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Introduction

1 General introduction

Heart failure is a very common syndrome in the Western world with an increasing
incidence and prevalence'. In patients aged over 75 years, its prevalence is as high
as 10%. One of the major causes of heart failure is ischemic heart disease and
acute myocardial infarction" \ The syndrome results in significant morbidity and is
a frequent cause of hospitalization. The clinical picture of heart failure includes
signs and symptoms like dyspnea, orthopnea, pitting edema, pleural effusion,
fatigue and weakness'. Moreover, heart failure is a progressive disorder eventually
leading to deatlr*. In the natural course of progressive heart failure, survival ranges
between 6 months and 4 years, depending on the severity of heart failure'.
Despite recent advances in the management of heart failure, this disorder contin-
ues to be a major clinical problem'. Obviously, understanding of the patho-
physiology of heart failure is important for an adequate approach to therapy. To
date, much research is focused on neurohonnonal aspects and stnictural cardio-
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Dilatation of the heart resulting in enlargement of the cavitary volume, has been
shown to be an early^ and late event"'*"' following experimental myocardial
infarction. Similar findings were obtained in studies in humans**'*'. The underlying
structural mechanisms of ventricular dilatation following infarction concern side-
to-side slippage of cells within the surviving tissue, resulting in a decreased
number of cells across the ventricular wall", myocellular elongation, as well as
infarct expansion (see paragraph 2.3)"".

Dilatation of the heart can initially be considered to be a compensatory response
to maintain stroke volume. On the other hand, dilatation also contributes to
increased wall stress, which can further induce progressive chamber dilatation''. In
fact, clinical studies have unequivocally shown that ventricular chamber dilatation
is an important unfavorable prognostic factor after myocardial infarction**. .,.:;,

Risk factors for cavity dilatation include sustained abnormal loading conditions
associated with large infarcts and infarct expansion, and the severity of the
residual stenosis of the infarct-related coronary artery***"".

2.3 Structural remodeling of the infarct
Myocardial infarction results from reduction or arrest of a significant portion of
the coronary flow leading to myocardial ischemic necrosis. In the infarcted area,
myocyte necrosis and an acute inflammatory response at the border of the necrotic
myocytes take place, followed by inflammation, fibroblast- and vascular cell
proliferation, extracellular matrix deposition and resorption of necrotic tissue. This
eventually results into scar formation".

More recently it was suggested that myocyte programmed cell death (apoptosis of
myocytes) was the major initial (as early as 2 hours after infarct induction) form of
myocardial damage produced by occlusion of the main epicardial coronary artery
in rats, whereas necrotic cell death followed apoptosis and contributed to the
evolution of the infarct size'-. Apoptosis was largely limited to hypoxic regions
during acute infarction'""'. Also in human infarcts extensive apoptosis occurred
before neutrophilic infiltration was apparent'*. During the healing phase of the
infarction apoptosis has been reported to play an important role in the
disappearance of both the infiltrated leucocytes and interstitial cell population in
the infarct"'.



Changes in collagen metabolism in the infarcted segment have been subject of
detailed investigation in the rat heart infarction model. Early after infarction
(within hours) degradation of the collagenous network surrounding car-
diomyocytes and capillaries in the infarct zone occurs*™*. Collagen fibers are
broken down by the activation of collagenases and related enzymes. The
breakdown of cardiac structure can lead to slippage of surviving myocytes and, in
addition, to myocyte loss. This process may cause disproportionate dilatation and
thinning of the infarct, also called 'infarct expansion' *••'*. Infarct expansion is a
risk factor for the development of ventricular aneurysm or even rupture and is
associated with adverse effects on ventricular function and prognosis"'"'".

Scar formation is the net result of a delicate balance between collagen degradation
and synthesis^. The expression of type I collagen gene is markedly enhanced in
the infarct zone on day 3 and persists for 90 days'"-"". Fibrillar collagen deposition
can be observed by day 7"". Collagen degradation exceeds synthesis during the
very early phase of infarction. Enhanced collagen degradation after myocardial
infarction involves a family of matrix metalloproteinases (MMPs) which mediate
degradation of fibrillar collagen-'*-""". In turn, the activity of metalloproteinases is
controlled by a family of tissue inhibitors of metalloproteinases (TIMPS). Thus,
the balance between collagenases (MMP) and TIMP-dependent inhibition ultima-
tely determines the amount of collagenolysis in infarcted tissue'*.

Myofibroblasts (phenotypically transformed fibroblast-like cells) have been shown
to be the predominant cell responsible for collagen fonnation at sites of repair in
the rat heart""-'". These myofibroblasts were shown to remain in mature scar
tissue"""". Increases of both types I and III procollagen mRNA levels have been
observed within a few days after infarct induction, followed by collagen depo-
sition''"'. The amount of other constituents of the extracellular matrix, like
fibronectin and tenascin, also changes after the induction of an infarction^"".

2.4 Structural remodeling of the non-infarcted myocardium

• Cardiomyocytes
Compensation for the loss of viable tissue after infarction entails myocyte
hypertrophy in the non-infarcted myocardium". Commonly used parameters of
myocyte hypertrophy are (relative) cardiac weight measurements, evidence of
protein synthesis and morphometric features. Myocyte hypertrophy is an early



response and is apparent within the first week after infarction^. The hypertrophic
response persists in the course following infarction and has been observed for
months and years*'-"'*-'. In addition to the left ventricle, the right ventricle as well
as the transition zone bordering the infarction are also involved in the hypertrophic
response^ •"•**.
Myocyte hypertrophy after infarction is accomplished by addition of new
sarcomere units in series with existing sarcomeres (eccentric hypertrophy due to
volume overload), as well as parallel addition of filaments as cells increase in
diameter (concentric hypertrophy due to pressure overload)*"*.
Hypertrophy early after infarction may be seen as an useful adjustment to loss of
contractile tissue, by increasing the number of sarcomeres and by restoring wall
stress in the infarcted ventricle"'''. This is in agreement with results from studies
in which treatment with growth honnone started one day after infarct induction
caused additional hypertrophy of the non-infarcted myocardium, reduction of left
ventricular dilatation and improvement of cardiac function''". However, later on,
the hypertrophic process may turn out to be imperfect. It provides benefit for a
limited time only, and may ultimately lead to heart failure"*'. : ; ••..,:•,
Besides through hypertrophy, myocardial mass may also increase through an
increase in cell number. For a long time the prevailing perception has been that
cardiomyocytes are terminally differentiated cells and lose their ability to
proliferate'"'"". After birth, a rapid switch from myocyte hyperplasia to
hypertrophy occurs between postnatal day 3 and 4". In some species, including
man, cardiomyocyte nuclei can replicate DNA without cell division which results
in polyploid cells". Other studies, however, have demonstrated that under certain
conditions the adult ventricle has the reserve to activate DNA synthesis which
may proceed to hyperplasia. In ischemic cardiomyopathy, re-activation of car-
diomyocyte DNA synthesis and hyperplasia have been demonstrated""".
Comparable observations have been done by van Krimpen et al.*®, reporting that a
small percentage (about 1-2 %) of total DNA synthesis in the non-infarcted
ventricle was present in cardiomyocytes. These results are in agreement with
quantitative studies in hypertrophic human hearts*'-™ and animal studies*''".
Apoptosis is another reaction of cardiac myocytes to acute ischemic injury in the
area bordering infarction, and in the remote areas of the surviving portion of the
heart*"'. Heart failure of either ischemic or non-ischemic origin was accompanied
by a significant increase in myocyte apoptosis in the human heart".
Not only cell size and number, but also the cellular phenotype may change.
Cardiac hypertrophy secondary to infarction is associated with altered gene
expression, especially genes of the fetal phenotype"". For example, a transition



7/i/roeA/cffon

of the expression of the normally expressed fast contractile protein a-myosin
heavy chain (a-MHC) to the slower 6-MHC results in a decreased capacity to
develop contractile speed"" ' . Such a change can be viewed to be adaptive,
because of a lower energy and oxygen consumption of the cardiac muscle". In
addition, among others, expression of skeletal a-actin, pre-proatrial natriuretic
peptide (ppANP) mRNA was noted after infarction"-™.

Many other changes are part of the post-infarction remodeling process and include
changes in calcium handling and alterations in enzymatic profiles (so-called
biochemical remodeling)^™™. .,• >•, ...>.,-. v;; >,.n< •, ,, • ./:?

• Extracellular matrix and interstitial cells
The structural characteristics of the extracellular matrix are important for cardiac
function. The collagen network is a major constituent for the preservation of
myocardial architecture and chamber geometry and plays an integral role in global
ventricular remodeling" '®. Fibrosis is defined as a disproportionate increase in
myocardial collagen concentration'*. Changes in collagen content might be
considered, again, as beneficial as well as maladaptive. On the one hand, collagen
deposition probably can serve an adaptive role in the initial response to overload,
where increased wall stiffness can reduce dilatation and, as a consequence of the
law of Laplace, lessen wall tension in the overloaded heart®". On the other hand, it
has been shown that even small increases in the amount of collagen can cause
adverse effects on diastolic relaxation and result in stiffness '̂ 2̂.81.82 A|g<^ cardiac
fibrosis is associated with arrhythmia".
An early accumulation of fibrillar collagen in the non-infarcted region has
repeatedly been observed following infarction*'-̂ *-*''. This increase in collagen
seems not to be directly related to myocyte necrosis, but resembles the pattern of
reactive fibrosis, characterized by thickening of the perimysium and occupation of
intermuscular spaces by collagen fibers'". The elevation of collagen content in the
non-infarcted septum is preceded by a 4 to 5-fold increased production of type I
and III procollagen mRNA until 21 days post-infarction"". Interstitial fibroblasts
have been shown to be the source of fibrillar collagen production'*''.
Human infarcted hearts also showed a significantly higher collagen content than
non-infarcted hearts"''". Another study did not observe differences in collagen
content in the non-infarcted human myocardium remote from the scar"''. This
different outcome can be due to the fact that all patients in that particular study
had received ACE-inhibitors, known to decrease cardiac fibrosis*'.



The stimulus for collagen deposition is not exactly known, but potential can-
didates are e.g. angiotensin, aldosterone, growth factors like transforming growth
factor-P,(TGF-P,) and catecholamines (vide i

Non-myocytes respond to myocardial infarction with transiently enhanced DNA-
synthesis, which is maximum between 7 and 14 days after the infarct in both the
non-infarcted septum and the right ventricle'*. The vast majority (98 per cent) of
DNA synthesis was found in the non-myocytes''*. Similar findings were published
by Taylor et al.^, who demonstrated increased interstitial cell proliferation early
after infarct induction in the rat heart. The phenotype of the participating
interstitial cell types, predominantly fibroblasts and endothelial cells'-', has not
been identified in these study. - , : > - , , . , ^ r ,

• Vascular component , . . , : , ,
As mentioned above, the cardiac interstitial cells are partly represented by
endothelial cells, which will be discussed separately as 'vascular component'.
Cardiac vessel growth is very low in nonnal adult hearts and is induced only under
certain circumstances'**. In the non-infarcted myocardium an increase of the total
capillary density and capillary to myocyte ratio has been reported 30 days after
coronary artery occlusion in the rat". In the majority of studies, a deficit in the
microvascular network was shown after infarct induction. Early investigations by
Roberts and Wearn'̂ ' found that the capillarity is decreased in myocardial
hypertrophy. The authors suggested that capillaries do not proliferate, which
results in an increase in intercapillary distances due to a rise in cardiomyocyte
diameter. Similar findings have been obtained in many subsequent experimental
studies, in which the capillary supply to the surviving hypertrophic cells was
decreased in the early and late phases after infarction**""'^*, as expressed in
morphometric parameters like capillary density, capillary luminal volume,
capillary surface density and elevated diffusion distances. From ultrastructural
studies Anversa and co-workers^•** concluded that the capillary density in the
hypertrophied non-infarcted part decreased by up to 22%, such that diffusion
distances for oxygen were increased by 16%. The capillary density decreased
more as the infarct size increased*.

The response of the coronary vasculature within the surviving myocardium could
be a mechanism generating a relative energy starvation that, in turn, may lead to
local ischemia and tissue damage"'"' and may account, at least in part, for the
impaired performance of infarcted hearts'"'.



Regional differences in vascular adaptation in the surviving myocardium seem to
exist after myocardial infarction and several studies have focused on changes of
the microvasculature in the peri-infarct region of the left ventricle, also called
border zone. The number of myocytes and capillaries across the wall in the non-
infarcted region was found to be decreased at the completion of healing of large
infarcts". A subnormal vascularization in regions close to the infarction has been
reported shortly and several weeks after infarct induction in diverse morphometric
studies"-'"*^. On the other hand, results from flow experiments in isolated
Langendorff-perfused rat hearts in combination with histological data, indicated
substantial vessel growth with normalization of the coronary flow in the same
zone within a few weeks after infarct induction"**.
Tlie occurrence of vessel growth has been studied in other experimental models of
ischemic heart disease. For example, gradually developing constriction of the
epicardial coronary artery has been shown to induce proliferation of vascular
endothelial cells in porcine and canine hearts""""^. Also, in a model of narrowing
of the coronary artery in the rat, addition of newly formed capillaries has been
observed in the (only examined) right ventricle". Similar responses of the
microvasculature have been obtained after coronary microembolization in the
porcine heart"".

3 The renin angiotensin system

Acute loss of cardiac function is associated with activation of neurohormonal
systems, primarily the renin-angiotensin system (RAS) and the sympathetic
nervous system (SNS), in an effort to enhance the contractile force of the
ventricle'°\ Other activated vasoconstrictors include vasopressin and endothelin.
The actions of the endogenous vasoconstrictor factors are counterbalanced by the
release of endogenous vasodilators such as atrial natriuretic peptide and
endothelium-derived relaxing factor"".

The RAS was initially thought to be an endocrine system only regulating vascular
tone and salt and water balance"*. The peptide honnone angiotensin II (Angll) is
the key mediator. Angll is known to play a role in cardiovascular homeostasis and
exerts multiple biological effects, including systemic vasoconstriction, stimulation
of the adrenal glands to release aldosterone (with resulting sodium retention and
kaliuresis) and catecholamines, as well as pituitary mediated vasopressin
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secretion'"*. Other physiological actions of Angll include direct positive inotropic
and chronolropic effects"" on the myocardium, and effects on cardiovascular
growth (see paragraph 3.5). These effects result in changes in preload and
afterload in cardiac function. The endocrine system is activated under conditions
of reduced blood pressure, sympathetic stress, or diminished circulating volume
and is inactivated when these conditions are normalized"*. Many observations
have yielded evidence for the existence of mutual interactions between the RAS
and the SNS at several levels. At the central nervous system level, Angll has been
shown to have a facilitating effect on sympathetic outflow""* In the periphery,
Angll can activate the release of noradrenaline from sympathetic fibers via
stimulation of facilitating pre-synaptic Angll receptors and can inhibit the
reuptake of noradrenaline'°*"". Furthermore, Angll may act on the sympathetic
ganglia and adrenal medulla to increase the release of catecholamines'"®.

Angll is formed in a cascade of enzymatic reactions. Angiotensinogen is
synthesized and released by the liver. The first 10 amino acids of angiotensinogen
represent angiotensin I, which is released by the action of renin. Renin is produced
by the juxtaglomerular apparatus in the distal tubule in the kidney. Circulating
angiotensin I is exposed to angiotensin converting enzyme (ACE), a primarily
membrane-bound protein localized to the endothelial cells lining the vasculature.
ACE catalyzes the conversion from angiotensin I into the octapeptide Angll"'*.

Angll is degraded into several metabolites, such as Anglll and AnglV. AngI and
Angll can be converted into Ang (1-7). Functions of Anglll and Ang (1-7) include
stimulation of the release of aldosterone and vasopressin, as well as formation of
prostaglandins""'". Ang (1-7) can exert vasodepressor and antiproliferative
actions'""""*.

Several ACE substrates other than AngI are known. For example, ACE acts as a
bradykinin-degrading enzyme and accordingly, activity of ACE simultaneously
results in Angll formation and decreased levels of bradykinin'". Bradykinin
stimulates prostacyclin formation as well as the release of endothelium-derived
relaxing factor (EDRF) or nitric oxide"*.

ACE is just one of the enzymes leading to formation of Angll. For example, the
serine protease (chymase) pathway is likely to play an important role in cardiac
Angll formation"'""''.

In recent years, other, at least partially indepent, local renin-angiotensin systems in
a variety of tissues including the heart, have received considerable attention'^".



Conversion of AngI to Angll in isolated perfused hearts suggests the existence of
an endogenous RAS'*'. Further evidence demonstrating the presence of an
endogenous RAS in the heart includes the myocardial expression of messenger-
RNA (mRNA) and protein products of angiotensinogen, renin, ACE, as well as
Angll receptors""-'""'".

( Alternative pathways
\ ^ e.g. Chymase

\ ^ _

!r?!m

Angiotensinogen Angiotensin I Angiotensin II

AT, receptor

receptor

Renin

Brady kinin Inactive kinins

Figure 2: Qucrnfe

AngI and Angll have been detected in neonatal rat fibroblasts and ventricular
myocytes'^•'**. The ability of cultured myofibroblasts to generate AngI and Angll
de novo, has recently been demonstrated"". Also, microvascular endothelial cells
isolated from adult rat ventricular muscle synthesized and secreted Angll in
vitro"'.

3.1 Angiotensin receptors
The actions of Angll depend upon the presence of relevant angiotensin receptors.
Angll receptors consist of at least two major subtypes'" and have been charac-
terized by using potent, highly selective subtype-specific Angll receptor
antagonists. For example, the prototypical antagonist of AT, receptors is losartan
(Dup753), whereas PD123139, PD123177, or CGP42112A selectively bind AI>



receptors'"'". In rodents, two subvariants of the AT, receptor have been
identified as AT,,, and AT,,, receptors, which have a 95% homology in amino acid
sequence'**. .: = • • • • < • • • • • ' / ' ' •• ' • " - ; ; -. : -^

The density of AT, and AT, receptors in tissues was shown to be deveiopmentaily
regulated and both AT, and ATj receptors are expressed in many tissues of the
developing fetus. Contrary to the receptor distribution in mature tissues, the ATj
receptors are expressed in much higher amounts than the AT, receptors in the fetal
tissues and sharply decrease after birth'•"•'•"".

In the heart, the existence of both AT, and AT, receptors has been identified in
several species, including rats'""'" and humans'"'"''". In normal hearts either
approximately equivalent amounts of each receptor type'"'"", a predominance of
the AT, receptor'**-'*"'*'", as well as a predominance of the ATj receptor"'̂ •'•"<'•'•••'
have been reported; these discordant results are probably due to the different
methodologies and biological materials used. Both AT,., and AT,,, receptor mRNA
levels have been identified in the normal heart'"''""". Neonatal hearts demonstrate a
greater abundance of Angll receptors than the adult heart tissue'-"-'"".

Activation of the AT, receptor lead to the majority of known functions of the
RAS, like vasoconstriction, renal salt and water retention, the drinking response,
inotropy, chronotropy, activation of arachidonic acid synthesis, and cell
growth'•"•'•". The function of the AT, receptor is less clear, but it has a possible
role in growth and development, differentiation and blood pressure regulation'""*.

Angll binding sites have been described that seem to be different from the known
AT, and AT, receptors. For example, in the chick embryo chorioallantoic
membrane and in the fowl Angll receptors differ from AT, and ATj receptors in
binding CGP42112A, but not the subtype specific antagonists PD123177 or
losartan (DuP753)-*'"^'\ Also, human cardiac fibroblasts isolated from end-stage
failing hearts were shown to express an atypical Angll receptor. This receptor was
stimulated by Angll, which was not prevented by co-incubation with losartan or
PD123317"°.

3.2 Sigiial-traiisdiiction pathways of Angll receptors
AT, and AT, receptors show a low degree of structural homology (34%)'" and
each receptor subtype couples with its effector molecules via different intracellular
pathways. The AT, receptor is a member of the 7-transmembrane domain G-
protein coupled receptor superfamily"-. The coupling of Angll to the AT,



receptor involves a number of signaling pathways, including phospholipase C,
phospholipase A2, phospholipase D, adenylate cyclase and ion channels'".
Activation of phospholipase C results in hydrolysis of phosphatidyl-inositol
biphosphate (PIP2) to diacylglycerol (DAG) and inositol-triphosphate (IP3)'"
leading to the activation of protein kinase C (PKC) and the mobilization of
intracellular Ca*' '-"•'". Furthermore, the AT, receptor has been linked to kinases,
like mitogen-activated protein (MAP)-kinases'^'", tyrosine kinases, and the
Jak/STAT-pathway'*-'". . ; -;.-

Phospholipase A2 and D are responsible for arachidonic acid formation'". The
AT, receptor can act on adenylate cyclase, regulating the level of cAMP'"•'**•'">.

The signaling pathways of the ATj receptor have been less elucidated. The AT2
receptor selectively couples to Gi-a in the rat fetus""'. Some studies have shown
that the AT2 receptor mediates levels of cyclic guanosine 3'5'-monophosphate (c-
GMP) in the rat kidney and in PC12W cells '" '" . Activation of ATj receptors
have elicited an inhibition of MAP-kinases by activation of specific
phosphotyrosine phosphatases'^""". Other studies have shown that the AT2
receptor either stimulates'""''''", not affects'*' or inhibits tyrosine phosphatase
activity'**.

3.3 Expression of Angll receptors in different cardiac cell types
A limited amount of studies determining the distribution of Angll receptors on
various cardiac cell subtypes (i.e. myocytes, fibroblasts, endothelial cells and cells
of the conductive system) has been undertaken.

Radioligand binding studies have shown the presence of both AT, and ATj
receptors in embryonic and neonatal rat ventricular cardiomyocytes"'''™. The
presence of AT, receptor mRNA has been demonstrated in human''''' and in rat
cardioinyocytes'™, and rat cardiomyocytes were shown to express both AT,,, and
AT,h receptor mRNA'™. In contrast to AT, receptors, the amount of ATj
receptors decreases directly after birth and has almost disappeared from adult
ventricular myocytes'™'".

In cardiac fibroblasts, the presence of AT, receptor expression has been reported
in cultured embryonic'™, neonatal'™-'"-'" and adult rat cells'""'". The fibroblast
AT, receptors were reported to be mainly of the AT^-receptor subtype'™. In
human (adult) and rat (neonatal and adult) hearts the presence of AT, mRNA in
non-myocytes has been demonstrated''"-'". Myofibroblasts have been shown to



express AT, receptors'™. Binding studies with cultured rat fetal cardiac fibroblasts
showed the presence of ATj receptors on these cells, and the expression of ATj
receptors decreased dramatically after birth'™. Both receptor subtypes were also
present in cultured fetal rat skin fibroblasts'^. In the rat subcutaneous sponge
granuloma model both AT, and AT̂  receptors were localized to non-vascular
stromal cells'".

In the vasculature of the one-day-old neonatal heart Angll receptors,
predominantly AT2 receptors, were highly concentrated, whereas they were barely
detectable in the myocardium using quantitative autoradiographic techniques"*.
Positive immunoreactivity for the ATj receptor was localized in the endothelium
of the coronary vessels of young rats'™. The presence of both AT, and ATj
receptors in cultured cardiac endothelial cells derived from adult spontaneously
hypertensive rats (SHR and Wistar Kyoto rats has been reported '®°. Also in the
human heart, AT,-receptor inRNA has been localized on vessel walls'''"'. In the rat
subcutaneous sponge granuloma model AT, receptors were partly localized to
microvessels'".

In cells of the autonomic nervous system, especially the cardiac conductive tissue
and nerve terminals, Angll receptors have also been detected'""*"*', with the
ATj receptor as the major subtype in the neonatal conducting system. In the adult
conducting system the total expression of Angll receptors was greatly reduced,
with predominance of AT, receptors'™.

In summary, studies indicate that all major cell types of the normal heart are able
to express AT,- as well as ATj receptors; the AT, receptor is expressed mainly in
the fetal and neonatal period, whereas AT, receptors are expressed throughout
maturation and adulthood.

3.4 Expression of the RAS in cardiac remodeling
In the animal infarct model an upregulation of the Angll receptors in the non-
infarcted viable myocardial tissue has been reported, early (from only a few days
after infarction)"' '*\ as well as later in the post-infarction course**.

In the non-infarcted viable portion an increase in AT, receptor number and AT,
receptor mRNA, (especially the AT,,, receptor) have been reported*''""', as well
as an upregulation of AT, receptors and AT2 receptor mRNA in whole ventricular



tissue'". In contrast, isolated purified ventricular lnyocytes were found to
exclusively possess the AT, receptor'".

Other conditions associated with myocardial hypertrophy showed a diversity of
changes in Angll receptor density. The cardiac hypertrophy induced in rats with
two-kidney one-clip renovascular hypertension and in spontaneously hypertensive
rats (SHR), is associated with increased cardiac AT,,, receptor mRNA, and AT,-
and AT2 receptor binding sites'^. Also, an increase of the AT2 receptor has been
reported in the hypertrophied left ventricle following partial aortic banding'"" and
after induction of an AV-shunt'**'**. The ATj receptor is re-expressed by cardiac
fibroblasts from failing myopathic hamsters'". An in vitro stretch model using 1
day old rat myocytes showed an upregulation of both AT, and ATj receptors'®'.
Also, a decrease or no change in AT, receptors in several conditions of cardiac
hypertrophy have been reported, for instance in hearts of rats subjected in models
of pressure overload'""'"".

In humans, there is conflicting information on the status of cardiac Angll receptor
density in chronic heart failure, with one study'*' describing no change in total
Angll receptor density, and others reporting a decrease in the level of expression
of the angiotensin AT,, but not of the AT̂  receptors in ventricular tissue'"''''*'.
These findings differ from the results from human atrial myocardium, in which the
level of ATj receptors was decreased'"*" or was upregulated'"" in heart failure.

Besides increased levels of Angll receptors, also increased levels of
angiotensinogen'^, renin'", and ACE'"-'**''*' have been described in infarcted rat
hearts. The enhanced expression of renin and ACE was localized to the border
zone of the infarcted left ventricle'"-'". ACE and Angll receptor (predominantly
the AT, receptor) binding density was enhanced from the first week after
infarction'" ''". Cells expressing ACE at the infarct site include macrophages,
endothelial cells, and myofibroblasts""''".

3.5 The RAS as a regulator of cardiac remodeling
The RAS not only has a key role in normal cardiovascular function, but also in the
regulation of cardiac remodeling and this regulation involves both the myocyte and
the non-myocyte compartment.



Evidence for a direct role for Angll-mediated myocardial collagen metabolism
exists, since in vitro, Angll enhances collagen by a dual effect on cultured cardiac
fibroblasts. First, Angll induces enhanced expression of rnRNA of collagen type I,
collagen type III and fibronectin in cardiac fibroblasts'"*'*. Second, Angll
reduces collagenolytic activity through inhibition of collagenase activity in these
cells™.
In vitro studies have yielded conflicting results regarding the mediating role of the
AT, and ATj receptors in collagen metabolism. Both AT, and AT2 receptors have
been reported to stimulate collagen synthesis in fibroblasts isolated from normal
adult rat hearts*'*, and, in addition, the ATj receptor appeared to decrease
collagenase activity*'*. In contrast, in cardiac fibroblasts isolated from
cardiomyopathic hamsters the AT̂  receptor has been reported to inhibit synthesis
of extracellular matrix components'". -'• ' ' • ;
Mechanical stretching of cardiac fibroblasts in culture was capable to increase the
amount collagen type III protein and mRNA*", indicating that increased pressure
and/or mechanical tension in the heart may be mediators for upregulation of
collagen gene expression. However, results from many different in vivo studies
argue against a primary role of blood pressure in the regulation of collagen
accumulation*"-™-""".
Toxic effects of Angll on cardiomyocytes resulting in myocyte necrosis and repair
fibrosis might be considered another mechanism responsible for raising
myocardial collagen concentration*"**'*'"'.
The contribution of bradykinin to the RAS in mediating cardiac fibrosis has been
subject to several studies. Co-administration of Angll with the bradykinin B2
receptor antagonist HOE 140 completely prevented Angll induced cardiac
perivascular and interstitial collagen accumulation"". Following infarction kinins
appeared to contribute to the effects of ACE inhibition on myocardial collagen,
since B2 kinin receptor blockade (partially) reversed the effect of ACE inhibition
on left ventricular interstitial collagen"'*". Other candidates mediating effects of
the RAS on collagen include aldosterone""**' •*-'* and prostaglandins**".
Finally, an indirect effect of Angll through interaction with the sympathetic
nervous system may be another

Far less is known about the involvement of the RAS in remodeling of the
interstitial cellular compartment of the myocardium, i.e. the non-myocytes
consisting mainly of fibroblasts and endothelial cells, as described previously. In
most in vivo studies, just Mion-inyocytes' (interstitial cells) have been investigated
without determining the particular cell type involved.
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Angll infusion in rats increased myocardial [-'H]thymidine labeling, predominantly
nuclei of interstitial cells*"*". Early ACE inhibition with captopril completely
prevented infarction-induced DNA synthesis in interstitial cells in the non-
infarcted left ventricle two weeks after infarction in the rat''®. In the same model,
administration of the AT, antagonist losartan only slightly reduced the increased
interstitial cell DNA synthesis"*. Similar results have been obtained by Taylor et
al., who showed that post-infarction enhanced non-myocyte PCNA expression
was abolished by the ACE inhibitor enalapril, and not by losartan'". These
findings suggest effects on interstitial cell proliferation mediated by non AT,
receptor mechanisms after infarction. .... • ; ,;,,.
In vitro, Angll induced an increase in DNA synthesis and/or cell number in
neonatal '"^ and adult non-myocyte (probably mostly fibroblasts) cultures*".
This response appeared to be mediated by the AT, receptor, and not by ATj
receptors'"*'" -"\ In human cultured cardiac fibroblasts DNA synthesis was
stimulated by Angll through an atypical receptor"".
Inhibition of DNA synthesis was shown to be mediated by the AT2 receptor in
cardiac fibroblasts isolated from cardiomyopathic hamsters'^.

• Vascular compartment
The endothelial cell, the other major cell-type of the interstitium, may also be part
of the proliferative response after infarction. A link between angiogenesis and the
RAS has been known for some time but divergent results have emerged on the
exact role of the RAS in vascular formation.
Angll has been reported to induce angiogenesis in the avascular rabbit cornea, in
the rat cremaster muscle""", in the rat subcutaneous sponge granuloina
model''"-"* as well as in the chick chorioallantoic membrane'""'. In addition,
Angll stimulated proliferation of cultured rat glomerular endothelial cells*'"'.
However, ACE inhibition, which decreases Angll formation, has been reported to
increase cardiac vascularity in several experimental models. In infarcted rats the
cardiac capillary density was significantly increased by long term ACE
inhibition". Also in young and adult spontaneously hypertensive rats (SHR), long-
term ACE inhibition with captopril or ramipril increased cardiac capillarization
with or without concurrent reduction of left ventricular mass*'""*'".
On the other hand, other studies have shown a decrease in number of
microvascular vessels after treatment with ACE inhibitors. ACE-inhibition with
captopril or zabiciprilate abolished the increase in the capillary-to-fiber ratio in the
soleus muscle during ischemia*"". In addition, after 4 weeks' treatment with
captopril, the density of small arteriolar vessels in cremaster muscles was reduced
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in renal hypertensive and nonnotensive rats***. Volpert et al.*** also demonstrated
an anti-angiogenic activity of the ACE inhibitor captopril in the rat cornea.
Several studies explored the function of the Angll receptor subtypes in vascular
formation. A mediating role of the AT,-receptor in Angll induced angiogenesis
has been reported in the rat subcutaneous sponge granuloma model'''"-'* and in the
rat cremaster muscle*". In cultured glomerular endothelial cells of the rat, Angll
induced mitogenesis was inhibited by AT,-receptor blockade with losartan *"\ In
cultured coronary endothelial cells, Angll only stimulated proliferation after
pretreatment with the ATj antagonist PD123177, an effect that was reversed by
additional pretreatment of the AT, receptor antagonist losartan, while the ATj
specific agent CGP42112A mimicked the antiproliferative actions of Angll'*°.
ATj receptor blockade with PD 123319 enhanced the Angll stimulated increase of
vascular density in the rat cremaster muscle'". These observations suggest a
mediating role for the AT, receptor in stimulating vascular growth and
antiproliferative effects mediated through ATj receptors.

On the other hand, in the setting of myocardial infarction a significant increase in
cardiac microvascular density in the non-infarcted region through AT,-antagonism
has repeatedly been observed"'*. Long-term treatment with the AT, antagonist
PD 123319 started 2 months after infarction did not alter cardiac capillarity in the
rat heart, and did not significantly influence the effects of AT, receptor
antagonism".
Several explanations how AT,-receptor blockade can increase capillary
vascularization after infarction can be considered, besides effects directly
mediated through AT, receptors. Increased capillary density could simply reflect
reduced post-infarction myocyte hypertrophy after AT, receptor treatment"-'*, but
this seems unlikely, since a decrease in myocyte-to-capillary ratio has also been
determined in one of these experiments'*. Alternatively, increased stimulation of
ATj receptors during AT, receptor blockade could account for the observed
increased capillary density induced by long-term AT,-antagonist treatment after
infarction. Both renin secretion and Angll levels in plasma and the heart increase
during blockade of AT, receptors"" and consequently increased Angll levels may
stimulate the ATj receptor.

Taken together, the RAS is likely to play an important, though not fully clarified,
role in the regulation of angiogenesis after myocardial infarction.



3.6 Effects of RAS interventions in clinical trials
Early reports of experimental myocardial infarction have shown that ACE-
inhibition increases cardiac function*"* and survival'*•*". A large number of
randomized clinical trials have demonstrated the efficacy of several ACE
inhibitors in terms of morbidity and mortality in patients with myocardial
infarction. Late-entry trials (treatment started after > 3 days following infarction)
have shown an overall survival benefit of- 20%"-"°. Most, but not all studies"',
showed a significant survival benefit with early ACE-inhibitor treatment (started
within 24 hours following infarction)""". The early use of ramipril after
infarction attenuated left ventricular dilatation and was associated with a prompter
recovery of left ventricular ejection fraction"''.
Results from a recent clinical trial comparing losartan versus captopril in heart
failure patients suggest that AT, receptor blockade may be superior over ACE
inhibition"^.

4 The sympathetic nervous system

The sympathetic nervous system (SNS) is another important regulator of the
structure and function of the cardiovascular system in health and disease.
Catecholamines, like noradrenaline released by excitation of sympathetic nerves
and adrenaline (the primary adrenal medullary hormone and also a neurotrans-
mitter) are involved in regulating functions that integrate central and peripheral
responses to a range of stresses"®. Central sympathetic outflow is regulated in the
brain stem and the medulla oblongata"'^. Both noradrenaline and adrenaline play
important roles in the control of vascular tone, myocardial contractile rate and
force, airway reactivity, and a variety of metabolic functions"®.
The SNS is known to be a regulator of renin release in the kidney^' Alpha 1-
adrenergic receptors have been described to be involved in the Angll-induced
increase of vascular smooth muscle cell DNA synthesis in the rat*'"".

4.1 Adrenoceptors
Adrenoceptors form the interface between the SNS and the cardiovascular system
and constitute a large superfamily of receptors, linked to seven-transmembrane
guanine-nucleotide-binding proteins (G proteins)^**. Adrenoceptors are found in



nearly all peripheral tissues and within the brain**. As from before 1948 two
general classes of adrenoceptors have been termed a- and P-adrenoceptors*".
Alpha-adrenoceptors have been further subdivided into two classes, a l - and a 2 -
adrenoceptors***''. Alpha 1-adrenoceptors traditionally have been described to be
located on postsynaptic sites mediating the response of the effector o rgan^ , but
there is also evidence for the existence of pre-junctional inhibitory a l -
adrenoceptors*'*'. Rats have a relatively high number of cardiac a 1-adrenoceptors
compared to humans and other mammals****'*. ..<: ,;b
Alpha 1-adrenergic subtypes are, on the basis of pharmacological and molecular
cloning studies further subdivided into a l A , a l B and a lD* '*"° and the existence
of additional subtypes is being investigated"'.
Alpha2-adrenoceptors are located pre-synaptically on nerve terminals and reduce
neurotransmitter release from these nerve endings and at postsynaptic sites*'*-"*.
The pre-synaptic a2-adrenoceptor serves as an important element in a local
feedback system modulating neurotransmitter release'"'. At least three subtypes of
a2-adrenoceptors have been identified: a2A-, a2B- , and a2C-adrenoceptors"\
Beta-adrenoceptors have been well characterized and have been subdivided into at
least three subtypes, p i - , P2-, and p3-adrenoceptors (for review see Hieble,
1995)=".

4.2 Signal-transduction pathways of adrenergic receptors
Alpha 1-adrenoceptors are coupled to a diversity of signaling intracellular
pathways. These include the phospho-inositide pathway via a specific
phospholipase C (PLC) to produce two intracellular messengers, inositol 1,4,5-
triphosphate (IP,) and diacylglycerol (DAG)"". IP, can release intracellular Ca**
and DAG activates protein kinase C, with resultant phosphorylation of multiple
cellular substrates including Ca** channels"' -"\ In addition to the phospho-
inositide metabolism, al-adrenergic stimulation is also able to affect, at least
under certain circumstances, cyclic AMP (cAMP) levels, some phospholipases,
ion channels and arachidonic acid metabolism"''-"*. An active area of research is
the involvement of second messengers of a 1-adrenoceptors in growth and
hypertrophy"'. Among others, the proto-oncogene ra.v, /&?/-/, and mitogen-
activated protein (MAP) kinases have been implicated in these processes"'"^.
Alpha2-adrenoceptors have classically been classified as inhibitors of adenylyl
cyclase**-"*, but alternative signaling transduction pathways have also been
observed, such as modulation of several phospholipases, the level of intracellular
Ca*', ion channels*'*-"'' and a mitogen-activated protein (MAP) kinase cascade"®.



Elevation of intracellular Câ * and the second messenger cAMP are the most
important intracellular signaling pathways in the p-adrenergic system. Activation
of p i - or p2-receptor subtypes leads to formation of cAMP via adenylate
cyclase"'. Subsequently this induces the activation of cAMP-dependent protein
kinase A " ^ ' \ which targets and phosphorylates several myocardial proteins,
including the MAP kinases^". Adrenergic receptor signaling is complex, due, in
part, to the ability of a given subtype to couple to several different G-proteins or
effector systems*"-"'..

4.3 Expression of adrenoceptors in different cardiac cell types
Adrenoceptors are found in a variety of organs and tissues, but description here
will be limited to those found in the heart. Cardiac adrenoceptors are located on
several different cell types.
On rat myocytes p i - , P2- and p3-adrenoceptors are present""*"", with pre-
dominance of the pi-receptor*"". Also, a 1-adrenoceptors (at least three a l -
adrenergic subtypes) have been identified on the surface of cardiomyo-

Myocardial non-myocytes have been reported to contain P-adrenoceptors
(predominantly p2,3-adrenergic)^"*". Alphal- adrenoceptors also were described
to exist on the cell surface of non-myocytes, without further specification of cell
type^, whereas no, or a less amount of a l - adrenoceptors have been detected on
these cells by others^-^.
Coronary vessels have been reported to contain a I-"*-*" and a2-adrenocep-
tors""®*, as well as p i - and p2-adrenoceptors"'\ Alphal-adrenoceptors have also
been identified in endothelial cells of the cardiac microvasculature^.
Nerve terminals possess a2- and p2-adrenoceptors^*'", as well as a l -
adrenoceptors"^.

4.4 The SNS as a regulator of cardiac remodeling
Besides mechanical forces and other effectors such as the RAS, the SNS is a
likely candidate to play an important role the regulation of cardiac remodeling.



• Cardiomyocytes
By far the most attention has been paid to the contribution of the SNS to
cardiomyocyte hypertrophy. An early study on the morphological effects of
adrenergic stimulation on the rat heart muscle has been reported by Rona et al.̂ **,
in which high doses of the P-adrenergic agent isoproterenol induced extensive
myocyte necrosis. Continuous infusion of noradrenaline in rats caused increases in
absolute ventricular weight and in ventricular weight-to-body-weight-ratio, as well
as ventricular expression of mRNAs for atrial natriuretic factor (ANF), skeletal a-
actin and P-myosin heavy chain (P-MHC), which in the adult rat ventricle
generally are accepted as molecular indicators of hypertrophy^".
Both p- and a-adrenoceptors may modulate the development of cardiac
hypertrophy. The fact that P-adrenergic stimulation produces cardiac enlargement
in vivo is well established^'"^'\ and the hypertrophic response is accompanied by
the transient expression of nuclear proto-oncogenes like c>/av andy»//-B''^.
Some studies report on the effects of P-adrenergic modulation following
myocardial infarction. Long-term P-adrenergic inhibition by propranolol starting 2
days after permanent left coronary artery occlusion to produce transmural
infarction, reduced myocyte cross-sectional area and volume, and induced left
ventricular dilatation'*', suggesting undesirable inhibition of an adaptive
hypertrophic response. In rats subjected to short-time coronary occlusion and
reperfusion to produce non-transmural infarction, a 3 week administration of
propranolol starting 5 days after surgery, suppressed exercise-induced regional
myocardial hypertrophy in the infarcted and reperfused region and caused global
left ventricular dilatation"". Furthermore, in other models such as cardiac
hypertrophy in response to coarctation of the aorta or right ventricular hypertrophy
induced by hypoxia, hypertrophy was significantly attenuated by P-receptor
blockade™"*". However, long-term treatment with the pi-antagonist metoprolol
or a sympatholytic DA2/a2 agonist (CHF-1024) started late (2 months) after
infarct induction did not decrease cardiac hypertrophy nor influence left
ventricular dilatation™"*.

Alpha-adrenoceptors may also mediate hypertrophy. In the isolated adult rat heart
short-time perfusion with the al-adrenergic agonist phenylephrine stimulated
protein synthesis, an effect that was prevented by the a 1-receptor antagonist
prazosin"". Transgenic mice over-expressing a constitutively active myocardial
alB-adrenergic receptor showed clear cardiac hypertrophy"*. Seven days after
infarct induction, noradrenaline-stimulated phospho-inositol turnover was
increased threefold in isolated viable myocytes, suggesting that effector pathways



linked to the al-adrenergic receptor stimulate the myocyte hypertrophic
response""". Following localized myocardial damage by electric DC-shock, a l -
adrenergic receptor blockade inhibited the increase in mass during the first week,
though it was ineffective by 16 weeks^"\
Evidence for a direct relationship between the adrenergic system and myocyte
hypertrophy has been strengthened by many in vitro studies. The hypertrophic
response to adrenergic receptor stimulation has been attributed to activation of the
al_277.308-3io ^ ^ the (3-adrenergic receptor^"-"" in neonatal cardiomyocytes. A
hypertrophic effect through both a l - and p-adrenoceptors could also be
demonstrated in adult cultured cardiomyocytes'"^''' and the hypertrophic effect of
(J-adrenoceptor stimulation was shown to be due to stimulation of the P2-
adrenergic receptor subtype"^.

Concomitant stimulation of P-adrenergic (by isoproterenol) and al-adrenergic
receptors (by phenylephrine) exerted a synergistic effect on increased protein
synthesis in cultured cardiomyocytes*".
Besides quantitative changes, also qualitative alterations in myocytes have been
determined, including induction of immediate early genes (like c-wjyc, c-/o.s, c-y?/«)
and selective upregulation of early developmental iso-genes (like p-myosin heavy
chain (P-MHC) and skeletal a-act in)"""-*"".
There are also studies that failed to show a mediating role of the SNS in cardiac
hypertrophy. For example, epicardial denervation or a- / P-receptor blockade did
not influence right ventricular hypertrophy after hemodynamic overloading by
banding the pulmonary artery"^. Concordant with these results, neither a- nor P-
adrenergic stimulating agents were able to induce cardiac growth in the absence of
accompanying hemodynamic load in a model of a hemodynamically unloaded
heterotopically transplanted heart"''. These studies suggest that neither adrenergic
activation is necessary for the cardiac hypertrophic response to hemodynamic
overload, nor that adrenergic stimulation is able to cause hypertrophy
independently from hemodynamic load. However, the hypertrophic effect induced
by noradrenaline seemed to be independent of changes in the peripheral
circulation in experimental animals*" ^ ^ ° . In line with this observation, increased
left ventricular mass in normotensive and in hypertensive patients was closely
coupled to an increased cardiac sympathetic activity, whereas blood pressure did
not correlate with left ventricular mass"'. In an in vitro study comparing the
effects of mechanical activity with al-adrenergic effects, it was shown that a l -
adrenergic stimulation with phenylepinephrine increased P-myosin heavy chains
(P-MHC) in neonatal myocytes, whereas mechanical activity per se did not alter



the MHC pattern"'*. Isoproterenol induced muscle gene expression in high density
cultured neonatal myocytes was shown to be independent of contractile activity^".

Furthermore, (3-adrenoceptor mediated hypertrophy has been linked to the
presence of myocardial necrosis in some studies*", but it did not appear to be
merely a direct compensation for myocyte loss or necrosis in other studies*"-"'.
The case for a direct effect of the sympathetic nervous system on cardiac growth
is also clouded by the interaction of this system with several humoral factors such
as the RAS. Indeed, some studies suggest participation of the RAS in P-adrener-
gic induced cardiac hypertrophy. Concomitant ACE-inhibition attenuated left
ventricular hypertrophy induced by P-adrenergic stimulation"'""'. This effect has
also been described for co-administration of an AT, receptor antagonist*",
whereas other authors did not find a decreasing effect of AT, receptor antagonism
on the cardiac hypertrophic response to isoproterenol^".

• Extracellular matrix and interstitial cells
Administration of hypertensive doses of noradrenaline significantly increased
myocardial hydroxyproline concentration (reflecting the amount of collagen) and
mRNA concentration of collagen I in the rat within one week-"'''""'.
Beta- as well as a-adrenergic effects on collagen metabolism have been described.
An increase of cardiac collagen content is a well-known effect of P-adrenergic
stimulation in the adult rat with treatment duration varying from several days to 6
weeks**"'"""*""''. Isoproterenol-induced myocardial fibrosis was initiated by
the appearance of fibrillar collagen disruption, followed by the formation of
collagen fibers encircling cardiomyocytes"'\ On the other hand, P-adrenergic
inhibition by celiprolol during 3 weeks induced a further increase in cardiac
collagen concentration in adult spontaneously hypertensive rats"".
In the infarcted rat, long-term treatment with the pi-receptor antagonist
metoprolol or the sympatholytic agent DA2/a2 agonist (CHF-1024) started 2
months after surgery significantly reduced collagen content in the non-infarcted
left ventricle-"". Early studies showed that in young spontaneously hypertensive
rats (SHR), short-term (3-6 weeks) treatment with the sympatholytic agent a-
methyldopa increased cardiac collagen concentration"', whereas long-term (21
weeks) therapy prevented the increase of collagen content'", suggesting that the
duration of drug therapy could be an important factor in altering the amount of
collagen. Farivar et al. have suggested a stimulatory role for the al-adrenergic
receptor in cardiac fibrosis in adult rats'".
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Mechanisms whereby the sympathetic nervous system affect cardiac collagen
metabolism may, again, be related to (an interplay with) several factors. Effects
independent of hemodynamic actions have been proposed, since low doses of
catecholamines induced a significant increase in ventricular collagen, while
systemic blood pressure and heart rate were unchanged*^. An association of
noradrenaline-induced fibrosis with myocyte necrosis has also been noticed,
suggesting reparative fibrosis secondary to necrosis"''^". Since noradrenaline
treatment of cardiac fibroblasts in vitro did not result in changes of collagen type I
mRNA expression in these cells, it seems unlikely that noradrenaline has direct
stimulating effects on collagen type I synthesis'^'. Indirect mechanisms, such as
the noradrenaline-induced release of growth factors like TGF-P, (a regulator of
collagen type I gene expression) may contribute to the noradrenaline-induced
cardiac fibrosis"''. Since ACE-inhibition and AT,-receptor antagonism did not
prevent isoprenaline-induced expression of collagen types I and III mRNA, the
renin angiotensin system may not be important in p-adrenergic stimulated cardiac
fibrosis in rats*". Other studies, however, have suggested a role for the AT,
receptor in al-adrenergic stimulated cardiac fibrosis'"". >

Far less research has focused on the role of the SNS in non-myocyte remodeling,
but several studies suggest that catecholamines may represent mediators of
growth of non-myocytes in the heart. A striking proliferation of interstitial cells
was noted after several days of pressor doses of noradrenaline'". Both the P-
adrenergic agent isoproterenol^' and the al-adrenergic agent phenyl-
epinephrine'" stimulated DNA synthesis in both left and right ventricles, and
virtually all nuclear labeling appeared to be limited to non-myocyte cells.
In vitro, noradrenaline induces proliferation of several strains of fibroblasts"^",
including cardiac fibroblasts'*'"®. In mouse 3T3 cells, a mitogenic effect was
observed predominantly through al-receptor activation, whereas antimitogenic
effects via a2 receptors have been suggested'". Activation of p-adrenergic
receptors in cultured ventricular neonatal rat non-myocytes induced DNA
synthesis"*". In addition, noradrenaline treatment resulted in hypertrophy of
cultured cardiac fibroblasts, as determined by an increased expression of
cytoskeletal actin mRNA"*.

Several mechanisms have been proposed to underlie the effects on interstitial cell
DNA synthesis induced by the adrenergic system, including a reactive response
to myocyte necrosis^. There is also evidence for an autocrine / paracrine
pathway; a combination of delayed stimulation of DNA synthesis together with
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induction of production of the growth factor TGF-P and TGF-p mRNA by
adrenergic activation in cultured non-cardioinyocytes may point to autocrine /
paracrine effects*""®. Noradrenaline treatment also enhanced the cardiac
expression of TGF-p mRNA in vivo"*, supporting the concept that
catecholamines may act indirectly on fibroblasts via an augmented secretion of
growth factors like TGF-P.
As co-administration of the AT, receptor antagonist losartan resulted in a
significant decrease in interstitial cell proliferation induced by the a l adrenergic
agent phenylephrine in the rat heart, a cooperative interaction between an a l -
adrenergic agonist and Angll has been proposed'". On the other hand, combined
effects of these agents in heart tissue may not always be simply additive. Whereas
both noradrenaline and Angll caused hyperplastic growth of cultured fibroblasts,
combinations of both agents paradoxically inhibited proliferation, and rather
induced fibroblast hypertrophy"*. Thus, in conditions in which activation of the
sympathetic and RAS axis occurs concomitantly, e.g. in myocardial infarction,
effects on cardiac DNA synthesis by dnigs interfering with these systems, might
not be predictable. •• •<•,."•.,•
Together, the data point to a modulating effect of catecholamines in non-myocyte
proliferation, with involvement of both a- and p-adrenoceptors. This effect might,
at least in part, be mediated via indirect pathways, like stimulated secretion of
growth factors such as TGF-P and interaction with the RAS.

• Vascular compartment
Our knowledge of effects of the sympathetic nervous system on coronary mi-
crovascular growth is rather limited. Sympathectomy has been reported to affect
capillary growth during normal growth and hypertrophic cardiac growth, since
chronic denervation during postnatal maturation increased myocardial capillary
density in both spontaneously hypertensive and normotensive rats'""'. Similar
findings have been obtained after chronic regional sympathectomy in hypertrophic
hearts of adult renal hypertensive rabbits, but not in adult normotensive animals""'.
Moreover, prevention of sympathetic innervation did not influence the extent of
vascularization of fetal hearts cultured in oculo (i.e. in the absence of significant
hemodynamic load and mechanical forces)*". These results suggest that enhanced
myocardial capillary growth following denervation may be secondary to
exaggerated hemodynamic and mechanical loading associated with hypertension
and left ventricular hypertrophy'"". Furthermore, since capillaries have been
reported not to be innervated by sympathetic nerves""", the mechanisms for their



enhanced growth after sympathectomy may be due to other factors, like enhanced
blood flow and an increase in wall tension*"*"-*"".
Long-term inhibition of P-adrenoceptors by propranolol and inetoprolol
respectively, increased cardiac capillary density in young rabbits*"" and in young
nonnotensive rats*"*°. On the other hand, sympathetic stimulation by dobutamine
(P- and a-adrenergic effect) also increased the capillary supply in adult rabbit
hearts"'"'''. Long-term administration of the al-adrenergic receptor blocker prazosin
did not affect capillary density in the adult rat heart*'". >
Enhanced capillary growth by P-adrenergic blockade may be secondary to
reduction of heart rate*"'"*'"', whereas the increase of capillary density after adre-
nergic stimulation by dobutamine could be the result of mechanical factors
connected with enhanced inotropic stimulation*"".
To date, in vitro studies on the growth effects of adrenergic agents on cultured
cardiac endothelial cells have not been described. In cultured bovine aortic
endothelial cells, adrenaline stimulated DNA synthesis*", an effect that has been
reported to be al-adrenergic receptor mediated. The effects of the a2-agonist
clonidine suggested an antimitogenic effect of a2-receptor stimulation in this
study*".
Beta2-adrenergic receptor stimulation resulted in proliferation of human umbilical
venous endothelial cells, an effect which appeared to be independent of cAMP,
since direct activation of downstream effectors in the cAMP cascade even reduced
cell proliferation*"".
All in all, the sympathetic nervous system may be involved in the complex process
of cardiac vessel growth in several, possibly indirect and sometimes opposing
ways.

4.5 Effects of SNS interventions in clinical studies
Benefit of P-blocker therapy as a secondary preventive therapy for myocardial
infarction has been demonstrated by data from a large number of trials, which
showed a significant mortality reduction"*"*"'. Also a reduction of the risk of re-
infarction has been demonstrated*"'*'. Thus, p-blockers have an accepted role in the
secondary prevention of myocardial infarction**'.
Reports published in the seventies from Sweden*"-*'* demonstrating the possible
beneficial effects of P-blockade in chronic heart failure in congestive
cardiomyopathy were followed by many studies. Clinical trials of several different
P-blockers have shown that these drugs can produce hemodynamic and
symptomatic improvement in chronic heart failure due to non-ischemic and



ischemic cardiomyopathy^"'. Non-selective agents without intrinsic
sympathomimetic activity appeared to have the maximal potential benefit™". A
large multicentre heart failure trial has indicated that the addition of carvedilol, a
vasodilating P-blocker, to conventional therapy is associated with a decrease in
mortality*"'. Serial echocardiography has shown that carvedilol treatment in
patients with ischemic heart failure is associated with a reduction in left
ventricular dimensions'".
On the other hand, the use of potent inotropic drugs, like P-adrenergic agonists
(dobutamine) and phosphodiesterase inhibitors (milrinone), were found to worsen
survival in patients with congestive heart failure™'"*'.

5 Outline of this thesis

The rat infarct model is a well established experimental model of cardiac failure,
which is associated with neurohumoral activation of the renin-angiotensin-system
and the sympathetic nervous system. In this model alterations in cardiac structure
(cardiac remodeling) have been examined extensively.

Hypothesis:
The aim of the present thesis is to investigate structural changes which occur in
the interstitium of the non-infarcted part of the myocardium after infarction. Since
after myocardial infarction interstitial cells are stimulated to enhance DNA
synthesis'"*, and the interstitial cell population consists mainly of fibroblast like-
cells and endothelial cells", we postulated that both cell types may participate in
the increased DNA synthesis after myocardial infarction. Furthermore, since ACE
inhibition^ and AT, receptor antagonism''^ inhibit interstitial cell DNA synthesis
completely or only to a minor extent respectively, we hypothesized that activation
of the renin-angiotensin-system is associated with enhanced DNA synthesis by
endothelial and/or non-endothelial cells through a non-AT, receptor mechanism,
possibly through the AT2 receptor. Furthermore, because of the close interaction
between the renin-angiotensin-system and the sympathetic nervous system it is
possible that effects of the activated renin-angiotensin-system are mediated
through interaction with the activated sympathetic nervous system following
infarction. Moreover, the sympathetic nervous system /*?/-.«? has been implicated
in modulating cardiac structure, including the interstitium. Thus, we hypothesized



that activation of the sympathetic nervous system is associated with changes in
interstitial cell DNA synthesis and collagen content after myocardial infarction. .«

The answer to the question which particular interstitial cell type is involved in the
infarct-induced increase in DNA synthesis will be addressed in chapter 2. A
method will be described by which DNA-synthesizing endothelial cells can be
visualized in paraffin embedded rat heart tissue.
Chapter 3 will investigate the effects of early treatment with ACE-inhibitors on
post-infarction DNA synthesis of endothelial and non-endothelial cells. Also, the
functional consequences of ACE-inhibition on endothelial proliferation, reflected
by the effect on maximal coronary flow, will be determined.
Having determined the effects of ACE-inhibition on DNA synthesis in endothelial
cells and non-endothelial cells, chapter 4 will outline the effects of AT,- and AT2-
receptor blockade on these parameters. The effects of blockade of both these
Angll receptor subtypes on hemodynamic parameters will also be studied in
parallel experiments.
Evidence exists that the sympathetic nervous system itself might be a factor in the
process of remodeling of the cardiac interstitium. However, the effects of drugs
interfering with the sympathetic nervous system on interstitial remodeling early
after infarction are not known. Therefore, in chapter 5 and 6 the effects of early
treatment with different pharmacological agents either stimulating or reducing the
adrenergic drive on cardiac DNA synthesis and collagen content will be
described.
In chapter 5 the effects of adrenergic stimulation by dobutamine (a l - and P-
adrenergic) will be reported. In a parallel study the effects of milrinone
(phosphodiesterase III inhibitor) will be studied.
The effects of inhibition of P-adrenoceptors by propranolol and inhibition of
sympathetic outflow by clonidine and moxonidine will be outlined in chapter 6.
Finally, in chapter 7 the data obtained in the studies described in the previous
chapters will be discussed.
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Evaluation of vascular cell markers for "
paraffin embedded rat heart tissue

Quantification of endothelial cell DNA synthesis
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1 Introduction

Several histological techniques are available to visualize the capillaries in the
heart in order to estimate tissue capillarity and microvascular growth. Often used
techniques include the visualization of alkaline phosphatase activity in the capil-
lary bed on frozen sections, direct visualization of capillaries in semi-thin sections
in plastics or evaluation of the microvasculature at the ultrastuctural level'. An
alternative approach to evaluate vascular growth is quantification of endothelial
cells in the S-phase of the cell cycle by visualizing endothelial cells labeling
'•''thymidine or the thymidine analogue 5-bromo-2'-deoxyuridine (BrdU)'.
Since tissue morphology is superior in paraffin embedded tissue as compared to
frozen sections, paraffin embedding is preferred, especially when cellular details
are important, as in double staining procedures or in situ hybridization. Although
several endothelial cell markers are currently available, information on species-
and organ- specificity is fragmentary, and a specific and sensitive marker suitable
to visualize the microvascular network in paraffin embedded rat heart tissue has
not yet been described. Therefore, in the present qualitative study, we applied a
panel of so called "vascular cell" markers to evaluate their usefulness in routinely
processed paraffin embedded rat cardiac tissue.

Subsequently, we used the most suitable vascular marker (the lectin GSI) to
optimize a lectin-BrdU double staining procedure in paraffin embedded rat tissue.
Using this double staining technique the percentage of DNA synthesizing
endothelial cells was quantified in sham-operated and infarct animals.
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2 Materials and methods *

2.1 Microvascular cell markers in paraffin embedded rat heart
tissue
All vascular cell markers were examined on frozen- and paraffin embedded rat
cardiac tissue sections.

• Animals
Normotensive adult male Wistar rats (Harlan-Winkelmann, Borchen, Germany),
weighing 280-320g, were used. Animals had free access to standard food (Hope
Farms, type RMH-TM, Woerden, the Netherlands) and tap water, and were
housed in groups of 2-4 rats. Animals were kept at a 12-hour light-dark cycle.
The experimental procedures were approved by the Ethical Committee for the
Use of Experimental Animals of the institution, and conform with the "Guide for
the Care and the Use of Laboratory Animals" published by the US National
Institute of Health (NIH Publication No. 85-23, revised 1985).

• Tissue samples and tissue processing
All animals were killed in deep ether anesthesia after arresting the heart in dias-
tole by injecting 1-5 ml cadmiumchloride (0.1 M) into the inferior caval vein and
were perfused with phosphate buffered saline (PBS, pH 7.4) containing 0.5 mg/ml
nitroprusside (Hoffmann-La Roche, Mijdrecht, The Netherlands) for 5 minutes at
a pressure of 100 mmHg via a catheter placed in the abdominal aorta.
To obtain freshly frozen tissue the hearts were excised and rapidly frozen in
liquid nitrogen and stored at - 80 "C. Frozen sections were cut at 6 }.im.
To obtain tissue for paraffin embedding, the hearts were further perfusion-fixed
for 10 minutes with 10% phosphate buffered formalin (1:1 diluted in PBS, pH
7.4) containing 0.5 mg/ml nitroprusside at a pressure of 100 mmHg. The hearts
were removed and blotted dry. After removal of the atria and large vessels, the
ventricular mass was weighed and fixed overnight with 10% phosphate buffered
formalin at room temperature. Subsequently, the hearts were cut into four 2 mm
slices in a plane parallel to the atrioventricular groove. After dehydration and
clearing, the slices were embedded in paraffin (Paraplast, Sherwood, Missouri,
USA), according to routine histological procedures. Paraffin embedded sections
were cut at 4 |im or 2 |im.



• Reagents and antibodies
• The biotinylated derivative of the Griffonia simplicifolia I (GSI) lectin,

binding to microvessels in adult rodent skeletal* and cardiac muscle'', was
purchased from Sigma, St. Louis, USA.

• Polyclonal rabbit anti rat antiserum against rat laminin (57 E/6) located in
the basement membrane* was provided by Dr. U. Wever, The University
Institute of Pathological Anatomy, Copenhagen, Denmark.

• Monoclonal antibody 1042 against human type IV collagen* located in the
basement membrane', was purchased from Eurodiagnostics, Apeldoom,
The Netherlands.

• Monoclonal rat endothelial cell antibody-1 (RECA-1)' was provided by
Dr. A.M. Duijvestijn, Department of Immunology, University of Limburg,
The Netherlands.

• Monoclonal antibody to rat thymocyte protein MRCOX-2®, binding to
endothelium'', was purchased from Serotec Limited, Oxford, England.

• Polyclonal anti-human von Willebrand Factor (FVIII), which is present in
endothelial cells', was purchased from Dakopatts, Glostmp, Denmark.

• Polyclonal antibody against human Factor VIII-Related Antigen, which is
a component of Factor FVIII complex, was obtained from Biogenex
Laboratories, San Ramon, USA.

• Polyclonal goat anti rabbit antibody to Angiotensin Converting Enzyme
(ACE)"\ was provided by Dr. R.L. Soffer, Department of Biochemistry,
Cornell University Medical College, New York, USA.

• Monoclonal anti-human endothelial cell CD31 (JC/70A)" was purchased
from Dakopatts, Glostnip, Denmark.

• Immunohistochemical staining
Frozen sections were either unfixed or fixed. Fixation was performed in acetone
at -20 "C or in 10% formalin at room temperature for 10 minutes. Paraffin-
embedded sections were dewaxed in xylene and rehydrated through gradual etha-
nol series.
In all sections endogenous peroxidase activity was blocked using 0.6% H2O2 me-
thanol. Then, sections were rinsed in aqua bidest for 10 minutes. In paraffin
sections the influence of enzymatic digestion was examined. The sections were
treated with either 0.1% pepsin (Sigma, St. Louis, USA) in 0.1 M HC1 for 30
minutes at room temperature, or with 0.1% trypsin (Difco, Detroit, USA) in 0.1%
CaCU (Merck, Darmstadt, Germany), pH 7.8 for 20 minutes at 37°C, or with
0.025% pronase (Boehringer, Mannheim, Germany) in Tris HC1, pH 7.6 for 20



minutes at 37° C, or not treated. Enzymatic digestion was performed prior to the
addition of the primary antibodies or the lectin GSI. Primary antibodies and the
lectin GSI were diluted with PBS containing 1% (w/v) bovine serum albumin
(BSA, RIA grade, Sigma, USA) and 0.1% Tween 20 (Sigma, St. Louis, USA).
Serial dilutions of primary antibodies and the lectin GSI were examined. The
sections were incubated with the respective primary antibodies for 1 hour. The
lectin GSI was incubated for varying times (from 30 minutes to 24 hours incu-
bation). The second layer included a biotinylated sheep anti mouse antibody
(Amersham Int., Slough, UK), diluted 1:250, for monoclonal antibodies; peroxi-
dase conjugated rabbit anti goat antibody (Dakopatts, Glostrup, Denmark),
diluted 1:1000, for ACE; biotinylated swine anti rabbit immunoglobulin
(Dakopatts, Glostrup, Denmark), diluted 1:1500, for polyclonal rabbit antisera.
Peroxidase conjugated biotin-avidin complex (diluted 1:100) was obtained from
Vector Laboratories Inc., Burlingam, USA.

PBS washes ( 3 x 5 minutes) were performed between all steps and all incubations
were carried out at room temperature.
Peroxidase activity was revealed by incubation of 3,3'-diaminobenzidine (Serva,
Heidelberg, Germany; 0.5 mg/ml in 50 mM Tris/HCl pH 7.6 containing 0.002%
HJOJ and 1.0 mM Imidazole for 5 minutes). Finally, the sections were
counterstained with hematoxylin. Negative controls were made by omitting the
primary antibodies/ the lectin GSI.

• Comparison between adjacent semithin GSI stained and silver stained
paraffin embedded tissue sections

An alternative, though nonspecific technique visualizing capillaries that is feasible
in paraffin embedded cardiac tissue'*, consists of Avalone's modification of Jones'
methenamine silver method for staining basement membranes". Semithin (2 (im)
adjacent serial paraffin sections were individually processed for either the GSI
binding or the silverstaining method. Staining patterns of random corresponding
fields in consecutive semithin paraffin tissue sections stained with either GSI or
Jones' methenamine silver method were compared at an original magnification of
400x, in order to determine whether there were any silver stained capillaries that
failed to bind GSI.



2.2 Quantification of DNA synthesizing endothelial cells in the
non-infarcted myocardium in rat heart tissue

• Animals
Nonnotensive adult male Wistar rats (Harlan-Winkelmann, Borchen, Germany),
weighing 280-320g, were used (see above).

• Myocardial infarction surgery
Myocardial infarction (MI) was induced by ligation of the left anterior descending
coronary artery (LAD), according to the method of Fishbein and colleagues'"', as
described in detail previously'^. Animals were anesthetized with sodium
pentobarbital (60 mg/kg i.p.). Intraoperatively, the animals were respirated with
room air (60 strokes/min, tidal volume 3 ml) after the trachea was intubated. After
thoracotomy in the fourth left intercostal space, the heart was exteriorized and a
6-0 silk suture was looped under the LAD near the origin of the pulmonary artery.
After the heart was returned to its normal position, the ligature was pulled,
occluding the artery. In sham-operated animals the suture was looped through the
epicardium next to the LAD. The ribs were pulled together with 3-0 silk, negative
intra-thoracic pressure was restored, and the skin sutured.

• Infusion of 5-bromo-2'-deoxyuridine (BrdU)
Starting 7 days before sacrifice, 5-Bromo-2'-deoxyUridine (infusion rate 0.8
mg/kg/day; BrdU, Serva, Heidelberg, Germany), a thymidine analogue which
labels DNA synthesizing cells, was given via a subcutaneously implanted osmotic
minipump (Alzet 2001, Alza Corp., Palo Alto, CA, USA).

• Tissue samples and tissue processing
At day 14 the rats were killed in deep ether anesthesia and heart tissue was
processed and paraffin embedded as described above. Paraffin sections were cut
at 4 |um. The 2-week point was chosen, because interstitial cell DNA synthesis
within the non-infarcted zone has been shown to peak between 7 and 14 days
after infarction in the rat"'.

• Measurement of infarct size
To determine infarct size, the hearts were cut into four transverse slices of 2 mm
at four different levels (level 1 is basal level; level 4 is apical level), as described
above. The correlation between the mean infarct size and the infarct size at the



four different levels was investigated. As demonstrated in figure 1, there was a
very good correlation between the mean infarct size and the infarct size at level 2
(mid-ventricular slice). Therefore, sections (4 jim) from the mid-ventricular slice
were stained according to the modified AZAN technique"*. Infarct size was
determined by computerized morphometry (Quantimet 570, Leica, The
Netherlands), and expressed as a percentage of left ventricular circumference''*".

LEVEL 4 (apical) LEVEL 3

0 10 20 3C 40 50 SO

LEVEL 2

0 10 20 2G -10 50 60

Mean infarct size (%)

10 20 30 40 50 6C

LEVEL 1 (basal)

10 20 30 40 50 60

Mean infarct size (%)

Figure 1: Cor/v/fl//o// />e/ween /wea// //{/fare/ s/'ze fa7/ci//a/<?</ as ///e wea// «/"//?<? ////arc/ .s/ze.v a/
a// /eve/sj a//a" ////arc/ .v/re a/ //je /W/v/tf7/a/ /eve/s o////e //ear/, /.eve/ / ;.v z//e Aa.va/ /eve/, a//J
/eve/ -/ /5 ///e fl/>/ca/ /eve/. 77»e s/ra/g/;/ ////e re/?re.se///.9 ///e cw/ie/a//ow fte/wee// ////arc/ .v/re a/
feve/a/Jt/meaH ////arc/ 5/re. 77/e t/o//erf//H«?5 repreie/// ///e 95% co////c/e//ce /«/en'a/.v. 7ftere /.v
a very gooc/ corre/a//o// Aeftiee// ////arc/ s/ze a/ /eve/ 2 ^w/c/-i'e///r/c///ar i//cey a//c/ wea/(

r = 0.960).
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• Single staining with anti-5-bromo-2'-deoxyuridine (anti-BrdU)
The incorporation of BrdU was visualized by staining with a murine monoclonal
anti-BrdU antibody'*, as described previously'*. Briefly, after blocking of
endogenous peroxidase activity, washing in phosphate buffered saline (PBS pH
7.4, 3 x 5 minutes) and digestion in 0.1 mg/ml pepsin (Sigma, St. Louis, USA) in
0.1 N HC1 (30 minutes 37 °C), the sections were incubated in 2 N HC1 (30
minutes 37 °C) and washed in 0.1 M sodium tetraborate (pH 8.5). Incubation with
a monoclonal anti-BrdU antibody was followed by incubation with peroxidase
conjugated rabbit anti-mouse IgG (Dakopatts, Glostrup, Denmark), for 1 hour at
room temperature. 3,3' Diaminobenzidine was used as chromogen. The sections
were counterstained with hematoxylin, dehydrated through graded series of
alcohols, cleared in xylene and mounted.

• Double staining procedure (GSI-antiBrdU)
To discriminate between DNA synthesizing endothelial cells and non-endothelial
cells in the myocardium, transverse sections were double stained with the lectin
Griffonia Simplicifolia I (GSI; Sigma, St. Louis, USA) and the monoclonal anti-
BrdU antibody (Eurodiagnostics, Apeldoorn, the Netherlands). Therefore, 4 jam
sections were dewaxed and rehydrated, and endogenous peroxidase was inhibited
by methanol/H2O2 (0.3%) for 15 minutes. The sections were incubated overnight
with the biotinylated lectin GSI (1:100) at room temperature, followed by
incubation with an alkaline phosphatase conjugated biotine-avidine complex
(1:200; Dakopatts, Glostrup, Denmark) for 30 minutes at room temperature and
development with Fast Blue BB' (Sigma, St. Louis, USA). The second staining
step involved incubation with an anti-BrdU antibody'** (see above). The slides
were coverslipped using an aqueous medium. Negative controls were made by
omitting the primary antibodies/ the lectin GSI.

• Measurements of total and endothelial cell DNA synthesis
The percentage of all DNA synthesizing cells was determined in hearts of sham-
operated and infarcted rats (n = 14; n = 15, respectively). The percentage of DNA
synthesizing endothelial cells was also determined. Counting was performed
microscopically in the septal region of the left ventricle with an eyepiece grid
(400 x magnification), as described previously"'. Measurements were performed
by two investigators (MD, MK). Intra- and inter-observer variations were less
than 10%. Tissue areas containing larger arterioles and venules were excluded
from counting. DNA synthesizing endothelial cells were identified based on the
co-localization of both BrdU positive nuclei and GSI stained microvascular



profiles. Since identification of both structures is best appreciated in transversely
cut capillaries, counting was performed in the subendocardial region of the left
ventricle.
For the single BrdU staining a total of- 900-1300 cells per heart were counted,
whereas for the double staining at least 500 BrdU positive nuclei were counted.
The percentage of BrdU positive nuclei was calculated from the number of BrdU
positive nuclei and the total number of nuclei. The percentage of BrdU positive
endothelial nuclei was calculated from the number of BrdU positive endothelial
nuclei and the total number of BrdU positive nuclei.

• Data analysis
Only hearts with infarct sizes larger than 21% were used in the MI group, since
smaller infarcts do not have detectable hemodynamic consequences in vivo''^.
Data from experiments were compared by one-way analysis of variance followed
by a post-hoc test (Bonferroni procedure)^. Data were expressed as mean ±
SEM. Differences were regarded to be statistically significant at a value of
P<0.05.

3 Results

3.1 Microvascular cell markers in paraffin embedded rat heart
tissue
The staining results of the different antibodies and the GSI lectin on cryostat and
paraffin embedded tissue sections are listed in table 1 and illustrated in figures 2
to 9.
In general, formalin fixation yielded the best staining results on frozen sections.
Antibodies reactive with laminin and collagen IV showed positive staining in
large and small vessels including capillaries, on both frozen and paraffin sections.
However, precise identification of vascular structures was hampered, because of
cross-reactivity with the basal lamina of myocytes (figures 2 and 3).
RECA-1, a pan-endothelial cell-specific monoclonal antibody in the rat, showed
good staining with endotheliuin of small and large vessels on frozen sections
(figure 4), as previously described by Duijvestijn'. Immunoreactivity in paraffin
tissue sections was absent, with or without enzymatic pretreatment. In compari-
son with RECA-1, the monoclonal antibody MRCOX-2 displayed a virtually
similar staining pattern (figure 5), and was also positive on frozen sections only.
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Figures 6 and 7 (upper left and right figures): //wm;/W0/7/.ytoc//i'»//ctf/s/a//H//g o /FF/ / /
250 x.

w/'/AFigures 8 and 9 (lower left and right figures):
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Figure 10 (upper figure): //e>fl/7 .vec//o// 7/» //»t' moMoc/o/ia/a/7/;-
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Table 1: 5 O/'WW/OM.S vascM/ar marfer* /« ra/ tea/7 /««/e.

Marker

Polyclonal antiserum to rat laminin
Monoclonal antibody to human collagen
type IV
Monoclonal rat endothelial cell antibody-1
(RECA-1)
Monoclonal antibody to rat thymocyte
glycoprotem (MRCOX-2)
Polyclonal anti human von Willebrand
Factor (FVIII)
Polyclonal antibody to human Factor VIII-
related antigen (FVIII-RA)
Polyclonal anti rabbit Angiotensin
Converting Enzyme (ACE)
Monoclonal antibody to human endothelial
cellCD31/JC70A
Lectin Griffonia Simplicifolia I (GSI)

Large vessels
arteries and venes

Frozen Paraffin

+ +
+ +

+

+

+ +

+ +

+ +

-

-

Microvasculature
capillaries, small

arterioles and
venules

Frozen Paraffin

+ +
+ +

+

+

± ±

± ±

± ±

-

+ +

+ = distinct bright staining
± = weak staining
- = no staining

The antibodies against von Willebrand Factor, Factor-VIll related antigen and
ACE gave essentially similar results with a distinct reaction in larger vessels on
frozen and paraffin tissue sections, but almost completely failed to detect capil-
laries (figures 6 and 7). The monoclonal anti-CD31 antibody did not reveal any
staining reactivity.
Only the lectin GSI selectively bound to the microvasculature on both cryostat
and paraffin embedded tissue sections. In addition to capillaries, venules and
arterioles were also stained. The endothelial lining of large veins and arteries did
not stain. Immunoreactivity was also present, though less intense, in vascular
smooth muscle layers and in the cytoplasm of some scattered interstitial cells,



presumably macrophages*'. The binding pattern to vascular linings was identical
on formalin-fixed paraffin sections and frozen sections. Staining experiments with
different incubation times and GSI lectin dilutions on paraffin tissue sections
showed that the best staining results with GSI were obtained at a dilution of 1:100
and by overnight incubation (16 h) at room temperature. Our own and previous
experiments" have demonstrated that such prolonged incubation times markedly
increase the sensitivity of GSI lectin stainings. Pretreatment with digestive en-
zymes appeared not to be necessary, but rather induced background staining. In
frozen sections the best results were obtained with a 75 minutes incubation time
of the lectin GSI at a 1:50 dilution.
The lectin GSI sensitively revealed capillaries and terminal microvascular ele-
ments (small venules and small arterioles). Staining patterns of the microvas-
culature in consecutive paraffin tissue sections stained by the Jones' methenamine
silver method or with the lectin GSI were completely comparable (figures 8 and
9). In the nonspecific silver method, myocyte basement membranes were also
stained.

.v. * /•"• 0.05 cww/w/vt/ /o .v/Kwn-

.v. Da/a a/v tw/vt'.vvea' as /weaw ±
* /'<0.05 cww/wrra/ to .
/;t'ar/.?. Da/a are ex/vessea"



3.2 Quantification of DNA synthesizing endothelial cells in the
non-infarcted myocardium in rat heart tissue
Examples of cardiac tissue sections stained with the monoclonal anti-BrdU
antibody and with the double-staining GSI-BrdU technique are depicted in figures
10 and 11, respectively.

The total labeling fraction of DNA synthesizing cells in sham-operated hearts was
5.9 ± 1.1% (figure 12). Of these cells 30 ± 3% were identified as endothelial cells
(figure 13). Induction of MI significantly increased the total DNA synthesizing
cell fraction at day 14 after surgery (15.9 ± 1.4%; figure 12). The proportion of
endothelial cells of this population was comparable to that in sham-operated
hearts (33 ± 3%; figure 13).

4 Discussion

The purpose of these studies was two-fold. One aim was to find and validate a
reliable endothelial cell marker to quantify the capillary network in paraffin
embedded rat heart tissue. Second, by using the most suitable endothelial marker
(the lectin GSI) together with an anti-BrdU antibody, the percentage of BrdU-
incorporating endothelial cells in the non-infarcted myocardium was determined.

4.1 Microvascular cell markers in paraffin embedded rat heart
tissue
A large variety ofantibodies to endothelial cell specific antigens is available, but
positive iminunohistochemical staining is frequently lost after paraffin embedding.
Also in our panel, two monoclonal antibodies RECA-1 and MRCOX-2 distinctly
stained rat cardiac endothelium including the capillary network, but only on
frozen sections. In contrast, the recently described monoclonal antibody to human
endothelium CD31, was shown to be suitable for routinely processed tissue in a
wide range of human tissues, including the myocardium". The negative staining
results in our study with this antibody in the rat heart probably reflects species
specificity. The polyclonal antibodies to von Willebrand Factor and to Factor
VIII related antigen, which are commonly used for identifying rat endothelial
cells", as well as the polyclonal antibody to angiotensin converting enzyme
(ACE), only faintly and partially visualized the microvascular cells in paraffin em-
bedded tissue.
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The best results on paraffin embedded sections were obtained with the lectin
Griffonia simplicifolia I (GSI). This lectin, also known as Bandeiraea simplicifolia
I, specifically binds N-acetyl-D-galactosamine and D-galactose residues*', which
appeared resistant to formalin fixation and paraffin embedding. Affinity of the
lectin GSI to capillaries was first described in mouse tissues^. Ultrastructurally,
GSI labeling in the rat myocardium was associated with the plasmalemma proper
in the microvascular beds'*. It was shown that GSI labeled endothelium of the
entire microvasculature in the myocardium in frozen sections^, but there were no
data on cardiac paraffin embedded tissue. In the present studies the simple GSI
staining method yielded excellent results, and comparisons between GSI staining
to the silver staining method indicate that the lectin GSI is a sensitive and specific
marker for detecting the microvasculature in cardiac tissue following paraffin
embedding. In addition, it has been reported that GSI lectin staining is stable
during hypoxia^' . The GSI staining pattern was more or less complementary to
that of the anti-Factor VIII and anti-ACE antibodies.

4.2 Quantification of DNA synthesizing endothelial cells in the
non-infarcted myocardium in rat heart tissue
Previously, it has been shown that enhanced post-infarction DNA synthesis is a
transient event, occurring in the first 2 weeks after induction of a myocardial
infarction in the rat. DNA synthesis was mainly (for ~ 98%) confined to non-
myocytes (i.e. interstitial cells)"*. Similar findings have been obtained by Taylor
et al.", who showed the development of significant non-myocyte cellular
proliferation in the non-infarct zone in rats by immunohistochemical staining of
proliferating cell nuclear antigen (PCNA). The observation in the present study
that total interstitial cell DNA synthesis increases in the non-infarcted
myocardium confirms earlier observations"", although the absolute numbers of
BrdU labeling cells are somewhat lower than in that study. Myocardial cells in
the interstitium comprise predominantly fibroblasts and endothelial cellŝ ®. To
further identify the phenotype of the interstitial cells participating in the increased
post-infarction DNA synthesis, the above described double staining technique
with the specific endothelial cell marker GSI was used. In this way, a substantial
proportion of interstitial cell DNA synthesis was shown to occur in microvascular
endothelial cells, likely reflecting enhanced growth of the microvasculature after
infarction. On the other hand, morphometric studies have shown that numerical
capillary density decreases in the non-infarcted myocardium in a young rat
myocardial infarction model''. This apparent paradox can be explained by a
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relative but not absolute decline in capillarity. In other words, capillary growth
does not keep pace with myocyte hypertrophy, but the reduction of capillary
density by no means excludes the possibility of capillary endothelial cell
proliferation. Though cardiac angiogenesis has been considered to be a rare event
in adult mammals at physiological conditions', the present results and
observations from other laboratories™"^ indicate that capillaries do retain their
capacity to proliferate in various forms of cardiac hypertrophy.
In sham animals, positive endothelial BrdU-labeling was present as well, although
to a lesser extent. The unstimulated basic DNA synthesis may reflect
physiological growth**, since relatively young animals of approximately 3 months
of age were used in our experiments.
In conclusion, of all vascular cell markers tested in the present studies, the lectin
GSI was found to be the best marker to visualize microvascular elements in the
paraffin embedded rat heart, and was found to be suitable for the development of
a double staining procedure with the monoclonal antibody anti-BrdU. Results
from the double staining GSI-BrdU procedure in infarcted animals show that the
microvasculature in the non-infarcted myocardium substantially contributes to the
enhanced DNA synthesis, indicating enhanced vascular outgrowth early after
infarction. Furthermore, the double staining GSI-BrdU technique can be an useful
tool to evaluate the effects of phannacological interventions on microvascular
growth after myocardial infarction in the rat heart.
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Early captopril treatment inhibits DNA synthesis
in endothelial cells and normalization of maximal

coronary flow in infarcted rat hearts A

Summary

«, o m e
/7orwcr//zflf//on o/m/Z/aZ/y <i/'/?7/«w//erf/najf/'mar/coronary A/ooc^7ovf. Prev/o«5/v, //

eor/y co/?/o/7r/7 //•eo/w/en/ con /7reve«/ /ne m e
co//age/7 Je/7o.v/7/o/7 <7/?c/

we z«ve5//ga/e(i //?e e//fec^ q/"cap/o/7r/7 or
on corc/zoc enJo/ne/zo/ ce/7 /?/-o/z/era?zon on<i /wax/wcr/ coronary /W.
A/rf/io<fe; A// wa.v zntfwcea' /)>• /zgo/Zon o/ //?e /e// coronary artery ;'n W.v/ar ra/5.
5nazzz-operated ana" zn/arc/et/ ra/5 were /yea/ed wz//? ca/7/oprz7 f//2 /wg/Ag.a' .v.c.j
/ron7 ez/ner a"qy 0-2/ fear/yj or aay 27-J5 f7a/ej q/Ter iwrgery. /n wo/atea"
re/rograa"e/y /?er/w5e^ ra? near/5, /??ar//Ha/ coronaryy/ow vvav a"eter/??zne(/ /o//o-
wz'ng /wax/wa/ <//7a/af/on wz7/? n/7ropn/.v5/a'e ana" aa"eno.szne ^//nA/ eacnj. /n
separate gro?//M\ 5ec//on.v q/"/?ear/.v o/.vnaz?/-operated an J A/7 ra/.v /rea/ea" wz/n
Tira'f/fa'ay 7-7-̂ ) ana*ez7ner ca/7/o/?rz7 orper/na'oprz/a/ 7̂ mg^g.a'5'.c.; aay 0-/^)
were a"o«/3/e .v/aznea* wz7n a /wonoc/ona/ an/z-Tira'f / an/ZAoc/y ana* fne /ec/zn G57.
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77;e /o/ar/ /rac//o« o/ DM4 sy«//jes/z/>?g ce//^ awo" /Ys prapo/'/zo/i 0/ ertO0//je//a/

' was co/wp/efe/y Mor/wa//zea' /« A/7 /jear/s W/Y/J/H

a/?er su/gery. £a/7y cap/opr/7, 6wf wo/ /a/e cap/opr/7, /w/i/Tj/Yea" //?e
«or»»flf//2flf//on o/"/Max/ma/ corawary/Zow /« A// /jeorts (Ear/y: 5/iam, 27.-/±7.0;
A//, 2/.2±/.-/ w;///»/'w; P<0.05; /;jea/i±5£A^ W/Y/IOM/ q^fec/;'/ig //je /j^per/rap/j/c
response. 77?e /oto/ /rac//on 0/ D/\M sy«//?es/z/>jg ce//s was s/g?j///canf/y
/ncreasea* /w A/7 /jear/s ^s/?aw; 7.6±/.9; A//: /4.9±2.2%j. 77?e proport/on 0/
e«<io//ie//a/ ce//s, //owever, was co/?2/7a/'aA/e /n s/?a/n-o/7eA'cr/eJ ana* ;«
Aearts fs/?a/w: 50±3; A//; 53±5%/ BO//J ea/7y cap/opn/ aw

/o/a/ DÂ /1 syn//jes/s /« A// /jear/s. On/y /n cap/opr//
was assoc/a/eJ w///? a ^/spropo/-//ona/e w/j/A/Y/on q/" //?e

Co/ic/i/s/o/r 7i'ar/y cap/opr/7 //-ea/we/7/ /rt/?<7>/Ys e/7<io//3e//a/ ce//pra///era//on ana"
cowwary vesse/ grow//? /d//ow/wg A/7, w/?/c/? see/ws /o Aepar//y awe /o /n/i/6/Y/o/i

1 Introduction

Induction of myocardial infarction (MI) induces remodeling of both the infarcted
and the non-infarcted regions of the heart'. Structural remodeling in the infarcted
part results predominantly in dilatation, scarring, and thinning of the infarcted
tissue, whereas remodeling of the non-infarcted part of the ventricles includes
hypertrophy of the myocytes, and an increase in collagen content'"'. These
changes in the non-infarcted part are associated with an early increase in DNA
synthesis', which is predominantly localized in fibroblasts and endothelial cells
(chapter 2). Furthermore, total maximal coronary flow normalizes within 5 weeks
after MI due to a combination of recruitment of pre-existing coronary vessels and
growth of new vessels'.

The cardiac renin-angiotensin system (RAS) plays an important role in the
remodeling processes of the heart. With respect to angiotensin converting enzyme
(ACE), both increased activity and mRNA expression were observed in rat hearts
with pressure overload-induced hypertrophy'', in the right ventricle and the septum
of infarcted rat hearts^ and in the left ventricle of failing human hearts*. Similarly,
an increase in mRNA expression in the infarcted rat heart was observed'.
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Late captopril treatment (week 3-5 following MI) significantly improved cardiac
function'"", and increased the 1 year survival rate of MI rats'^. It had no effect on
cardiac collagen deposition and DNA synthesis*. In contrast, early captopril
treatment (week 0-3 following MI) worsened cardiac function in MI rats'". This
negative effect on cardiac function was associated with inhibition of the rise in
total DNA synthesis and collagen deposition*. It is, however, not known whether
captopril treatment also affects the previously observed normalization of maximal
coronary flow, which is due to a combination of recruitment of pre-existing
coronary vessels and growth of new vessels^. To investigate the effect of
captopril treatment on coronary vessel growth in infarcted hearts, both endothelial
cell DNA synthesis, as an index for vessel growth, and maximal coronary flow
were quantified in sham-operated and infarcted hearts following early captopril
treatment. Endothelial cell proliferation was measured at day 14, because DNA
synthesis is maximal between day 7 and 14 and returns to baseline within 3
weeks*. Because the outcome of the proliferative response (vessel growth) should
be expected to be complete at 3 weeks after MI, which agrees with our
observations*, the effect of captopril treatment on this normalization was
investigated at day 21. In addition, maximal coronary flow was investigated in
sham-operated and infarcted hearts following late captopril treatment (day 21-35).
To evaluate the ACE specificity of the captopril effects, also total proliferation
and endothelial cell proliferation were investigated following early perindoprilat
treatment.

2 Materials and methods

• Animals
Male Wistar rats (Harlan-Winkelmann, Borchen, Germany), weighing 280-320 g,
were used. Animals had free access to standard food (Hope Farms, Woerden, the
Netherlands) and tap water, and were housed in groups of 2-4 rats. The
experimental procedures were approved by the Ethical Committee for the Use of
Experimental Animals of the institution, and conform with the Guide for the Care
and the Use of Laboratory Animals published by the US National Institute of
Health (NIH Publication No. 85-23, revised 1985).



• Myocardial infarction surgery
Myocardial infarction (MI) was induced by coronary artery ligation, as described
in chapter 2. Animals were allowed to recover from surgery for 14 days in
histological experiments and for 21 or 35 days in perfusion experiments. < >

2.1 Perfusion experiment • - n î , . ,

• Treatment
Osmotic minipumps were implanted subcutaneously in the neck under ether
anesthesia and rats were infused with captopril (12 mg/kg.d s.c, Alzet 2001;
Alza, Palo Alto, USA). Early captopril treatment (day 0-21) started immediately
after sham or MI surgery and was continued for 3 weeks. Late captopril treatment
(day 21-35) started 3 weeks after sham or MI surgery and captopril was infused
for 2 weeks. Osmotic minipumps were replaced every week under ether
anesthesia.

• Isolated heart perfusion
Isolated hearts were perfused as described previously*'\ Under pentobarbital
anesthesia (60 mg/kg i.p), hearts of MI and sham-operated animals (day 21 or
35) were rapidly excised and immediately immersed in ice-chilled perfusion
medium (see below). After removal of lung and fat tissue, hearts were connected
to the aortic cannula of the perfusion system and retrograde perfusion
(LangendorfTperfusion model) was started at a perfusion pressure of 60 mmHg.
The hearts were perfused with a modified Krebs-Henseleit solution (mM: NaCl,
130; KC1, 5.6; CaCK, 2.2; MgCl^, 1.2; NaH^PO,, 1.2; NaHCO.,, 25.0; glucose,
10.0; pyruvate, 5.0). The solution was maintained at 37°C, gassed with 95% Oj
and 5% COj to obtain a pH of 7.4, and continuously filtered (1.2 fim Millipore
filter) throughout the perfusion period. The hearts were paced at 5 Hz.
Coronary flow was measured by an electromagnetic flow probe (Skalar, Delft, the
Netherlands) mounted in the aortic inflow tract. Perfusion pressure was measured
by a pressure transducer (Gould Spectramed DTX+, Spectramed) connected to
the inflow of the aortic canula. Both variables were continuously monitored on-
line by a computer (486DX2; 40MHz) using a hemodynamic data acquisition
system (HDAS; Instrumental Services, Universiteit Maastricht, the Netherlands).



• Perfusion measurements
The hearts were prepared for retrograde perfusion at day 21 (control and early
captopril) or day 35 (control and late captopril) after sham surgery or induction of
MI. After equilibration of the isolated hearts, basal values of coronary flow were
determined. Thereafter, coronary vasodilatation was induced by subsequent
injections of 0.5 ml of adenosine (1 raM), nitroprusside (1 mM) and adenosine +
nitroprusside (1 mM each). Maximal coronary flow was defined as smallest
r e s i s t a n c e o b s e r v e d . , <, ,.•...,;•:•;• . m •,>:!' , v \ -. - - > i ; - ^ - i q j ^ : • r• =;; ; o u n j

• Measurement of infarct size
Infarct size measurement was performed, as described in chapter 2. .. < V?/ *

2.2 Structural experiments

• Captopril treatment
Osmotic minipumps were implanted subcutaneously in the neck under ether
anesthesia and sham-operated and MI rats were infused with captopril (12
mg/kg.d s.c, Alzet 2001) from day 0 to 14. Osmotic minipumps were replaced
after one week under ether anesthesia.

• Perindoprilat treatment
Osmotic minipumps were implanted subcutaneously in the neck under ether
anesthesia and sham-operated and MI rats were infused with perindoprilat (1
mg/kg.d s.c, Alzet 2002; a generous gift from dr. E. Scalbert, Servier, Paris,
France) from day 0 to 14. In pilot experiments, the doses used of perindoprilat
and captopril resulted in a comparable shift of the angiotensin I dose-pressure
curve (data not shown).

• BrdU infusion
Osmotic minipumps were implanted subcutaneously in the neck under ether
anesthesia, and sham-operated and infarcted rats were infused with BrdU (0.8

mg/kg.d s.c, Alzet 2001) from day 7 to 14.

• Tissue processing
Tissue processing was performed according to materials and methods described
in chapter 2.



• Single staining with anti-5-bromo-2'-deoxyuridine (antiBrdU)
The incorporation of BrdU was visualized by staining with a murine monoclonal
anti-BrdU antibody, as described in chapter 2. ' "•' V'V'.'v

• Double staining procedure (GSI-antiBrdU) ' ''• '''' '""'*"•'"
To identify DNA synthesizing endothelial nuclei in the non-infarcted part of the
myocardium, transverse sections (4 jam) were double stained with the lectin
Griffonia Simplicifolia I (GSI) and the monoclonal anti-BrdU antibody, as
described in chapter 2.

• Measurements
Total DNA synthesizing cells and the amount of DNA synthesizing endothelial
cells were determined in hearts of untreated and treated sham-operated and
infarcted rats. The origin of all samples was blinded to the investigators. Cell
numbers were determined microscopically with an eyepiece grid (400x
magnification), as described in chapter 2. All measurements were performed by
two investigators. Intra- and inter-observer variations were less than 10%.
DNA synthesizing endothelial cells in the subendocardial region of the left
ventricle (septum and papillary muscle) were identified based on the co-
localization of both BrdU positive nuclei and GSI stained microvascular profiles.
For the single BrdU staining a total of 700-1300 cells per heart were counted,
whereas for the double staining at least 500 BrdU positive nuclei were counted.
The percentage of BrdU positive nuclei was calculated from the number of BrdU
positive cells and the total number of cells. The percentage of BrdU positive
endothelial cells was calculated from the number of BrdU positive endothelial
cells and the total number of BrdU positive cells.
Infarct size was determined in the mid-ventricular slice, as described in chapter 2.

2.3 Data analysis
Only hearts with infarct sizes larger than 21% were used in the MI groups, since
smaller infarcts do not have detectable hemodynamic consequences in vivo'".
Data from all experiments were compared by one-way analysis of variance
followed by a post-hoc test. For comparison of groups to untreated sham animals,
we used Dunnett's test, defining untreated sham rats as controls. For all other
comparisons, we employed a Bonferroni procedure''*. Data were expressed as
mean±SEM. Differences were regarded to be statistically significant at a value of
P<0.05.
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3 Results

3.1 Perfusion experiments
Induction of MI resulted in an increase in heart weight, although only significantly
at day 35 (table 1). Neither early nor late captopril treatment affected body and
heart weight. Infarct sizes were comparable in the groups.
Basal coronary flow was comparable in sham-operated and infarcted hearts at
days 21 and 35, and was not affected by captopril treatment (data not shown).
Although more than 40% of the left ventricle was infarcted (table 1), there were
no significant differences between maximal coronary flow in untreated sham-
operated and infarcted hearts at days 21 and 35 following surgery (figure 1). Both
in sham-operated and infarcted hearts, maximal coronary flow was unaffected by
late captopril treatment (day 21-35). In contrast, early captopril treatment (day 0-
21) inhibited the normalization of maximal coronary flow in infarcted hearts. In
sham-operated rats, captopril treatment had no significant effect on maximal
coronary flow.

n Sham
• ShamCap
• Ml
OMICap

35

Figure 1: A/ar/ma/ coronary y7ov»' o/ r/Nfreato/ a/K/ ca/>/o/;r;7 /rea/ed .
//earn, ant/ o/z/H/reatetf" a/«/ cqpto/v/7 /rea/etf" //i/brc/tt/ (M/> //earn a/ dory 2/ ana* J5 a

y. (*P< 0.05 ccw/paret/ to ca/>/cpr/7 /reatea" s/KJ/w-cpera/ec/ A«w7s/ .Data are



Table 1: fioafv w/g/»/, /»ea/7 we/g/»/ a//</ /'/;/a/r/ s/'ze t

Day

21

35

Group Captopril

Sham
Sham +

Ml
Ml +

Sham
Sham +

Ml
Ml +

N

8
10
7
9

9
12
6
9

BW

362 ± 11
344 ±8
346 ±8
344±10

378 ±8
344±10
386±15
366±13

1
1
1
1

1
1
1
1

HW

01 ±0 04
.02 ±0.04
,13±0.08
.18±0.05*

.09 ±0.05

.02 ±0.02

.33 ±0.04*
28±0.05*

IS

50.6 ±5.4
48.6 ±4.9

46.3 ±3.7
42.5±5.6

Data arc expressed as incan±SEM.
Day: days after surgery: BW: body weight (g): HW: tolal ventricular weight (g);
IS: infarct size (% of left ventricle).
" Significantly different from values of corresponding sham-operated hearts.

3.2 Structural experiments
The total labeling fraction of DNA synthesizing cells in sham-operated hearts was
7.6±1.9% (figure 2A). Of these cells 30±3% were identified as endothelial cells
(figure 2B). Induction of MI almost doubled the total DNA synthesizing cell
fraction at day 14 after surgery (14.9±2.2%; figure 2A). The proportion of
endothelial cells of this population was comparable to that in sham-operated
hearts (33±3%; figure 2B).
Early captopril treatment (day 0-14) inhibited total DNA synthesis both in sham-
operated (4.0±0.5%) and MI hearts (7.8±1.5%; figure 2A). As shown in figure
2B, the inhibition of DNA synthesis by early captopril treatment had no effect on
the proportion of endothelial cells that DNA synthesized in sham-operated hearts
(32.0±1.2%), but was associated with a disproportionate inhibition of DNA
synthesis in endothelial cells in MI hearts (10.3±2.0%).
Early perindoprilat treatment (day 0-14) inhibited total DNA synthesis in MI
hearts (figure 2A). In contrast to captopril, the inhibition of DNA synthesis by
early perindoprilat treatment had no effect on the proportion of endothelial cells
that synthesized DNA in MI hearts (32.7±1.3%; figure 2B).
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4 Discussion

In previous experiments, it was demonstrated that following MI remodeling
processes in the non-infarcted part of the heart are characterized by an increase in
collagen content, and an early increase in DNA synthesis, which is mainly
confined to fibroblasts and endothehal cells (reviewed', (chapter 2)). Recent
studies from our laboratory showed a complete normalization of maximal
coronary flow within 5 weeks after MI due to a combination of recruitment of
pre-existing vessels and growth of new coronary vessels in the borderzone
between infarcted and surviving myocardium'. The increase in collagen content
and the early rise in (total) DNA synthesis following MI could be prevented by
early (0-2 weeks) captopril treatment'. In the present experiments, we
investigated the effect of chronic captopril treatment on endothehal cell DNA
synthesis and its possible functional consequences on maximal coronary flow.
Maximal coronary flow was comparable in hearts of untreated sham-operated and
infarcted rats both at days 21 and 35, which confirms previous findings'. Late
captopril treatment did not affect maximal coronary flow. In contrast, early
captopril treatment significantly decreased maximal coronary flow in infarcted



hearts but not in sham-operated hearts. Moreover, total DNA synthesis was
inhibited in sham-operated and MI hearts following early captopril treatment,
which was associated with a disproportionate inhibition of endothelial cell
proliferation. The inhibition of total DNA synthesis in MI hearts following early
perindoprilat treatment, however, was associated with a proportional inhibition of
endothelial cell proliferation. These experiments clearly indicate that early
captopril treatment inhibits endothelial cell proliferation and coronary vessel
growth following MI, which seems to be partly due to inhibition of the RAS.
In the present experiments, the hypertrophic response following induction of MI
was not inhibited by captopril. This is in contrast with the general believe that
captopril prevents cardiac hypertrophy. In literature, however, the observations
concerning a regression of cardiac hypertrophy following captopril treatment in
infarcted rats are not consistent. Several studies demonstrated no regression of
cardiac hypertrophy following late captopril treatment'"'*'*, whereas others
showed a diminished heart weight in rats with large infarct sizes"•". Also
following early captopril treatment, the observations are not consistent. Both a
regression""""'' and no regression of cardiac weight*""" have been observed.
The reason for this inconsistency is not clear, but does not seem to depend on
doses used and/or duration of therapy. Due to unaltered heart weights in captopril
pre-treated rats, the observed decrease in maximal coronary is not caused by a
diminshed heart weight in the present experiment.

Thus far, the influence of the RAS on coronary vascularization and coronary flow
has predominantly been investigated in hypertensive patients and hypertensive
animal models. In hypertension, the increase in vascularization is mainly
secondary to hypertrophic growth of the myocytes and to a lesser extent to
normal tissue growth. The increase in vascular density or coronary flow,
however, is not proportional to the hypertrophic growth response**"", although
the increase in coronary flow seems to depend on the duration of
hypertension^". Long-term treatment with the ACE inhibitor enalapril decreased
minimal coronary resistance and increased maximal coronary flow and flow
reserve in hypertensive patients with angina pectoris™. In hypertension induced
by aortic-banding, 4-weeks of captopril treatment decreased minimal coronary
resistance, and thus increased maximal coronary flow*'. Long-term ramipril
treatment (20 week; treatment started in utero) of spontaneously hypertensive rats
(SHR) increased myocardial capillary length density, independent of blood
pressure reduction or inhibition of development of hypertrophy". In the cremaster
muscle, however, an inhibition of vascular growth has been observed following
long-term captopril treatment in one-kidney, one clip hypertensive rats". Thus, in



hypertensive patients and in most hypertensive animals, long-term ACE inhibition
enhances maximal coronary flow, due to a more pronounced outgrowth of the
coronary vascularization. The observations in hypertension are in contrast to
observations in non-hypertensive models. Angiogenic responses to angiotensin II
have been described in chick chorioallantoic membrane", in dog kidney^, and
rabbit cornea'^. Furthermore, Munzenmaier and Greene"' observed an increase in
vessel density in rat cremaster muscle following a subpressor dose of angiotensin
II. Previous studies from our laboratory showed an abolishment of the increase in
capillarization in soleus muscles by ACE inhibitors in a rat model for chronic
peripheral ischemia". The observations in this latter model of ischemia are
consistent with the observations in the present chronic ischemia model. The
discrepancy between hypertensive models and severely ischemic models suggests
that the role of the RAS in vessel growth may depend on the pathophysiological
condition.
The inhibition of endothelial cell proliferation and coronary vessel growth
following early ACE inhibition may depend on the blood pressure lowering effect
of the ACE inhibitor. Late captopril treatment, however, did not prevent the
normalization in maximal coronary flow, despite a comparable decrease in blood
pressure'". Furthermore, chronic treatment with the vasodilator hydralazine did
not lower total DNA synthesis in MI hearts', suggesting a lack of involvement of
blood pressure reduction in the present observations. The contribution of elevated
bradykinin levels due to inhibition of its degradation can not be ruled out. Thus
far, however, only a stimulatory rather than an inhibitory effect of bradykinin on
endothelial cell proliferation in vitro'" and on myocardial capillary growth in
hypertensive rats''' has been described.

A more likely explanation for the present observations is the prevention of (local)
angiotensin II formation by inhibition of ACE. Munzenmaier and Greene
observed an increase in vessel density in rat cremaster muscle following a
subpressor dose of angiotensin II, which was enhanced following co-infusion of
the ATj-antagonist PD123319 and inhibited following co-infusion of the AT,-
antagonist losartan'*. In cultured rat coronary endothelial cells, angiotensin II
inhibits growth'™'". In accordance with the observations of Munzenmaier and
Greene''', this inhibitory response depended upon ATj-receptor stimulation, since
addition of the A^-antagonist PD123177 resulted in a stimulation of prolife-
ration. Thus, in vivo the balance may be in favour of (AT,-mediated)
proliferation, whereas in vitro, inhibition (ATj-mediated) may be favoured.
In contrast to early treatment with perindoprilat, captopril treatment resulted in a
disproportionate inhibition of proliferating endothelial cells in hearts of infarcted



rats. This suggests that in addition to the effect on the RAS, captopril may
influence other angiogenic factors involved in coronary vascular remodeling
following MI, like VEGF, FGF, IGF-I, and PDGF^. , ' >-'
Previously, worsening of cardiac function in infarcted rats following early
captopril treatment was observed'". The inhibition of e.g. cardiac collagen
deposition in the early phase following MI was assumed to be responsible for the
deleterious effect of early captopril treatment'. The present observations suggest
that also the prevention of endothelial DNA synthesis and normalization of
maximal coronary flow contributes to the reduction of cardiac function in
infarcted rats following early captopril treatment. ;
The present study employed functional and structural data to obtain an indication
of endothelial cell proliferation following MI, its effect on the coronary system,
and the effect of ACE inhibition thereupon. For technical reasons, we chose the
septum and papillary muscles for the quantitation of BrdU/lectin staining. In
contrast, maximal coronary flow is obviously an overall measure. There may be
regionally different adaptive mechanisms in the ventricle remote from the infarct
versus the borderzone. Our functional methods do not allow to differentiate
between the effects on coronary vessels in septum, borderzone and infarcted area.
However, we previously demonstrated a very low coronary flow in the infarcted
area'. Therefore, it is not likely that blood vessels in the infarct zone contribute to
the observed effects in a significant manner. On the other hand, the borderzone
may be an interesting area, because coronary blood flow following MI was
enhanced in this area'. We tried to quantify total DNA synthesis and endothelial
cell proliferation in the borderzone of MI hearts, but no reproducible data could
be obtained. Nonetheless, we demonstrated both a diminished endothelial cell
proliferation in the healthy part of the MI heart and a diminished maximal
coronary flow. This suggests that the alterations observed in the healthy part of
the infarcted heart substantially contribute to the maximal coronary blood flow.
In conclusion, early captopril treatment inhibits endothelial cell proliferation and
normalization of maximal coronary flow, which suggests inhibition of coronary
vessel growth in infarcted rat hearts. The present experiments suggest that the
RAS plays a prominent role in the coronary vessel growth as part of the
remodeling processes in infarcted hearts. Considering that these processes are
beneficial, inhibition of cardiac ACE in the early phase after myocardial infarction
may inhibit the functional adaptation of the infarcted heart. Besides inhibition of
cardiac ACE, captopril may also influence other angiogenic factors involved in
the coronary vascular remodeling following MI.
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AT2 receptor blockade reduces cardiac interstitial cell
DNA synthesis and cardiac function after rat myocardial

infarction
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1 Introduction j.

Following myocardial infarction (MI), a series of changes occurs which affect the
infarcted and non-infarcted areas of the left ventricle^. These changes are
referred to as cardiac remodeling, and include changes in the myocyte^' and non-
myocyte compartment. In the latter, interstitial collagen increases'"*'"*, whereas
capillary density decreases^. Previous work in our laboratory has shown that
DNA synthesis transiently increases in the non-infarcted part of the myocardium
in the rat heart in the first 2 weeks after myocardial infarction. This increase is
mainly found in interstitial cells", comprised of two major cell types: endothelial
cells and fibroblasts'*-^ (chapter 2).
The renin-angiotensin system seems to be involved in the regulation of interstitial
DNA synthesis after MI, since ACE inhibition with captopril during the first 2
weeks after MI inhibits the increase in DNA synthesis". Although recent studies
show an upregulation of ACE, renin and angiotensin II receptors'"* in the rat
infarct model, interstitial DNA synthesis after MI was only partly affected by the
AT, receptor antagonist losartan', suggesting a role for the ATj receptor in the
regulation of interstitial DNA synthesis after MI.
Also cardiac function following MI is affected differentially by treatment with
captopril" or losartan"''. Similar to observations by others", captopril, when
administered from 3-5 weeks post MI, improved cardiac function, whereas early
treatment during the first 3 weeks after infarction further attenuated cardiac
function". Losartan had neither of these effects"*, although it was found to
reduce cardiac filling pressures^'. This suggests that the functional effects of
ACE-inhibition may not depend upon the AT,, but on the AT2 receptor.
To test this hypothesis, DNA synthesis in interstitial fibroblasts and endothelial
cells was quantified in MI rats that were treated with the AT, receptor antagonist
GR138950C or the AT, receptor antagonist PD123319. In parallel experiments,
the hemodynamic effects of both substances were studied.
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2 Materials and methods • '- r ; i !. ?o

• Animals
Normotensive adult male Wistar rats (Winkelmann, Borchen, Germany), n =101,
weighing 295 ± 4 g (mean ± SEM) at the time of surgery, were used cf. chapter 2.

• Coronary artery ligation
Myocardial infarction was induced by ligation of the left anterior descending
coronary artery (LAD), as described in chapter 2.

2.1 Structural methodologies ' H ' !

• Infusion of 5bromo2'deoxyuridine
To label DNA synthesizing cells, all animals received 5-bromo-2'deoxyuridine
(BrdU, Serva, Heidelberg, Gennany; infusion rate 0.8 mg/kg/day), as described in
chapter 2. : . •>• .< :

• Tissue processing '
Tissue processing was performed according to materials and methods described
in chapter 2.

• Measurement of infarct size
Infarct size measurement was performed, as described in chapter 2.

• Single staining with anti-5-bromo-2'-deoxyuridine (antiBrdU)
The incorporation of BrdU was visualized by staining with a murine monoclonal
anti-BrdU antibody, as described in chapter 2.

• Double staining procedure (GSI-antiBrdU)
To identify DNA synthesizing endothelial nuclei in the non-infarcted part of the
myocardium, transverse sections (4 |im) were double stained with the lectin
Griffonia Simplicifolia I (GSI) and the monoclonal anti-BrdU antibody, as
described in chapter 2.

• Counting of total and endothelial cell DNA synthesis
Total DNA synthesizing cells and the amount of DNA synthesizing endothelial
cells were determined, as described in chapter 2. The investigators were blinded
for the treatment group. The total labeling fraction (LF = number of BrdU' / total



number of nuclei counted x 100%) was calculated.The endothelial cell labeling
fraction (ECLF) was calculated from the number of BrdLT endothelial cells and
the total number of BrdLT cells (see chapter 2).

2.2 Hemodynamic methodologies
*

• Implantation of measuring equipment
Animals were equipped with an electromagnetic flow probe (2.7 mm diameter;
Skalar, Delft, The Netherlands) on the ascending aorta at least 1 week before the
experiments according to previously described methods^.
Five to six days later, animals were anesthetized with ether and implanted with a
PE-10 catheter in the abdominal aorta through a femoral artery to measure arterial
blood pressure (BP). Furthermore, a Silastic catheter was advanced into the
thoracic vena cava for measurement of central venous pressure (CVP). All
catheters were exteriorized in the neck. After the latter operation, animals were
allowed to recover for 1-2 days before experiments were started.

• Measurements and protocol . ^ ; i; i «;
On the experimental day, the electromagnetic flow probe was connected to a sine-
wave flowmeter (model MDL 401, Skalar) to measure blood flow through the
ascending aorta. Although this flow comprises cardiac output (CO) minus
coronary blood flow, we refer to it as CO. The baseline was established by taking
late diastolic blood flow as zero. The arterial and central venous catheters were
connected to low-volume displacement pressure transducers (CP01; Century
Technology, Inglewood, CA, USA). All signals were fed into an AT-compatible
microcomputer, sampling all signals at 500 Hz each. Mean values for arterial BP
(MAP) and CVP were obtained by digital integration. Stroke volume (SV) was
calculated from the flow signal by integration of each beat. Total peripheral
resistance (TPR) was calculated as (MAP-CVP)/CO. All derivations were made
on-line and stored on disk for later processing.

After the animals were acclimated for 45-60 min, recordings were made for 15
min.

2.3 Drug treatments
Drugs or saline were infused by subcutaneously implanted minipumps
(PD123319: Alzet 2ML1; GR138950C and saline: Alzet 2001), which were
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replaced after 1 week. GR138950C (2 mg/kg/day) was dissolved in 0.8%
NaHCOj and 10% ethanol. PD123319 (3 mg/kg/day) was dissolved in 0.9%
NaCl. Saline infused MI or sham rats served as controls.
The dose of GR138950C was based on pilot-studies, in which 2 mg/kg/day was
found to induce a 20-fold right-ward shift of the dose-pressor-response curve to
angiotensin II. Infusion of PD123319 at a dose of 3 mg/kg/day in the rat results in
plasma levels around 100 ruVF. Since the IC50 of PD 123319 for the ATj
receptor is approximately lOnM^', infusion of 3 mg/kg/day PD123319 should
result in an effective ATj receptor-blocking dose, without affecting the AT,
receptor. The latter was verified in a separate group of animals, which were
subcutaneously infused with saline (n=6) or 3 mg/kg/day PD123319 (n=6) during
2 weeks. At the end of the infusion period, animals were anesthetized with
pentobarbital (60 mg/kg, i.p.) and catheters were inserted into the right femoral
vein for injections, and into the right femoral artery for measurement of blood
pressure. Animals were placed on a heating pad (37°C) and, following
establishment of base line, 0.03 }ig angiotensin II was injected. In saline-infused
animals, the resultant increase in mean arterial pressure (MAP) was 36 ± 3
inmHg; in the PD 123319-infused animals, this dose of angiotensin II increased
MAP 37 ± 3 mmHg, suggesting a total lack of inhibition of the pressor response
to angiotensin II, which we interpret as a lack of AT, receptor antagonism.
In stmctural studies animals were infused from 0-2 weeks after MI, and from 0-3
weeks for the hemodynamic studies.

2.4 Statistics
Data are expressed as means ± SEM. Groups were compared by one-way
analysis of variance (ANOVA) and Bonferroni-modified t-test™. The level of
statistical significance was assumed to be at P< 0.05.

3 Results

3.1 Structural experiments
The starting body weights in all experimental groups were similar (table 1).
Induction of MI had no effect on body weight. Treatment of infarcted rats with
GR138950C was associated with a small increase of the body weight. The infarct
size in PD123319-treated animals was comparable with the untreated control
group. In GR138950C-treated animals infarct size was significantly larger than in
the untreated and PD123319-treated groups (P<0.05).



Table 1: O»aractem//c.v o/aw/na/s j«e<//or rtft/c/i/ra/ s/wfles

Body weight start
Body weight end
Ventricular weight
Ventricular weighty
weight (g/1OOOg)
Mean infarct size (
N

(g)
(g)
(g)
body

%)

Sham

295 ±4
314±6
1.07±0
3.45 ±0

-
14

03
14

III

287 ±
291 ±
0.95 ±
3.26 ±

44 ±
15

7
10
0.04
0.09

2

Ml-
PD123319

305 ±3
306 ±4
0.87 ±0.04
2.88 ±0.09

45±3
8

Ml-
GR138950C

303±7
327 ±7*
0.96±0.05
2.94±0.22

52±1*
6

", P < 0.05 as compared to Ml. . t'i

• Total interstitial, endothelial and fibroblast DNA synthesis
Infarct induction caused a three-fold increase in interstitial DNA synthesis in the
non-infarcted septum of the left ventricle from 5.9 ± 1.1% in sham animals to
15.9 ± 1.4% in infarct animals (chapter 2). PD123319 significantly reduced total
labeling to 10.2 ± 1.6%. GR138950C had no effects on BrdU-incorporation (15.2
± 2.6%, fig. 1). In sham animals approximately one-third of the cells that
synthesized DNA were positively identified as endothelial cells (fig. 2), which
means that approximately two-thirds of the cells synthesizing DNA were
fibroblasts. Neither infarct induction nor infarct induction and PD123319-
treatment altered the fraction of endothelial cells synthesizing DNA (32.9 ± 2.6
and 25.5 ± 3.0% in untreated and PD123319-treated MI animals, respectively).
Also, GR138950C-treatment of infarct animals did not affect the fraction of
endothelial cells synthesizing DNA (27.9 ± 0.6%, fig.2).
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3.2 Hemodynamic experiments
Infarction did not affect blood pressure and heart rate. Cardiac output and stroke
volume in infarcted untreated rats was lower than in sham operated rats (table 2).
Total peripheral resistance was increased in MI animals (table 2).

Table 2: //em<*/ywaOT/c c/wrac/msf/cs q/7/»e rrea//we///grow/?*

Infarct size (%)
MAP (mmHg)
HR (beats/min)
TPR(mmHg.min/ml)
CO (ml/min)
SV (yl/min)
N

Sham

97±2
359±12
1.15±0.05

86±3
246±11

19

Ml

42±2
95±3

382 ±8
1.46 ±0.09*

70 ±2*
191 ±7*
24

MI-PD123319

45±2
95±3

366±10
1.65±0.16

61 ±4*
167±14*

8

MI-GR138950C

48±3
81 ±3**

379±10
1.11 ±0.08

73±5
191 ± 13

7

MAP: mean arterial pressure: HR: heart rate; TPR: total peripheral resistance; CO, cardiac output; SV, stroke
volume.
*, PO.05 as compared to MI; ', P<0.05 as compared to sham

• Hemodynamic effects of AT receptor blockade
GR138950C, but not PD123319, significantly reduced blood pressure (table 2).
Total peripheral resistance was not affected by PD123319; GR138950C tended
to reduce total peripheral resistance. Heart rates were similar in all groups.
Cardiac output and stroke volume in GR138950C-treated rats were similar to
those in untreated rats, but lower in PD123319-treated animals (table 2).

4 Discussion

This study contains several major findings. First, it describes that ATj but not AT,
receptor blockade prevents the increase of total interstitial DNA synthesis post
MI, and shows that the phenotype of interstitial cells synthesizing DNA does not
change during ATj receptor blockade. This indicates that the increase in DNA
synthesis in cardiac eiidothelial cells and interstitial fibroblasts after myocardial
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infarction is mediated through ATj receptors. Second, treatment with PD123319
further attenuated cardiac function, whereas GR138950C had no such effect,
suggesting that the hemodynamic effects of ATj receptor blockade after MI may
depend upon reduction of interstitial cell DNA synthesis in the hypertrophying
m y o c a r d i u m . -• , : • : : , ; : / ; ' • i > i v ; j - : ; / ; : > ^ : • > ; ; : , , ..-., ,.;• : : i -. < . . ••••• . • • - : . ; - : t >

• ; : : • • : ' • • • . ? ; o

4.1 Post-infarction DNA synthesis > ;
Previous studies have shown that the post-infarction increase in DNA synthesis is
a transient event occurring early in the first 2 weeks after induction of a
myocardial infarction in the rat". This increase in interstitial cell DNA synthesis
is most probably stimulated by angiotensin II, since systemic and local levels of
angiotensin II are increased in the first weeks after myocardial infarction^, and
the increase in interstitial DNA synthesis can be blocked by ACE-inhibitors*"' and
by an ATj antagonist (this study). PD123319 did not return DNA synthesis to
sham levels, which is different from the results that have been obtained after ACE
inhibition with captopriF or perindoprilat (chapter 3), where DNA synthesis did
return to sham levels. This differential effect of ATj receptor blockade and ACE-
inhibition may suggest that other factors than angiotensin II may be involved.
Candidate factors are aldosterone*'', bradykinin'°''^ and chymases", which all
have been shown to be present, or even actively involved in the remodeling after
infarction. There are, however, no direct data on their effect on interstitial DNA
synthesis after infarction in the rat.

The increase in interstitial collagen that is present in the non-infarcted region after
infarction'"* "'̂  is most probably derived from the increased number of cardiac
interstitial fibroblasts, which are known to increase the synthesis of collagen type
I and III mRNA in the non-infarcted regions'®.

4.2 Angiotensin receptor subtypes, post-infarction DNA synthesis
and cardiac function.
Both AT, and ATj receptors are expressed in the normal rat heart. An equal
proportion of both subtypes-" "'\ as well as predominance of AT, receptors in the
normal myocardium has been reported'"-'''. Whereas Sun and Weber*"' found an
upregulation of predominantly AT, receptors, Nio et al.* described that both
receptor subtypes are upregulated in the infarct as well as in the remote tissue.
The normal human heart is known to have comparable numbers of AT, and AT2
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receptors". In human heart failure a downregulation of only AT, receptors**" or
both AT, and ATj recepors has been described^, as well as an upregulation of
ATj receptors^.
AT receptors are present on cardiomyocytes and non-myocytes. Angiotensin II
exerts its hypertrophic effects on cardiomyocytes through AT, receptors. In
addition, AT, receptors are considered to have mitogenic effects on cultured
cardiac fibroblasts^.
Although neither AT, receptor nor ATj receptor blockade changed the fraction of
DNA synthesizing endothelial cells, ATj, but not AT, receptor blockade did
reduce the total number of DNA synthesizing interstitial cells. This indicates that
ATj but not AT, receptors are involved in the regulation of total interstitial cell
(endothelial cells and fibroblasts) DNA synthesis in the heart after myocardial
infarction, and suggests that ATj receptorsare localized on cardiac endothelial
cells and fibroblasts. Recent unpublished data from our own group, using RT-
PCR and in situ hybridization confirm an upregulation of AT, and ATj receptor
mRNA in fibroblast-like cells and in endothelial cells in the infarct.
Our in vivo functional studies show that the inhibitory effect of early AT2 receptor
blockade on DNA synthesis is associated with a further attenuation of the already
impaired function after MI. Early AT, receptor blockade had no effect on cardiac
function, as has been shown before with another AT, receptor antagonist^'. The
inhibitory effects of ATj receptor blockade on interstitial cell DNA synthesis and
cardiac function suggest that prevention of vascular endothelial cell or interstitial
fibroblast DNA synthesis in the non-infarcted myocardium may be associated
with a reduction of cardiac function.

Our finding that AT̂  receptor mediates proliferative effects in cardial endothelial
cells and fibroblasts is in contrast with reports from in vitro studies in endothelial
cells''", cardiac cells'", and vascular smooth muscle cells'* ,̂ where the ATj
receptor has antiproliferative effects. Although we have no clear explanation for
this apparent discrepancy between those data and the data presented here, the
results of the group of Levy et al." also indicate a reduction of DNA synthesis in
vascular smooth muscle cells after treatment with the ATj receptor blocker
PD123319. Thus, although the ATj receptor may clearly mediate antiproliferative
effects in vitro, it may not be unequivocal in vivo, since there are at least two
independent observations that indicate that the ATj receptor may mediate
proliferative effects in vivo.

Although many studies detail ATj receptor localization and changing patterns of
receptor expression throughout development, information concerning its possible
function and signalling mechanisms has emerged only recently. The ATj receptor
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subtype is highly expressed in the developing fetus and rapidly disappears after
birth, suggesting an association between this receptor and cell growth and/or
differentiation'". Upregulation of cardiac AT2 receptors has also been reported in
several pathophysiological conditions. In a model of pressure overload hypertro-
phy, the hearts were found to contain primarily AT2 receptors**. Increased expres-
sion of ATj receptors has been shown after myocardial infarction^ and in cardiac
hypertrophy induced by an AV-shunt'*''-'". In this context, it is conceivable that the
ATj receptor is in some way involved in these pathological processes. Our fin-
dings suggest that the AT2 receptor mediates fibroblast and endothelial cell DNA
synthesis after myocardial infarction.
As in some studies PD123319 has been shown to be not entirely specific for AT2
receptors having affinity for some particular AT, binding sites'"', it could be
argued that our experiment reflects AT, rather than ATj receptor blockade. This
is unlikely, however, because the AT, receptor antagonist GR138950C was
ineffective. Alternatively, it could be argued that nonspecific receptor binding
with PD123319 has occurred because of high dosing. This also is not very likely,
since our infusion rate of 3 mg/kg/day is well below an infusion rate of 1000
Hg/kg/min PD 123319, which should be expected to interact exclusively with ATj
receptors'". Moreover we did not observe any effect of PD 123319 on the
angiotensin II-induced pressor response.

The lack of effect of GR138950C on interstitial DNA synthesis seems to be in
conflict with earlier data from our lab^, which show that the AT, receptor
antagonist losartan did reduce interstitial DNA synthesis as compared to
untreated MI (16% for the losartan group vs 23% for the MI group), but did not
reduce DNA synthesis to sham levels (5%). In the present study GR138950C did
not reduce DNA synthesis (15.2%) as compared to the infarct group (15.9%;
n=14). Thus, it appears that DNA synthesis in the losartan and GR138950C
groups are not different, but that DNA synthesis in the present group of untreated
infarct animals is lower than the DNA synthesis in the group of infarct animals in
the former paper. Infarct sizes did not differ between the two untreated infarct
groups.

4.3 Possible implications of the findings
The positive correlation between a reduction in endothelial cell and fibroblast
proliferation and a reduction in cardiac function, suggests that fibroblast and
endothelial cell proliferation early after infarction is beneficial for the heart. Since
we are not able to selectively decrease fibroblast proliferation and leave
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endothelial cell proliferation intact, it is impossible to further specify whether
inhibition of fibroblast or endothelial cell proliferation is responsible for the
decrease in cardiac function. Since we and others'''*-'™* have shown that AT,
receptor blockade reduces the collagen content, but not cardiac function, we
would favor the endothelial cell, where proliferation is indeed an integral part of
the angiogenic process in both the infarct and non-infarcted area'"'*' (chapter 2).
Although the step from rat experiments to human patients is a large one, which
should be taken with great care, the results of the recently published ELITE
trial", that showed AT, receptor blockade was superior over ACE-inhibition, may
indicate that selective ATj receptor stimulation (by blocking the AT, receptor in
conditions of elevated angiotensin II levels) may be beneficial for the heart. It
remains to be proven whether the positive results in the human studies are indeed
due to positive effects on interstitial DNA synthesis.
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Effects of dobutamine and milrinone on DNA syn-
thesis and collagen content in the non-infarcted

myocardium after left coronary artery ligation in
the rat

Summary
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1 Introduction

For many years, sympathetic stimulation of the heart during heart failure, for
instance following myocardial infarction (MI), has been one of the leading
paradigms for the therapy of this syndrome'. Although activation of the
sympathetic nervous system (SNS) is part of the neurohumoral reflex response in
heart failure', downregulation of cardiac P-adrenoceptors was thought to result in
a net reduction of cardiac sympathetic support'. Prototypical drugs that have been
developed in this framework are dobutamine and milrinone. Dobutamine
(Dobutrex) is a synthetic sympathomimetic drug. It is a racemate; the (-) isomer is
an agonist for a,-adrenergic receptors, whereas the (+) isomer is a P,- and PJ~
adrenoceptor agonisfV In humans, dobutamine increases cardiac output and



myocardial blood flow with relatively little effect on heart rate and blood
pressure'. Major drawbacks of this drug are the requirement for intravenous
administration and, more importantly, the P-adrenoceptor downregulation that
occurs during long term administration.
To circumvent these problems, phosphodiesterase III inhibitors were developed
for the therapy of heart failure. The prototype for this class of drugs is the orally
active bipyridine inilrinone '̂. Phosphodiesterase III inhibition results in inhibition
of the degradation of the second messenger cyclic adenosine monophosphate
(cAMP)\ thereby mimicking P-adrenoceptor stimulation in a non-P-adrenoceptor
mediated fashion. In patients, similarly to dobutamine, inilrinone elevates cardiac
output; in contrast to dobutamine, it reduces blood pressure.
The response to MI not only involves a functional adaptation of the circulation,
but also structural changes of the heart (cardiac remodeling)*. Cardiac remodeling
involves not only cardiomyocytes', but also the cardiac interstitium, including
increased DNA synthesis in interstitial cells'" and increased collagen deposi-
tion"". The SNS has been implicated in both cardiomyocyte and interstitial
remodeling. Results from in vivo studies indicate a mediating role of both a,- and
P-adrenoceptors in cardiac hypertrophy'^. Also, in neonatal as well as in adult
cultured cardiomyocytes, a growth-promoting effect through a,- and P-
adrenoceptors has been demonstrated""'*. The SNS has been implicated in
cardiac structural alterations in the non-myocyte compartment like interstitial
fibrosis""", interstitial cell DNA synthesis^ " and capillary growth**'̂ '.
In spite of the evidence for the effects of adrenergic stimulation on interstitial
structure, there are no data on cardiac interstitial remodeling during therapy with
sympathomimetic drugs during heart failure. Therefore, in the present study the
effects of dobutamine and inilrinone on interstitial cell DNA synthesis and
collagen deposition were characterized in rats following MI.

2 Materials and methods

For materials and methods used for coronary artery ligation, visualization of BrdU
labeled nuclei, determination of the BrdU labeling fraction, and determination of
BrdU labeled nuclei of endothelial cells, see chapter 2.
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• Animals
Normotensive adult male Wistar rats (Winkelmann, Borchen, Germany),
weighing 270-320 gram at the time of surgery, were used.

2.1 Drug treatment r :;••••••
Sham-operated and MI rats were randomly assigned to groups treated with
dobutamine (Dobutrex, Eli Lilly, Amsterdam, The Netherlands; n=7-8), milrinone
(Sterling Winthrop, Haarlem, The Netherlands, n=3-8), or 0.9% NaCl (n=14-15).
Drugs were dissolved in 0.9% NaCl. Dobutamine treatment consisted of two
daily i.p. injections of 1 mg/kg (injected volume 0.3 ml); milrinone (150
ug/kg.hr) was administered by subcutaneously implanted osmotic minipuiiips
(ALZET 2001, Alza Corp., Palo Alto, CA, USA). Treatments started immediately
after surgery and were continued during the first 14 days after surgery. Milrinone-
pumps were replaced after 7 days under ether anesthesia.

2.2 In vivo labeling of DNA synthesizing cells
Starting 7 days before animals were sacrificed, 5-Bromo-2'-deoxyUridine (BrdU,
Serva, Heidelberg, Germany; infusion rate of 2,3 mg/kg/day), a thymidine ana-
logue which labels DNA-synthesizing cells, was given via a separate osmotic
minipump (ALZET 2001, Alza Corp., Palo Alto, CA, USA), implanted subcu-
taneously between the shoulder blades under ether anesthesia.

2.3 Tissue processing
14 Days after infarct-induction or sham surgery the animals were killed in ether
anesthesia. The heart was arrested in diastole by injecting lml KC1 (1 mol/1) into
the inferior caval vein, and further processed, as described in chapter 2.

2.4 Infarct size measurement
For determination of infarct sizes, 4 jim sections from 4 transverse slices were
stained with the AZAN technique. Infarct sizes were measured by morphometry
(Quantimet 570, Leica, The Netherlands) and determined as a percentage of the
circumference of the left ventricle^.

2.5 Determination of the BrdU labeling fraction
For determination of the total BrdU labeling fraction, see materials and methods
in chapter 2. The investigator was blinded to the treatment protocol.



2.6 Identification of DNA synthesizing endothelial cells
In dobutamine-treated Mi-animals the fraction of endothelial nuclei within the
population of BrdU positive nuclei was determined, by the double staining
method GSI-BrdU, as described in chapter 2. : i . Jil«isi« sniii * M

2.7 Determination of collagen protein content
6 urn Sections were stained for collagen by incubation in 0.2% (wt./vol.) aqueous
phosphomolybdic acid^* during 5 minutes, followed by incubation in 0.1% Sirius
red F3BA (Polysciences, Northampton, UK) in saturated picric acid (90 minutes).
Sections were washed in 0.01 N HC1 (2 minutes), cleared and mounted. The rela-
tive collagen area of the non-infarcted ventricle, i.e. the percentage of total
measured area that stained positive for Sirius red, was determined under a micros-
cope coupled to a computerized morphometry system (Quantimet 570, Leica, The
Netherlands). Six fields (magnification 250x) per tissue slide were analyzed in the
central area of the septum. Of every cardiac slice one section was analyzed.
Measurements were restricted to the interstitial collagen. Perivascular collagen
was not included in the measurements. : . ..

2.8 Statistics ^
Data are expressed as mean ± SEM. Groups were compared by one way analysis
of variance (ANOVA) and a Bonferroni modified t-test, if differences existed
between the groups. The level of statistical significance was assumed to be at
P<0.05.

3 Results

3.1 General characteristics of the groups
Table 1 summarizes the characteristics of the experimental groups. Starting body
weights were slightly lower in dobutamine-treated sham animals than in the other
groups. Induction of myocardial infarction significantly (P<0.05) reduced the gain
in body weight seen in non-infarcted animals (4 ± 5 vs. 19 ± 4 g; in MI and sham
rats). Dobutamine-treatment increased the gain in body weight (28 ± 5 and 30 ± 7
grams in MI and sham rats), although statistical significance was achieved only in
the Mi-group. Milrinone did not affect the weight of the animals (Table 1).
Infarcts in the milrinone-group were significantly larger (53 ± 2%) than in the
saline- (44 ± 2%) and dobutamine-treated (40 ± 4%) groups. In spite of this,
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ventricular weights were comparable in the groups, and ventricular weight to
body weight ratio was even slightly, although not statistically significant, greater
in the milrinone-treated MI group than in the other two MI groups.
MI increased lung weight (2.21 ± 0.24 g) as compared to sham surgery (1.64 ±
0.06; P<0.05), suggesting pulmonary congestion due to heart failure. Neither in
sham-operated, nor in MI rats did treatment with dobutamine or milrinone affect
pulmonary weight, as compared to their respective saline-infused controls.

Table 1: Genera/ cnarac/en5//c5 o / ///
7-/ days q//e

/ gro///w. /tote /rea/ec/ w;//i fifo£//ta/w/we
. A// = myocanft'a/ /«/a/-c//o/»;

Body weight start (g)
Body weight gain (g)
Ventricular weight (g)
Ventricular weight / body weight
(g/1000g)
Lung weight (g)
Mean infarct size (%)
N

Body weight start (g)
Body weight gain (g)
Ventricular weight (g)
Ventricular weight / body weight
(g/1000g)
Lung weight (g)
Mean infarct size (%)
N

Ml

287 ±7
4±5*

0.95 ±0.04*
3.26 ±0.09

2.21 ±0.24'
44±2
15

Sham

295 ±4
19±4

1.08 ±0.03
3.45±0.14

1.64 ±0.06
-

14

Ml + Dob

289 ±4
28 ±5*

1.06 ±0.02
3.34 ±0.06

2.40 ±0.36
40±4

7

Sham + Dob

279 ±4*
30±7

0.98 ±0.06
3.17±0.15

1.68 ±0.08
-
8

Ml + Mil

292 ± 4
3±10

1.07 ±0.04
3.66 ±0.23

2.88 ±0.48
53 ±2*
8

Sham + Mil

286 ±4
14±4

1.05±0.03
3.51 ± 0.02

1.38 ±0.04
-
3

vs. Sham
' v s . MI
P < 0.05



3.2 Cardiac interstitial DNA synthesis
Figure 1 shows the results of BrdU labeling studies in dobutamine- and milrinone-
treated animals. Following infarction the incorporation of BrdU was increased in
the left ventricle in untreated infarct animals as compared to untreated sham
animals (see chapter 2; 5.9 ± 1.1 vs. 15.9 ± 1.4%). Dobutamine caused a
significant further increase of BrdU labeling in the septum of the left ventricle
(26.4 ± 3.1 vs. 15.9 ± 1.4%; MI + dobutamine vs. MI). Milrinone did not affect
BrdU incorporation following MI (18.6 ± 3.5%). In sham animals BrdU labeling
was unaffected by either treatment (dobutamine: 7.5 ± 1.2; milrinone: 3.0 ± 0.3%)
compared to saline-treated controls (5.9 ± 1.1%).
To investigate whether dobutamine in Mi-animals caused a selective increase in
endothelial cells or fibroblasts, sections were stained with both the monoclonal
anti-BrdU antibody and the lectin Griffonia Simplicifolia I (see chapter 2). In
untreated animals, 33 ± 3% of BrdU-positive cells could thus be identified as
endothelial cells (see chapter 2). In dobutamine-treated animals, this fraction was
not affected (30.4 ± 3.1%), indicating that the increase in DNA synthesis
occurred to a similar extent in endothelial cells and fibroblasts.

Figure 1: #/•*/£//a6e///i£/rac//o//.s (Z.F %,)
7 •/ Jay* a/ter /nyocwt/Za/ /



3.3 Cardiac collagen content C! buiftrj'sfflt^K, i .
Figure 2 shows results of collagen measurements. The percentage Sirius red
positive area, reflecting collagen content, was significantly increased in the left
ventricle of infarct animals (1.8 ± 0.2 vs. 3.4 ± 0.3 %; sham vs. MI). In sham
animals, dobutamine treatment significantly increased the percentage of collagen
in the left ventricle (2.6 ± 0.2 %). In MI animals, it did not cause a further
increase (2.6 ± 0.3%). Milrinone treatment did not significantly alter the left
ventricular collagen content after infarction (2.5 ± 0.5%), as well as in sham
animals (2.7 ± 0.3%). vfo; . ^^ -bH: - - • . ;. • ":
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4 D i s c u s s i o n ^ ' • • • ^ ^ • ^ -ii^H-u^nin r-^Jh-v ^ .^m .v-r;; i : ^

In the present study, the effects of sympathomimetics on cardiac DNA synthesis
and collagen deposition were studied following MI in rats. This was achieved
through twice daily injections of dobutamine, a synthetic receptor agonist with a,-
and P-receptor agonist properties, or infusion of the phosphodiesterase III
inhibitor milrinone. Protocols and dosages were chosen on the basis of previous
hemodynamic studies, in which these drugs were found to improve cardiac
f u n c t i o n " - * ' . ;' ^ ' . - ™ .,=,- •..,•..-,,-.•,.

The findings in the present study confirm and extend previous results, indicating
that the cardiac collagen content increases early after myocardial infarction'"".
Sympathetic stimulation with dobutamine or phosphodiesterase III inhibition with
milrinone has divergent effects on DNA synthesis after infarction. While dobuta-
mine increased DNA synthesis to even higher levels, milrinone did not affect this
parameter after infarction. Both agents failed to elevate the collagen content in
infarcted animals. In contrast, in sham animals dobutamine did elevate the
collagen concentration in the heart, without affecting DNA synthesis. Milrinone,
again, had no significant effects on these parameters. Taken together, these
findings indicate i) a dissociation of the regulation of DNA synthesis and collagen
content after myocardial infarction; ii) dissociation of the effects of dobutamine in
infarcted and sham-operated animals; iii) a dissociation of the effects of
adrenergic receptor stimulation with dobutamine and phosphodiesterase III
inhibition on DNA synthesis.

The data indicate divergence of the regulation of interstitial DNA synthesis and
collagen synthesis, since dobutamine further increased DNA synthesis, but not
collagen content after myocardial infarction. Such divergent effects on DNA
synthesis and collagen after MI have also been found in previous studies from our
laboratory. ACE-inhibition inhibited both parameters in MI animals, whereas the
AT.-receptor antagonist losartan decreased collagen deposition to sham levels,
and only partially inhibited DNA synthesis"; ATj- antagonism showed divergent
effects in the opposite direction with inhibition of DNA synthesis (chapter 4), and
no effects on the post-infarction collagen content (M. Daemen en J. Smits,
unpublished observation). Obviously, this might derive from the fact that
proliferating interstitial cells comprise not only fibrillar collagen synthesizing
fibroblasts, but also endothelial cells (chapter 2), and that proliferation of both
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cell types may be regulated differentially. However, quantification of the
percentage of endothelial cells within the BrdU-positive cell population indicated
no differences between untreated and dobutamine-treated animals.
Likewise, others have noted similar divergences in a model of vascular injury"
and in cultured mesangial cells". In human atherosclerotic plaques, both PCNA-
positive and collagen synthesizing cells were observed, but coincidence of these
two phenomena within the same cells occurred rarely". Thus, cell DNA synthesis
and collagen deposition should be considered independent processes. ,,,4n
Administration of dobutamine increased the amount of myocardial collagen in
sham animals, but not in MI animals. A possible role for sympathetic stimulation
in collagen metabolism has been reported in several studies. Administration of
norepinephrine, which stimulates both a- and P-receptors, significantly increased
the amount of mRNA for collagen I in the normal rat heart". Augmentation of
cardiac collagen content by P-adrenergic stimulation in the rat has been well
documented*"'". Furthermore, a stimulatory role of the a,-adrenergic agonist
phenylephrine on cardiac fibrosis has also been reported". Thus, both P- and ot,-
adrenergic effects of dobutamine might be responsible for the observed increase
in collagen content in sham animals. Since milrinone, which activates P- but not
a-adrenoceptor pathways, did not significantly affect the amount of collagen in
sham animals, the data would suggest a role for a,-adrenoceptors in the
regulation of collagen metabolism in sham animals. The lack of effect of
adrenergic stimulation on collagen following infarction could indicate that the
sympathetic component in the regulation of collagen deposition is already
maximally stimulated in this condition.

The effect of dobutamine on post-infarction DNA synthesis in the present study
could, again, be mediated by P- and/or a,-adrenergic receptors. In the rat heart, in
vivo, both the P-adrenergic agent isoproterenol" and the a,-adrenergic agent
phenylephrine" have been reported to stimulate DNA synthesis in non-myocyte
cells. Also in vitro, norepinephrine''' and selective P-adrenergic stimulation'''
have been shown to be mitogenic for cultured cardiac fibroblasts. A recent study
showed inhibition of proliferation in 3T3 cells in culture by cyclic AMP".
Similarly, increased levels of cyclic AMP caused suppression of angiogenesis in
the chick chorioallantoic membrane system (CAM) and in human umbilical
venous endothelial cells (HUVECV'. In the present study, the complete lack of
effect of milrinone suggests again a primary role for the a,-receptor. This is
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consistent with the notion that in heart failure, in view of the P-receptor
desensitization (vide supra), the ct|-adrenoceptor may become more important".

Cardiac interstitial effects could also depend on mechanical factors. Inotropic
stimulation has been hypothesized as a primary responsible mechanism in a study
by Brown et al.^, in which chronic intermittent dobutainine treatment increased
interstitial capillary growth in rabbit hearts. Our observation that dobutamine
increases DNA synthesis in endothelial cells is consistent with increased capillary
growth. Since milrinone also has been reported to act as an inotropic agent in
chronically infarcted hearts™"*'"", the divergence between the effects of
milrinone and of dobutamine after infarction seems not to depend upon inotropy.
Local cardiac mechanics could also be affected by dilatation. In this respect,
dobutamine and milrinone can act differently. Consistently, milrinone treated
animals had larger infarct measurements than dobutamine treated animals, in spite
of random assignment of Mi-animals to either treatment groups. Infarct
elongation could depend upon the presence of myofibroblasts in the infarct'"'''".
These cells exhibit vascular smooth muscle-like properties^. Similar to vascular
preparations, milrinone was found to relax isolated infarcts from rat hearts (J. De
Mey, personal communication). Differences in wall stress, resulting from the
different ventricular diameters of dobutamine and milrinone treated animals may
thus have contributed to the observed differences between the two daigs.
However, the observed effects in the present study differ from what one would
anticipate in this context (i.e. an increase in wall stress associated with an
increase in DNA synthesis), making this explanation less likely.
In conclusion, adrenergic stimulation by dobutamine after myocardial infarction
affects the stnicture of the cardiac interstitium through further stimulation of DNA
synthesis. Since the increase in DNA synthesis after infarction is enhanced by
dobutamine and not by milrinone, this effect may depend upon a,-, rather than 0-
receptor stimulation. Similarly, the dobutamine-induced collagen deposition in
sham animals in the present study also may depend upon a,-adrenergic
stimulation, in spite of the fact that there seems to be a dissociation between the
regulation of DNA synthesis and collagen deposition. In Mi-animals, collagen
deposition may already be stimulated to its maximum.
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Effects of sympatholytic agents on DNA synthesis
and collagen content in the rat heart after •"

infarction
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z>?/er.vr7/z'a/ re/?/oc/e//>7g q//er A/7 zw fAe rat". A/7
tfe.vce/7tf7>7g coronary artery /w worzMO/ewszve crow// /wa/e ff/.v/or ra/.v.
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1 Introduction

Following myocardial infarction (MI) several neuroendocrine systems are ac-
tivated, such as the sympathetic nervous system (SNS) and the renin-angiotensin-
aldosterone system (RAAS)'*. Neurohumoral activation occurs very early,
probably almost immediately after an acute MI\ Acutely, these processes may
contribute to maintenance of the circulation. However, an important question
remains whether activation of the RAAS and SNS, as can be observed after major
cardiac insults, might eventually be detrimental to the structure and function of
the surviving myocardium. In this respect, studies show a significant correlation
between neurohumoral activation and mortality*-''-*. Pharmacological modulation
of the RAAS is now believed to be a major goal in the treatment of heart failure''.



Suppression of the RAAS after acute MI, by angiotensin-converting enzyme
(ACE) inhibitors, improves the long-term outcome of patients™. From these
studies it has become clear that prevention or regression of ventricular remodeling
is one of the major contributors to their favorable effects*"". This cardiac
response not only consists of left ventricular dilatation and hypertrophy"•'*, but
also of interstitial remodeling including cellular proliferation and collagen
deposition". In rats, it has been observed previously that ACE-inhibition also
prevents interstitial remodeling (chapter 3)'"*. Interstitial remodeling appears to be
associated with functional changes of the myocardium"'".
Successful clinical trials with P-adrenergic receptor antagonists'*'*" and
disappointing effects of sympathomimetic agents*''" have recently drawn
attention to the SNS as an other key player in MI and heart failure**'**. However,
the basis for the beneficial effects of p-blockade is still not completely
understood, but might be related to the suppression and occurrence of
arrhythmias, respectively*'*•**. Fibrosis is known to contribute to the occurrence of
arrhythmias*'.
Excessive activation of the SNS has been proposed to affect ventricular
remodeling*"*. In several models, the SNS has similarly been implicated in cell
proliferation*'"" and cardiac fibrosis'"''•"•". In the previous chapter an increase
in cardiac interstitial collagen deposition in sham-operated, but not in MI rats
after treatment with the adrenergic agent dobutamine has been observed. It was
hypothesized that one possible explanation for the lack of response following MI
could be that, in this condition, the sympathetic component of this process is
already maximally activated.
Few data are available on effects of adrenergic blockade on the structure of
surviving myocardium after MI. In the rat, following MI, propranolol blunted
hypertrophy and promoted left ventricular dilatation**". Treatment of rats with
the p-adrenoceptor antagonist metoprolol or the centrally acting syinpatholytic
agent CHF-1024, from 2-3 months after MI reduced cardiac collagen content"",
which seems to corroborate our hypothesis, although a P-adrenergic component in
the response was not apparent (chapter 5). No data are available on the effects of
adrenergic inhibition on the cardiac interstitium shortly after MI. The purpose of
the present study was to investigate if adrenergic blockade by means of
propranolol, or inhibition of the SNS by the centrally acting sympatholytic agents
clonidine or moxonidine, affects cardiac interstitial remodeling after myocardial
infarction in the rat.



2 Materials and methods w^qf,^

For materials and methods used for coronary artery ligation, tissue processing,
infarct size measurement, visualization of BrdU labeled nuclei, determination of
the BrdU labeling fraction see chapter 2, and for determination of collagen protein
content see chapter 5. * ' ' " ' ' " ' " ' ' ' " ' -^'f

• Animals
Normotensive adult male Wistar rats (Winkelmann, Borchen, Germany),
weighing 275-334 gram at the time of surgery, were used. - ••- •'•--•••••

2.1 Drug treatment
Sham and MI rats were treated with moxonidine (1 mg/kg.day; n=7 each), cloni-
dine (100 mg/kg.day; n=8 each), propranolol (5 mg/kg.day; n=7-8) or saline
(n=14-15). Drugs were dissolved in normal saline and administered by
subcutaneously implanted osmotic minipumps (ALZET 2001, Alza Corp., Palo
Alto, CA, USA). Treatment started immediately after surgery and was continued
during the first 14 days after surgery. Pumps were replaced after 7 days under
ether anesthesia.

Clonidine.HCl and propranolol.HC1 were purchased from Sigma Chemicals (St.
Louis, Mo, USA). Moxonidine.HC1 was a gift from Dr. D. Thormahlen (Solvay,
Hannover, Germany). All doses are expressed on the basis of the salts.

2.2 Statistics
Data are expressed as mean ± SEM. Groups were compared by one way analysis
of variance (ANOVA) and a Bonferroni modified t-test, if differences existed
between the groups. The level of statistical significance was assumed to be at P <
0.05.
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3.1 General characteristics of the groups
Table 1 summarizes the characteristics of the experimental groups. Infarct-sizes
were similar in the Mi-groups, ranging from 40 to 44% of the LV. Body weights
for the groups before surgery were between 281 and 319 grams. Saline-treated
MI animals gained significantly less weight (4 ± 5 grams) than sham-operated rats
(19 ± 4 grams). Such differences were not observed in clonidine- or moxonidine-
treated animals, which exhibited slightly increased weight gains (Table 1).
Propranolol abolished weight gain in sham-operated rats (+5 ± 12 grams),
whereas it reduced body weight by 27 ± 6 grains in Mi-animals.
Ventricular weight to body weight ratios were similar in all groups (Table 1). For
the saline-treated MI group (3.26 ± 0.09 as compared to 3.45 ± 0.14 in sham-
operated rats), this implies hypertrophy of the remnant myocardium, in view of
the loss of 44% of their left ventricular wall. Similarity of ventricular weights also
implies a lack of effect of any of the dnig-treatment regimens on normal
ventricular weights in shams and on the hypertrophic response following MI.
Lung weight was taken as an indicator for pulmonary congestion. Lung weights
were significantly higher in all MI groups as compared to sham groups. Within
the sham-operated groups, none of the drug treatments affected lung weights
(Table 1). Within the Mi-groups, clonidine and moxonidine had no effects on
increased lung weights. Propranolol, however, caused a further increase in lung
weight (3.32 ± 0.43 grams) as compared to saline-treatment (2.21 ± 0.24 grams).
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Table 1:
/•/ days q//e/- sw/gery. A// = //;/<7/'c//fl//;

Body weight start (g)
Body weight gain (g)
Ventricular weight (g)
Ventricular weight/
body weight (g/1000g)
Lung weight (g)
Mean infarct size (%)
N

Body weight start (g)
Body weight gain (g)
Ventricular weight (g)
Ventricular weight/
body weight (g/1OOOg)
Lung weight (g)
Mean infarct size (%)
N

Ml

287 ±

0
3.

2

4±
95 ±
26 ±

21 ±
44 ±
15

7
5*
0.04*
0.09

0.24*
2

Sham

295 ±

1
3

1

19±
.08 ±
.45 ±

.64 ±
-

14

4
4
0.03
0.14

0.06

MI +

281
28

1.11
3.59

270
44
7

Sham

312
25

1.14
3.38

1.51
-
7

Mox

±
±
±
+

±
±

±
±
±
±

±

4
13
0.05
0.22

0.38
2

•Mox

5
7
0.04
0.11

0.11

MI +

287
24

1.03
3.32

2.29
40
8

Sham

309
20

1.10
3.34

1.50
-
8

Cio

±
±
±
+

±
±

+

±
±
±
±

±

5
5
0.
0.

0.
2

04
12

41

Clo

4
4
0.
0.

0.

05
06

13

MM

308
-27

1.04
3.70

3.32
40
7

Sham

319
5

1.02
3.14

1.33
-
8

• Pro

±3
±6
±0.07
±0.28

± 0.43*
±3

+ Pro

±5
±12
±0.03
±0.31

±0.17

* vs. Sham
' vs. MI
P<0.05

3.2 Interstitial DNA-synthesis
The incorporation of BrdU in the non-infarcted left ventricle (cf. figure 1) was in-
creased in saline-treated MI animals (LF: 15.9 ± 1.4%) as compared to untreated
sham animals (5.9 ± 1.1%) (see chapter 2). Treatment with moxonidine (12.1 ±
2.5%), clonidine (14.2 ± 3.3%), nor propranolol (13.8 ± 2.1%) affected this
parameter. Similarly, these parameters were unaffected by treatments in sham-
operated animals.



• I.I
Figure 1: Z^t'cfe o//rca/me«/ w/VA /«<m>H/c//Me (M»r^, c/o/w<//we (Oo,)

3.3 Interstitial collagen concentrations
Interstitial collagen concentrations in the different groups of animals are shown in
figure 2. Interstitial collagen increased in the non-infarcted left ventricle in infarct
animals as compared to untreated sham animals (sham: 1.8 ± 0.2%; MI: 3.4 ±
0.3%; see chapter 5). In Mi-animals, treatment with moxonidine (3.2 ± 0.5%),
clonidine (3.1 ± 1.0%) or propranolol (2.8 ± 1.2%) did not affect this parameter
after infarction. In contrast, all three drugs significantly increased LV collagen
content in sham animals.
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Figure 2: /s#ecte q/"/rea/men/ u<;7/» moxo///<//'/»e (A/or,), c/o/wd/we fC/o,) a/K//?ro/va/7o/o/
(Pro,) o« /w/ers//7/a/ co//agen/rac//ons /w //re /e// vew/r/c/e o/s/wm-opera/ec/awt/ m/brc/ec/

rate.
", /*< 0.05 as co/w/wec/ /o jr/;a/n-o/«?ra/«?i/

4 Discussion

There is now considerable interest in the use of sympatholytic drugs in the
treatment of heart failure, based on the observed beneficial effects of 0-
adrenoceptor blocking drugs in clinical trials for this syndrome'*•*>•*'. Evidence
for involvement of the SNS in the control of interstitial cardiac remodeling was
extensively discussed in the introduction to this thesis and in the previous chapter.
Based upon the proposed suppression of arrhythmias as one of the potential
mechanisms for the improvement in clinical outcome" ̂ , together with the notion
that cardiac interstitial fibrosis contributes to the development of arrhythmias, we
sought to investigate the effects of (3-adrenoceptor blockade and central
sympatholysis on interstitial changes following MI in rats. The experiments also
follow the observations in the previous chapter which led us to propose that, the
(presumed) sympathetic component in the control of collagen changes is
maximally activated in this model for heart failure, albeit that, at least in the rat,
a,-, rather than P-adrenergic mechanisms seemed to be involved.



In the present study we did not observe any significant effects of the P-blocker
propranolol, nor of the centrally acting sympatholytic drugs clonidine and
moxonidine on cardiac interstitial remodeling following Ml, which leads us to
discard our previous hypothesis. Rather, all treatments did increase interstitial
collagen deposition in sham-operated animals, without affecting interstitial DNA-
synthesis.
In the previous chapter, increased interstitial collagen deposition was observed in
dobutamine-treated, but not in milrinone-treated sham-operated animals. Given
the pharmacological profile of the two compounds, we argued that ct,-
adrenoceptor stimulation might be responsible for this phenomenon. Results in the
present study with propranolol do not argue against this. Beta-adrenoceptor
blockade results in activation of the baroreflexes, which, in turn, activates the
SNS". In fact, the observed increase in peripheral resistance following
propranolol has been suggested to depend upon this SNS-activatioir^. Thus, in
the propranolol-treated sham-operated animals, this SNS activation results in a,-
adrenoceptor stimulation in face of P-blockade. In Mi-animals, propranolol did
not affect interstitial collagen, which suggests that control mechanisms other than
P-adrenergic receptors may be of greater importance in this condition.
In view of the results in the previous chapter, one should also expect increased
interstitial DNA synthesis during propranolol treatment. Although, in sham-
animals, there was a tendency to an increase in DNA synthesis (LF 5.9 ± 1.1 % in
controls; 7.6 ± 1.0% in treated animals), this effect did not reach statistical
significance, and was absent in Mi-animals. Possibly, endogenous a,-stimulation
(through baroreflexes) during propranolol treatment is less efficient than
dobutamine in MI animals. Alternatively, because one of the consequences of P-
blockade is a reduction of plasma renin-activity™, a stimulatory effect of a,-
adrenergic stimulation might be canceled by a reduction of circulating
angiotensinll.

Clonidine and moxonidine did also not affect cardiac interstitial remodeling
following MI in the doses used in the present study. In separate hemodynamic
experiments in sham and Mi-rats (J. Smits et al., unpublished observations), both
dnigs did reduce blood pressure and heart rate at the present doses, which
indicates effective inhibition of sympathetic activity. The fact that under these
conditions interstitial remodeling is not affected, clearly indicates a lack of
involvement of the SNS in this process following MI.
In sham-operated animals, similar to propranolol, both agents increased interstitial
collagen deposition. In contrast to what was argued for propranolol, a,-
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adrenoceptor stimulation should not occur during these treatments. Thus,
alternative mechanisms should be involved. Both drugs combine o^- and
imidazoline-receptor stimulatory properties*'". With respect to fibrosis, the
importance of aj-adrenoceptors and imidazoline-receptors is not clear, since the
presence of these receptors has not been documented on (collagen synthesizing)
cardiac fibroblasts. Possibly, these receptors mediate a stimulatory effect on
collagen synthesis in cardiac rat fibroblasts. If so, this pathway is again of minor
importance following MI. This aspect needs, however, further studies. •"• •-'->'-
With respect to collagen deposition, our results in the present study appear not
in accordance with data from a study that has recently addressed the effects of p-
blockade and central sympathetic inhibition in rats following M P . These authors
studied the effects of metoprolol as a p-adrenoceptor blocker and CHF-1024,
with combined a,- and dopamine type-2 receptor agonist activity, as a centrally
acting compound. In that study, both dnigs did reduce collagen, upon treatment of
MI animals from 2-3 months after MI, although levels were not normalized. The
authors did not provide data from sham-operated animals. Obviously, the main
difference between the two studies is the timing and duration of the treatment.
Taken together, their and our study suggest that a temporal component is
involved. It is conceivable that, over time, the quantitative contributions of the
different systems that may control interstitial remodeling change. In fact,
differences in activation-state after MI have been documented for the (local
cardiac) renin-angiotensin system^"" in rats, which is only activated in the first
weeks after MI, and the SNS which, after an initial rapid activation, is normalized
in the first week and re-activated around 3 months after MI"". The time-frames of
activation and de-activation of these processes fit with the observations in both
studies.
In conclusion, the present studies show that the SNS does not contribute to the
control of cardiac interstitial remodeling in the first weeks following MI, although
we can not rule out such an involvement at a later stage. Data with propranolol
lend direct further support for the lack of a role of p-adrenoceptors in cardiac
remodeling of the interstitiuin and, indirectly, support our hypothesis for
involvement of a,-adrenoceptors in the control of collagen deposition in sham-
operated animals.
Results with inoxonidine and clonidine in sham-animals suggest a role for 0:2-
and/or imidazoline-receptors in collagen deposition. Further studies are needed to
clarify the possible stimulating role of a-adrenergic and imidazoline receptors in
collagen metabolism in sham animals.
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General discussion

1 Introduction

Until only a decade ago, inability of the dysfunctional heart to pump enough
blood was held primarily responsible for the syndrome of heart failure. Thus,
treatment was aimed at inotropic cardiac support and optimization of pre- and
afterload'. Activation of the sympathetic nervous system was viewed as a
supportive mechanism to make the heart contract more forcefully in the presence
of compromised function and the use of b-blockers was contra-indicated,
because of their negative inotropic actions'. However, powerful inotropic agents,
which, thus, seemed logical therapy in heart failure, were found to increase
mortality. Negative effects on prognosis were observed in particular with agents
that increase intracellular cyclic AMP levels, either by increasing its production
through b-adrenergic stimulation, or through inhibition of its breakdown'"'.
Furthermore, the degree of neurohumoral activation was demonstrated to
negatively correlate with long-term prognosis''"''.



On this basis it is now assumed that endogenous neurohumoral activation in heart
failure eventually becomes maladaptive, leading to progression of the syndrome'.
A fundamental aspect of the neurohumoral hypothesis is that endogenously
activated control mechanisms in heart failure, like the renin-angiotensin system
(RAS) and the sympathetic nervous system (SNS), act on cardiac structure and
thereby influence the natural course of heart failure. Ventricular remodeling after
acute myocardial infarction (MI) is a precursor of the development of overt heart
failure and is an important predictor of mortality'".
Experimental and clinical observations of the success of ACE-inhibitors after MI
and in heart failure were the first to lend support to this hypothesis. These drugs
are supposed to exert their therapeutic effects through interference with cardiac
structural remodeling (i.e. cardiac hypertrophy and fibrosis). Later trials have
similarly pointed to the success of b-blockers in the treatment of heart failure. The
underlying effect of these dnigs, remains, however, unclear.

The aim of this thesis was to study, in a rat model for MI, the involvement of
interstitial cardiac fibrosis and endothelial cell proliferation in the early cardiac
response to MI, and consequences for cardiac function and perfusion. Moreover,
we attempted to further characterize the involvement of the renin-angiotensin
system and the sympathetic nervous system in these responses.

The most important findings may be summarized as follows:

• Following MI, the early enhanced DNA synthesis in the non-infarcted
myocardium is localized to a substantial extent in endothelial cells, indicating
that early post-infarction remodeling includes a vascular growth response
(chapter 2).

• Inhibition of DNA synthesis is associated with attenuated cardiac function
after MI (chapter 4). Such inhibition not only occurs during early ACE
inhibition", but also during ATj receptor inhibition, but not AT, receptor
inhibition (chapter 4). Early ACE inhibition after MI inhibits fibrosis",
attenuates the normalization of coronary flow (chapter 4), and reduces cardiac
function'^.

• Comparison of ACE-inhibition and selective AT, and ATj receptor inhibition
indicates that the functional effects of ACE-inhibitors following Ml do not
depend upon their interference with cardiac interstitial fibrosis.
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Beta-adrenoceptor blockade and central sympatholysis do not affect cardiac
interstitial cell DNA synthesis and collagen content after MI (chapter 6).

Dobutamine, most likely through stimulation of a,-adrenoceptors, increases
cardiac post-infarction DNA synthesis, but not collagen content after MI
(chapter 5).

2 Remodeling and function - vascular growth and cardiac
function early after myocardial infarction.

In chapter 2, a substantial growth response as part of the early remodeling
process in the non-infarcted myocardial tissue was observed. The results of the
studies presented in this thesis and those of previous studies on cardiac
remodeling after MI reveal an association between early structural changes and
cardiac function. In rats, ACE-inhibition with captopril started immediately after
infarct induction deteriorates cardiac function'^, whereas'late ACE inhibition'^"
was associated with cardiac functional improvement. Moreover, early but not late
captopril treatment inhibited normalization of cardiac flow, and in parallel,
inhibited the enhanced endothelial cell DNA synthesis after infarction (chapter 3).
Similarly, early inhibition of microvascular growth and deterioration of cardiac
function could be induced by antagonizing the AT2 receptor early after infarction
(chapter 4). On the other hand, AT, receptor blockade did not substantially
influence proliferation of non-myocytes (endothelial cells and fibroblasts) early
after MI'*" (chapter 4), and did also not affect cardiac function''' (chapter 4). As
summarized in table 1, the effects of ACE inhibition and angiotensin II receptor
blockade on other important changes of the post-infarct remodeling process - like
cardiac hypertrophy and interstitial fibrosis - were not correlated with cardiac
function.

/•/i



Table 1: /uar/7y e//fec/s q/"/«/erven//'o«.? in

ACE-inhibition AT,-blockade Aiyblockade

Cardiac hypertrophy 4- / = 4 / = =
C a r d i a c f i b r o s i s 4- " ' ^ -_••••• • ' . ; . . . » • • • > . . . .

DNA synthesis 4 = 4- •>" . - ' -

Cardiac function 1 = i

Thus, the data suggest that the increase in DNA synthesis early after MI is
beneficial for cardiac function and may be viewed as a physiological adaptation
of the hypertrophied heart to infarction. Morphometric studies indicate that the
increase in capillaries in the non-infarcted myocardium is disproportionate with
cardiomyocyte growth"". The substantial contribution of endothelial cells to the
increase in DNA synthesis following MI thus makes it attractive to speculate that
inhibition of this capillary growth response after infarction results in vascular
insufficiency and relative energy starvation of the contracting myocardium'^. This
energy starvation may further reduce the already deteriorated cardiac performance
during early ACE inhibition or AT, blockade. The implied role of angiotensin II
(Angll) in angiogenesis is further corroborated by earlier observations in rabbit
cornea'*, dog kidney", rat skeletal muscle*' and chick chorioallantoic
membrane*'•**.

Myocardial neovascularization is an important physiological response to
myocardial ischemia*"'. The development of collateral vessel growth has been
extensively studied in several animal models. Collateral vessels can be
categorized in mainly two classes, each of them probably with different
underlying regulatory mechanisms: i) capillary collaterals (angiogenesis) and ii)
muscular vessels (vasculogenesis)*"'. In porcine ischemic models of gradual
coronary artery constriction or coronary microembolization, proliferative activity
of endothelial cells as determined by '[Hjthymidine labeling, in situ hybridization
of histone H3 and immunochemical PCNA/cyclin positivity, has been shown to
occur in capillaries"". In canine models, gradual constriction of the left
circumflex artery resulted in growth of large epicardial collaterals. It is not
possible to fit our findings of vascular growth after infarction in either of these
models. Analogous to the porcine model we observed in our rat model
proliferative activity of endothelial cells at the capillary level (chapter 2).



However, in the porcine model the capillary vessel growth has been observed in
the vicinity of micronecroses. This vessel growth seems to be comparable with
the vascular growth response in the infarction area in our model, as part of a
wound healing process. The capillary proliferation observed in myocardial areas
remote from the infarction (chapter 2) has no obvious co-localization with tissue
necrosis or inflammation.

3 Function of the ATj receptor after myocardial infarction.

Biological actions of Angll are mediated through AT, and ATj receptor subtypes.
The AT, receptor has classically been recognized to mediate the majority of
effects of Angll associated with the regulation of blood pressure, fluid volume
homeostasis, and stimulation of cell growth". Little information regarding the
physiological roles of ATj is available, but in recent years it has become more
evident that also the ATj receptor is involved in growth and differentiation
processes and in blood pressure regulation^®, although inconsistent observations
have been made (table 2).
The ATj receptor is abundant in the developing fetus and rapidly disappears after
birth""™. Re-expression or upregulation of the ATj receptor occur during the
healing process of skin wounds" and in cardiovascular disease such as Ml",
hypertension" and ischemia''''. In humans, enhanced ATj receptor expression has
been observed in failing hearts""". These findings suggest a role of the ATj
receptor in development, growth and in cardiac pathophysiology.

Taken all together, involvement of the renin-angiotensin system in growth appears
to be a complex process. The differential role of AT, and ATj receptors may
depend on cell type, species and experimental conditions. Data from the present
thesis and from previous experiments in our laboratory indicate, early in the
course of MI in rats, a role for AT, receptors in cardiac hypertrophy and fibrosis,
whereas the ATj receptor is involved in angiogenesis.

/•/5
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Table 2: Z,/7era/wre data ow ///e
stem.

q/" /47", awrf /47\ receptor owta^ows/w o«

Cardiac hypertrophy / myocyte
hypertrophy

Myocyte apoptosis

Non-myocyte (endothelial cells
and fibroblasts) proliferation

Fibroblast proliferation

Endothelial cell proliferation/
capillary growth
VSMC hypertrophy

VSMC proliferation

Vasoconstiction

AT,-antagonism

references

4 38, 39
= / 1 40-43

1 45

14, 15

4 46

4 48
t 49-51
4, ; . 52
t 53
4 56, 57

4 59

ATj-antagonism ,,,,,.-,,

references

t 43,44
4 39

45

t 47
t 48

4 53-55 • ,.

t / = 57, 58
4 53
t 59

4 Interference with the sympathetic nervous system
following MI. :

As pointed out above, sympathetic activation in heart failure is nowadays
regarded as deleterious. Proposed mechanisms for how the sympathetic nervous
system (SNS) exerts its adverse effects have recently been reviewed by Packer**
and include: ..

• Induction of myocardial ischemia. Norepinephrine can induce cardiac
hypertrophy but can restrict the ability of the coronary arteries to supply blood
to the thickened ventricular wall'''. Activation of the SNS can cause
tachycardia with adverse effects on the relationship between myocardial
energy supply and demand.



• Tachycardia-induced exacerbation of the abnormal force-frequency relation of
the failing heart.

• Induction of dysfunction and death of cardiomyocytes. By increasing cyclic
AMP, norepinephrine can increase the concentration of intracellular calcium,
which may lead to a state of calcium overload and cell necrosis.

• Stimulation of growth and induction of oxidative stress and apoptosis in
cardiac cells.

• Provocation of arrhythmias through biochemical and stmctural alterations
(hypertrophy and flbrosis).

Thus, a direct effect on myocyte and interstitial cell growth may be a key factor in
the actions of agents interfering with the SNS^.

The primary mode of death during treatment with positive inotropic agents in
heart failure is "sudden", i.e. from cardiac dys-rhythmias. The cause of the
observed arrythmogenic effects of sympathomimetic stimulation by inotropic
agents is multifactorial (see above). One of the proposed contributing factors is
fibrosis (see above). Results described in chapter 5 do, however, not support an
effect on post-infarct fibrosis of the non-infarcted heart after dobutamine or
milrinone early after MI. This indicates that a possible arrhythmogenic effect
associated with these drugs is not due to excessive fibrosis in this context.
However, effects on cardiac fibrosis by long-term treatment of these drugs in the
context of chronic heart failure cannot be excluded.
It has also been shown in the present thesis, that adrenergic stimulation by
dobutamine enhanced post-infarction DNA synthesis of endothelial cells and
fibroblasts. Early interstitial cell proliferation after infarction appears to be
important for the condition of the heart; inhibition of this DNA synthesis is
associated with a deterioration of the already impaired cardiac function
(chapter4). The biological significance of the extra stimulated DNA synthesis is
not quite clear. Extra stimulation of DNA synthesis has potential beneficial
consequences (cf. above): stimulation of vascular growth can be viewed as a
beneficial effect in the failing heart.

Effects of inhibitors of adrenergic activity on cardiac remodeling following MI
have not been studied extensively. It is conceivable, that part of the beneficial
effects of these agents is due to their protective effect on catecholamine-induced
cardiac myocyte necrosis and associated cardiac microscarring".

Z-/7



However, the results in the present thesis show that P-adrenergic blockade and
centrally acting sympatholytic agents do not affect interstitial remodeling early
after infarction (chapter 6). This indicates that the endogenous SNS does not
initiate post-infarction collagen deposition. On the other hand, later in the course
of post-infarction heart failure (therapy initiated after 2 months), a reduction of
cardiac fibrosis has been observed after long-term treatment with similar agents".

Cardiac fibrosis appears in two morphologically distinct forms. This includes a
reactive form, expressed as perivascular/interstitial fibrosis which appears in the
absence of myocyte necrosis, and a reparative fibrosis or microscopic scars that
replace necrotic myocytes^". The failing heart is initially characterized by
reactive fibrosis, and the contribution of reparative fibrosis together with
increasing myocyte necrosis becomes increasingly more important during
progression of heart failure". In our early infarct model, the pattern of fibrosis is
reactive without visible cell necrosis in the non-infarcted myocardium''''. The
RAS, rather than the SNS, seems to be involved in collagen deposition at this
stage after infarction. The form of collagen has not been described in the study of
Latini et al/ ' \ but it is possible that, in this later stage of post-infarction heart
failure, the contribution of the SNS in the regulation of collagen deposition is
based on toxic effects of excessive adrenergic activity causing myocyte necrosis
resulting in reparative fibrosis. This might explain the dissociation of effects on
collagen of early versus late inhibition of the SNS after infarction. Thus, the SNS
might play a more substantial role in maintaining and increasing collagen levels in
a later stage of heart failure, rather than initiating increased collagen formation
early after infarction.

From the studies presented in this thesis, it can be concluded that endogenous
SNS stimulation in the early phase after infarction does not contribute to the
transiently increased DNA synthesis and initiation of cardiac fibrosis. Also,
clinically relevant drugs like the P-blocker propranolol and the centrally acting
sympatholytic agents clonidine and moxonidine behave indifferently with respect
to the interstitial remodeling response in the first weeks after infarction, at least in
the rat model. It follows that it is unlikely that the observed beneficial effects of
P-blockade in the setting of acute myocardial infarction relate to effects on the
interstitium.



5 Implications and perspectives ••>- ^ tn '»mif»ni

From previous studies and results from the present thesis it can be hypothesized
that the early responses of the viable myocardium after infarction bear inherent
adaptive and maladaptive elements. The impact of the many structural and
molecular changes of the remodeling process after infarction is not known, but it
seems conceivable that capillary growth is of great clinical benefit. Understanding
how we might be able to separate beneficial and detrimental responses of
pharmacological interventions is an important research issue. The finding that the
ATj receptor might mediate a novel cardioprotective effect, i.e. stimulation of
vascular growth early after infarction, may have important implications for the
treatment of acute myocardial infarction and heart failure. The relevance of the
biological effects of ATj receptors is underlined by the application of new forms
of therapy for heart failure that may be available in the near future. Specific AT,
receptor blockers have already been approved for the treatment of hypertension.
The clinical question whether these dmgs are equally effective as, or even
superior over the established treatment with ACE inhibitors is a subject of current
investigation. During treatment with AT, receptor antagonists in heart failure
circulating Angll levels are increased, resulting in enhanced activation of the
unopposed ATj receptor". Consequently, the biological actions mediated through
the ATj-receptor are expected to be further enhanced under these circumstances.
Interestingly, the results of the recently published ELITE trial'''' suggest
superiority of specific AT, receptor blockade over ACE inhibition in heart failure,
at least in the elderly. The mechanisms underlying these more beneficial
therapeutical effects by losartan treatment are not known, but might be the result
of selective ATj receptor stimulation.

Data obtained in experimental models in which the capacity of the vascular bed is
enhanced also point to a role of the myocardial vascularity in cardiac function.
For example, in a porcine model of cardiac ischemia, the use of an adenovirus
expressing human Fibroblast Growth Factor-5 (FGF-5) induced increased blood
flow to the ischemic region and improvement of contractile performance^, and an
adenoviral vector expressing the Vascular Endothelial Growth Factor-121
(VEGF-121) cDNA resulted in collateral vessel development in the ischemic
myocardium with concomitant significant improvement in both myocardial
perfusion and function™.
Indeed, recently much attention has been paid to improvement of the
vascularization of the heart as a therapeutic goal. This novel strategy for the



treatment of vascular insufficiency has been termed 'therapeutic angiogenesis'
(reviewed by Rivard et Isner"). Results from animal models support the potential
feasibility of recombinant growth factor therapy in myocardial angiogenesis^, and
a recent clinical report documented that increased myocardial angiogenesis had
been achieved in humans with severe coronary artery disease by direct
intramyocardial injection of recombinant Fibroblast Growth Factor-1 (FGF-1)
protein^'". Phase I clinical trials are now under way to evaluate the results of
direct myocardial revascularization (DMR), also known as 'laser
revascularization', a technique of which one mechanism of action is supposed to
be stimulation of angiogenesis".
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Summary

Heart failure is a very common syndrome with an increasing incidence and
prevalence. One of the major causes of heart failure is acute myocardial
infarction. Understanding of the pathophysiology of heart failure is important for
an adequate approach to therapy. At the present time, it is postulated that in heart
failure, endogenously activated neurohumoral systems, like the renin-angiotensin
system and the sympathetic nervous system lead to progression of the syndrome.
A fundamental aspect of this hypothesis is that these control mechanisms can
induce structural changes in de heart (termed 'cardiac remodeling') and thereby
influence the natural course of heart failure.

The rat infarct model is a well established experimental model of cardiac failure.
In this model, cardiac remodeling has been examined extensively. It has been
shown that in the non-infarcted part of the mycardium, besides changes in
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myocytes, alterations take place in the cardiac interstitium, like an increase in
DNA synthesis and in collagen content.

The aim of the experiments presented in the present thesis is to further
investigate, in a rat model of myocardial infarction, the regulation of these
changes which occur in the interstitium of the non-infarcted part of the
myocardium, by further characterizing the effects of the renin-angiotensin system
and the sympathetic nervous system on these responses.

Chapter 1, a general introduction, provides an overview of the literature
concerning several aspects of the cardiac remodeling process following
myocardial infarction. This is followed by a discussion on the renin-angiotensin
system and the sympathetic nervous system. Attention is paid to the relationship
between these two systems and cardiac structure in particular. Finally, the aim
and the hypothesis of the present thesis is presented.

In chapter 2 the phenotype of the cells participating in the increased post-
infarction DNA synthesis was further identified. Previous studies have shown that
the increase in DNA synthesis was almost entirely found in interstitial cells, i.e.
fibroblasts and endothehal cells. In this chapter a method was described by which
DNA synthesizing endothehal cells can be visualized in paraffin embedded rat
heart tissue.
First, in order to find a reliable endothelial cell marker to visualize the capillary
network in paraffin embedded rat heart tissue, a panel of several "vascular cell
markers" was evaluated. Best staining results were obtained with the lectin
Griffonia simplicifolia I (GSI).
Second, the percentage of DNA synthesizing endothelial cells was quantified in
sham-operated and infarct animals. To this end, myocardial infarction (MI) was
induced by ligation of the left anterior descending coronary artery in Wistar rats.
Sham-operated (same surgery procedure without ligation) animals served as
controls. MI rats and sham-operated rats were infused with 5-bromo-2'-
deoxyuridine (BrdU) to label DNA synthesizing cells. A double staining
technique using the lectin GSI together with an anti-BrdU-antibody was
developed to visualize DNA synthesizing endothelial cells. In this way, the
majority of DNA synthesizing cells was identified in 'non-endothelial cells', the
fibroblasts. However, a substantial proportion (about one-third) of DNA synthesis
was shown to occur in microvascular endothelial cells, likely reflecting enhanced
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growth of the microvasculature in the non-infarcted part of the left ventricle in the
first two weeks after infarction.

In chapter 3 the effects of early treatment with two ACE-inhibitors (captopril or
perindoprilat) on post-infarction DNA synthesis of endothelial and non-
endothelial cells were investigated. Results indicated that both early captopril and
perindoprilat treatment inhibited total DNA synthesis in Ml hearts. By means of
the double staining technique (using a monoclonal anti-BrdU-antibody and the
lectin GSI, as described in chapter 2) it was shown that only in captopril treated
hearts, this inhibition was associated with a disproportionate inhibition of the
endothelial cell proliferation.
Also, the functional consequences of ACE-inhibition on endothelial cell
proliferation, reflected by the effect on maximal coronary flow, were determined
in separate groups. In isolated retrogradely perfused rat hearts, it was shown that
maximal coronary flow was completely normalized in MI hearts within three
weeks after surgery. Early captopril (from day 0-21 after surgery), but not late
captopril (day 21-35), inhibited the normalization of maximal coronary flow in MI
hearts.
Thus, the results indicated that early captopril treatment inhibited endothelial cell
proliferation and coronary vessel growth following myocardial infarction.

Having determined the effects of ACE-inhibition on total DNA synthesis and the
DNA synthesis in endothelial cells, chapter 4 describes the effects of blockade of
the angiotensin II receptor subtypes 1 (AT,) and 2 (ATj) on these parameters.
The ATj receptor antagonist PD123319, but not the AT, receptor antagonist
GR138950C significantly reduced total interstitial DNA synthesis. Both agents
did not alter the fraction of DNA synthesizing endothelial cells.
The effects of blockade of both these AT receptor subtypes on hemodynamic
parameters were also studied in parallel experiments. Myocardial infarction
reduced cardiac function at 3 weeks after myocardial infarction. PD123319
further reduced the already impaired cardiac function, whereas GR138950C did
not show such effect.

Thus, the data indicate that the increase in DNA synthesis in cardiac endothelial
cells and non-endothelial cells after myocardial infarction is - at least partially-
mediated through ATj receptors. In addition, the inhibitory effects of ATj receptor
blockade on interstitial cell DNA synthesis and cardiac function suggest that the
hemodynamic effects of ATj receptor blockade after myocardial infarction may



depend upon reduction of DNA synthesis of endothelial cells and/or non-
endothelial cells in the hypertrophying myocardium.

Evidence exists that, besides the renin angiotensin system, the sympathetic
nervous system may also influence the process of remodeling in the cardiac
interstitium. However, effects of drugs interfering with the sympathetic nervous
system on interstitial remodeling early after infarction are not known. Therefore,
effects of early treatment with different phannacological agents either stimulating
(chapter 5) or reducing (chapter 6) the adrenergic drive on cardiac DNA synthesis
and collagen content were studied in the infarct-model.

In chapter 5 the effects of adrenergic stimulation by dobutamine (a l - and p-
adrenergic) were characterized in rats following myocardial infarction. In a
parallel study the effects of milrinone (a phosphodiesterase III inhibitor) were
determined. Phosphodiesterase III inhibition results in inhibition of the
degradation of the second messenger cyclic adenosine monophosphate (cAMP),
thereby mimicking P-adrenoceptor stimulation in a non-P-adrenoceptor mediated
fashion. The relative collagen area of the non-infarcted left ventricle was deter-
mined morphometrically. The collagen content was significantly increased in the
left ventricle of infarct animals, which confirms previous observations. The results
indicate that adrenergic stimulation by dobutamine -possibly through stimulation
of a,-adrenoceptors- after myocardial infarction affects the structure of the
cardiac interstitium through further stimulation of DNA synthesis, but does not
affect cardiac collagen content. The dobutamine-induced collagen deposition in
sham animals in the present study may also depend upon a,-adrenergic
stimulation, since phosphodiesterase inhibition by milrinone did not affect this
parameter. In MI animals, collagen deposition may already be stimulated to its
maximum.

There is now considerable interest in the use of sympatholytic dnigs in the
treatment of heart failure. Beneficial effects of P-adrenoceptor blocking drugs in
clinical trials for this syndrome have been observed. Based upon the proposed
suppression of arrhythmias as one of the potential mechanisms for the
improvement in clinical outcome, together with the notion that cardiac interstitial
fibrosis contributes to the development of arrhythmias, we sought to investigate
the effects of p-adrenoceptor blockade and central sympatholysis on interstitial
changes following infarction in rats. The experiments also follow the observations
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in chapter 5, which led us to propose that the (presumed) sympathetic component
in the control of collagen changes is maximally activated in this model for heart
failure. . . . . . . .
Thus, in chapter 6 it was tested whether adrenergic blockade by means of the
non-selective P-adrenergic receptor antagonist propranolol, or by means of the
centrally acting sympatholytic agents clonidine or moxonidine, affects cardiac
fibrosis and DNA synthesis after infarction in the rat. ' '
We did not observe any significant effects of the (3-blocker propranolol, nor of the
centrally acting sympatholytic dnigs clonidine and moxonidine on cardiac
interstitial remodeling following myocardial infarction. In contrast, collagen
content was increased after treatment with the above mentioned agents in sham-
operated animals.
In conclusion, sympathetic inhibition does not affect fibrosis after infarction,
possibly because of activation of the fibrotic process by other more dominant
systems early after infarction. Similarly, interstitial cell proliferation is unaffected.
Our data indicate that, in the early phase following myocardial infarction, the
sympathetic nervous system does not substantially contribute to the control of
interstitial remodeling.

In chapter 7 the data obtained in the studies described in the previous chapters
are discussed.
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Hartfalen vormt een toenemend medisch probleem, niet alleen door de verbeterde
behandeling van het acute hartinfarct, een van de belangrijkste oorzaken van
hartfalen, maar ook door de vergrijzing van de bevolking. Beter inzicht in de
pathofysiologie van het hartfalen biedt een rationele basis voor het ontwikkelen
en toepassen van therapeutische maatregelen. In dit verband gaat tegenwoordig
veel belangstelling nit naar neurohumorale systemen zoals het renine-angiotensine
systeem en het sympatisch zenuwstelsel als mogelijke factoren die betrokken zijn
bij de ontwikkeling van hartfalen. Een ander wijdverbreid concept is dat
veranderingen in de stnictuur van het hart (in de angelsaksische literatuur 'cardiac
remodeling' genoemd) een belangrijke rol spelen in de ontwikkeling van
hartfalen. Daarbij zijn er veel aanwijzingen dat activatie van het renine-
angiotensine systeem en het sympatisch zenuwstelsel stmctuurveranderingen in
het hart tot gevolg kan hebben.

Een beproefd experimented model voor hartfalen is het infarct-model bij de rat,
waarin de veranderingen die optreden in de stnictuur van de hartspier uitgebreid
zijn onderzocht. Het is gebleken dat in het niet-geinfarceerde deel van het hart,
naast hypertrofie van spiercellen, veranderingen optreden in het ondersteunende
weefsel, het zgn. interstitium. Zo is in eerdere studies aangetoond dat in het
interstitium, na infarcering, de hoeveelheid collageen alsmede de DNA- synthese
(een maat voor celproliferatie) toenemen in het niet-geinfarceerde gedeelte van
het hart.

Het doel van dit proefschrift is de regulatie van de veranderingen in het
interstitium in het niet-geinfarceerde deel van het myocard nader te onderzoeken,
waarbij speciale aandacht wordt besteed aan het renine-angiotensine systeem en
het sympathisch zenuwstelsel als mogelijke modulatoren van deze veranderingen.

Hoofdstuk 1 is een algemene introductie en biedt een overzicht van de literatuur
aangaande structuurveranderingen in het myocard na een hartinfarct. Daarna volgt
een beschrijving van het renine-angiotensine systeem en het sympatisch
zenuwstelsel, waarbij met name wordt ingegaan op de invloed van deze systemen
op de stnictuur van het hart. Aan het einde van het hoofdstuk worden de
doelstelling en de hypothese van dit proefschrift beschreven.



In hoofdstuk 2 werden de interstitiele cellen nader geidentificeerd die na een
infarct een verhoogde DNA-synthese laten zien. De celpopulatie van het
interstitium bestaat voornamelijk uit fibroblasten en endotheelcellen. Een
mogelijkheid om in dit model het aandeel van beide celtypen in de verhoogde
DNA-synthese te bepalen is het zichtbaar maken van de microvasculatuur van het
in paraffine ingebedde rattenhart en de DNA-synthese in deze microvaten te
kwantificeren.
Hiertoe werd allereerst de geschiktheid van een aantal zgn. 'vasculaire markers'
getest. De beste marker bleek Griffonia Simplicifolia I ("GSI", een lectine) te
zijn. Een beproefde methode ter kwantificering van de DNA-synthese is het
toedienen van 5-bromo-2'-deoxyuridine ("BrdU", een thymidine-analoog). De
resulterende BrdU-incorporatie in het DNA wordt vervolgens zichtbaar gemaakt
door deze te kleuren met behulp van een anti-BrdU-antilichaam. Door middel van
een combinatie van GSI en BrdU, m.a.w. een dubbelkleuring, bleek het mogelijk
de DNA-synthese in endotheelcellen van de microvasculatuur te bepalen.
De gevolgen van een infarct werden bepaald door een infarct te induceren
middels onderbinding van de linker kransslagader. Schijn-geopereerde ratten
(zelfde operatieprocedure zonder onderbinding) dienden als controle. Op deze
manier werd aangetoond dat het grootste deel van de DNA-synthese in de eerste
twee weken na een infarct plaats vond in "niet-endotheelcellen", m.a.w. de
fibroblasten. Een substantieel gedeelte (ongeveer eenderde deel) van de totale
DNA-synthese vond evenwel plaats in endotheelcellen van de microvasculatuur,
hetgeen duidt op een verhoogde vaatgroei in het niet-geinfarceerde deel van de
linker ventrikel in de vroege fase na een infarct.

In hoofdstuk 3 werd de modulerende rol van het renine-angiotensine systeem op
de interstitiele veranderingen nader onderzocht door, na inductie van een infarct,
de effecten te bepalen van twee verschillende angiotensin-converting-enzyme
("ACE")-remmers, captopril en perindoprilaat, op de DNA-synthese in alle
interstitiele cellen, en in de endotheelcellen.
Het bleek dat een vroege toediening van zowel captopril als perindoprilaat
resulteerde in een remming van de na een infarct verhoogde totale DNA-synthese.
Met behulp van de in hoofdstuk 2 ontwikkelde BrdU-GSI dubbelkleuring werd
aangetoond dat alleen captopril een disproportionele remmende werking had op
de DNA-synthese in endotheelcellen.
In een aparte studie werden de effecten van captropril op de maximale coronaire
flow na infarcering onderzocht. In experimenten met geisoleerde retrograad
geperfundeerde rattenharten bleek dat zonder toediening van captopril de

763



maximale flow binnen drie weken volledig normaliseerde. Vroege behandeling
met captopril (vanaf dag 1 tot 21 na de operatie), maar niet late behandeling
(vanaf dag 21 tot 35) bleek de normalisatie van de maximale coronaire flow bij de
infarct-ratten te remmen. Concluderend wijzen deze resultaten erop dat een
behandeling met captopril in de vroege fase na een hartinfarct de proliferatie van
endotheelcellen en coronaire vaatgroei remt.

Na de vaststelling van de effecten van ACE-remming op de totale DNA-synthese
en de DNA-synthese in endotheelcellen, beschrijft hoofdstuk 4 de effecten van
specifieke blokkade van de angiotensine receptor subtype 1 (AT,) en angiotensine
receptor subtype 2 (ATj).
De ATj-antagonist PD123319 gaf een significante daling van de totale DNA-
synthese te zien. De AT,-receptor antagonist GR138950C daarentegen toonde
geen effect op de DNA-synthese. Beide stoffen bleken geen verandering te
induceren van de fractie van de DNA-synthetiserende endotheelcellen.
In parallelle experimenten werden de effecten van AT,- en ATj-receptor blokkade
op de hartfunctie onderzocht. Zonder medicamenteuze behandeling werd drie
weken na inductie van een hartinfarct een afname van de hartfunctie
waargenomen. Behandeling met PD 123319 venninderde de reeds verslechterde
hartfunctie nog meer, terwijl GR138950C geen effect had. Concluderend wijzen
deze resultaten erop dat de toename van de DNA-synthese (door endotheelcellen
en fibroblasten) na een hartinfarct - ten minste ten dele - wordt gemedieerd door
de ATj-receptor. Bovendien suggereert de vennindering van zowel de interstitiele
DNA-synthese als van de hartfunctie door ATj- receptor blokkade, dat de
geconstateerde hemodynamische effecten van ATj-receptor blokkade afhankelijk
kunnen zijn van een reductie van de DNA-synthese door endotheelcellen en/of
fibroblasten in het hypertrofe myocard.

Het is aannemelijk dat, naast het renine-angiotensine systeem, ook het sympatisch
zenuwstelsel van invloed is op de stnictuur van het interstitium van de hartspier.
Onbekend was echter of medicijnen die interfereren met het sympathiser!
zenuwstelsel effect hebben op de interstitiele structuurveranderingen in een
vroege fase na een hartinfarct. In het kader van dit onderzoek werden de effecten
bestudeerd van verschillende farmaca met ofwel een stimulerende (hoofdstuk 5),
ofwel een remmende (hoofdstuk 6) adrenerge werking, zowel op de interstitiele
DNA-synthese als op het collageengelialte in het niet-geinfarceerde deel van het
rattenhart 14 dagen na infarcering.



In hoofdstuk 5 werden de effecten beschreven van adrenerge stimulatie door
dobutamine (een a l - en p-adrenerge stof) In een parallelle studie werden de
effecten van milrinon (een fosfodiesterase III-remmer) bepaald. Fosfodiesterase
III-remming resulteert in de remming van de afbraak van de intracellulaire
boodschapper cycliscli AMP (cAMP). Aldus wordt stimulatie van de P-adrenerge
receptor nagebootst zonder dat er een adrenerge receptor aan te pas komt. Het
collageengehalte werd morfometrisch bepaald door middel van meting van het
relatieve collageenoppervlak van de niet-geinfarceerde linker ventrikel. Na
infarcering bleek het collageengehalte significant verhoogd, hetgeen resultaten
van voorgaande studies bevestigt. De resultaten van de experimenten suggereren
dat adrenerge stimulatie d.m.v. dobutamine -mogelijk via al-adrenerge
receptoren- de structuur van het cardiale interstitium beinvloedt middels
additionele stimulatie van de DNA-synthese, maar geen invloed heeft op het
collageengehalte na een hartinfarct. Bij schijn-geopereerde dieren induceerde
dobutamine collageendepositie. Dit effect werd mogelijk ook gemedieerd door
a 1-receptoren, aangezien fosfodiesterase III- remming d.m.v. behandeling met
milrinon geen significant effect had. Voorts zou de collageendepositie bij infarct-
dieren reeds maximaal gestimuleerd kunnen zijn.

Het gebruik van sympathicolytische geneesmiddelen vonnt een belangrijk
onderdeel van de behandeling van hartfalen. In klinische onderzoeken zijn
gunstige effecten waargenomen van P-blokkerende medicijnen bij patienten met
hartfalen en/of een hartinfarct. Een van de verklaringen voor de verbetering van
het klinisch beloop vormt de onderdrukking van ritmestoornissen door p-
blokkade. Cardiale interstitiele fibrose wordt als een van de oorzaken van het
ontstaan van ritmestoornissen aangemerkt. Op grond van deze overwegingen en
de waarnemingen in hoofdstuk 5, waarin werd geopperd dat de (veronderstelde)
sympatische component in de regulering van de collageendepositie maximaal
geactiveerd zou kunnen zijn in het gebruikte model van hartfalen, zijn de
experimenten met sympathicolytica uitgevoerd zoals beschreven in hoofdstuk 6.
Uit deze experimenten kwam naar voren dat P-adrenerge blokkade met
propranolol geen effect had op de DNA-synthese en het collageengehalte 14
dagen na het induceren van een infarct. Hetzelfde gold voor de centraal werkende
sympathicolytica clonidine en moxonidine. Bij schijn-geopereerde dieren bleek
daarentegen het cardiale collageengehalte te zijn verhoogd na behandeling met
elk van de drie sympathicolytica.
Concluderend blijkt remming van de sympathicus geen meetbare invloed te
hebben op de fibrose in het niet-geinfarceerde deel van het hart. Waarschijnlijk



treedt activatie van het fibrotische proces in de vroege fase na een infarct op
onder invloed van andere dominante systemen. Al met al wijzen de resultaten van
de experimenten met diverse sympathicolytica erop dat het sympatisch
zenuwstelsel in de vroege fase na een infarct geen substantiele bijdrage levert aan
de regulering van de onderzochte interstitiele structuurveranderingen. - "

Ter afronding wordt in hoofdstuk 7 een beschouwing gegeven van de in
voorafgaande hoofdstukken gepresenteerde resultaten.
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