.
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The production of Angl at cardiac tissue sites may, via Angl to Angll
conversion, lead to local concentrations of Angll that are higher than can be obtained
with arterially delivered Angll, That the local formation of Angl is of physiological
importance, is suggested by our recent observations in intact pigs on the effect of
intracoronary administration of a specific renin inhibitor on cardiac contractility®®. The
inhibitor reduced cardiac contractility, whereas the time course of this effect was not
correlated with the effect of the inhibitor on the circulating levels of Angl and Ii. In
addition to its short-term effect on cardiac contractility, Angll also has long-term
effects; it promotes left ventricular hypertrophy and the remodelling that occurs after
myocardial infarction'. Angl produced locally in the heart may, after its conversion
to Angll, participate in these processes. This is in keeping with the view that the long-
term beneficial effects of ACE inhibitors in left ventricular hypertrophy and heart
failure are determined not only by the decrease in circulating Angll but also by a

decrease in the conversion of locally formed Angl.

2.6 Abbreviations

ACE angiofensin-converting enzyme

AGA angiotensin I-generating activity

Ang angiotensin

Angl.. angiotensin I present in coronary effluent
Anglisr  angiotensin I present in interstitial transudate
Angli:  angiotensin I present in interstitial fluid

BSA bovine serum albumin
CE coronary effluent

HSA human serum albumin
ISF interstitial fluid

IST interstitial transudate
RAS renin-angiotensin system
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Chapter 3

Localization of arterially delivered renin in
the heart

3.1 Abstract

In this study a modified Langendor{f rat heart model was used to investigates 1) the
localization of arterially delivered renin in the heart, and 2) whether prorenin,
following its uptake in the heart, is activated to renin. In these hearts coronary effluent
was recirculated because of the limited availability of (pro)renin. Following perfusion
with renin, renin could be demonstrated immunohistochemically in the media of the
coronary artery wall, but not in the endothelium, adventitia or cardiomyacytes. Renin
was enriched 4-5 fold in a purified cardiac membrane fraction prepared from renin-
perfused hearts, suggesting that binding of renin to cardiac membranes may be part of
the mechanism by which renin is taken up from the circulation. Prorenin, like renin,
entered the interstitial fluid (ISF) during its perfusion, reaching a steady state level in
IST comparable to that in CE, No activation of prorenin could be demonstrated in
either IST or CE over a 50 min period. Taken together, it appears that renin is
sequestered from the blood, not only by diffusion into the cardiac ISF, but also by
binding to vascular smooth muscle cell membranes. Prorenin, if activated at tissue
sites, remains cell-associated and is not released into either CE or ISF.
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3.2 Introduction

Angiotensin generation has been reported to occur both in the circulation and at
tissue sites'™. Although initially it was thought that tissue angiotensin generation
depends on locally synthesized renin, recent studies have suggested that this may
not be the case in heart and blood vessels. Thirty hours after a bilateral
nephrectomy, renin, angiotensin I and Il are no longer detectable in porcine
cardiac tissue®. Vascular renin also disappears following bilateral nephrectomy’
and vascular angiotensin release is directly related to the level of renin in blood
plasma®*, Thus, renin taken up from the circulation rather than locally
synthesized renin may be involved in local cardiac and vascular angiotensin
generation. Uptake of renin could occur via renin binding proteins and/or renin
receptors®. Another possibility is that prorenin, the inactive precursor of renin,
is taken up by tissues and locally activated to renin'™'%, In the present study we
investigated in the isolated perfused rat Langendorff heart 1) the tissue
localization of arterially delivered renin and 2) the activation of arterially

delivered prorenin.

3.3 Materials and methods

3.3.1 Materials

Human serum albumin (HSA) and bovine serum albumin (BSA) were from
Sigma, St. Louis, MO, USA. Sodium pentobarbital was obtained from Apharma,
Arnhem, The Netherlands. Recombinant human prorenin and renin and the renin
inhibitor remikiren were a kind gift of Dr. W. Fischli, Hoffinann-La Roche,
Basel, Switzerland. Porcine renin was prepared from porcine kidneys as
described before®. The polyclonal anti-human renin antibody R15 was a kind gift
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of Dr. J. Ménard, INSERM, Paris, France. The goat anti-(rabbit IgG) antibody,
conjugated to fluorescein isothiocyanate, was obtained from Nordic, Tilburg, The
Netheriands.

3.3.2 Preparation of the modified Langendorff heart

All experiments were performed under the regulations of the Animal Care
Committee of the Erasmus University, Rotterdam, The Netherlands, in
accordance with the ’Guiding principles in the care and use of animals, as
approved by the American Physiological Society.

Male Wistar rats (Harlan, Zeist, The Netherlands; 280-400 g) were
anesthetized with pentobarbital (60 mgfke, i.p.) and heparinized (5,000 units/kg,
iv.). The hearts (1.0-1.4 g) were rapidly excised, cooled in ice-cold Tyrode’s
buffer (125 mmol/L NaCl, 4.7 mmol/l. KCl, 1.4 mmol/L. CaCl,, 20 mmo¥/L.
NaHCO,, 0.4 mmol/L. NaH,PO,, 1.0 mmol/L MgCl,, 10 mmol/L D-glucose, pH
7.4) until contractions stopped, and prepared for Langendorff perfusion.
Continuously carbogen-gassed (95% O,/5% CO,) Tyrode’s buffer at 37 °C was
perfused immediately after cannulation of the aorta, at a constant perfusion
pressure of 80 mm Hg. Coronary flow was between 4 and 8 mI/min.
Subsequently, the pulmonary artery was cannulated and the caval and pulmonary
veins were carefully ligated. After the Hgation procedure, which took 30-45
minutes, the hearts were stabitized for 30 min.

With this modified Langendorff heart preparation it is possible to collect
separately coronary effluent and interstitial transudate®"”, Coronary effluent (CE),
ejected by the right ventricie, was collected via the cannulated pulmonary artery.
Interstitial transudate (IST), which keeps dripping from the heart, was collected
at the apex. IST flow was 0.7-2% of the coronary flow.

In previous experiments on renin uptake in the modified Langendorff heart
we perfused hearts with porcine renin, because of the limited availability of
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sufficient quantities of rat renin. In the present study we also used porcine renin,
In addition, recombinant human renin and prorenin were used because 1)
antibodies for immunohistochemical localization of renin are not available for
porcine renin and 2) porcine prorenin is not available in sufficient quantities.
To avoid the use of large quantities of recombinant human renin and
prorenin a recirculating perfusion system was developed. In this system the
¢jected CE is collected in a plass chamber, where oxygenation occurs under
constant carbogen flow at room temperature. The oxygenated perfusion fluid is
then warmed up to 37 °C and pumped back into the Langendorff system, using
a roller-pump (IPS 12, Ismatec, Zurich, Switzerland). The total fluid volume
within the system was 60 mL. Perfusion fluid losses due to CE and IST
collection (approximately 10 mL) were not corrected. Human serum albumin
was added to the perfusion fluid in order to prevent binding of renin and

prorenin to the plastic tubes and glass.

3.3.3 Perfusions with porcine renin to study membrane-binding of renin

Hearts were perfused with porcine renin, diluted 1/5 with Tyrode’s buffer
(arterial concentration approximately 2 pmol Angl/min per mL), via a T-
connection into the cannulated aorta at a speed of 0.1 mL/min. After 30 min,
when a steady state had been reached, the perfusion was stopped. The hearts
were then removed, rapidly minced into small pieces, and homogenized (1/2,
wt/vol) with a Polytron PT10/35 in 0.01 mol/L phosphate buffer, pH 7.4,
containing 0.15 mol/L. NaCl. The homogenate was centrifuged at 2,000g for 15
min at 4 °C and the pellet was discarded. The supernatant was recentrifuged at
50,000¢ for 45 min at 4 °C. The supernatant obtained after the second
centrifugation was also discarded, whereas the remaining pellet was washed two
times by resuspension in phosphate buffer and subsequent centrifugation at
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50,000g (45 min, 4°C), Renin measurements were performed in the homogenate
and in the washed pellet fraction ("purified membrane fraction").

3.3.4 Perfusions with human renin fo study the localization of arterially

delivered renin.

Hearts were perfused with human renin (concentration 40 U/L) in a recirculating
Langendorff system for 60 min. After the perfusion had been stopped, the heart
was rapidly removed and cut into 3 mm thick slices. The slices were fixed in 4
% paraformaldehyde and embedded in paraffin, Slices prepared from hearts that
had been perfused with Tyrode’s buffer served as controls.

3.3.5 Perfusions with human prorenin to study prorenin uptake and

activation.

Hearts were perfused with human prorenin (concentration 2 U/L) in a
recirculating Langendorff system for 50 min. Longer perfusion periods were not
possible because the condition of the heart started to deteriorate after more than
60 min of recirculation. At 5, 10, 20, 30, 40 and 50 min after the start of the
prorenin perfusion, | ml-samples of CE and 0.6 mL-samples of ISF were
collected into Eppendorf cups containing 35 pl. and 21 uL, respectively, of an
inhibitor mixture in order to prevent prorenin activation in the cups. The mixture
contained phenylmethylsulfonyl fluoride (0.07 mol/L), disodium EDTA (0.14
mol/L), 8-hydroxyquinoline sulphate (0.10 mol/L) and aprotinin (2000
kailikrein-inhibiting units per mL). The samples were frozen on dry ice and
stored at -80 °C.

67



Chapter 3

3.3.6 Immunohistochemistry

Paraffin-embedded heart sections were dewaxed, rehydrated, washed in tap water
for 5 min at room temperature, and subsequently washed in phosphate buffered
saline (PBS) for 5 min. Sections were then incubated overnight at 4 °C with the
primary polyclonal anti-human renin antibody R-15 diluted 1/50 in PBS
containing 1% bovine serum albumin (BSA). On the next day, sections were
washed 3 times 10 min with PBS containing 1% BSA. To localize the primary
antibody, the sections were incubated with the secondary goat anti-(rabbit IgG)
antibody conjugated to fluorescein isothiocyanate for 45 min. Sections were
subsequently washed 4 times 20 min with PBS containing 1% BSA, and
mounted with 1,4-diazobizyclo-[2,2,2]-octane (DABCO)™,

3.3.7 Biochemical measurements

Porcine renin

The concentration of porcine renin in cardiac homogenates and purified
“membrane fractions was measured by enzyme-kinetic assay as described before’.
Results are expressed as fimol Angl/min per mg protein.

Human prorenin and renin -

The concentration of human prorenin and renin was measured in CE and IST by
immunoradiometric assay (Nichols Institute, Wychen, The WNetherlands),
following the methods proposed by Derkx et al.™*. The concentration of prorenin
was calculated by subtracting the resuits obtained before activation of prorenin
(i.e. renin) from those obtained after activation (i.e., renin -+ prorenin). Prorenin
was activated non-proteolytically, using the renin inhibitor remikiren''®, Results
are expressed as U/L using the international human kidney renin standard MRC
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68/356 (Medical Research Council, National Institute of Biological Standards
and Control, London, UK) as a reference,

Total protein
Total protein was measured using the pyrogallol red molybdate complex method
(Instruchemie, Hilversum, The Netherlands).

3.4 Results

3.4.1 Membrane binding of renin

The purified membrane fraction contained 5.2 + 1.4 % of the total amount of
renin present in the crude homogenate. Expressed per gram protein, renin was
enriched 4.7 + 3.5 fold in the purified membrane fraction (71.4 £ 50.7 vs. 16.9
t 4.6 fmol Angl/min per mg protein, purified membrane fraction vs.

homogenate, p<0.05).

3.4.2 Localization of renin with immunohistochemistry

Sections of hearts perfused with human renin showed clear renin staining in the
media of the coronary arteries, whereas no staining was found in the
endothelium, adventitia or cardiomyocytes (Fig 1). Sections incubated with the
secondary antibody only showed no staining (data not shown). Sections of
confrol hearts not perfused with human renin also revealed no staining,
indicating that the staining in the coronary arteries was specific for human renin.
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3.4.3 Prorenin uptake and activation in interstitial fluid

A steady-state prorenin concentration was reached in IST within 10 min (Fig 2),
and this concentration was not significantly different from the steady-state
prorenin concentration in CE, The prorenin concentrations in CE and IST
remained constant over the 50-min perfusion period once a steady state had been
reached. Low levels of renin were detected in both CE and IST, which did not
change over the 50 min perfusion period. Since the monoclonal antibodies used
to measure renin crossreact (<2%) with prorenin, the most likely explanation for

these low levels of renin is that they represent falsely detected prorenin'®,

3.5 Discussion

The experiments described in this paper were performed to address the
localization of arterially delivered renin in the heart, In addition, the activation
of arterially delivered prorenin at cardiac tissue sites was investigated. We made
use of a modified Langendorff model, which allowed the separate collection of
CE and IST*®,

Previous studies in this model have shown that arterially delivered renin
enters the interstitinl fluid compartment, and disappears from the coronary
vascular bed in a biphasic manner’, We speculated that the second, slow phase
of the disappearance curve corresponded with vascular wall-bound renin, This
renin might be involved in the local production and subsequent release of Angl
into the coronary circulation, which has been described by us and others™!”, The
immunohistochemical data obtained in the present study show that arterially
delivered recombinant human renin is indeed sequestered by the coronary
vascular wall. Renin appeared to be confined to the media; no staining was
observed in the endothelium, adventitia or cardiomyocytes. The absence of

renin-staining in cardiomyocytes suggests either that arterially delivered renin
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Figure 1, Immunofluorescent stained sections of a rat heart perfused for 60 min in a
recirculating Langendorff system with human renin. The photomicrographs
show coronary arteries in different regions of the heart. The white bar in
photomicrograph A, B and D indicates 50 pm. The white bar in
photomicrograph C indicates 20 pum.
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Figure 2, Human prorenin (triangles} and renin (circles) levels in coronary effluent (left

panel} and interstitial transudate (right panel), during a 50 min recirculating
perfusion of the modified Langedorff heart with human prorenin. Values are
means + s.d..

does not reach these cells or that cardiomyocytes are not capable of binding
renin in amounts that can be detected immunohistochemically.

Our studies are in agreement with earlier investigations in nephrectomized
rats demonstrating the presence of i.v. injected mouse submaxillary gland renin
in the media of the aorta'®, but contrast with studies in humans where vascular
renin appeared to be confined to the endothelium'. The reasons for this
discrepancy are at present unclear. The vascular site(s) of angiotensin production
may differ between humans and rats. For instance, vascular ACE in the rat is
mainly present in smooth muscle cells, whereas in humans ACE is limited to the

endothelial layer™?,
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Based upon our immunohistochemical data it can not be concluded
whether renin s cell-associated. We therefore prepared membrane fractions from
hearts perfused with semipurified porcine renin and found renin to be enriched
in these fractions, suggesting that renin may indeed be localized on or in smooth
muscle cells. Such membrane-binding is in agreement with the recently
described renin receptors and (pro)renin binding proteins in membranes prepared
from human mesangial cells and rat tissues respectively®'’. Rat (pro)renin
binding proteins have been described to bind both to rat and human prorenin and
renin®. It must be kept in mind, however, that less than 10% of cardiac renin
was found to be membrane-bound. This may relate to the fact that renin binding
appeared to occur in the vascular wall only. Most likely therefore, the majority
of cardiac renin is present in extracellular fluid®,

Taken together, the following scenario might underlie vascular angiotensin
production. Plasma renin diffuses into the interstitial fluid of the vascular wall
and binds to smooth muscle cells. Both cell membrane-associated and interstitial
renin may react with angiotensinogen, present in extracellular fluid, to form
Angl. This locally generated Angl may directly enter the vascular lumen.
Alternatively, it could be converted locally to Angll by ACE present on smooth
muscle cells and/or endothelial cells. Most or all of this locally generated Angll
will remain in the tissue, since Angll release from tissue sites into the coronary
circulation could not be demonstrated™,

It has been suggested that prorenin, the inactive precursor of renin, might
also bind to the membrane-associated (pro)renin binding protein®. Such prorenin
binding could either prevent renin binding, thereby inhibiting local Angl
production®, or it might be followed by local activation of prorenin to renin,
thereby leading to enhanced local Angl production'?. We investigated the latter
possibility by perfusing rat hearts for 50 minutes with human prorenin. Prorenin,
like renin, entered the ISF compartment, reaching steady-state concentrations that
were comparable to its concentration in CE. Over a 50-min period, however, no
prorenin activation could be demonstrated in either ISF or CE. Thus, either no
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activation occurs, or prorenin, if activated, remains in the tissue and is not

released into the circulation. Another possibility is that a period of 50 minutes

is too short to demonstrate activation. Further studies, measuring prorenin in

tissue compartments, are necessary to resolve these issues.
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Localization and production of angiotensin II in
the isolated perfused rat heart

4.1 Abstract

We used a modification of the isolated perfused rat heart, in which coronary effluent
and interstitial transudate were separately collected, to investigate the localization and
production of angiotensin II {Angli) in the heart. During combined renin (0.7-1.5 pmol
Angl/mL per min) and angiotensinogen (6-12 pmol/ml.) perfusion (4-8 mL/min) for
60 min (n=3), the steady-state levels of Angll in interstitial transudate in two
consecutive 10-min periods were 4.3 £ 1.5 and 3.6 + 1.5 fmol/mL, as compared to 1.1
+ 0.4 and 1.1 £ 0.6 fmol/ml in coronary effluent {(mean £ half range). During
perfusion with Angll (n=5), steady-state Angll in interstitial transudate was 32 + 19%
of arterial Angll, as compared to 65 + 16% in coronary effluent (imean + s.d., p<0.02).
During perfusion with Angl (n=5), Angll in interstitial transudate was 5.1 + 0.6% of
arterial Angl, as compared to 2.2 + 0.3% in coronary effluent (p<0.05). The tissue
concentration of Angll in the combined renin/angiotensinogen perfusions (per g) was
as high as the concentration in interstitial transudate (per mL), Addition of losartan

(10° mol/L) to the reninfangiotensinogen perfusion (n=3) had no significant effect on
the tissue level of Angll, whereas losartan in the perfusions with Angl (n=5) or Angl}
(n=5) decreased tissue Angll to undetectably low levels. The results indicate that the
heart is capable of producing Angll and that this can lead to higher levels in tissue
than in blood plasma. Cardiac Angll does not appear to be restricted to the
extracellular fluid. This is in part due (o AT, receptor-mediated cellular uptake of
extracellular Angll, but our resuits also raise the possibility of intracellular Angll

production.
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4.2 Introduction

Angiotensin II (Angll) is the primary mediator of the physiological actions of
the renin-angiotensin system (RAS), and has an important function in
cardiovascular homeostasis. Angll in the circulation is produced by the
conversion of Angl by angiotensin-converting enzyme (ACE) of the vascular
endothelium. Angl is generated in the circulation by the action of renin from the
kidney on its substrate, angiotensinogen, produced by the liver. The various RAS
components have all been identified in tissues™, which suggests the existence
of a locally acting RAS in the tissues, apart from the RAS in the circulation.

ACE inhibitors and the more recently developed Angll AT[-tj(pe receptor
antagonists are now widely used for the treatment of hypertension and heart
failure. Local Angll production in the heart is often invoked to explain the
results of clinical trials, which indicate that the beneficial effects of these diugs
in heart faifure are partly independent of their blood pressure-lowering effect™®.
Knowledge of cardiac Angl and 1I production, however, is still fragmentary and
little is known about its regulation and physiological significance’.

In a previous study we used a modified Langendorff rat heart preparation
to investigate the production of Angl in cardiac tissue’. This isolated heart
preparation enabled us to collect interstitial transudate separately from the
coronary effluent. During perfusion with renin and angiotensinogen, Angl
appeared in the transudate. This Angl was produced in cardiac tissue and was
not derived from Angl in the perfusate. There was no indication that the heart
was capable of producing Angl independently of arterially delivered renin and
angiotensinogen, Observations in nephrectomized pigs also indicated that the
cardiac tissue levels of Angl and IT are determined by kidney-derived renin®.

Here we report on a study in which we used the same modified
Langendorff rat heart preparation to investigate the production of Angll. The
presence of Angll in tissue depends on arterial delivery of this peptide and on
its local generation, Angll may be formed from arterially delivered Angl or
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from in-situ synthesized Angl. Extracellular AnglI is known to be taken up into
cells by AT, receptor endocytosis®™'!. The adrenals, the kidneys and also the
heart accumulate Angll from the circulation by an AT, receptor-mediated
process, probably endocytosis'.

The present study addresses the question of where Angll is localized in
the heart, where it is produced, and how the cardiac tissue levels are influenced

by AT, receptor-mediated cellular uptake.

4.3 Materials and methods
4.3.1 Chemicals and reagents

Mle*]-Ang-(1-10) decapeptide (Angl) and [Ile*]-Ang-(1-8) octapeptide (Angll)
were obtained from Bachem, Bubendorf, Switzerland. Bovine serum atbumin
(BSA) was from Sigma, St. Louis, MO, USA. 1,10-Phenanthroline was from
Merck, Darmstadt, Germany, Sodium pentobarbital was obtained from Apharma,
Arnhem, The Netherlands. The AT, receptor antagonist, losartan, was a kind gift
of Dr. R.D. Smith, Du Pont Merck, Wilmington, DE, USA. The renin inhibitor,
remikiren, was a kind gift of Dr. P. van Brummelen, Hoffmamn-La Roche,
Bagel, Switzerland. Renin was prepared from porcine kidneys as described
before’. Angiotensinogen was prepared from plasma of nephrectomized pigs’.
All other reapents were of standard laboratory grade.

4.3.2 Preparation of the maodified Langendorff heart

All experiments were performed under the regulation of the Animal Care
Commitiee of the FErasmus University, Rotterdam, The Netherlands, in
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accordance with the ’Guiding principles in the care and use of animals’ as
approved by the American Physiological Society.

Male Wistar rats (Harlan, Zeist, The Netherlands; 280-400 g) were
anesthetized with pentobarbital {60 mg/kg, i.p.), and heparinized (5,000 units/kg,
i.v.). The hearts (1.0-1.4 g) were rapidly excised, cooled in ice-cold Tyrode’s
buffer (125 mmol/L. NaCl, 4.7 mmol/L. KCIi, 1.4 mmol/I. CaCl,, 20 mmol/L
NaHCOQO,;, 0.4 mmol/L NaH,PO,, 1.0 mmol/LL MgCl,, 10 mmol/L D-glucose, pH
7.4) until contractions stopped, and prepared for Langendorff perfusion.
Carbogen-gassed (95% O,/5% CO,) Tyrade’s buffer at 37 °C was continuously
perfused immediately after cannulation of the aorta, at a constant perfusion
pressure of 80 mm Hg. Subsequently the pulmonary artery was cannulated and
the caval and pulmonary veins were carvefully ligated. After the ligation
procedure, which took 30-45 minutes, the hearts were allowed to stabilize for
30 min.

With this modified Langendorff heart preparation it is possible to collect
separately coronary effluent and interstitial transudate™"*. Coronary effluent (CE),
ejected by the right ventricle, was collected via the cannulated pulmonary artery.
Interstitial transudate (IST), which keeps dripping from the heart, was collected
at the apex. IST flow was 0.03-0.16 mI/min, corresponding with 0.7-2% of the
coronary flow. An IST flow > 2% of the coronary flow was considered to be an
indication of leakage, e.g. from veins that were not properly ligated’. Fearts with
such high IST flow were therefore not used. IST is derived from the interstitial
fluid (ISF) and the Angl and II concentrations in IST are considered to be
representative for the Angl and II concentrations in ISF’,
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4.3.3 Perfusions with renin-angiotensin system components and coliection
of CE and IST

The Langendorff hearts were perfused with Tyrode’s buffer via the cannulated
aorta. After a 30-min stabilization period, RAS components were infused, via
a T-connection, into the cannulated aorta.

CE and IST were collected during and after the infusions. One-min (4-8
mL), 4-min (16-40 mL) or 10-min samples {(40-80 mL) of CE were collected
into BSA-coated 10- or 50-mL polystyrene tubes. Individual drops of IST
(approximately 50 uL each minute) and 4-min (approximately 200 pL} or 9- to
10-min (approximately 500 uL) samples of IST were collected into BSA-coated
1.5-mL Eppendorf cups. The Eppendorf cups and polystyrene tubes contained
a mixture of inhibitors, 5, 10 or 25 uL in the Eppendorf cups (for the individual
drops of IST and the 4-min and 10-min IST samples, respectively), and 250,
2500 and 5000 pL in the polystyrene tubes (for the I-min, 4-min and 10-min
CE samples), in order to prevent the ongoing formation of Angl, the conversion
of Angl to Angll and the degradation of Angl and II. The mixture consisted of
0.2 mmol/L of the renin inhibitor remikiren, 125 mmoi{/L disodium EDTA, and
25 mmol/L. 1,10-phenanthroline’. Remikiren is an inhibitor of human renin (ICs,
7 x 107° mol/L). It also inhibits porcine renin (ICs, 5 x 10 mol/L)".

The Eppendorf cups and polystyrene tubes were kept on ice during the
perfusions, so that the samples were rapidly cooled during their collection and
remained cold (0-4 °C) during the experiment, After the experiment had been
finished, the samples for Angl and il measurements were frozen at -80 °C.
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4.3.4 Perfusion with Angll to study the localization of arterially delivered
Angll

Langendorff hearts were perfused for 15 min with Angll, Angll diluted with
Tyrode’s buffer to a concentration of 400 pmol/mL was infused into the
perfusion systemn at a rate of 0.1 mL/min. Angll caused a transient fall in
coronary flow which stabilized in 2-3 min at 4-9 mL/min. Afier the Angll
infusion had been switched off] the heart was either quickly removed from the
perfusion apparatus and frozen in liquid nitrogen, or subjected to a 10-min
washout period. One-min samples of CE and individual drops of IST were
collected during the infusion and wash-out periods in order to study the uptake
and washout kinetics of Angll. A steady state was reached within 5 min.
Samples of CE and IST that had been collected from 7 to 10 min and from 11
to 14 min were used to determine the steady-state levels of Angll. The frozen
hearts that were not subjected to a wash-out period were used to measure the
steady-state tissue levels of Angll

Steady-state levels of Angll in CE, IST and cardiac tissue were also
measured in perfusions with Angll in the presence of the AT, receptor
antagonist losartan (10°° mol/L) in the perfusion fluid. The frozen hearts were
used to measure the steady-state tissue levels of Angll, Coronary flow in these

experiments was 4-11 mL/min.

4.3.5 Perfusion with Angl to study the localization of arterially delivered

Angl and loecally generated Angll

Langendorff hearts were perfused for 15 min with Angl. Angl diluted with
Tyrode’s buffer to a concentration of 400 pmol/mL was infused into the
perfusion system at a rate of 0.1 mL/min. Coronary flow in these experiments
was 5-10 mL/min. The uptake and washout kinetics of Angl are known from our
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previous study’. After the Angl infusion had been switched off, the heart was
immediately removed from the perfusion apparatus and quickly frozen in liquid
nitrogen. Samples of CE and IST collected from 7 to 10 min and from 11 to 14
min were used to determine the steady-state levels of Angl and II. The frozen
hearts were used to measure the steady-state tissue levels of Angl and 11,
Steady-state levels of Angl and I in CE, IST and cardiac tissue were also
measured in perfusions with Angl in the presence of the AT, receptor antagonist
tosartan (10°° mol/L) in the perfusion fluid. Coronary flow in these experiments

was 4-9 mL/min.

4.3.6 Perfusions with renin combined with angiotensinogen to study the

loealization of locally generated Angl and H

Langendorff hearts were perfused for 60 min with renin and angiotensinogen.
Porcine renin diluted with Tyrode’s buffer to a concentration of approximately
60 pmol Angl/min per mL and undiluted porcine angiotensinogen (500
pmol/mL) were infused into the perfusion system both at a rate of 0.1 m{/min.
Coronary flow was 4-8 mL/min. The final concentrations of renin and
angiotensinogen in the perfusion fluid ranged from 0.7 to 1.5 pmol Angl/mL per
min and from 6 to 12 pmol/mL, respectively. These experiments were performed
in the presence or absence of the AT, receptor antagonist losartan (10°% mol/L)
in the perfusion fluid. The renin and angiotensinogen solutions were kept at 4
°C until they reached the aorta, in order to prevent angiotensin generation
outside the heart’. After the perfusion had been switched off, the hearts were
rapidly frozen in liquid nitrogen.

Samples of CE and IST collected from 31 to 40 min and from 46 to 55
min were used to determine the steady-state levels of Angl and IL. Collections
from 41 to 45 and from 56 to 60 min were used for other measurements, not
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reported in this paper, The frozen hearts were used to measure the steady-state
tissue levels of Angl and IL

4.3.7 Measurements of Angl and II

The Angl and II concentrations in CE and IST samples, collected during Angl
and II perfusions, were measured directly with sensitive radioimmunoassays'".
Measurements were made in 50 pL of undiluted CE and in 50 pL IST diluted
with 25 pL of 0.25 mol/l, phosphate buffer, pH 7.4, containing 0.15 mol/L
NaCl, The lowest measurable Angl concentration was 15 finol/mL in CE and 40
fmol/mL in IST. The lowest measurable Angll concentration was 10 finol/mi
in CE and 25 fmol/mL in IST.

The Angl and 1T concentration of CE and IST samples obtained during
infusion with renin combined with angiotensinogen, as well as the cardiac tissue
concentrations of Angl and II both during Angl and II perfusion and during
combined renin and angiotensinogen perfusion, were measured by
radioimmunoassay, after SepPak extraction and reversed phase-high performance
liquid chromatography (HPLC) separation®'*!>, To measure tissue Angl and 11,
the frozen hearts were minced and homogenized (1:10, weight/volume) in an
iced solution of 0.1 mol/L. HCI/80% ethanol. Homogenates were centrifuged at
20,000g for 25 min at 4 °C, Ethanol in the supernatant was evaporated under
constant air flow. The remainder of the supernatant was dilated in 20 mL 1%
ortho-phosphoric acid and centrifuged again at 20,000g. The supernatant was
diluted with 1% ortho-phosphoric acid I:1 (vol/vol). The tissue homogenate
supernatants and CE and IST samples were concentrated over SepPak columns
(SepPak CI8, Waters, Milford, MA, USA), and the concentrated extracts were
subjected to HPLC followed by radioimmunoassay.

1] Jabeled Angl had been added as an internal standard to the CE and
IST samples before SepPak extraction and to tissue before its homogenization.
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Recovery was better than 70%, and the Angl and II results were corrected for
incomplete recovery. The lowest level of Angl that could be measured with the
Angl radioimmunoassay after HPLC separation was 2.0 fimol/g in cardiac tissue,
0.05 fmol/mL in CE, and 2,5 fmol/mL in IST. The lowest level of Angll that
could be measured with the AnglI radioimmunoassay after HPLC separation was
1.0 fmol/g in cardiac tissue, 0.05 fmol/mL in CE and 1.5 finoi/mL in IST.

4.3.8 Calculations

In order to determine the localization of Angl and Il in cardiac tissue, the
measured tissue levels of Angl and II were compared with the levels predicted
on the basis of the presence of these peptides in the cardiac extracellular fluid
compartments. If the measured tissue levels are higher than predicted,
angiotensin is not restricted to the extracellular fluid compartments. If the
measured tissue levels are lower than predicted, angiotensin has disappeared
from the extracellular fluid compartments, during the period between the
moment the heart has been removed from the perfusion equipment and the
moment the tissue is transferred into liquid nitrogen. The predicted tissue level

(fmol/g) was calculated as follows:
Predicted tissue Ang concentration = [Ange;] x ISF volume + [Ang) x IVF volume

in which [Ang¢;] is the steady-state Angl or Il concentration in IST and [Ang.]
is the steady-state Angl or II concentration in CE. ISF volume is the cardiac
interstitial fluid volume (0.23 mL/g), determined previously as the difference
between the distribution volume of $'Cr-EDTA and "I-HSA’, and IVF volume
is the intravascular fluid volume (0.38 mL/g), determined previously as the
distribution volume of "*I.HSA’. In this calculation, it is assumed that [Angcg]
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is representative for the angiotensin concentration in most of the intravascular
fluid compartment (coronary venules and veins, and right ventricle).

4.3.9 Statistical analysis

The Angl and II levels in CE, IST and cardiac tissue during Angl or II
perfusion are expressed as a percentage of the arterial levels of Angl (Angl
perfusion} or Angll (Angll perfusion). Angl and IT levels in CE, IST and
cardiac tissue during renin combined with angiotensinogen perfusion are given
as absolute values. Differences between the experimental groups were evaluated
for statistical significance by Student’s unpaired t-test. Differences within groups
were evaluated for statistical significance by Student’s paired t-test. Differences
were assigned to be significant for values of p < 0.05.

4.4 Results
4.4.1 Localization of arterially delivered AngllI during perfusion with Angll

During perfusion with Angll (n=10), the steady-state Angll level in CE was
65% of the arterial level (Fig 1 and Fig 2). Thus, 35% of the arterially delivered
Angll was removed by the heart, during a single passage of the perfusate. The
intravascular fluid volume of the Langendorff heart was measured in our
previous study of this model and was found to be 0.38 mL/g. Heart weight was
1,0-1.4 g, thus the intravascular fluid volume per heart was 0.38-0.53 mL. Since
the perfusate flow was 4-9 mL/min, the perfusate transit time of the isolated
heart preparation was 0.04-0.13 min. It can be concluded, therefore, that 35%
of the arterially delivered Angll was removed in 0.04-0.13 min, which

corresponds with a t,, of 0.06-0.21 min.
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Figure 1. Angli concentration in IST (closed circles) and CE (open circles) during and
after perfusion with angiotensin II (n=5), Data (mean and s.e.m.) are presented
as a percentage of the arterial Angll concentration.
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Figure 2, Steady-state Angll concentration in CE and IST during perfusion with Angll
for 15 min, and the Angll concenfration in cardiac tissue shortly after the
perfusion. Perfusions were carried out in the absence (n=5) or presence (n=5)
of losartan (10°° mol/L). The mean of the levels of the 7 to 1¢-min and 11 to
14-min perfusion periods was taken as the steady-state concentration, Data
(mean and s.d.) are presented as a percentage of the arterial AngH
concentration. Angll in IST was lower than in CE (p<0.02) and higher than in
cardiac tissue (p<<0.05} both with and without losartan. n.d.: not detectable,
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A steady-state level in IST was reached within 5 min. It was
approximately 35% of the arterial level (39% in the experiments in which also
the Angll washout was measured, Fig I; 32% in the experiments in which also
the tissue Angll concentration was measured, Fig 2). The steady-state Angll
concentration in IST was significantly lower than in CE,

After discontinuation of the Angll perfusion, Angll disappeared from IST,
in a monophasic way, with a t,, of 1.4 £ 0.3 min (mean + s.d,, n=5).

The cardiac tissue level of Angll (per g tissue), shortly afier the Angll
perfusion had been switched off, was approximately 5% of the arterial level (per
mL perfusate) (Fig 2). This is lower than predicted on the basis of the presence
of Angll the cardiac extracellular fluid compartments (see Methods). The
predicted tissue concentration of Angll would be 30-35% of the arterial
concentration, This discrepancy suggests that extracellular Angll was rapidly
degraded in the short period between the moment the Angll infusion had been
stopped and the moment the tissue was transferred into liquid nitrogen.

During perfusion with Angll in the presence of the AT, receptor
antagonist losartan (n=5), the steady-state Angll levels in CE and IST were not
significantly different from the levels during Angll perfusion in the control
situation (Fig 2). Angll, which was above the detection limit in all cardiac tissue
samples, could not be detected in the tissue samples in the Angll/losartan
perfusion experiments. This is likely to be due to blockade of the AT, receptor-
mediated cellular uptake of extracellular Angll.

4.4.2 Localization of arterially delivered Angl and locally generated Angll
during perfusion with Angl

During perfusion with Angl (n=5), the steady-state Angl level in CE was 48%
of the arterial level (Fig 3). Thus, 52% of arterially delivered Angl was removed
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by the heart during a single passage of perfusate. Part of the Angl removal was
caused by conversion to Angll (Fig 4).

The steady-state Angll level in IST was higher than in CE, whereas the
steady-state Angl level in IST was lower than in CE. This, together with the
finding that during perfusion with Angll the AnglI level in IST was also lower
than in CE (see above), indicates that part of the Angll present in IST during
Angl perfusion was not derived from Angll in the perfusate.
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Figure 3. Steady-state Angl concentration in CE and IST during perfusion with Angl for
15 min, and the Angll concentration in cardiac tissue shortly after the
perfusion. Perfusions were carried out in the absence (n=5) or presence (n=5)
of fosartan {10"® mol/L). The mean of the levels of the 7 to 10-min and 11 to
14-min perfusion periods was taken as the steady-state concentration. Data
(mean and s..) are presented as a percentage of the arterial Angl
concentration, Angl in IST was lower than in CE (p<0.02) and higher than in
cardiac tissue (p<0.02) both with and without losartan,

The cardiac tissue level of Angl (per g tissue), shortly after the Angl
perfusion had been switched oft, was approximately 5% of the arterial level (per
mL perfusate) (Fig 3). This is lower than predicted on the basis of the presence
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of Angl in the cardiac extracellular fluid compartments (see Methods). The
predicted tissue concentration of Angl would be 22% of the arterial
concentration. This discrepancy suggests that extracellular Angl,
extracellular Angll, was rapidly degraded in the short period between the

moment the Angl infusion had been stopped and the moment the tissue was

transferred into liquid nitrogen.
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Figure 4, Steady-state Angll concentration in CE and IST during perfusion with Angl
for 15 min, and the Angll concentration in cardiac tissue shortly afier the
perfusion. Perfusions were carried out in the absence (n=5) or presence (n=35)
of losartan {10 mol/L). The mean of the levels of the 7 to 10-min and 11 to
14-min perfusion periods was taken as the steady-state concentration. Data
(mean and s.d) are presented as a percentage of the arterial Angl
concentration. Angll in IST was higher than in CE (p<0.05) and cardiac tissue
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{p<0.05) both with and without losartan. n.d.: not detectable,

During perfusion with Angl in the presence of the AT, receptor antagonist
losartan {n=5), the steady-state Angl and II levels in CE and IST were not
significantly different from those during Angl perfusion in the control situation
(Fig 3 and Fig 4). Angll, which was above the detection limit in all cardiac
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tissue samples in the control Angl perfusion experiments, could not be detected
in the tissue samples in the Angl/losartan perfusion experiments, which is
probably due to blockade of the AT, receptor-mediated cellular uptake of
extracellular Angll.

4.4.3 Localization of locally generated Angl and II during combined

renin/angiotensinogen perfusion

Resuits of the combined renin/angiotensinogen perfusions are shown in Fig 5
and Fig 6. During combined renin/angiotensinogen perfusion in the absence of
losartan (n=3), the Angl levels in IST in the 31- to 40-min and 46- to 55-min
perfusion periods were 4.2 (1.5-8.2) and 3.2 (0.9-6.5) times higher than in CE,
respectively (mean and range). The Angll levels in IST in these perfusion
periods were 4.8 (2.7-6.8) and 3.8 (2.2-5.7) times the levels in CE.

The cardiac tissue level of Angl, 18.2 (11.4-22.8) finol/g, shortly afier the
combined renin/angiotensinogen perfusion had been switched off, was close to
the level predicted on the basis of the presence of Angl in the cardiac
extraceflular fluid compartments (see Methods), approximately 20 finol/g.

The cardiac tissue level of Angll, 4.8 (2.8 - 6.4) fimol/g was higher than
the level predicted on the basis of the presence of Angll in the cardiac
extracellular fluid compartments, approximately 1.5 finol/g, This suggests that
the presence of the locally formed Angll was not limited to the intravascular and
interstitial fluid.

During combined renin/angiotensinogen perfusion in the presence of the
AT, receptor antagonist losartan (n=3), the Angl and TI levels measured in CE,
IST and cardiac tissue were similar to the levels measured in the control
experiments without losartan. ‘Thus, blockade of the AT, receptor-mediated
uptake of extracellular Angll in these experiments did not decrease tissue Angll
to an undetectably low level as it did in the Angl and I perfusion experiments.
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Steady-state Angl concentration in CE and IST during combined
renin/angiotensinogen perfusion for 60 min, and the Angl concentration in
cardiac tissue shortly after the perfusion. Perfusions were carried out in the
absence (n=3) or presence (n=3) of losartan (10 mol/L). Data are presented
as mean and half range.
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Steady-state Angll concentration in CE and IST during combined
reninfangiotensinogen perfusion for 60 min, and the Angll concentration in
cardiac tissue shortly after the perfusion. Perfusions were carried out in the
absence (n=3) or presence (n=3) of losartan (10 mol/L}. Data are presenied
as mean and half range.
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4.5 Discussion

In a previous series of experiments we studied the production of Angl by the
modified rat Langendorff heart, in which the interstitial fluid transudate could
be collected separately from the coronary effluent’. The present study uses the
same isolated heart model and focuses on the production of Angll.

As expected, part of the Angl present in the perfusate during the
combined renin/angiotensinogen perfusions and formed by the reaction of
arterially delivered renin with arterially delivered angiotensinogen, was
converted to Angll and ejected via the CE. Angl-to-II conversion by the
coronary vascular bed has been reported by others'®!”. More interesting is our
finding that, during these combined renin/angiotensinogen perfusions, the
concentration of Angll in the IST was several times higher than in the CE,
whereas during perfusions with Angll the Angll concentration in the IST was
lower than in the CE. These results indicate that a substantial part of Angll in
the interstitial fluid was not derived from the Angll that was present in the
perfusate.

At the time we finished this manuscript, a paper was published by Oparil’s
group' on measurements of Angll in the interstitial fluid space of the dog heart
by using microdialysis probes. The Angll level in the interstitial fluid was higher
than in blood plasma and did not change after systemic infusion of Angl. These
results indicate compartmentalization of Angll in the heart between the
interstitial and intravascular compartments, Our results are in agreement with this
conclusion and suggest that Angll in the interstitial floid is formed outside the
intravascular compartment.

In the combined reninfangiotensinogen perfusion experiments, the Angll
level we measured in cardiac tissue (expressed per g tissue) was higher than in
CE (expressed per mL of fluid), It was in fact as high as in the IST. This is an
indication that the locally produced Angll is not restricted to the extracellular
fluid and that a large part of this Angll might be located in the cells, since the
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intravascular and interstitial fluid compartments comprise about 38 and 23
percent of tissue weight, respectively’. Cellular binding and uptake through AT,-
type Angll receptors is known to occur®'!. 1-Angll infused into the left cardiac
ventricle of intact pigs is accumulated in cardiac tissue by an AT, receptor-
dependent process, and the kinetics of Angll accumulation and disappearance are
compatible with receptor-mediated endocytosis'.

AT, receptor-mediated binding of Angll to cardiac cells is also indicated
by our results obtained during the Angl or TI perfisions, which showed that the
cardiac tissue concentration of Angll during these perfusions fell to an
undetectably low level when the specific AT, receptor antagonist losartan was
added to the perfusion fluid. Losartan, however, had no significant effect on the
cardiac tissue concentration of locally formed Angll during the combined
renin/angiotensinogen perfusions. This is in accordance with measurements of
tissue Angll in rats, which showed an increase and not a decrease in Angll after
8 days of treatment with losartan, an increase that is likely to be related to the
stimulated renin release fiom the kidney after this drug”. The apparent
discrepancy with respect to the observed effects of losartan, between the results
of the Angl and II perfusions on the one hand and the combined
renin/angiotensinogen perfusion on the other hand, raises the possibility that,
during the combined renin/angiotensinogen perfusion, local Angll production in
the heart is taking place is a compartment that is not reached by losartan, This
compartment might be located within the cells.

The levels of locally formed Angll we measured in cardiac tissue in the
combined reninfangiotensinogen perfusion experiments might be lower than the
true levels at the time of these perfusions, since the tissue levels of Angll in the
Angl and II perfusion experiments were lower than expected on the basis of
measurements in the CE and IST. The fact that the measured levels of AnglIl in
cardiac tissue in the Angl and II perfusion experiments were lower than
calculated on the basis of their presence in the extracellular fluid, may be
explained as follows. Most of the extracellular fluid in the Langendorff heart
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preparation is located in the intravascular compartment, that is the coronary
vascular bed and the right ventricle’. The half life of Angl and II is
approximately 1 min in the interstitial fluid compartment”. In the intravascular
compartment it is even shorter, approximately 0.1-0.2 min. It is therefore
possible that the short period between the moment the perfusions had been
stopped and the tissue had been transferred into liquid nitrogen, was long
enough for the endothelial peptidases to cause substantial breakdown of
intravascular Angl and I In the combined renin/angiotensinogen perfusion
experiments these losses of extracellular Angil might have been overcome, at
least partly, by ongoing formation of this peptide during the time that elapsed
until the tissue was frozen, Another reason why the ftissue levels of Angll we
measured in the combined reninfangiotensinogen petfusion experiments are
probably more close to the true levels at the time of perfusion than the tissue
levels we measured in the Angl and IT perfusion experiments, is related to the
fact that the AnglI concentration in the extracellular fluid was several orders of
magnitude higher during the Angl and II perfusions than during combined
renin/angiotensinogen perfusion. Because of these higher levels of extracellular
Angll a smaller proportion of it will be bound to the cardiac cell AT, receptors
and taken up in the cells, where it is protected against the rapid degradation to
which extracellular Angll is exposed'™'*?, Finally, if it is true that Angll is
produced within the cells during combined renin/angiotensinogen perfusion, this
intracellular Angll will similarly be protected against this rapid degradation.
The results of the renin/angiotensinogen perfusion experiments indicate
that, in contrast with Angll, most of the locally produced Angl in the heart is
restricted to the cardiac extracellular fluid compartments. Likely sites of cardiac
Angl production are the interstitial fluid and a site closer to the blood
compartment, possibly vascular surface-bound renin’. The question of where in
the tissue the Angll is formed is incompletely answered by the present study.
Part of it is formed at the vascular endothelial and endocardial surfaces'®*'2,
Our observations in the present study on the effects of blockade of AT, receptor-
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mediated uptake of Angll, which did not show a change in the tissue level of
locally produced Angll as opposed to a decrease in the tissue levels of arterially
administered Angll, raise the interesting possibility of intraceflular Angll
formation. There is experimental evidence that neonatal rat cardiac myocytes are
capable of binding and internalizing renin and prorenin through a mannose 6-
phosphate receptor and that prorenin is activated in the cells®, Internalized AnglI
has a long half life and there is growing evidence that intraceliular Angll can
serve important functions®?’, AT, receptor-mediated uptake of Angll and the
evidence that the formation and degradation of Angl and Il in cardiac tissue are
highty compartmentalized has implications for the effects of drugs that interfere
with Angll receptor binding (AT, receptor antagonists) or reduce the production
of Angll (renin inhibitors, ACE inhibitors). These drugs may have different
effects on the Angll levels in different cardiac tissue compartments,
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Chapter §

Angiotensin II type 1 (AT)) receptor-mediated
accumulation of angiotensin II in tissues
and its intracellular half life in vivo

5.1 Abstract

Angiotensin IT (Angll) is internalized by various cell types via receptor-mediated
endocytosis. Little is known about the kinetics of this process in the whole animal and
about the half life of intact Ang Il after its internalization. We measured the levels of
.Ang 1T and ®I-Ang I that were reached in various tissues and in blood plasma
during infusions of these peptides into the left cardiac ventricle of pigs. Steady-state
concentrations of "*I-Ang 11 in skeletal muscle, heart, kidney and adrenal were 8-41%,
64-150%, 340-550% and 680-2100% of the "“I-Ang II concentration in arterial blood
plasma, respectively (ranges of 6 experiments), The tissue concentrations of *I-Ang
I were less than 5% of the arferial plasma concentration. The '*-Ang IT accumulation,
seen in heart, kidney and adrenal, was almost completely blocked by a specific Angll
type 1 (AT,) receptor antagonist. Steady-state concentrations of '“I-Ang II were
reached within 30-60 min in the tissues, and within 5 min in blood plasma. The in-vivo
half life of intact '*I-Ang Ii in heart, kidney and adrenal was approximately 15 min,
as compared with 0.5 min in the circulation. Thus, Ang II, but not Angl, from the
circulation, is accumulated by some tissues, and this is mediated by AT, receptors. The
time course of this process and the long half life of the accumulated Ang TT support
the contention that this Ang II has been internalized after its binding to the AT,
receptor, so that it is protected from rapid degradation by endothelial peptidases. The
results of this study are in agreement with the growing evidence of an important
physiological role for internalized Ang I,
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5.2 Introduction

Receptor-mediated endocytosis of the vasoactive peptide angiotensin (Ang) I is
an important mechanism by which the in-vivo activity of the renin-angiotensin
system is regulated. Two pharmacologically distinct classes of cell surface
receptors have been identified for Ang II, ie. type 1 and 2 (AT, and AT,)"
Most of the classical physiological actions of the renin-angiotensin system
appear to be mediated by the AT, receptors,

Many cell surface receptors are internalized following binding to their
agonists, Endocytosis of the complex of AT, receptor with its agonist Ang II has
been demonstrated in a number of target cells, /e vascular smooth muscle
cells®?, renal tubule cells! and cells from the adrenal cortex and medulla®®. This
provides a mechanism for regulating the number of receptors on the cell surface.
Receptor-mediated endocytosis of Ang II and its subsequent degradation in
lysosomes may also serve an important finction in the disposal of this peptide®”.

Although a plasma membrane localization is thought to be essential for
Ang II receptor function, it has been suggested that internalization of the
receptor is important for signal transduction. There is evidence that, in cultured
vascular smooth muscle cells, the delayed accumulation of the protein kinase C
activator, diacylgiycerol, in response to Ang I depends on receptor-mediated
endocytosis of this peptide, An early step in this process seems to be important
for the second and sustained phase of diacylglycerol accumulation®, Receptor-
mediated endocytosis of Ang Il may also be important for the generation of
inositol 1,4,5-triphosphate (IP,) and transport sodium in response to stimulation
of the apical AT, receptors of proximal renal tubule cells. It has been reported
that, in adrenal glomerulosa cells, the inhibition of Ang Ii-induced
internalization reduces the sustained phase of IP, generation and abolishes the
second phase of the cytoplasmic calcium response'™ ', It is known that
stimulated steroidogenesis by these cells closely follows the changes in
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intracellular calcium'?, Others found that, in adrenal glomerulosa cells,
internalization of the AT, receptor is required for protein kinase C activation but
not for IP, release and steroidogenesis”.

Evidence aiso suggests that selective intracellular delivery of internalized
Ang II is necessary for an intracellular action. A high-affinity cytoplasmic Ang
T-binding protein with many characteristics of a receptor has been described'
13, Ang 11 is rapidly accumulated in vascular and cardiac muscle cell nuclei',
and AT,-like Ang 11 binding sites have been identified in liver cell nuclei'” '8,
It has been reported that Ang IT binds to chromatin and may influence
transcriptional processes'®?!, Ang II induces the expression of proto-oncogenes
and has growth-promoting effects in various cells’. An intracellular action
would require a sufficiently long half life of internalized Ang II or a biologically
active Ang II metabolite,

Previous studies of the cellular uptake and intracellular half life of Ang
IT have been carried out in vifro, The in-vitro studies made use of '*I-labeled
Ang II, but did not discriminate between infact '*I-Ang 1l and '*’I-labeled
peptide fragments. In the cowrse of studies in our laboratory, aimed at
quantifying Ang TT production in different regional vascular beds, *I-labeled

22 Here we report on the in-vivo

Ang T or II was infused into pigs
accumulation of intact *I-Ang T1 in cardiac, renal, and adrenal tissues during
these infusions, and on the effect of a specific AT, receptor antagonist on the
Ang IT uptake by these tissues, We compated the data on the tissue accumulation
and the half life of '*I-Ang 1I with data obtained for '"®I-Ang 1. Unlike Ang II,
Ang I is not biologically active and is probably not subjected to receptor-

mediated endocytosis,
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5.3 Materials and methods

5.3.1 Chemieals

[lle*]-Ang-(1-10) decapeptide (Ang I), f1le’]-Ang-(1-8) octapeptide (Ang II), and
[1le’]-Ang-(2-8) heptapeptide (Ang IIT) were obtained from Bachem, Bubendorf,
Switzerland, [Ile*}-Ang-(2-10) nonapeptide was from Senn Chemicals, Dielsdorf,
Switzerland, [Ile*]-Ang-(3-8) hexapeptide (Ang-(3-8)), [lle*]-Ang-(4-8)
pentapeptide (Ang-(4-8)), and [lle*}-Ang-(1-7) heptapeptide (Ang-(1-7)) were
from Peninsula Laboratories, Belmont, CA, USA. Mono-iodonated **I-Ang I
was prepared with the chloramine-T method and purified as described
previousty”®. Mono-iodinated '**I-labeled preparations of Ang II, Ang III, Ang-
(3-8), Ang-(4-8), Ang-(2-10), Ang-(1-7), and tyrosine were also made®. The
specific radioactivity of the '“I-Ang I and "I-Ang II preparations was
approximately 3.6x10° cpm/pmol.

5.3,2 Antisera

Ang I and Ang II antisera prepared in New Zealand White rabbits, were used
to identify the peptides in high-performance chromatography (HPLC)
radioactivity peaks. Ang I antiserum crossreacted with Ang-(2-10) (100%) but
not (<0.1%) with Ang II, Ang III, Ang-(3-8), Ang-(4-8) or Ang-(1-7). Ang II
antiserum crossreacted with Ang ITT (55%), Ang-(3-8) (73%) and Ang-(4-8)
(100%) but not (<0.2%) with Ang I, Ang-(2-10) or Ang-(1-7). These
crossreactivity patterns show that the antibodies in both antisera were directed

against the C-terminal sequences of Ang I and Ang II*.
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5.3.3 Animals

All experiments were performed under the regulations of the Animal Care
Committee of the Erasmus University, Rofterdam, The Netherlands, in
accordance with the ‘Guiding principles in the care and use of animals’ as
approved by the American Physiological Society. Twenty-three female pigs
(crossbred Yorkshire x Landrace, Hedelse Varkens Combinatie, Hedel, The
Netherlands) with a body weight of 25-30 kg were included in the study. Some
animals were also used for studies on the cardiac uptake of kidney-derived renin,
For these studies, which extend our earlier observations of this subject? and
which will be reported in a separate article, the renin release from the kidney
was stimulated with the diuretic furosemide, 40 mg twice daily for 2 days before
the experiments reported here, Other animals were pretreated with the ACE
inhibitor captopril, 25 mg twice daily for 2 days, in order to investigate the
effect of ACE inhibition on the tissue levels of '’I-Ang I and "I-Ang IL

8.3.4 Instrumentation of the animals

Animals were sedated with an intramuscular injection of 20 mg/kg ketamine
(AUV, Cuijk, The Netherlands), and anesthetized with 20 mg/kg sodium
pentobarbital (Apharma, Arnhem, The Netherlands) administered via a dorsal ear
vein. They were intubated and connected to a ventilator for intermittent positive
pressure ventilation with a mixture of o%y\gen and nitrogen (30%/70%).
Respiratory rate and tidal volume were adjusted to keep arterial blood gases
within the physiological range. For maintainenance of adequate anesthesia, a 7
French (Fr) catheter was placed in the superior caval vein for administration of
8.5-10 mg/kg per hour sodium pentobarbital. Another 7Fr catheter was placed
in the superior caval vein for infusion of saline to correct for fluid losses and
administer the AT, receptor antagonist 1.-158,809*" % (a gift of Dr. R, D. Smith,

103



Chapter 5

Du Pont Merck Pharmaceutical Company, Wilmington, DE, USA). A 7Fr
catheter was inserted, via the left carotid artery, into the left ventricle under X-
ray control to infuse '?I-Ang T or "®I-Ang II (see below). An 8Fr catheter was
inserted into the descending aorta, via a femoral artery, to measure central aortic
pressure and to collect arterial blood.

After administration of 4 mg pancuronium bromide (Organon Teknika,
Boxtel, The Netherlands) a midline thoracotomy was performed, and the heart
was suspended in a pericardial cradle. An electromagnetic flow probe {Skalar,
Delft, The Netherlands) was placed around the ascending aorta for measurement
of ascending aortic blood flow (cardiac output). Afler a stabilization period of
30-45 min following completion of instrumentation, baseline measurements of
systemic hemodynamic variables were made, and blood samples were collected
for the determination of blood gases. The animals were then subjected to
constant infusions of either '¥I-Ang I or '®I-Ang II.

5.3.5 Infusions of '*I-angiotensin T or *I-angiotensin 11

'21.Ang T was infused into the left cardiac ventricle at a constant rate of
approximately 5 x 10% cpm/min. Steady-state plasma levels of '*I-Ang I and '*I-
Ang TT were reached within 10 min®. For determination of the time required for
tissue levels to reach a steady state, heart, kidney and adrenals were removed
after various time periods of '*I-Ang I infusion, i.e. after 15, 60 or 120 min of
12]_Ang 1 infusion. Blood samples were taken from the aorta at 10 min and 60
min of '**I-Ang I infusion.

In some experiments, in which 'I-Ang I had been infused for 15 min, the
heart, kidney and adrenals were removed at 15 or 30 min after the infusion had
been stopped, in order to obtain an estimate of the in-vivo tissue half-life of '*I-
Ang I and 11, The in-vivo haif-life of '*I-Ang I and '*I-Ang II in the circulation

was determined by measuring the plasma levels of '"PI-Ang I and '®I-Ang II in
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blood samples taken from the aorta at 0.25, 0.5, 1, 1.5 and 2 min after the '*I-
Ang [ infusion had been stopped.

The effect of blockade of the AT,-receptor on the tissue levels of "*I-Ang
I and '»I-Ang TT during *I-Ang T infusion, was studied by administration of the
AT, -receptor antagonist L-158,809, 1 mg/min i.v. for 10 min , 30 min before
the start of the "I-Ang I infusion. At this dose of the AT -receptor antagonist,
the pressor effect of systemically administered Ang II (0.1-1.0 pg/kg) is
completely blocked”. Afier 10 min of "I-Ang I infusion an arterial blood
sample was taken, and heart, kidney and adrenals were removed at 15 min of
infusion,

125,_Ang IT was infused into the left cardiac ventricle at a constant rate of
approximately 3 x 105 cpm/min. Heart, kidney and adrenal were removed at 15,
60 or 120 min of 'I-Ang II infusion. Blood samples were taken from the aorta
at 10 min and 60 min of "*’I-Ang II infusion. A steady-state plasma level of '’I-
Ang II had been reached by that time™.

5.3.6 Blood and tissue sampling

During '"®I-Ang I and '®I-Ang 1 infusions, blood samples (10 mL) were taken
from the aorta for measurement of the plasma levels of '*I-Ang I and '*I-Ang
II. The blood was rapidly withdrawn with a plastic syringe containing the
following inhibitors (0.5 mL inhibitor solution in 10 mL blood}, 0.01 mmol/L
remikiren (a gift of Dr. W, Fischli, Hoffimann-LaRoche, Basel, Switzerland),
6,25 mmol/L. disodium EDTA and 1.25 mmol/l. 1,10 ortho-phenanthroline
(Merck, Darmstadt, Germany) (final concentrations in blood). It was then
immediately transferred into prechilled polystyrene tubes and centrifuged at
3,000 g for 10 min at 4°C. Plasma was stored at -70°C and assayed within 3
days.

The heart was removed either immediately or at various times after the
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infusion of I-Ang T or '"[-Ang II infusion had been stopped. Before its
removal from the body, the heart was stopped by fibrillation, while the
radiolabeled peptide infusion was still running. Immediately after the heart had
been removed from the body, a picce of left ventricular free wall tissue (1-2 g)
was excised and transferred into liquid nitrogen. The tissue was frozen within
15 seconds afler the heart had been stopped. Subsequent to removal of the heart,
the left kidney and both adrenal glands, and in some cases also part of the
sternocleidomastoid muscle, were excised and a piece of each tissue (0.5-1 g)
was immediately transferred into liquid nitrogen. The piece of renal tissue was
mainly renal cortex. These tissues were frozen within 60 seconds after the heart
had been stopped. The frozen tissues were stored at -70°C and assayed within
3 days.

For study of the ex-vivo degradation of '*I-labeled angiotensins in tissue,
remaining parts of the left ventricular wall tissue, the kidney and the adrenals
were kept at 37°C. Pieces of tissue were then cut off and rapidly frozen in liquid
nitrogen at various time points (0-60 min) after the heart had been stopped. The
frozen tissues were stored at -70°C and assayed within 3 days.

5.3.7 Measurements of '**I-angiotensin I and '*I-angiotensin II in tissue and

plasma

Frozen tissue samples were homogenized with a Polytron PT10/35
(Kinematica,Luzern, Switzerland) in 20 mL ice-cold ethanol / 0.1 mol/L HCI 4:1
(vol/vol)?, Homogenates were centrifuged at 20,000g for 25 min at 4°C. Ethanol
in the supernatant was evaporated under constant air flow. The remainder of the
supernatant was difuted in 20 mL 1% ortho-phosphoric acid and centrifuged
again at 20,000g. The supernatant was diluted with an equal volume of 1%
ortho-phosphoric acid and then concentrated by reversible adsorption to
octadecylsily! silica (Sep-Pak C18, Waters, Milford, MA, USA). Plasma was
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directly applied to Sep-Pak cartridges.

The Sep-Pak cartridges were conditioned with 5§ mL methanol and
equilibrated with 5 mL cold water, Samples were passed through the cartridges
at 4°C, followed by a wash with 10 mL cold water. Adsorbed angiotensins were
eluted with 2.5 mL of 90% methanol / 10% water (vol/vol) into polypropylene
tubes, and the eluted samples were dried under vacuum.

Separations were performed by reversed-phase HPLC using a Nucleosil
C18 steel colummn of 250x4.6 mm and 10 um particle size (Alltech, Eke,
Belgium) as previously described®. Water for HPLC was prepared with a Milli-
Q system (Waters, Milford, MA, USA), Mobile phase A was 25% methanol in
0.085% ortho-phosphoric acid, containing 0.02% sodium azide. Mobile phase B
was 75% methanol in 0.085% ortho-phosphoric acid, containing 0.02% sodium
azide. The flow was 1.5 mL/min, and the working temperature was 45°C. The
vacuum-dried Sep-Pak extracts were dissolved in 100 pl. 0.085% ortho-
phosphoric acid and injected. Elution was performed as follows: 85% A / 15%
B (vol/vol) from 0 to 5 min, followed by a linear gradient to 40% A / 60% B
(vol/vol) until 20 min, The eluate was collected in 20-second fractions into
polystyrene tubes coated with bovine serum albumin (Sigma, St. Louis, MI,
USA). The concentrations of '’I-labeled angiotensins and their metabolites in
the HPLC fractions were measured in a gamma counter.

In previous studies, in which the levels of Ang T and IT were measured in
cardiac tissue , we added a known amount of '*I-Ang I as an internal standard
before the extraction procedure, We then used the recovery of 'I-Ang 1 after
HPLC separation to correct for losses (maximally 20-30%) occurring during
extraction and separation®, In the present study, we did not add '®I-Ang I as an
internal standard because the tissue already contained '*I-labeled Ang I and
metabolites. We, therefore, did not comrect for losses of angiotensin during the
extraction and separation procedures. This may have led to an underestimation
(by maximally 20-30%) of the actual tissue levels,
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5.4 Results

5.4.1 Hemodynamic effects of '“I-angiotensin 1 and I-angiotensin II

infusions

Baseline heart rate, cardiac output and mean arterial pressure were similar in
furosemide- and captoprif-pretreated pigs and in pigs treated with the AT,
receptor blocker L-158,809 (Table 1). '*T-Ang I and '*I-Ang TI infusions did
not affect any of these parameters (data not shown), which is in agreement with

previous studies®™ .

5.4.2 Identification of "I-angiotensin I, *I-angiotensin TT and their 'I-

Iabeled metabolites in blood plasma and in tissue by HPLC

Satisfactory separations were obtained of 'I-Ang I and '*I-Ang II and of these
peptides and most of their **I-labeled metabolites (Figure 1). A comparison
between the retention times of the various '’I-labeled peptide standards
demonstrated that the *I-Ang I and 11 peaks were virtually free of '»I-Ang ITI,
5L Ang-(3-8), 'PI-Ang-(4-8), "*I-Ang-(2-10), '»I-Ang-(1-7) and "I-tyrosine.

In plasma, more than 90% of the radioactivity in the peak with the same
retention time as '*I-Ang I was bound by Ang I antiserum, as compared with
less than 5% by Ang II antiserum, This peak was therefore identified as '*I-Ang
I. No peak with this retention time was observed in skeletal muscle, and a very
small peak with this retention time was sometimes observed in heart and kidney.
Adrenal tissue showed a larger peak with a retention time similar to that of ’I-
Ang 1, but less than 10% of the radioactivity in this peak was bound to Ang I
antiserum, This peak therefore was not '*I-Ang I.
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Figure 1. High-performance liquid chromatography (HPLC) elution profile of I-labeled
angiotensins in adeenal, kidney and heart tissue and blood plasma, measured by gamma
counting, during infusion of '®I-angiotensin I (left panel) or '*I-angiotensin H (right panel).
Retention times of '*I-labeled standards are indicated at the top. 1, I-tyrosine; 2, '»’I-Ang-
(1-7) 3, PI-Ang-(4-8); 4, "®L-Ang II; 5, ".Ang L
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Table 1. Baseline hemodynamic parameters and steady-state arterial plasma levels of **I-angiotensin ¥ and *I-
angiotensin IT during infusion of ***I-angiotensin I or *I-angiotensin I in furosemide- or captopril-treated pigs.

treatment Infusion  (n) Mean Arterial Heart Rate Cardiac Output *T-Ang I  "I-Ang I  l-Angll/I
Pressure cone. Cone. conc.
(mm Hg)  (beats'min)  (L.min™) (cpm/mL)  (cpm/mL) ratio

furosemide  "I-Angl 11 81+4 10518 2.4+0.5 1470350 1000£350  0.67+0.14

furosemide &

AT, receptor “L-Angl 2 82-83 107-135 3.0-5.2 1150-1220 660-970 0.57-0.80

blockade

captopril Bl Angl 6 8544 114420 2.8+0.4 2440+410%  370£350%  0.15+0.08*

furosemide  "I-Angll 4 78+13 110+15 2.3%0.7 - 1960+530 .

Data are means + SD or individual values (AT, receptor blockade). Ang, angiotensin; cpm, counts per min.
* p < 0.05 vs furosemide-treatment (unpaired t-test).
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In both plasma and in the tissues, more than 90% of the radioactivity in
the peak with the same retention time as '“T-Ang II was bound by Ang II
antiserum, as compared with less than 3% by Ang I antiserum. This peak was
therefore identified as '*I-Ang II.

In addition to the "’I-Ang I and 'I-Ang II peaks, separate peaks with
retention times corresponding to '*I-tyrosine, '*I-Ang-(1-7) and **I-Ang-(4-8)
were observed in the tissues. More than 80% of the radioactivity in the peak
with the retention time of '*I-Ang-(4-8) was bound by Ang II antiserum,
whereas less than 10% was bound by Ang T antiserum. We therefore concluded
that this peak was indeed '*I-Ang-(4-8), The radioactivity in the peaks with the
retention times of '“I-tyrosine and I-Ang-(1-7) was not bound by these
antisera. The conclusion that these peaks were indeed **I-tyrosine and '*I-Ang-

(1-7) needs further confirmation.

5.4.3 Accumulation of "“I-angiotensin II in tissue and the effect of AT,

receptor blockade

Figure 2 shows the tissue levels of ™’I-Ang II after 60 min infusions of '**I-Ang
I or "PI-Ang 1L The I-Ang 11 levels in the kidney and the adrenal (expressed
per g tissue) were 340-550% and 680-2100% of the '®I-Ang 11 level in plasma
(expressed per mL plasma), respectively (ranges of 6 experiments). In the heart,
the '"”I-Ang 1T level was 64-150% of the level in plasma. The I-Ang II level
in skeletal muscle was 8-41% of the level in plasma. Results obtained in the
furosemide-pretreated pigs were similar to those in the captopril-pretreated pigs,
and results obtained after '2°I-Ang I infusion were similar to those obtained afier
"L_Ang 11 infusion. In the kidney and the adrenal, and also in the heart, the
tissue levels of 'I-Ang II were too high to be explained by the presence of *I-
Ang 11 in the extracellular fluid. The tissue levels of '’I-Ang 1 were less than

5% of the plasma level.
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Figure 2. Tissue-to-blood plasma '*I-angiotensin IT concentration ratios in skeletal muscle,
heart, kidney and adrenal, at 60-min infusion of infusion of ’I-angiotensin I in furosemide-
(stippled bars) or captopril-preireated (open bars) pigs or during infusion of "l-angiotensin
IT in furosemide-pretreated pigs (hatched bars). Values are means and range (n=2).

These results demonstrate that Ang II from the circulation is accumulated
by the heart, kidney and adrenal and that, in the case of the kidney and the
adrenal, the tissue concentration of the accumulated Ang II is several times the
plasma concentration. Ang I from the circulation is not accumulated by these
tissues.

In Figure 3, the '*’I-Ang I levels that were reached in heart, kidney and
adrenal after 60-min infusions of '*I-Ang I or '"*I-Ang II are compared with the
levels after 15- or 120-min infusions. It took between 30 and 60 min for '*I-
Ang 1T to reach steady-state levels in the tissues. This is much longer than in

plasma, where it takes fewer than 10 min to reach a steady state”***?,
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Figure 3. Tissue-to-blood plasma **I-angiotensin II concentration ratios in heart, kidney and
adrenal, during infusion of *I-angiotensin I in furosemide- (closed circles} or captopril-
pretreated (open circles) pigs or during infusion of '*I-angiotensin Il in furosemide-treated
pigs (iriangles). Values are means of 2 experiments (at 15 and 60 min of infusion) or single
observations (120 min of infusion).

The effect of the AT, receptor antagonist L.-158,809 on the accumulation
of 'I-Ang 11 in heart, kidney and adrenal was studied during a 15-min infusion
of ZI-Ang 1. Skeletal muscle was not studied because of the apparent lack of
'_Ang II accumulation in this tissue (see¢ above). As shown in Figure 4, L-
158,809 caused nearly complete blockade of '’I-Ang II accumulation. L-158,809
had no effect on the plasma levels of "*I-Ang T and '*I-Ang 1 (Table 1), Thus,
the accumulation of Ang II from the circulation by heart, kidney and adrenal

appears to depend on AT, receptors.
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Figure 4. Tissue-to-blood plasma "l-angiotensin 1 concentration ratios in heart, kidney and
adrenal, at 15 min of infusion of '*L.angiotensin I in furosemide-pretreated pigs either with
{hatched bars) or without (open bars) AT, receptor blockade by L-158,809. Values are means

and range (n=2).
5.4.4 Ex-vivo and in-vivo half life of **I-angiotensin II in tissue

The process of tissue removal, cutting and transfer into liquid nitrogen took less
than 1 min. Still, "*I-Ang II metabolism might be so rapid that the measured
levels of this peptide are substantially below the levels in vivo. We, therefore,
investigated the decrease in the tissue levels of '®I-Ang II in heart, kidney and

14



AT; receptor-mediated accumuiation of Angll in tissues

adrenal, while the pieces of tissue cut from these organs were kept at 37°C
before they were transferred into liquid nitrogen. Skeletal muscle was not
included in these experiments, because of the apparent lack of '*I-Ang II

accumulation in this tissue (see above).
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Figure 5. The ex-vive decrease of l-angiotensin II in heart (closed circles; n=6), kidney
(open circles; n=4) and adrenal (triangles; n=4) tissue during storage at 37°C. Values (means
+ SD) are expressed as a percentage of the levels measured immediately after removal of the
tissues from the body.

As shown in Figure 5, the ex-vive half life of '"®I-Ang II in heart, kidney
and adrenal was 30 min or longer, Thus, one can conclude that the 'I-Ang 11
levels that were measured in these tissues after they had been transferred into
liquid nitrogen as quickly as possible, were indeed representative of the levels

in vivo,
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In order to get some information on the in-vivo half life of '**T-Ang II in
tissue, we measured '*’I-Ang II levels in heart, kidney and adrenal afier these
organs had been kept in the body for 15 or 30 min after the I-Ang I infusion
had been stopped. As shown in Figure 6, the tissue levels of ’I-Ang II, 15 and
30 min after discontinuation of the '*I-Ang I infusion were 40-70% and 20-50%
of the level immediately after discontinuation of the infusion (n=2). This
coiresponds with an in-vivo half life in tissue of approximately 15 min. The half
life of ™I-Ang II in the circulation was approximately 0.5 min, which is in
agreement with earlier studies™, Thus, it appears that Ang II that is taken up
from the circulation by the heatt, the kidney and the adrenal and is accumulated
in these organs, has a much longer half life in tissue than in circulating plasma,
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Figure 6. Levels of *I-angiotensin II in arterial plasma (squares) and heart (closed circles),
kiduey (open circles) and adrenal {triangles) during the elimination phase afier discontinuation
of a [5 min 'PI-angiotensin I infusion. Plasma was collected at 15, 30, 60 90 and 120 seconds
after discontinuation of the infusion. Values (means and range; n=2) are expressed as a
percentage of the steady-state '*I-angiotensin IT levels in arterial plasma.
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5.5 Discussion

In the present experiments, we infused 'T-Ang T and '®-Ang IT at a constant
rate into the left cardiac ventricle of pigs, to investigate the uptake and
degradation of Ang I and Il in the tissues. The use of radiolabeled angiotensins
is based on the assumption that the body does not distinguish between labeled
and unlabeled peptides, In a previous study, also in pigs, the arterial and venous
plasma levels of I-Ang I and '®I-Ang Il and unlabeled Ang I and II were
measured in a number of regional vascular beds in animals receiving infusions
of »I-Ang 1 combined with unlabeled Ang I, for comparison of the regional
extraction rates of the arterially delivered labeled and unlabeled angiotensins®
M Ang T in that study was infused in quantities that were sufficiently high to
ignore the levels of endogenous Ang I and II. The results showed little
difference in regional extraction between labeled and unlabeled angiotensins.
There was a difference in conversion rate, the '*I-Ang T-to-TI conversion rate
being two times the Ang I-to-II conversion rate, but the degradation of *’I-Ang
1 into peptides other than '*I-Ang II occurred at the same rate as the degradation
of Ang 1. The 'PT-Ang 1T degradation rate was also not different from the Ang
1I degradation rate®.

Another important methodological aspect of our study is the possibility
that the measured tissue levels of “I-Ang I and II differed from the levels in
vivo, because of rapid degradation of these peptides after the **I-Ang I or '*I-
Ang I1 infusions had been stopped. We addressed this issue by investigating the
ex-vivo degradation of '*I-Ang T and '"*I-Ang II when the tissues were kept at
37°C. On the basis of the results of these experiments, it can be concluded that
the measured tissue levels of '’I-Ang II are probably representative of the levels
present in vivo. The measured tissue level of '*I-Ang I was too low to permit
any conclusion about its level in vive.

The main new findings of the present study were: 1) the time-dependent
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accumulation of arterially delivered intact Ang Il in heart, kidney and adrenal
gland of the infact animal and the importance of AT, receptors for this process,
and 2) the long in-vivo half life of blood-derived infact Ang 11 in these tissues,
as opposed to the short half life of Ang II in the circulation.

The tissue levels of "*I-Ang II we measured were about half maximal
after 15-30 min of 'I-Ang I or II infusion, and the maximum appeared to be
reached within one hour of infusion. This time course of Ang II accumulation
in the tissues is similar to that observed for the AT, receptor-dependent
accumulation of radioactivity in isclated bovine adrenocortical and chromaffin
cells, when incubated with '*I-Ang 11" . In these studies of isolated cells,
surface-bound radioactivity was rapidly internalized. Within 15 min of
incubation at 37°C more than 50 % of the total radioactivity of the adrenal cells
was derived from internalized '*I-Ang 1. In addition, the increase in the total
specific (AT, receptor-related) radioactivity of the cells during the first 30 min
of incubation with '**I-Ang 1T represented the increase of the internalized
fraction, the surface-bound fraction remaining more or less constant, Such rapid
internalization was also observed in monolayer cultures of rat vascular smooth
muscle cells®® and in COS-7 cells expressing the rat AT, receptor®. Also in our
in-vivo experiments, the progressive accumulation of '*I-Ang I1 in heatt, kidney
and adrenal appeared to be mediated by AT, receptors, since it was inhibited by
the AT, receptor antagonist 1.-158,809. Because of this and because of the
similarities between the kinetics of the '’I-Ang II accumulation process in the
intact animal and the kinetics of ®I-Ang 1I internalization by cells in culture,
we conclude that the increase in the tissue levels of '*I-Ang II in heart, kidney
and adrenal that we observed during 'I-Ang I and I-Ang II infusion is mainly
determined by AT, receptor-mediated internalization and, therefore, reflects the
increase in intracellular '*I-Ang IL

The steady-state tissue level of »I-Ang 11 in the heart (expressed per g
tissue)} was similar to that in plasma (expressed per mL plasma), In kidney and
adrenal, the tissue levels of "*I-Ang 1T were several times those in plasma, In

118



AT, receptor-mediated accumulation of Angll in tissues

contrast, the tissue levels of *I-Ang 1 were less than 5 % of levels in plasma.
These results illustrate that arterially delivered Ang I is not accumulated and is
probably not subjected to receptor-mediated internalization. The order of steady-
state tissue levels of I-Ang 1I, i.e. adrenal > kidney > heart, is in agreement
with the Ang II receptor densities in these organs®™%, Since most of the '**T-Ang
I in tissue seems to be localized in the cells, after its internalization through
AT, receptors, it is indeed logical to assume that the tissue-to-plasma '*I-Ang
IT concentration ratio is proportional to the AT, receptor density, This ratio is
not influenced by the level of endogenous Ang Il to which the receptors are
exposed, as long as the receptor occupancy is low. This may explain why the
tissue-to-plasma 'PI-Ang II concentration ratios after captopril-treatment were
similar to those after furosemide.

Recently Zou et al.” reported that {Val’}-Ang T1, during low-dose infusion
of this peptide for 14 days in uninephrectomized rats, was accumulated by the
kidney (the endogenous Ang II of the rat is [Ile’]-Ang II). These authors
suggested that renal accumulation of circulating Ang IT might be caused by AT,
receptor-mediated endocytosis. In a subsequent study from the same Iaboratory™,
also in uninephrectomized rats, it was found that chronic low-dose infusion of
[lle’]-Ang 1I increased the level of this peptide in the kidney, and that this
increase was prevented by the AT, receptor antagonist losartan. From this the
authors concluded that chronic Ang Il infusion leads to either receptor-mediated
internalization of Ang II, enhancement of intrarenal Ang II formation, or both,
Our results indicate that the findings of Zou et al.’*® are indeed explained, at
least in part, by AT, receptor-mediated endocytosis.

There was little difference in the tissue levels of 'T-Ang 1T between the
animals subjected to '®I-Ang I infusions after furosemide treatment and the
animals subjected to '®I-Ang 1 infusions after captopril treatment. There was
also little difference between the results obtained after '*T-Ang T infusion and
those afier '*’I-Ang TI infusion. This indicates that most of the '*’I-Ang I in the
tissues was derived from arterially delivered '*I-Ang 1I and not, via conversion,
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from arterially delivered *I-Ang 1.

An important difference between our experiments and the studies reported
so far, lies in the fact that we relied on measurements of the tissue levels of
intfact "PI-Ang 11 rather than fofal tissue radioactivity. This enabled us to provide
an estimate of the in-vivo intraceftular half life of intact ’I-Ang 1I, by
measuring its tissue levels at different time intervals after the discontinuation of
L. Ang I infusion, The intracellular half life of '¥I-Ang II (approximately 15
min) was much longer than its half life in the circulation (0.5 min). Endocytosis
of Ang II may protect the peptide from rapid degradation by endothelial
peptidases.

Activation of cell membrane-bound receptors is crucial for the
physiological actions of Ang II. AT, receptor antagonist drugs block this
activation process, and it is generally believed that this is the mechanism that
underlies the beneficial effects of these drugs in hypertension and heart failure.
However, these drugs also interfere with the receptor-mediated endocytosis of
Ang II, and, as our study demonstrates, the AT, receptor antagonist L-158,809
reduces the tissue concentrations of blood-derived Ang II to very low levels.
There is growing evidence that AT, receptor-mediated endocytosis of Ang II is
important for some physiological responses to Ang II* *!!, Qur observations,
which indicate that internalized Ang Il has a much longer hatf life than Ang IT
in the circulation, are in agreement with the concept that intracetlular Ang IT has
indeed functional significance. This raises the possibility that reduced
endocytosis of Ang Il may contribute to the therapeutic effects of AT, receptor

antagonists,
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Chapter 6

Conversion and degradation of ['**I]-labelled angiotensin I
in porcine isolated perfused coronary and carotid arrteries

6.1 Abstract

Objectives and methods: Circulating angiotensin (Ang) 1 is converted to Ang II by
angiotensin-converting enzyme (ACE) at the luminal surface of the wvascular
endothelium. To address the possibility that Angl-to-l conversion may also take
place deeper in the vascular wall, the metabolism of ['*I]-Angl was studied in
isolated perfused porcine coronary and carotid arterics, after luminal administration
of the {abelled peptide (via perfusion fluid) and after adventitial administration (via
organ bath). To investigate whether enzymes other than ACE are invoived in Ang I-
to-Il conversion, measurements were made both in the presence and absence of
captopril, Results: ["*I]-Angll was a major metabolite and its formation was
virtually completely blocked with captopril, both after luminal and adventitial
adminisiration of [*I]-Angl. In coronary arteries (n=8), the ['I}-Angl-to-II
conversion rate after adventitial administration was about half the conversion rate
after luminal administration, In carotid arteries (n=6) the conversion rate after
adventitial administration was 10-20 times lower than the conversion raie after
luminal administration. Degradation of ['“I]-Ang [ into peptides other than ['*I]-
Angll was also observed, both with fuminal and adventitial administration. No ['*1}-
Angl and I were released into the organ bath after luminal administration of ['*1]-
Angl, and very little ["*I]-Angl and II entered the lumen afier adventitial administ-
ration of ['*I]-Angl.

Conclusions: It appears that vascular Angl-to-I conversion is not limited to the
endothelial surface, and that ACE is the most important, if not the only, enzyme
responsible for vascular Angl-to-II conversion. The results further indicate that, if
Angl and Ii are formed in the adventitia or media, little of these peptides will enter
the vascular lumen,
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6.2 Introduction

The classical view of angiotensin IT (Angll), the most important biologically
active product of the renin-angiotensin system (RAS), as a circulating
hormone has been challenged in recent years. Previously it was thought that
Angll was derived solely from the conversion of circulating angiotensin 1
(Angl) by membrane-bound angiotensin-converting enzyme (ACE) of the
vascular endothelium. This enzyme is identical with kininase II. However,
there is now evidence that many tissues, including heart and blood vessels,
contain a complete RAS™ and that Angl and Angll may also be generated
locally, outside the circulating plasma™. There is even good evidence that in
a number of vascular beds Angl production at tissue sites may coniribute to
the circulating levels of Angl and II*". Angll produced in vascular tissue
from in situ synthesized Angl or from Angl taken up from the circulation
may serve functions other than the regulation of vascular tone. It may for
instance contribute to the development of vascular hypertrophy®.

The formation of Angll in the vessel wall may not depend on endothelial
ACE only, Endothelium-denuded rat aorta rings contain ACE activity, as
determined with a synthetic tripeptide substrate’. ACE has also been
demonstrated in endothelium-denuded porcine coronary arteries, by using
["ZT}-labelled Angl as substrate!’, In addition, Angl has been found to contract
endothelium-denuded rat aorta rings''. In support of these findings, ACE
activity has been shown in cultured rat aortic smooth muscle cells'™.

Several enzymes other than ACE have been described which can convert
Angl to Angll in vitro" %, A chymostatin-sensitive angiotensin II-generating
enzyme (CAGE), capable of catalyzing Angl-to-Il conversion, has been
isolated from aortic tissue of dog, monkey and man'”'®. This enzyme is
localized mainly in the adventitia®® and is thought to be identical with an
Angll-forming chymase, which has recently been discovered in human heart
tissue'”?®, Human heart chymase is a serine proteinase with high specificity
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for Angl. Chymase mRNA is expressed in endothelial cells and in mast celfls®
and may be induced by vascular injury®’,

We decided to compare Angl metabolism after luminal and adventitial
administration of ['*’I]-labelled Angl to isolated perfused porcine arteries. The
aim of the present study was 1) to quantify Angl-to-IT conversion both on the
endothelial surface and at deeper sites in isolated arteries, 2) to assess whether
the Angll that is formed at deeper sites is released into the vascular lumen,
and 3) to examine whether angiotensin-converting enzymes other than ACE
are involved in vascular Angl-to-1I conversion.

6.3 Materials and methods

6.3.1 Blood vessel preparation

Carotid and left anterior descending coronary arteries were obtained from 20
pigs (weight 16-24 kg, crossbred Yorkshire x Landrace, H.V.C., Hedel, The
Netherlands) during anesthesia with 160 mg/kg o-chloralose (Merck,
Darmstadt, Germany), which was given via the superior caval vein, followed
by continuous iv. infusion of low dose sodium pentobarbitone (5 mgskg per
h). The pigs had been used for acute pharmacological experiments involving
intravenous  saline or calcitonin gene-related peptide infusions. All
experiments were performed in accordance with the "Guiding principles in the
care and use of animals" as approved by the American Physiological Society
and under the regulations of the Animal Care Committee of the Erasmus
University, Rotterdam, The Netherlands.

The vessels (diameter 2-3 mm) were dissected free from surrounding
tissue, and 1-2 cin sections without side branches were mounted horizontally
in a double-jacketed 4 ml organ bath containing Krebs buffer (composition in
mM: NaCl 118, KCI 4.7, CaCl, 2.5, MgSO, 1.2, NaHCO, 25, KiLPO, 1.2,
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glucose 8.3), which was continuously gassed with 95 % O, and 5 % CO, at
37 'C, as described by Hulsmann et al?>, The vessels were perfused with
carbogenated Krebs buffer from a 6 ml reservoir kept at 37 °C in a water
bath, using a roller pump (Ismatec IPS, Ziirich, Switzerland). The flow was
kept at I ml/min. The perfusate was collected in the reservoir and reperfused
through the vessel, thus creating a closed perfusion circuit (Fig. 1). This set-
up allowed us to obtain samples from both reservoir (*perfusate’) and organ
bath (*bath fluid’) after the addition of [*°I]-Angl to either the perfusate

reservoir or the organ bath.

ARTERY

ROLLER
PUMP

RESERVOIR
6 ml.

Figure 1. Schematic presentation of the experimental set-up. A 1-2 ¢m vessel segment is
mounted in a double-jacketed organ bath that contains Krebs buffer at 37 °C.
The buffer is continuously gassed with 95 % O, and 5 % CO,. The vessel
lumen is constantly perfused with gassed Krebs buffer from a reservoir kept in
a waterbath at 37 "C, using a roller pump. Volume of the bath was 4 ml. Total
volume of the reservoir inciuding pump and connecting cannulas was 6 ml
[***1]-labetled angiotensin T was added to the reservoir {’luminal administration’)
or the organ bath (Cadventitial administration’).

6.3.2 Preparation of radiolabelled angiotensins

Mono-iodinated [***I}-Angl was prepared with the chloramine-T method and
purified as described previously®. The specific radioactivity of the ['°I}-Angl
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prepatation was 3.6 x 10° counts per minute (cpm)pmol (74 kBg/pmol).
['*]]-labelled preparations of Angll, Anglll, ANG-(3-8), ANG-(4-8), ANG-
(2-10), ANG-(1-7) and tyrosine were also made’.

6.3.3 Separation and measurement of radiolabelled angiotensins

['I]-Angl and its metabolites were extracted from the samples obtained
during the experiment (see below) by reversible adsorption to octadecylsilyl
silica (SepPak C18, Waters, Millford, MA, USA). The SepPak cartridges were
conditioned with 4 mi methanol and equilibrated with 2 times 4 ml of cold
water. Samples were passed through the cartridge at 4 °C, followed by a wash
with 2 times 4 ml of cold water. Adsorbed angiotensins were eluted with 3 ml
methanol into polypropylene tubes and the methanol was evaporated under
vacuum rotation at 4 'C, using a Savant Speed Vac concenfrator (Savant
Instraments, Farmingdale, NY, USA).

['®I)-labelled angiotensins were sepatated by reversed phase high-
pressure liquid chromatography (HPLC), according to the method of
Nussberger et al®, using a Nucleosil C18 steel column of 250x4.6 mm and 10
pm particle size. Mobile phase A was 0.085 % ortho-phosphoric acid
containing 0.02 % sodiwm azide. Mobile phase B was methanol. The flow
was 1.5 ml/min and the working temperature was 45 "C. SepPak methanol
extracts were dissolved in 100 pl of HPLC solvent (mobile phase A} and
injected. Elution was performed as follows: 65 % A/35 % B from 0 to 9 min,
followed by a linear gradient to 45 % A/55 % B until 18 min, The eluate was
collected in 20-sec fractions into polypropylene tubes, and the concentrations
of ["*I]-Angl and its radiolabelled metabolites in the HPLC fractions were
measured in the gamma counter,

There was virtually complete recovery of radicactivity afler SepPak
extraction, Moreover, more than 95 % of ['*I]-Angl or II that had been added
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to SepPak extracts was recovered after HPLC separation. Results of ['*[}-
Angl and II measurements were therefore not corrected for the small losses

during extraction and HPLC separation.

6.3.4 Experimental profocol

The blood vessel preparations were allowed to equilibrate for 30 min. In each
carotid and coronary artery two experiments were performed. In one
experiment approximately 10° cpm ['I}-Angl was added to the perfusate
reservoitr ("luminal administration®). Samples of 100 ul were taken from both
organ bath and reservoir at =0, 1, 2, 5, 10, 20 and 40 min after the addition
of ["™I}-Angl, and were immediately mixed with 10 pl inhibitor solution
containing 125 mM disodium EDTA and 25 mM I,10-phenanthroline, to
inhibit ACE and angiotensinases, respectively. The samples were stored at -70
'C and assayed within one week. In the second experiment [’I]-Angl
(approximately 10° cpm) was added to the organ bath (Cadventitial
administration’), after which 100 pl samples were taken from both organ bath
and reservoir at t=0, 5, 10, 20, 30 and 40 min, The samples were immediately
mixed with inhibitor solution as described above, and stored at -70 "C. The
two experiments were performed in random order, and between the two
experiments the Krebs buffer in the organ bath and reservoir was refreshed
several times in order to wash out all radioactivity.

In a second series of experiments, captopril was added in a coneentration
of 0.4 mM prior to the addition of ['*I]-Angl. This concentration of captopril
had previously been shown to inhibit ACE but not other enzymes involved in
the metabolism of Angl®,

After completion of the experiments the length of the vessel segments
was measured. The vessels were then blotted on dry paper and weighed. The
wet weight of the coronary artery segments (n=11) did not differ from that of
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the carotid artery segments (n=9) (70 £ 7 mg and 99 + 11 mg, respectively;
mean and s.e.mean) and the lengths (1.5 £ 0.1 e¢m and 1.6 £ 0.2 cm) were

likewise similar.

6.3.5 Chemicals

[[1eS]-ANG-(1-10} decapeptide (Angl), [TleS]-ANG-(1-8) octapeptide {Angll),
and [Ile5]-ANG-(2-8) heptapeptide (Anglll) were from Bachem (Bubendorf,
Switzerland). [Ile5]-ANG-(2-10) nonapeptide (ANG-(2-10)) was from Senn
Chemicals (Dielsdorf, Switzerland). [Ile5]-ANG-(3-8)} hexapeptide (ANG-(3-
8)), [lie5]-ANG-(4-8) pentapeptide (ANG-(4-8)), [lle5}-ANG-(1-7)
heptapeptide (ANG-(1-7)) and tyrosine were from Peninsula Laboratories
(Belmont, CA, USA). Captopril was obtained from Bristol-Myers Squibb,
Woerden, The Netherlands. Methanol, ortho-phosphoric acid (both analytical
grade) and 1,10-phenantroline were purchased from Merck, Darmstadt,
Germany. Water for high performance liquid chromatography (HPLC) was
prepared with a Milli-Q system from Waters (Millford, MA, USA).

6.3.6 Calculations

[*1]-Angl is eliminated either by conversion to ['*’I]-AngIl by ACE or other
angiotensin-converting enzymes, or by breakdown to small biologically
inactive peptides by various other enzymes. We refer to the latter process as
*degradation’ of ['®I]-AngI*. The first order rate constants for degradation
and conversion of ["*I]-Angl are denoted as k; and k,, respectively. The rate
constant for ['*’I]-Angl elimination (k) is taken to be equal to the sum of the
first order rate constants for conversion and degradation,

The metabolism of ['**1]-Angl in a closed perfusion circuit can be described
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by the equation for a first order process, so that k, can be calculated as

follows:
ky = -1/t~ In([['*[}-Angl], / [["[]-Angl]y), (1

in which [['*1]-Angl], is the concentration of ['*I}-Angl at time t and [['*T]-
Angl], is the concentration of [I]-Angl at =0 (immediately after the
addition of ['*°I]-Ang]).

The elimination of ['*I}-Angll involves degradation only. Experiments in
pigs, in which ['I]-Angl was infused into the left cardiac ventricle®, and
experiments in humans, in which ["®I]-Angl and ['**T]-AngIl were infused in
a peripheral vein®, did not show a difference between the rate constants for
degradation of infused ['*I]-Angl and infused ['*T]-Angll. Results of these
experiments were also compatible with the assumption that the rate constants
of infused ['*’I]-Angl and ['®I]-Angll generated from infused ['*’I]-Angl are
not different, Applying these assumptions to the present experiments, k, can
be calculated as follows:

ky = -1t In (([["*T]-Angll], + [["T}-Angl}) / [["1)-Angl],), (2)

in which [[**I]-AngII), is the concentration of ['*I]-Angli] at time t.
Finally, k, can be obtained by subtracting k; (calculated with formula (2))
from k,, (calculated with formula (1)).

['*T]-Angl metabolic clearance rates due to degradation plus conversion or
due to degradation or conversion separately were calculated by multiplying k,
+ ky, ky or k, respectively with the volume of distribution (6 ml for luminal
administration, 4 ml for adventitial administration). No corrections were made
for the small volume changes that occurred as a consequence of fluid

sampling for angiotensin measurements.
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The percentage of ['*I]-Angl metabolism due to conversion is defined as

follows:

contribution of conversion to metabolism (%) = [k, / (k, + k,)} * 100. (3)

6.3.7 Statistics

All data are reported as mean % s.e.mean, Differences between carotid and
coronary arteries and differences between experiments with and without
captopril were evaluated for statistical significance (p < 0.05) by using Mann-
Whitney’s U-test for unpaired observations. Differences in metabolism
between luminal and adventitial administration of ['*I}-Angl were evaluated
for statistical significance by using Mann-Whitney’s U-test for paired

observations.

0.4 Results

6.4.1 Vascular metabolites of [**I]-Angl during luminal or adventitial

administration of ['*5I]-Angl

With luminal administration of ["’I]-Angl, radioactivity (i.e., ['*I]-Angl and
its radiolabelled metabolites) was limited to the perfusate, both in carotid and
coronary arteries, With adventitial administration however, radioactivity was
not limited to the bath fluid. Some radioactivity reached the perfusate in
coronary and carotid arteries during the course of the experiment. The amount
of radioactivity in the perfusate tended to plateau after 20-30 min at
approximately 0.5-1.0 % (carotid arteries) or 10-15 % (coronary arteries) of
total radioactivity. With both luminal and adventitial administration,
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radioactivity in vascular tissue, as measured after termination of the
experiment, was marginal (approximately 1 % of total radioactivity). Because
of these low levels we did not attempt to measure intact ['*I}]-Angl or 1I in
the vessel wall,

With both means of ['®I]-Angl administration, ['*’I]-Angil appeared to
be a major metabolite. Peaks with retention times corresponding to those of
['"®*T)-tyrosine, ['2IJ~-ANG-(4-8) and ["*I]-ANG-(2-10) could also be identified
(Fig. 2). After adventitial [*I]-Angl administration, most of the radioactivity
present in the perfusate was found in the peak corresponding with ["*°]-

tyrosine (Fig. 2).

6.4.2 Release of ['*I]-AngI and II into the lumen after adventitial admi-
nistration of ['25T]-Angl

With adventitial administration of ['”I]-Angl to coronary arteties, small
quantities of ['*I]-Angl and ['®T]-Angll could be detected in the perfusate 20
min after ['*’I)-Angl had been added to the bath fluid. At the end of the
expetiment, the levels of ['I}-Angl and II in the perfusate were less than 10
% of the levels in the bath (Fig. 2).

No intact ['"*I]-Angl or ['"®I}-Angll could be detected in the perfusate
during adventitial administration of ['®I]-Angl to carotid arteries. Likewise,
with Juminal administration, both to coronary and carotid arteries, none of
these radiolabelied peptides could be detected in the bath fluid (Fig. 2).

6.4.3 Vascular [I]-Angl metabolic clearance rates during luminal or

adventitial administration of ['**I]-Angl

The decrease in ['"PI-Angl and the increase in [**1]-Angll in the perfusion
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fluid after luminal ["*I]-Angl administration are shown in Fig. 3. The changes
in ['"®I}-Angl and II in the bath fluid after adventitial ["*’I]-Angl administrati-
on are shown in Fig. 4. No major differences were detected between coronary
and carotid arteries. ['*I]-Angl levels followed first order kinetics. The
changes in ['®I]-Angl and I levels were analyzed as described under

Calculations, and the best fitting curves are shown in Figs. 3 and 4.
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Figure 2, Examples of high-pressure liquid chromatograpliy (HPLC) elution profiles of
[®1)-labelled angiotensins, Top panels, perfusate ("lumen’) and bath fluid
(*bath’} taken from a carotid artery 20 min after the addition of ['*I]-Ang] to
the reservoir ("luminal administration’}. Bottom panels, perfusate and bath flnid
taken from a coronary artery 40 min after the addition of ["*I}-Angl to the bath
(*adventitial administration®). a, ['®I]-tyrosine; b, ["*I]-ANG-(4-8); ¢, ["’I]-
Angll; d, ["I1-ANG-(2-10); ¢, {"*I}-Angl.
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The metabolic clearance rate (MCR) of ['®I-Angl was higher with
luminal ['*I}-Angl administration than with adventitial administration, and
this was true both for the coronary (Fig. 5 and Table 1) and carotid arteries
(Fig. 6 and Table 1). In the coronary arteries the MCRs of {'*I]-Angl due to
degradation and conversion were both significantly lower with adventitial
['®1]-Angl administration than with luminal administration (Fig. 5 and Table
1). In the carotid arteries the MCR of ['*T}-Angl due to degradation during
luminal ['*T}-Angl administration tended to be higher than the MCR during
adventitial administration, but the difference was not significant, The MCR
due to conversion was higher with luminal administration than with
adventitial administration in the carotid arteries (Fig. 6 and Table 1),

The percentage of ['®I]-Angl metabolism that could be attributed to
['*I]-Angl-II conversion amounted to 45 + 4 % (luminal administration; mean
and s.e.mean, n=8) and 37 £ 3 % (adventitial administration, n=8) in coronary
arteries, and to 62 + 5 % (luminal administration; n=6} and 47 + 8 %
(adventitial administration; n=6) in carotid arteries.

6.4.4 Effect of captopril on vascular ['**I]-Angl metabolic clearance rates
during Iuminal or adventitial administration of ["*I]-Angl

Captopril reduced the ["*I]-Angll peak in the HPLC fractions to values close
to the background (Figs. 3 and 4). The peak corresponding with ['**I]-ANG-
(4-8) became undetectable. In the presence of captopril, the peaks
corresponding with ['®T]-tyrosine and ['PI]-ANG-(2-10) were the main
metabolites of [*I}-Angl, both with luminal and adventitial ['*I}-Angl
administration,

Consequently, the MCR of ['*I]-Angl due to conversion fell to very low
fevels after captopril, both with luminal and adventitial ['*T}-Angl administra-
tion (Figs. 5 and 6). Captopril had little effect on ['**T}-Angl degradation.
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Figure 3. Decrease in ["I)-Angl {(closed symbols) and increase in [''I]-AngIl (open
symbols) in the perfusate of coronary (feft panel) and carotid arteries (right
panel} after luminal adminisiration of ['*I]-Angl in the presence (n=8) or
absence (n=3) of captopril. Values are mean with s.c.mean; where no s.e.mean.
is given, it was smaller than the symbol, The solid lines are the best fitting
curves describing the decrease in ['*I]-Angl and the increase in [**1]-Angll.
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Figure 4. Decrease in ["*I]-Angl (closed symbols) and increase in ['*I]-Angll {(open
symbols) in the bath fluid of coronary (left panel) and carotid arteries (right
panel) after adventitial administration of [“I}-Angl in the presence (n=6) or
absence (n=3) of captopril. Values are mean with s.e.mean; where no s.c.mean
is given, it was smaller than the symbol. The solid lines are the best fitting
curves describing the decrease in ["*I]-Angl and the increase in ["*T}-Angll.
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With captopril, the percentage of ['*I]-Angl metabolism that could be
attributed to ['®I}-Angl-to-Il conversion amounted to 16 + 7 % (luminal
administration; n=3, p < 0.05 for the difference with the experiments in the
absence of captopril) and 9 £ 4 % (adventitial administration; p < 0.05) in
coronary arteries, and to 15 £ 1 % (luminal administration; n=3, p < 0.05)
and 10 £ 1 % (adventitial administration; p < 0.05) in carotid arteries. Thus,
after captopril more than 85 % of ['*1]-Angl metabolism in the coronary and

carotid arteries was due to degradation.
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Figure 5, Metabolic clearance rate of ['*T]-Angl due to degradation (closed symbols) and
conversion (open symbols) in coronary arteries after luminal or adventitial
[*#*1]-Angl administration in the absence (left panel) and presence (right panel)
of captopril. Geometric means are shown with horizontal bars.
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Figure 6. Metabolic clearance rate of ["*I]-Angl due to degradation (closed symbols) and
conversion (open symbols) in carotid arteries after luminal or adventitial [**[}-
Angl administration in the absence (left panel) and presence (right panel) of
captopril. Geometric means are shown with horizontal bars.
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Table 1, Ratio between the vascular metaholic clearance rate (MCR) of [1251]-Angl
during its adventitial administration and the MCR of [125I)-Angl during its Iuminal
administration,

MCR. adventitial/MCR. fuminal

n MCR due to MCR due to MCR due to
degradation degradation conversion
and conversion

0.51 + 0.09* 0.62 £ 0.11* 0.44 £ 0.14*

Coronary artery
0,13 + 0.05* 0.64 £ 0.26 0.06 £ 0.01*%

Carotid artery

[N e =2

Values are expressed as mean and s.e.mean.
* p < 0.05, for difference from 1.00 (Mann-Whitney U-test for paired observations).

6.5 Discussion

Previous studies have shown that the vessel wall contains multiple enzymes,
e.g. tissue plasminogen activator, tonin, cathepsin A, cathepsin G, CAGE and
chymase, which are capable of converting Angl to Angll in vitre and which
cannot be blocked by ACE inhibitors™ "%, However, in most of these
studies the conversion of Angl to Angll was studied using vascular tissue
homogenates, and it is not known to what extent homogenization of the
tissues may cause the release of several cellular enzymes that are normally not
involved in the metabolism of angiotensins. We have observed that Angl and
IT are much more rapidly degraded in cardiac tissue homogenates than in the
intact tissue®®, In the published studies, in which intact vessels were used,
Angll formation was either not quantified directly®® or measured after adding
highly unphysiological amounts (50 ug per vessel) of Angl®’.

In the present study we investigated Angl metabolism under more
physiological conditions, using intact segments of porcine coronary and
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carotid arteries, perfused with carbogenated Krebs buffer at 37 'C. This model
allowed us to administer Angl to the blood vessel via the perfusion fluid
(luminal application) or via the surrounding bath fluid (adventitial
application). With luminal application Angl is primarily exposed to the
vascular endothelium. Adventitially administered Angl, which most likely
corresponds with Angl that, in the in vivo situation, is formed in the vessel
wall, may also reach the endothelium, but is primarily exposed to enzymes
present in the media or adventitia. With both ways of administration, one
would expect that endothelially produced Angl metabolites would appear in
the perfusate.

Measurements of ['*I]-Angl and II in the perfusion and bath fluids
showed that ['*T}-Angl-to-II conversion occurred not only after luminal ['*T]-
Angl administration but also after adventitial administration, and that very
little of the ['**T}-Angll formed after adventitial ['*’I]-Angl administration was
released into the perfusate. Moreover, the ["I]-Angll formed after luminal
['"®I]-Angl administration was released only in the perfusate.

These findings lend support to the concept that vascular conversion of
Angl is not limited to the luminal endothelial surface. Our present observation
that little Angl and Il passed through the wall of the carotid and coronary
arteries from the lumen to the bath and vice versa, together with our previous
work’ indicating rapid exchange between the angiotensins in circulating blood
and the tissue interstitial fluid, are compatible with the idea that the exchange
mainly occurs at the capillary level. There seems to be little accumulation of
angiotensins in the present experiments because only low levels of
radioactivity were found in the vessel segments at the end of the perfusion,

‘The conversion that occurs on the endothelial surface as well as at deeper
sites appears to be mediated by ACE, because the ACE inhibitor captopril
caused nearly complete inhibition of Angll formation at these sites. Therefore,
in the pig, enzymes other than ACE do not seem to play a major role in the

conversion of circulating Angl.
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The evidence provided by our observations on perfused arteries that
ACE-dependent Angl-to-Il conversion is not limited to the endothelium
extends previous studies, in which the formation of ['*I}-Angll was followed
during incubation of tissue pieces from endothelium-denuded porcine coronary
arteries with ['I]-Angl'’. From these studies it was calculated that
approximately 25 % of the vascular ACE was extra-endothelial, Similar
findings have been reported for the rat aorta; de-endothelialization of this
vessel resulted in a 30 % decrease in ACE activity of aortic tissue
homogenates, suggesting that 70 % of rat aortic ACE is situated outside the
endothelium®. The higher contribution of extra-endothelial sites to Angl-to-1I
conversion in the rat aorta might be related to the localization of ACE in the
smooth muscle layer'?, Radioligand binding studies have shown that ACE in
the porcine carotid artery and in the human internal mammary artery is found
mainly in the endothelial layer and in the adventitia®®. These species
differences in ACE localization may parttially explain the conflicting data
concerning the effects of ACE inhibitors on myoeintimal proliferation after
vascular injury. In the rat, the myointimal proliferative response to endothelial
damage of the carotid artery was prevented by ACE inhibitor treatment’. This
could not be confirmed in the pig™ and likewise in humans the use of ACE
inhibitors for the prevention of restenosis after angioplasty proved to be
ineffective™, It should be noted however that the doses used in the rat
experiments were up to 70 times higher than those used in man,

The possibility that our results might be explained by endothelial ACE
activity of the adventitial vasa vasorum® must be addressed. Qur observations
that, with adventitial administration of ["*°T}-Angl, little of the peptide entered
into the vascular perfusate and that ['*°I]-Angll formed in the vascular lumen
did not enter into the surrounding bath fluid make it unlikely that conversion
at the luminal surface of the vasa vasorum is a major source of the [}
Angll found in the bath fluid.

The ['*[]-Angl-to-ll conversion rates we measured after adventitial

142




Vascular angiotensin metabolism

administration of ['**I]-Angl may not be representative of the in vivo
conversion rates, In the norimal in vive situation Angl within the vascular
tissue may have been taken up from the circulating blood or may have been
formed locally in the tissue at extra- and intracellular sites. Blood-derived
Angl and locally formed Angl are most likely metabolized differently, since
blood-derived Angl has to pass the endothelial barrier which is rich in

converting and degrading enzymes,

Our study clearly shows that ACE present in the adventitia or media is
functionally active. One characteristic component of the adventitia are the
noradrenergic nerve endings which are located at the adventitial-medial
border. Angll produced by ACE in the vicinity of the nerve endings could act
presynaptically to facilitate noradrenaline release. Angli-mediated facilitation
of neurotransmitter release has been demonstrated in a number of vascular
preparations®3, It is further possible that Angll formed locally within the
vascular media is involved in the induction of medial hypertrophy®.
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General discussion

The studies described in this thesis were performed in order to gain a better
understanding of the site of angiotensin production in the heart. We did not only
study the cardiac uptake and clearance of arterially delivered renin,
angiotensinogen, Angl and Angll, but also the localization and clearance of

locally generated Angl and II in the heart.

Renin

Renin could not be demonstrated in CE, IST or tissue of the isolated buffer-
perfused rat heart. This suggests that the renin which can normally be detected
in cardiac tissue immediately after removal of the heart from the body!' is taken
up from the circulation. Our measurements in the isolated rat heart were made
after approximately one hour of buffer perfusion. Apparently this period is long
enough to wash away all blood-derived renin. When renin was added to the
perfusion buffer, we observed that renin entered the interstitium, most likely by
passive diffusion. Under steady-state conditions the renin concentrations in CE
and IST were similar and the tissue concentration of renin was approximately
as high as expected on the basis of its presence in extracellutar fluid (= coronary
effluent + interstitial fluid), However, following discontinuation of the renin
perfusion, renin disappeared from CE, but not IST, in a biphasic manner,
suggesting that it may be present in an additional compartiment. Our
immunohistochemical data suggest that this compartment might be the vascular
wall, specifically the vascular smooth muscle cells of the media. We cannot
exclude that renin was also bound to other cells. If so, the levels of renin in
these cells were too low to be detected immunohistochemically. It must be
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stressed here that, in order to detect renin immunohistochemically in the vascular
wall, the heart was exposed to renin concentrations that were 1000 times above
normal. Thus, immunohistochemical demonstration of renin in normal hearts
might be difficult.

Most likely, only a small percentage of cardiac renin is cell-associated,
This conclusion is based on measurements in membrane fractions prepared from
renin-perfused hearts. Renin was enriched 4-5 fold in these fractions and
approximately 3 % of the total amount of cardiac renin appeared to be
membrane-bound. Since our membrane preparation contained both plasma
membranes and sarcoplasmic reticulum, it is unclear whether renin binding is
specific for plasma membranes.

Taken together, arterially delivered renin does not only diffuse into the
interstitium, but also binds to vascuiar smooth muscle cells, Vascular, cell-
agsociated renin might be involved in vascular angiotensin production. The
amount of Angl released by the heart via CE during combined renin and
angiotensinogen petfusion, was too high to be explained by the renin-
angiotensinogen reaction occurring in intravascular fluid during coronary
passage. Moreover, Angl release via CE reached a steady-state level after 30-40
min of combined renin and angiotensinogen perfusion, whereas renin and
angiotensinogen in CE had reached a steady-state level within 5 minutes after
the start of their infusion into the perfusion buffer (Fig 1). These data may be
explained by assuming that 1) renin binding is a relatively siow process,
reaching a maximum after about 30-40 minutes, and 2) vascular renin rather
than circulating renin is largely responsible for the high Angl levels in CE, The
latter assumption would also imply that renin is located on the cell-surface rather
than in the cell. In the interstitium the situation was somewhat different. Angl
release via IST reached a steady state in parallel with renin and angiotensinogen
(Fig 1) and the amount of Angl present in IST was as high as expected on the
basis of the reaction of renin with angiotensinogen in interstitial fluid.
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Figure 1. Time required for renin, angiotensinogen (Aog) and angiotensin I (Angl) fo

reach a steady-state level in CE (left) and IST (right) after starting a combined
renin and angiotensinogen perfusion of the modified Langendorff heart, Note
that the release of Angl via CE reaches a steady state approximately 30 min
after renin and angiotensinogen have reached steady-state levels in CE, whereas
the moment on which the Angl release via IST reaches a steady state coincides
with the moment at which renin and angiotensinogen have reached steady-state
levels in IST,

How might renin binding occur? More than a decade ago, an intracellular
renin-binding protein (RnBP) has been described®. However, renin is inactive
when bound to this RnBP. Moreover, this RnBP was recently found to be equal
to N-acyl-D-glucosamine 2-cpimerase’, an enzyme which catalyzes the
interconversion of N-acetylglucosamine and N-acetylmannosamine, and may
therefore be involved in the intraceilular processing of renin rather than the
uptake of extracellular renin, Campbell and Valentijn identified a renin-binding
protein in membranes prepared from vascular smooth muscle cells*, This finding
is in agreement with our immunohistochemical data on vascular renin. Finally,
using radiolabeled renin, high affinity (K; ~ 1 nM) renin receptors/binding

proteins have been described in membrane fractions prepared from rat tissues®
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and in human mesangial cells®. Rat renin receptors were found to bind renin and
prorenin equaily well. Since activation of prorenin to renin did not ocour in rat
isolated membrane preparations, it has been suggested that prorenin, which is
normally present in blood plasma in concentrations 10 times those of renin, is
a natural antagonist of renin®.

We could not demonstrate prorenin activation in isolated perfused intact
hearis, that is; renin was not detectable in CE or IST during prorenin perfusion.
This does not exclude prorenin activation at tissue sites, It is possible that
prorenin, following binding to the renin receptor, is activated intracellularly and
remains cell-associated rather than being released back into the extracelfular
fluid’, Farther studies on tissue prorenin are required to investigate this in more
detail.

The above remarks apply to normal healthy animals. It is possible that
local synthesis of renin does occur in the heart under pathological circumstances,

for instance following myocardial infarction®,

Angiotensinogen

Cardiac angiotensinogen, like cardiac renin, appears to be largely blood-derived,
Angiotensinogen cannot be detected in CE of the isolated perfused heart after
approximately 30 min of buffer perfusion. Very low levels of angiotensinogen
were present at that time in cardiac IST and in cardiac tissue (< 1% of the
normai plasma levels in vivo). The interstitial levels decreased to levels below
the detection limit during prolonged buffer perfusion. Since the in-vivo cardiac
tissue levels of angiotensinogen are 10-25% of its levels in plasma’, it seems that
buffer perfusion results in a rapid washout of cardiac angiotensinogen, A tissue
level equalling 10-25% of the plasma level is compatible with the diffusion of
angiotensinogen into the interstitivm. Our results obtained during
angiotensinogen perfusion of the isolated heart support this assumption.
Atterially delivered angiotensinogen diffused into the interstitium, reaching
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interstitial steady-state levels comparable to those in CE. The tissue levels of
angiotensinogen at steady state were also compatible with its presence in
extracellular fluid. Thus, although angiotensinogen mRNA has been
demonstrated in the normal heart®, local production of angiotensinogen does not
appear {o make a significant contribution to the cardiac tissue levels of
angiotensinogen. This may be different under pathological conditions’.

Following discontinuation of the angiotensinogen perfusion,
angiotensinogen disappeared monophasically from both CE and IST, suggesting
that angiotensinogen is probably not located in a second compartinent in addition
to the extracellular fluid. Binding of angiotensinogen to cardiac or vascular cells
is also unlikely, since angiotensinogen was not found to be enriched in
membrane fractions™*.

Summarizing, under normal circumstances most or all cardiac
angiotensinogen is plasma- (and therefore liver-) derived and restricted to the
cardiac extracellular fluid. To form Angl at cardiac tissue sites it may either
react with renin in this fluid or with cell membrane-associated renin.

ACE

ACE has been demonstrated by many others in cardiac tissue, both in intact
hearts and in heart homogenates'®!!. Our data showing Angll release during
perfusion with Angl and during perfusion with renin combined with
angiotensinogen also support the contention that ACE is present and active in
the isolated perfused rat heart. The low conversion rate (<10%) of arterially
delivered Angl in the rat coronary vascular bed, which is in agreement with
many other reports on Angl-to-II conversion in the isolated rat heart™",
contrasts with the much higher conversion rates (~25%) in the human" and
porcine coronary vascular beds.  Similarly, the cardiac tissue levels of Angll
during combined renin and angiotensinogen perfusion were lower than the
cardiac tissue levels of Angl, This is not in agreement with reports on the in-
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vivo cardiac tissue levels of Angll in the rat'® and other animals’, which are
several-fold higher than those of Angl. Since cardiac Angll is largely derived
from Angl synthesis at cardiac tissue sites'” and since renin and angiotensinogen
are both present in cardiac tissue during their combined perfusion, it seems that
Angl-to-II conversion in the isolated rat heart may not occur as efficiently as in
vivo, for instance because the site(s) of Angl generation differ(s) between the
two situations. Angl is rapidly degraded in extracellular fluid and conversion to
Angll may only occur when Angl is generated in close proximity to ACE. One
possibility is that under in-vivo circumstances relatively more angiotensin
synthesis occuis within cells.

Alternatively, Angll receptor-binding and/or receptor recycling might be
altered in the isolated buffer-perfused heart. For instance, AT, receptor

8 whereas it is a well-known

desensitization does not occur readily in vivo'
phenomenon in in-vitro preparations®. If receptor binding is partly responsible
for the high in-vivo cardiac tissue levels of Angli, the Angll levels would be
expected to decrease under in-vitro conditions when receptor-related processes
are altered.

Our findings on Angl-to-1I conversion in porcine isolated coronary and
carotid arteries suggest that in the pig, like in humans®, ACE is restricted to the
endothelium and adventitia. In contrast, vascular ACE in the rat is localized
predominantly in the media rather than the endothelium®"?, Localization of ACE
in the media (i.e. on vascular smooth muscle celis) would coincide with the
renin uptake we observed in this layer. Apparently, clear differences exist
between rats on the one hand, and humans and pigs on the other hand with
respect to the localization of vascular ACE,

Both during Angl perfusion and during combined renin and
angiotensinogen perfusion the Angll levels were higher in IST than in CE. Since
we did not observe active transport of Angll into the interstitium, these
differences in Angll levels might indicate that conversion occurs by
extravascular ACE. ACE has been reported to be synthesized by

152




General discussion

cardiomyocytes?, fibroblasts?® and valvular interstitial cells®. An alternative
explanation for the high interstitial Angll levels is that Angl-to-II conversion is
restricted to the vascular wall and that the high interstitial Angll levels more
accurately reflect the vascular Angll concentrations than the low Angll levels
in CE. Angll in CE is subject to rapid dilution because of the 50-100 times
higher flow rate in the coronary vascular bed as compared to the interstitial fluid

flow rate,

Angiotensin I and H

Angiotensin synthesis by the isolated heart depends on the presence of renin and
angiotensinogen in the perfusion fluid. Angiotensin generation occurs in
intravascular fluid and at tissue sites, for instance in interstitial fluid and on or
within cells of the vascular wall.

Arterially delivered angiotensins are rapidly cleared by the heart. Diffusion
into the inferstitial fluid does not contribute importantly to this clearance
process, because the interstitial fluid flow is < 2% of the CE flow. Based upon
a coronary extraction of Angl and Il in' the order of 30-50% and a coronary
transit time of ~ 6 see, it can be calculated that the half life of both Angl and
II in the coronary circufation is < 15 seconds.

Diffusion of intact Angl and I1 into the interstitial fluid is limited, most
likely because of the rapid metabolism of angiotensins in the vascular wall.
Consequently, Angl and II, unlike renin and angiotensinogen, reach steady-state
levels in IST that are much lower than CE. The half life of angiotensins in the
interstitium is approximately 1-2 minutes.

Due to the rapid metabolism of angiotensins in CE and, to a lesser extent,
in interstitial fluid, the cardiac tissue levels of arterially delivered Angl and
were 10 to 20-fold lower than expected on the basis of their presence in
extracellular fluid. Apparently, the removal and freezing procedure, which took

approximately 15-30 seconds, is long enough to allow almost complete
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degradation of extracellular Angl and I1. The tissue levels of Angll were even
lower when studied in the presence of the AT, receptor antagonist losartan, This
suggests that, in agreement with our in-vivo observations on AT, receptor-
mediated uptake of 'PI-Angll in the pig, receptor-binding may protect Angll
against rapid degradation. The in-vivo half life of receptor-bound arterially
delivered Angll is ~15 min. It appears therefore that the half life of Angll
decreases upon tissue penetration, from < 15 sec in the circulation to [-2 min
in interstitial fluid and 15 min within the cells.

Significant amounts of ®I-Angl could not be demonstrated in cardiac
tissue during its infusion in vivo. This is not surprising on the basis of our
findings in the Langendorff heart. In the isolated heart, during perfiusion with
Angl, the interstitial levels of Angl were approximately 5 fold lower than the
arterial levels of the peptide. Thus, in a piece of left ventricular tissue
(containing ~20% extracetfular fluid of which 5% is blood) one would expect
the I-Ang] level to be (0.05 + 0.15%1/5)*100% or less than 10% of its arterial
level. It should be noted that the predicted levels in the Langendorff heart were
much higher than in a piece of left ventricular tissue because of the high
percentage of extracellular fluid (approximately 60%) in this whole heart
preparation.

Our findings do not support the contention that Angl generated at tissue
sites is located outside the extracellular fluid. During combined renin and
angiotensinogen perfusion the tissue levels of Angl were as high as expected on
the basis of its presence in extraceilular fluid. Apparently, despite its rapid
metabolism, the Angl levels can be maintained in hearts removed during renin
and angiotensinogen perfusion, most likely because trapped renin and
angiotensinogen continue Angl generation after removal of the heart from the
Langendorff apparatus. In addition, the Angl levels in IST during combined
renin and angiotensinogen perfusion were higher than in CE, which contrast with
the situation during Angl perfusion, where Angl was higher in CE than in IST.
Thus, during combined renin and angiotensinogen perfusion relatively more
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cardiac Angl was present in a compartment where its half life is longer.

The tissue levels of locally generated Angll during combined renin and
angiotensinogen perfusion were 4-5 fold higher than expected on the basis of its
presence in extracellular fluid. Thus, Angll is also located outside the
extracellular fluid. It may be present within cells, either because it has been
internalized via AT, receptors following its extracellular synthesis, or because
it has been synthesized intracellularly. Angll may have important intracellular
functions. High affinity Angll binding sites have been detected in nuclei®® and
cytosof”’ of liver cells and Angll rapidly accumulates in nuclei of
cardiomyocytes® and vascular smooth muscle cells?, Angll binds to chromatin

and may influence transcriptional processes™,

Future studies

Although our studies offer a better insight in the production of Angl and IT at
cardiac tissue sifes under normal circumstances, many unsolved questions
remain, for instance:

1. Is ACE the only enzyme involved in cardiac Angl-to-Il conversion? In-
vitro experiments have shown that other enzymes, such as human heart
chymase®!, may also convert Angl to Angll. Possibly such enzymes play a role
in Angll generation at tissue sites (e.g. in interstitial fluid) rather than in the
intravascular compartment, since ACE inhibitors effectively block Angl-to-II
conversion in the coronary vascular bed*”, The modified Langendorff heart
allows the investigation of ACE-dependent Angll generation in IST and CE
during Angl perfusion and during combined renin and angiotensinogen
perfusion.

2. How important is the endothelium as a site of angiotensin generation and
angiotensin metabolism? The endothelium is an important barrier, both
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physically and metabolically, preventing angiotensin from reaching similar levels
in IST and CE. Moreover, according to some studies renin-binding is restricted
to the endothelium, thus allowing Angl generation to occur on the same cells
where Angl-to-II conversion by ACE occurs, On the other hand, in the rat ACE
might be located predominantly at extra-endothelial sites. The importance of the
endothelium can be studied in hearts pretreated with triton X-100, which
effectively disrupts the endothelium but leaves the underlying vascular smooth
muscle layer intact®,

3.  Is prorenin activated to renin at cardiac tissue sites? We found no renin
in CE and IST when the heart was perfused with prorenin, In order to determine
whether prorenin activation occurs in cardiac tissue (for example after uptake in
cardiac cells”) an accurate detection method has to be developed, allowing the
simultaneously measurement of inactive prorenin and activated prorenin in
cardiac tissue homogenates, This method must be carefully validated, since
prorenin activation may occur during preparation of the tissue for prorenin and
renin measurement.

4, Where outside the extracellular fluid is Angll situated in the heart? Since
our data have raised the possibility that Angll is AT, receptor-bound and/or
located intracellularly, autoradiographic studies are required to investigate where
arterially delivered and locally generated Angll accumulate in the isolated heart.
Such studies might also address the importance of receptor-binding in the uptake
process and the reason(s) for the long tissue half life of Angll.

5. How do pathological conditions (e.g. myocardial infarction, heart failure)
affect local angiotensin generation in the heart? 1t is possible that, following a
myocardial infarction, angiotensin synthesis in the heart occurs (partly)
independently of kidney and liver. Renin mRNA has been detected in the
infarcted heart in the area around the scar tissue’, whereas the cardiac
angiotensinogen mRNA levels are increased during post-infarction remodelling’,
ACE protein and mRNA are increased following myocardial infarction™***, as
well as during pressure overload-induced left ventricular hypertrophy''. The
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modified rat Langendorff heart is a unique model to investigate the acute and

long-term consequences of myocardial infarction for local angiotensin synthesis.
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Summary

Appendix 1

Summary

Chapter 1 describes the circulating renin-angiotensin system (RAS) versus the
local cardiac RAS, and the aim of the thesis, All renin-angiotensin system
components are present in cardiac tissue, and both angiotensin (Ang) I and 11
may be produced in the heart, either in cardiac interstitial fluid, on the surface
of cardiac cells or within cardiac cells. The renin responsible for this local
angiotensin production, at least under normal circumstances, originates from the
circulation and is therefore kidney-derived. Thus, a local RAS in the sense that
the RAS components necessary for Angll production are synthesized in situ,
does naot exist in the normal heart, In spite of the fact that cardiac angiotensin
production depends on renin from the kidney, there are still many ways by
which the heart may regulate its own Angll production. Membrane-binding
couid be a mechanism by which kidney-derived renin is sequestered in the heart.
A renin receptor might be involved in this process. The density of such receptors
may vary, and this could modify the tissue production of Angl and II. Local
concentrations of ACE may also vary. The ACE levels in human heart are, in
part, determined by the insettion/deletion ACE gene polymorphism. Also,
enzymatic depgradation of Angll and AT,-receptor-mediated endocytosis could
influence the Angll concentrations at the cellular and subcellular level. Finally,
under pathological conditions renin may be produced in the heart itseif, and this
would create the possibility to synthesize Angll at cardiac tissue sites

independent of the kidney.

Chapter 2 addresses the modified Langendorff heart model and its suitability for
- studying angiotensin generation in the heart, This model allows the separate
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collection of interstitial transudate (IST) and coronary effluent (CE). The
composition of IST was considered to be representative for the composition of
interstitial fluid. We validated this model by showing that red blood cells added
to the perfusion buffer do not enter the interstitial space. The intravascular,
extracellular and interstitial fluid volumes were determined with I-labeled
human serum albumin and *'Cr-EDTA, We used the modified Langendorff heart
to investigate the uptake and clearance of arterially delivered renin,
angiotensinogen and Angl as well as the cardiac production of Angl,

During perfusion with buffer, renin and Angl could not be detected in CE,
IST or cardiac tissue, whereas low levels of angiotensinogen (<1% of its normal
plasma concentration) were present in IST and cardiac tissue. During perfusion
with renin or Angl, the steady-state levels of renin and Angl in CE were
significantly lower than their arterial levels, indicating that renin and Angl are
extracted by the heart. Such extraction could not be demonstrated for arterially
delivered angiotensinogen, At steady state, the levels of renin and
angiotensinogen in IST were not significantly different from those in CE,
whereas the level of Angl in IST was lower than in CE. This indicates that Angl
is degraded when entering the interstitinm from the intravascular compartment.
The tissue levels of renin, angiotensinogen and Angl were consistent with their
location in extracellular fluid.

Angl was not detectable during angiotensinogen infusion. It was very low
in IST (and undetectable in CE) during perfusion with renin, and rose to much
higher levels during combined renin/angiotensinogen perfusion. The total
production of Angl in IST could be attributed to the reaction of renin with
angiotensinogen present in this fluid. In contrast, the total production of Angl
in CE was several times higher than could be explained by Angl formation in
intravascular fluid. It appears therefore that Angl tissue generation occurs in ISF
and at or in the coronary vessel wail, and depends on renin and angiotensinogen

from the circulation,
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Chapter 3 investigates 1) the localization of arterially delivered renin in the
heart, and 2) whether prorenin, following its uptake in the heart, is activated to
renin. Studies were performed in modified Langendorff hearts recirculating their
CE because of the limited availability of (pro)renin. Following perfusion with
renin, renin could be demonstrated immunohistochemically in the media of the
coronary artery wall, but not in the endothelium, adventitia or cardiomyocytes.
Renin was enriched 4-5 fold in a purified cardiac membrane fraction prepared
from renin-perfiised hearts, suggesting that binding of renin to cardiac
membranes may be part of the mechanism by which renin is taken up from the
circulation, Prorenin, like renin, entered the interstitial fluid (ISF) during its
perfusion, reaching a steady state level in IST comparable to that in CE. No
activation of prorenin could be demonstrated in either IST or CE over a 50 min
period. Taken together, it appears that renin is sequestered from the blood, not
only by diffusion into the cardiac ISF, but also by binding to vascular smooth
muscle cell membranes. Prorenin, if activated at tissue sites, remains cell-
associated and is not released into either CE or ISF,

Chapter 4 addresses the localization of arterially delivered and locally generated
Angl and I using the modified Langendorff heart model. Angl and II were
measured in CE, IST and cardiac tissue during Angll, Angl or combined renin
and angiotensinogen perfusion in the presence and absence of the AT, receptor
antagonist losartan,

CE and IST. During Angl perfusion, Angl was 4 times lower in IST than in CE,
whereas Angll was higher in IST than in CE. During Angll perfusion, Angll
was 2 times lower in IST than CE. During combined renin and angiotensinogen
perfusion, Angl and II were 2-3 fold higher in IST than CE. Losartan did not
affect the angiotensin levels in CE and ISF.

Tissue. During Angl perfusion, tissue Angl was close to the detection limit, and
the tissue level of Angll could be explained on the basis of its presence in
extraceflntar fluid, Tosartan did not affect tissue Angl and decreased tissue
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Angll to undetectable levels. During Angll perfusion, tissue Angll was lower
than predicted on the basis of its presence in extracelfular fluid and the tissue
levels went down to below the detection limit with losartan. During combined
renin and angiotensinogen perfusion, both with and without losartan, tissue Angl
was as high as predicted on the basis of its presence in extracellular fluid,
whereas tissue Angll was 4-5 fold higher than expected on the basis of its
presence in extracellular fluid.

We conciude that extracellular Angl and 11 are rapidly metabolized in the
isolated heart. Angl and 1T levels are maintained longer after combined renin and
angiotensinogen perfusion than after Angl or 11 perfusion, presumably due to
ongoing angiotensin generation. Angl is limited to the extracellular fluid,
whereas Angll is present also outside this compartinent. An AT, receptor-
dependent mechanism (receptor-mediated internalization) appears to protect

Angll against rapid degradation.

In chapter 5 studies are described investigating the uptake of arterially delivered
Angl and II in various tissues in vivo, We measured the levels of **I-Angll and
- Angl that were reached in blood plasma, skeletal muscle, heast, kidney and
adrenal during infusions of these peptides into the left cardiac ventricle of pigs.
The steady-state PI-Ang] tissue concentrations were <5% of the 'I-Angl
concentrations in plasma. The steady-state '*’I-Angll tissue concentrations were
lower (skeletal muscle), or higher (kidney and adrenal) than, or equal (heart) to
the 'I-Angll concentrations in plasma. The tissue accumulation of "*I-Angll
was almost completely blocked by the specific AT, receptor antagonist L-
158,809. Steady-state concentrations of '®I-Angll were reached within 30-60
min in the tissues, and within 5 min in blood plasma. The in-vivo half life of
intact '®I-Angll in heart, kidney and adrenal was approximately [5 min, as
compared with 0.5 min in the circulation. Thus, Angll from the circulation, but
not Angl, is accumulated by some tissues and this is mediated by AT, receptors.
The time coutse of this process and the long haif life of the accumulated Angll
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support the contention that this Angll has been internalized after its binding to
the AT, receptor, so that it is protected from rapid degradation by endothelial

peptidases,

Chapter 6 deals with in-vifro experiments in isolated porcine coronary and
carotid arteries perfused with '»’I-Angl. These experiments were performed 1)
to quantify Angl-to-1I conversion both on the endothelial surface and at deeper
sites in isolated arteries, 2) to assess whether the Angll that is formed at deeper
sites is released into the vascular lumen, and 3) to examine whether angiotensin-
converting enzymes other than ACE are involved in vascular Angl-to-I1
conversion. '*I-Angl was administered at the luminal (via the perfusion fluid)
or adventitial (via the organ bath} side of the arteries. In coronary arteries, the
B-Angl-to-II conversion rate after adventitial administration was about half the
conversion rate after luminal administration, whereas in carotid arteries it was
10-20 times lower after adventitial administration than after luminal
administration. The formation of 'PT-Angll was almost completely blocked in
the presence of captopril, both after luminal and adventitial administration of
5T-Angl, No '"*I-Angl and 1T were released into the organ bath after fuminal
administration of '’I-Angl, and very little '*I-Angl and II entered the lumen
after adventitial administration of '**I-Angl. We conclude fiom these results that
vascular Angl-to-Il conversion is not limited to the endothelial surface, and that
ACE is the most important, if not the only, enzyme responsible for vascular
Angl-to-II conversion. The resuits further indicate that, if Angl and Il are
formed in the adventitia or media, little of these peptides will enter the vascular

lumen.
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Nederlandse samenvatting

In hoofdstuk 1 wordt een beschrijving gegeven van het circulerende renine-
angiotensine systeem (RAS), en het doel van dit proefschrift. Alle RAS
componenten zijn aanwezig in hartweefsel, en angiotensine (Ang) I en I zouden
in het hart kunnen worden gevormd in interstitidle vloeistof, aan de buitenkant
van de cellen of in de cellen, Onder normale omstandigheden is het renine dat
verantwoordelijk is voor lokale angiotensine produktie afkomstig vit de nier.
Zodoende is van een lokaal RAS, in die zin dat alle RAS componenten die
nodig zijn voor Angll produktie lokaal gesynthetiseerd worden, in het normale
hart geen sprake. Desondanks zijn er nog steeds vele manieren waarop het hart
zijn eigen Angll produktie zou kunnen reguleren. Membraan-binding zou een
mechanisme kunnen zijn waarop uit de nier afkomstig renine wordt opgenomen
in het hart. Hierbij is wellicht een renine-receptor betrokken zijn. De dichtheid
van deze receptoren kan verschillen, en dit beinvloedt de weefsel produktie van
Angl en II, De ACE concentraties in het hart kunnen variéren. In het humane
hart worden deze gedeeltelijk bepaald door het zogenaamde insertion/deletion
ACE gen polymorfisme. Daarnaast zal enzymatische afbraak van Angll en AT,-
receptor gemediderde endocytose de Angli concentraties op cellulair en
subcellulair niveau beinvloeden. Onder pathologische omstandigheden wordt
renine wellicht wel in het hart geproduceerd, hetgeen de mogelijkheid credert om
Angll in hartweefsel te synthetiseren onafhankelijk van de nier.

Hoofdstuk 2 behandelt het gemodificeerde Langendorff hart model en de
mogelijkheid om hiermee angiotensine vorming in het hart te bestuderen. Met
dit model is het mogelijk om interstitiéel transudaat (IST) en coronair effluent
(CE) apart op te vangen. Aangenomen werd dat de samenstelling van IST
representatief is voor de samenstelling van interstitiéle vioeistof. We hebben het
inodel gevalideerd door aan te tonen dat erythrocyten de interstitiéle ruimte niet
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bereiken. De intravasculaire, extracellulaire en interstitiéle vloeistof volumes
werden bepaald met »’I-gelabeld humaan serum albumine en ¥'Cr-EDTA. Het
gemodificeerde Langendorff hart is gebruikt om de opname en klaring van
arterieel aangeleverd renine, angiotensinogeen en Angl te bepalen, alsmede de
Angl produktie in het hart.

Tijdens perfusie met buffer konden renine en Angl niet worden
aangetoond in CE, IST of hartweefsel, terwijl lage conceniraties
angiotensinogeen (<1% van de normale plasma concentratie) aanwezig waren in
IST en hartweefsel. Tijdens perfusie met renine of Angl waren de steady-state
concentraties van renine en Angl in CE significant lager dan hun arteriéle
spiegels, wat aangeeft dat renine en Angl door het hart worden geéxtraheerd,
Een dergelijke extractie kon niet worden aangetoond voor atterieel aangeleverd
angiotensinogeen. Tijdens steady state waren de renine en angiotensinogeen
concentraties in IST niet significant verschillend van de concentraties in CE,
terwijl de Angl concentratie in IST lager was dan in CE. Dit geeft aan dat Angl
afgebroken wordt tijdens het transport van het vasculaire compartiment naar het
interstitiom, De weefselspiegels van renine, angiotensinogeen en Angl konden
worden verklaard it hun aanwezigheid in extracellulaire vioeistof.

Angl kon niet worden aangetoond tijdens perfusie met angiotensinogeen.
De Angl concentratic was erg laag in IST (en niet detecteerbaar in CE) tijdens
perfusie met renine, en steeg tot veel hogere waarden tijdens gecombineerde
renine/angiotensinogeen perfusies. De totale Angl produktie in IST kon worden
toegeschreven aan de reactie van renine en angiotensinogeen in deze vloeistof.
Daarentegen was de totale produktie van Angl in CE vele malen hoger dan kon
worden verklaard op grond van Angl vorming in de intravasculaire vioeistof.
Het lijkt er dus op dat weefsel Angl produktie plaatsvindt in de interstitigle
vioeistof en op of in de coronaire vaatwand. Deze produktie hangt af van renine

en angiotensinogeen uit de circulatie.

Hoofdstuk 3 onderzocht 1) de lokalisatie van artericel aangeleverd renine in het
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hart, en 2) of prorenine wordt geactiveerd naar renine nadat het is opgenomen
door het hart. Deze studies werden uitgevoerd in een gemodificeerd Langendorff
hart waatin het CE werd gerecirculeerd vanwege de beperkt beschikbare
hoeveelheid (pro)renine, Na perfusie met renine kon renine door middel van
immunohistochemie worden aangetoond in de media van de coronaire vaatwand,
maar niet in het endotheel, de adventititia of de cardiomyocyten. Renine was 4
tot 5 keer verrijkt in gezuiverde cardiale membraan fracties die uit renine
geperfundeerde harten waren geisoleerd. Dit geeft aan dat renine binding aan
cardiale membranen onderdeel zou kunnen zijn van een opname mechanisme
voor renine uit de circulatie. Tijdens prorenine perfusie wordt prorenine net als
renine naar de intersititiéle vioeistof getransporteerd, waarbij een IST steady-
state concentratie wordt bereikt die vergelijkbaar is met de concentratie in CE.
Prorenine activatie kon niet worden aangetoond in IST en CE tijdens de 50 min
perfusie. Samenvattend: renine wordt vanuit het bloed opgenomen, niet alleen
door diffusie naar de cardiale interstitiéle vlioeistof, maar ook door binding aan
vasculaire gladde spiercelmembranen, Prorenine zou eventueel geactiveerd
kunnen worden in het weefsel, maar dit geactiveerde prorenine wordt niet

afgegeven aan CE of IST.

In hoofdstuk 4 wordt onderzocht waar artericel aangeleverd en lokaal gevormd
Angl en H in het hart gelokaliseerd zijn, gebruik makend van het gemodificeerde
Langendorff model. Angl en II werden bepaald in CE, IST en hartweefsel
tijdens Angll, Angl of gecombineerde renine/angiotensinogeen perfusic in de
aan- en afwezigheid van de AT, receptor antagonist losartan.

CE en IST. Tijdens perfusie met Angl was Angl 4 keer lager in IST dan in CE,
terwijl Anglf in IST hoger was dan in CE. Tijdens Angll perfusie was Angll 2
keer lager in IST wvergeleken met CE. Tijdens gecombineerde
renine/angiotensinogeen perfusie waren Angl en II 2-3 keer hoger in IST dan in
CE. Losartan had geen effect op de angiotensine spiegels in CE en IST.
Hartweefsel. Tijdens perfusie met Angl was de Angl weefsel spiegel onder de
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detectie limiet en de Angll weefsel spiegel was even hoog als voorspeld op basis
van zijn aanwezigheid in extracellulaire vloeistof. Losartan had geen effect op
weefsel Angl en verlaagde de weefsel Angll spiegels tot niet detecteerbare
waarden. Tijdens Angll perfusie met Angll was weefsel Angll lager dan
voorspeld op basis van zijn aanwezigheid in extracellulaire vloeistof, en daalde
weefsel Angll onder de detectie limiet met losartan, Tijdens gecombineerde
renine/angiotensinogeen perfusie met en zonder losartan was weefsel Angl even
hoog als voorspeld op basis van aanwezigheid in extracellulaire vioeistof, terwijl
weefsel Angll 4-5 keer hoger was dan voorspeld.

We concluderen dat extracellulair Angl en II snel worden afgebroken in
het geisoleerde hart. Angl en II spiegels blijven langer gehandhaafd na
gecombineerde renine/angiotensinogeen perfusie dan na perfusie met Angl of
Angll perfusie, waarschijnlijk vanwege aanhoudende angiotensine vorming, Angl
is beperkt tot de extracellulaire vloeistof, terwijl Angll zich ook daarbuiten
bevindt. Ben AT, receptor-athankelifk mechanisme (receptor-gemediéerde
internalisatie) lijkt AnglI te beschermen tegen snelle afbraak.

Hoofdstuk 5 geeft een beschrijving van studies waarin de opname van arterieel
aangeleverd Angl en II in verschiliende weefsels in vivo wordt onderzocht. We
hebben de '®I-Angl spicgels gemeten in bloed en in skeletspier-, hart-, nier- en
bijnier-weefsel tijdens infusen van deze peptide in het linker ventrikel van
varkensharten. De steady-state '*’I-Angl weefsel concentraties waren meer dan
20 keer lager dan de '"I-Angl weefsel concentraties in bloed. De steady-state
IB1_Angll weefsel concentratics waren lager (skeletspier), of hoger (nier en
bijnier) dan, of gelijk (hart) aan de '”I-Angll concentraties in plasma. De
weefsel ophoping van ’I-Angll kon bijna volledig geblokkeerd worden door de
specificke AT, receptor antagonist L-158,809. Steady-state concentraties van '*’I-
Angll werden bereikt na 30-60 min in weefsel, en binnen 5 min in bloed. De in-
vivo halfwaardetijd van intact '*I-Angll in hart, nier en bijnier was ongeveer 15
min, vergeleken met 0.5 min in de circulatie. Kennelijk wordt Angll afkomstig
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uit de circulatie, maar niet Angl, opgehoopt in sommige weefsels via een AT,
receptor-gemediéerd proces. De tijdspanne van dit proces en de lange halfwaarde
tijd van opgehoopt Angll ondersteunen de opvatting dat dit Angll
geinternaliseerd is na binding aan de AT,-receptor, zodat het wordt beschermd

tegen snelle afbraak door endotheliale peptidases.

Hoofdstuk 6 behandelt experimenten waarin gefsoleerde coronaire en carotis
arterién van varkens met '’I-Angl geperfundeerd werden. De experimenten
werden uitgevoerd 1) om de Angl-tot-Il conversie te kwantificeren op het
endotheel opperviak en dieper in de wand, 2) om uit te zoeken of Angll dat
dieper in de vaatwand is gevormd aan het vasculaire lomen wordt afgegeven, en
3) o na te gaan of andere angiotensine converterende enzymen dan ACE
betrokken zijn in de vasculaire Angl-tot-IT conversie. 'I-Angl werd hetzij
luminaal toegediend (via de perfusie vioeistof) hetzij adventitiaal (via het orgaan
bad). In coronair arterién was de '’I-Angl-tot-Il conversie snelheid na toediening
aan de kant van de adventitia ongeveer de helft van de conversie na toediening
via het lumen, terwijl de conversiesnclheid in carotis arterién na adventiale
toediening 10-20 keer lager was dan na luminale toediening. De '*I-Angll
vorming kon bijna volledig geremd worden door captopril, zowel na '*I-Angl
toediening via het lumen als na 'I-Angl tocdiening aan de kant van de
adventitia. "”I-Angl en II werden niet aan het orgaan bad afgegeven na
toediening via het lumen van "’I-Angl via het lumen, en een kleine hoeveelheid
.Angl en 11 bereikte het lumen na toediening van 'I-Angl aan de kant van
de adventitia. We concluderen hiernit dat vasculaire Angl-tot-II conversie zich
niet beperkt tot het endotheel oppervlak en dat ACE het meest belangrijke, zo
niet het enige, enzym is dat verantwoordelijk is voor vasculaire Angl-tot-II
conversie. De resultaten geven ook aan dat, indien Angl en II gevormd worden
in de adventitia of media, weinig van deze peptiden het vasculaire lumen

bereiken,
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Nawoord

Een AIO blijft geen vier jaar AIO zonder de interesse, stimulatie en steun van
de mensen in de omgeving. ledereen die deze periode voor mij aangenaam heeft
gemaakt wil ik bedanken, een aantal personen in het bijzonder:

Allereerst wil ik mijn beide promotoren Prof. Dr M.ADH. Schalekamp en Prof
Dr P.R. Saxena bedanken voor de gelegenheid die zij mij boden om vier jaar
onderzoek te doen onder hun hoede. Maarten, onze discussies over modellen en
aannames etc. waren altijd erg inspirerend. Ik heb veel van je geleerd. Pramod,
jouw deur stond altijd open, en dat was bij tijd en wijlen erg prettig. Daarnaast
verkeerde ik in de luxe positie om begeleid te worden door een derde persoon:
mijn co-promotor Dr A.H.J. Danser. Jan, jij was de rots in de branding, en in
het bezit van vele essentiéie "manuals". Tk wil nog eens bereiken dat mijn kamer

er net zo opgeruimd uitziet als de jouwe.

Ik behoorde tot het sooit "zwervende AIO’s": altijd met een rugzak door de
lange gang van Farmacologie naar Inwendige Geneeskunde I en weer terug. Alle
(oud)leden van beide vakgroepen wil ik bedanken voor de hulp en gezelligheid,
In het bijzonder noem ik Janet en René voor de hulp bij de IRMA’s en
Angelique voor het HPLC en RIA werk. Bij Farmacologie stond de thee bij
Toos, Antoinette, Krista en Marije (bedankt voor die stelling op het station!)
altijd klaar als de nood weer aan de man was en het crisiscentrum in staat van
paraatheid moest worden gebracht. Onmisbaar!

En uiteraard de mannen: Sjors, Ed en Toon, Bedankt voor alle goede gesprekken
over de wetenschap, maar vooral over het leven, en bedankt voor oneindig

plezier en steun.
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Het zwerven ging nog verder. Ik heb ook asiel gekregen bij de vakgroep
Celbiologie. Rob en Ludo, bedankt voor het leren van de kneepjes van de
immunohistochemie,

Daarnaast wil ik de glasblazers Jan en Toon bedanken voor het vervullen van

al mijn glasblaaswensen.

Er is aardig wat nodig om het leven van een ATO in balans te houden. Het was
nooit gelukt om mijn hoofd de afgelopen anderhalf jaar helder te houden zonder
mijn muzikale "projecten”. Alle medemuzikanten bedankt voor de gezetligheid

en met name de inspiratie.

Op deze plaats wil ik ook mijn beide paranimfen Katinka de Lamoy en Judith
Medema bedanken, Ik ben blij dat ik wordt bijgestaan door twee bijzondere

mensen.

Dat je de realiteit niet uit het oog verliest, daar zorgen je vrienden en familie
wel voor. Zonder hun vriendschap en liefde kun je al die momenten van "waar
ben ik aan begonnen?" niet aan. 1k wil viteraard in het bijzonder mijn ouders
bedanken voor oneindige liefde en interesse. Mam en pap, jullic hebben mij
altijd mijn gang laten gaan, zonder mijn eigen ocordeel over wat goed voor mij
was te beinvioeden. Dankzij jullie heb ik veel kansen gekregen om mij te
ontplooien op meerdere gebieden, en ik heb die kansen van hatrte waargenomen,

Als laatste bedank ik de allerliefste: Frank. Met z'n tweeén kunnen we de wereld

aan. Dat hebben we nu wel bewezen. Zonder jouw steun, liefde en vooral begrip
in barre tijden was het allemaal honderd keer zo zwaar geweest.
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