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ABSTRACT

Background: In hypertensive patients, high sodium intake not only increascs
blood pressure, and thus causes left ventricular hypertrophy, but also appears to increase
left ventricular hypertrophy independent of this increase in blood pressure. In both
normo- and hyper-tensive rats the hypertrophic effect of increased dictary sodium intake
on the heart has been established. High sodium intake increases left ventricular wall
thickness relative to internal diameter, resembling pressurc overload- rather than volume
overload-induced cardiac hypertrophy. How high dietary sodium induces cardiac
hypertrophy is still unknown, Several mechanisms have been postulated: Among others,
the sympathetic nervous system may play a role in dietary sodium-induced cardiac
hypertrophy through enhanced sensitivity to «,- or B-adrenoceptor stimulation.

Objective: To evaluate the role of e - or B-adrenoceptors in dictary sodium-
induced cardiac hypertrophy, we assessed 1) the effects of high sodium dict (8% NaCl)
on the responses of hearts isolated from young WKY rats to - or B-adrenergic
stimulation after 1, 2, or 6 weeks of high sodium intake and 2) the effects of high
sodium diet on responses of hearts isolated from young WKY rats after 2 weeks of high
sodium intake to o, or c,~adrenoceptor subtype stimulation.

Methods: The Langendorff technique was used to perfuse the isolated rat hearts
with Krebs-Henseleit buffer. This approach was used to minimize the factors and
variations which can occur in in vivo studies and which could influence cardiac responses.

Methoxamine in incremental concentrations ranging from 107 to 10* M was used

. . . . . .0 -
as a selective o;-agonist, isoproterenol in a concentration range from 10” to 107 M was



used as a non-selective B-agonist. Methoxamine (107 to 10" M) with 10°® M urapidil
(a,,-adrenoceptor blocker) was used to evaluate the responses 10 ¢,-adrenoceptor
stimulation, and methoxamine (107 to 10”° M) with 0.25*10° M chloroethylclonidine (cx,,-
adrenoceptor blocker) was used to evaluate the responses of the isolated hearts to «,-
adrenoceptor stimulation. Developed pressure, heart rate, and coronary flow of hearts
isolated from rats on a control or high sodium diet in respect to ay-, o~ oy, or B-
adrenergic stimulation have been used as indices for comparing the responses of the two
diet groups.

Results: 1) Cardiac hypertrophy: A significant increase in heart dry weight and
heart dry weight/body weight ratio occurred in the young WKY rats on high sodium
intake: 9%, 12%, and 15% hypertrophy occurred after 1, 2, and 6 weeks of high sodium
intake respectively.

2) o, and B-Adrenergic stimulation: Both methoxamine and isoproterenol evoked
significant increases in systolic pressure of isolated hearts, while only isoproterenol
significantly decreased diastolic pressure. ,-adrenergic stimulation mostly caused small
non-significant decreases in heart rate and small non-significant increases in coronary
{low, while-B-adrenoceptor stimulation significantly increased heart rate and coronary
flow. No significant differences between the two dietary groups were observed in respect
to the response of these parameters to o~ or B-adrenergic stimulation.

3) o, and o -adrenoceptor subtype stimulation: The e,-adrenoceptor blocker
urapidil inhibited 85% of the methoxamine-induced-increase in developed pressure. Ithad

no significant effect on the methoxamine-induced decreases in heart rate and prevented

11



the small methoxamine-induced increases in coronary flow of hearts isolated trom control
rats. Hearts isolated from high sodium treated rats showed an identical inhibition in
methoxamine-induced-increase in developed pressure and the small methoxamine-induced-
increase in coronary flow following o, ,-blockade. Unlike control hearts, methoxamine-
induced-decrease in heart rate of the isolated hearts was significantly augmented following
urapidil treatment in hearts from salt treated rats.

Pretreatment of the isolated hearts from control rats with the irreversible o),
adrenoceptors blocker chloroethylclonidine (CEC) inhibited 60% of methoxamine-induced-
increase in developed pressure. CEC treatment also significantly inhibited the small
methoxamine-induced-increases in coronary flow of hearts isolated from rats on a control
diet. This treatment had no significant effect on the methoxamine-induced, small decrease
in heart rate of control hearts. Hearts isolated from rats on high sodium dict showed
similar changes to control hearts in developed pressure, coronary flow and heart rate in
responses to methoxamine infusion following CEC, but tended to show smaller decreases
in heart rate following o,,-blockade compared with control hcarts. No significant
differences between the two diet groups subjected to CEC pretreatment were [ound.

Conclusions: Studies using methoxamine as an o,-agonist, as an ¢,,-adrenoceptor
agonist in the presence of CEC, or as an a,-adrenoceptor agonist in the presence of
urapidil or the use of isoproterenol as a non-selective B-agonist revealed no significant
differences in the sensitivity of ventricular e~ adrenoceptor subtypes or S-adrenoceptors
between hear:s from rats on a control or high sodium diet at any duration of feeding. A

possible effect of high sodium diet on atrial e~ or o;,-adrenoceptors is suggestive. The

i



unchanged ventricular contractile responses to o, or B-adrenoceptor stimulation in the
hypertrophied hearts suggest that changes in ventricular adrenergic receptors
responsiveness do not play a role in dietary sodium-induced left ventricular hypertrophy.
One can not exclude a dissociation of intracellular signals linked to «,- or B-adrenoceptors
associated with dictary sodium induced cardiac hypertrophy from those associated with

contractility.

iv
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INTRODUCTION

Part 1. The myocardium and Hypertrophy.

The myocardium comprises of many different cells, Cardiac myocytes
(cardiocytes), the larger of these cells occupy 75% of its structural space; although they
constitute only one third of the cell population. Other cells (the nonmyocytes) include
endothelial cells, vascular smooth muscle cells, cardiac fibroblasts, macrophages and mast
cells {Zak, 1973}. Soon after birth, ventricular myocytes lose the ability to undergo cell
division and as the heart grows and approaches maturity, myocardial cell enlargement
becomes the princ_iple process by which the heart as a whole enlarges. Under normal
conditions the half-life of most cardiac proteins is 4-10 days {Morano et al. 1988},
although collagen turnover rates are substantially longer {Karim et al. 1991}. When adult
ventricular myocardium is exposed to a growth stimulating factor, the ventricular
myocardium enlarges by hypertrophy caused by enhanced protein synthesis {Zak, 1973}.
In addition to this alteration in the rate of protein synthesis, cardiac hypertrophy may also
be associated with a different expression patterns of the ventricular isomyosins such as
myosin ATPase {Waspe et al. 1990; Gustafson et al. 1986}. Two sarcomeric myosin
heavy chain (MHC) isogenes, designated « and B are known to be expressed in cardiac
muscle. The proteins encoded by these genes associate in pairs with identical light chains
to form three myosin isoforms designated V, (ac), V, (af8), and V, (BB) in the order of
decreasing electrophoretic mobility and myosin ATPase activity (V, is associated with the
highest ATPase activity). In certain species, the relative proportions of myosin isoforms

vary during development. In rats for example, during the latter part of gestation, V,-
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myosin accounts for 80-90% of fetal ventricular myosin. After birth, a transition begins
between V; and V,, and by 3 weeks of age there is 100% V, {Morgan and Baker, 1991 }.
Myosin isoform shift may occur during hypertension, low sodium diet, treatment with B-
blockers {Sen and Young, 1986}, or in o/-adrenoceptor stimulation {Waspe et al. 1990}.

Left ventricular hypertrophy (LVH) can be either of concentric type which is
characterized by increased left ventricular wall thickness relative to internal diameter, a
pattern normally associated with pressure overload {De Simone et al. 1993} or it could
be of eccentric type which is associated with volume overload and characterized by an
increase in ventricular internal diameter relative to wall thickness {Tsoporis et al. 1989;
Ruzicka et al. 1993; Lavandero et al. 1993}. Cardiac hypertrophy involves a sequence
of events, including initiating signals (Extracellular Signals), coupling mechanisms

(Intracellular Signals), and Regulation of Gene Expression that can regulate and direct

protein synthesis which finally creates an increment in mass of the myocardium.

(A)  Extracellular Signals of Hypertrophy.

Cardiac hypertrophy usually follows an increase in work load that is imposed on
the heart as a result of Mechanical Factors, but, it can also be the result of the direct

effect of some Endocrine and Growth Factors or Neural Factors on cardiac myocytes.

A-I  Mechanical factors.
Increased mechanical load on the heart by volume or pressure overload is usually

associated with accelerated growth and cardiac hypertrophy. Volume overload imposed
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by aortic insufficiency {Gerova et al. 1993} or aortocaval shunt {Ruzicka et al. 1993;
Lavandero et al. 1993} produces a significant increase in heart weight and heart weight
to body weight ratio in rabbits and rats within 2 month after surgery. In normotensive
rats volume overload-induced cardiac hypertrophy has also been reported during long-term
treatment with arterial vasodilators {Tsoporis et al. 1989; Ruzicka et al. 1993}. In all
these cases eccentric left ventricular hypertrophy develops which indicates an increase in
ventricular diameter relative to wall thickness.

Pressure overload-induced cardiac hypertrophy develops in all models of human
hypertension such as the two-kidney, one clip (2K,1C) hypertension model { Lindpainter
and Sen, 1985; Gallo et al. 1990} in which hypertension is induced by renal arterial
narrowing without removal of the opposite kidney {Leenen and Myers, 1984}, in
spontaneously hypertensive rats (SHR), a genetic model of hypertension {Mertens et al.
1992}, coarctation of the abdominal aorta in normotensive rats {de la Bastie et al. 1990}.
The type of cardiac hypertrophy associated with pressure overload is mainly characterized

by an increase in left ventricular wall thickness rather than its diameter.

A-II  Endocrine and Growth factors.

A variety of growth factors such as insulin, endothelin, and others stimulate cell
growth {Schneider and Parker, 1990; Engelmann et al. 1989} and may play a role in the
development of cardiac hypertrophy. Serum from dogs with high-pressure induced
cardiac hypertrophy increased protein synthesis in an acceptor dog heart, indicating a

possible role for circulating growth factors in the development of cardiac hypertrophy

16



{Hommond et al. 1979}. The receptors for insulin and other peptide hormones that
regulate growth, differentiation, and development (e.g. epidermal growth factor, platelet-
derived growth factor and certain lymphokines) are frequently protein kinases that act by
phosphorylating target protein on tyrosine residues. Thyroid hormone may directly
mediate increased protein synthesis and development of cardiac hypertrophy.
Administration of triiodothyronine (T,) to rats induced metabolic and hemodynamic
changes and resulted in development of cardiac hypertrophy. B- or «-adrenoceptor
blockade reduced hemodynamic changes but had no effect on T,-induced cardiac
hypertrophy which supports a possible direct effect for this hormone on cardiac growth
{Zierhut and Zimmer, 1989}. T,-induced cardiac hypertrophy is also characterized by
increased myocardial content of V,-myosin while the synthesis of Vy-myosin is depressed.
Thyroid hormone can directly attach to a receptor on the nucleus, these receptors are
| soluble DNA-binding proteins, thus mediating or modulating transcriptional processes,
which can result in the regulation of specific genes. This hormone causes an
accumulation of c-myosin heavy chain mRNA and inhibits expression of B-myosin heavy
chain mRNA {Gustafson et al. 1986}. Angiotensin II (All) can stimulate cardiac growth
independent on hemodynamic changes. A possible direct growth effect of angiotensin 11
on the left ventricle has been demonstrated in the development of pressure overload- or
volume overload-induced cardiac hypertrophy {Baker et al. 1990; Ruzicka et al. 1993},
Furthermore, treating animals having abdominal coarctation with enalapril (an ACE
inhibitor) completely prevented LVH without changing carotid artery pressures {Baker ct

al. 1990}. In isolated cardiac myocytes, saralasin or losartan { All receptor blockers)
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completely inhibited or suppressed stretch-induced c-fos expression {Sadoshima et al.
1993}. In cardiovascular tissues, all components of the renin angiotensin system

( angiotensinogen, renin, angiotensin I, angiotensin converting enzyme [ACE], angiotensin
II, and angiotensin receptors) were found {Paul and Ganten, 1992} and a significant
increase in cardiac renin activity was associated with the development of volume or
pressure overload-induced cardiac hypertrophy {Schunkert et al. 1990; Ruzicka et al.
1993; Bore et al. 1994}. These trophic effects of AIl are mediated through the AT,

receptors { Dostal and Baker, 1992; Sadoshima and Izumo, 1993; Ruzicka et al. 1993}.

A-IlI  Neural factors.

Catecholamines have long been implicated in the pathogenesis of LVH {Gans and
Cater, 1970}. Chronic elevation of norepinephrine (NE) in conscious dogs for 28 days
{Stewart et al. 1992}, infusion of subhypertensive dose of NE in dogs {Chiba et al.
1989}, or constant intravenous infusion of NE in rats for 3 days {Zierhut and Zimmer
1989} all resulted in a various degree of cardiac hypertrophy. In vitro studies on isolated
myocytes from neonatal or adult rat hearts supported the in vivo studies and demonstrated
a clear trophic effect of catecholamines on these cells {Simpson et al. 1985; Schluter and
Piper 1992; Knowlton et al. 1993; Clark et al. 1993}. This trophic effect of NE could
be mediated through stimulation of B- or a-adrenergic receptors. Rats received a constant
intravenous infusion of norepinephrine for 3 days showed increased left ventricular weight
which was antagonized partially by the &,-blocker prazosin or the 8-blocker metoprolol

but it was prevented by simultaneous administration of both blockers {Zierhut and
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Zimmer, 1989}. In vivo daily injection of isoproterenol to the rats produced a cardiac
hypertrophy of about 15-20% {Leenen and Harmsen, 1991}. However, in contrast to
these in vivo studies, treatment of isolated ventricular cardiomyocytes from adult rats with
I or 10 uM isoproterenol did not stimulate protein synthesis {Schiuter and Piper, 1992},
In addition, in these isolated cells NE-induced acceleration in protein synthesis was not
inhibited by B-adrenergic blockade {Meidell et al. 1986}. Similar results were obtained
using neonatal rat heart muscle cells {Simpson, 1985; Meidell et al. 1986}. Due to the
varied hemodynamic effects induced by catecholamines in vivo, it is difficult to implicate
them with certainty in the pathogenesis of left ventricular hypertrophy. This inconsistency
in the results betv&een the in vivo and in vitro studies makes the role of B-adrenoceptor
stimulation in cardiac hypertrophy unclear.

a-adrenergic stimulation has been reported to play an important role in the
development of cardiac hypertrophy. Cardiac ¢ ,-adrenoceptors may be involved in the
induction of embryonic gene expression in ventricular cell hypertrophy, whereas o,-
adrenoceptors mediate positive inotropic effects in rat heart {Michel et al. 1990}, In
cultured neonatal rat cardiomyocytes different o -agonists such as norepinephrine,
phenylephrine, or methoxamine increased myocyte surface area and cell protein content
{Simpson, 1985; Meidell et al. 1986}. Similar results has been reported in adult (8-10
weeks old) rat ventricular cells {lkeda et al. 1991; Schluter and Piper 1992}, This
hypertrophy in culture of neonatal rat heart muscle cells was associated with a selective
increase in the cellular levels of B-myosin heavy chain and the V, (B8} isoform became

predominant {Waspe et al. 1990}. It was also associated with an increase in myofibrillar
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protein synthesis without an effect on protein degradation {Meidell et al. 1986}, and an
increase in ANF expression {Sei et al. 1991}. Pharmacological and receptor cloning
studies have demonstrated the existence of at least three «-adrenoceptor subtypes
{Lomasney et al 1991; Michel et al. 1992}, and in rats co-existence of o~ and a,,-
adrenoceptors in the myocardium has been demonstrated {Kinami et al. 1992} in a ratio
of an approximately 20:80 in adult rat {Hanft et al. 1989; Michel et al. 1994} and 35:65
in neonate rats {Knowlton et al. 1993}, These two subtypes of @,-adrenoceptors can be
distinguished on the basis of their sensitivity toward selective antagonists {Kinami et al.
1992}. The a,-subtype has a higher affinity than the o -subtype for the agonist urapidil
and some of its derivatives which are substituted at the 5-position of the uracil moiety
{Hanft and Gross 1989}, for the agonist, 2-(2,6-dimethoxyphenoxyethyl)-amino-methyl-
1,4-benzodioxane (WB-4101), or for the novel prazosin derivative SZL-49 {Minneman,
1988 }. The a),-subtype is irreversibly alkylated by chloroethylclonidin (CEC) {Han et
al. 1987; Minneman et al. 1988}.

Recent studies have reported that o,-adrenoceptor mediated hypertrophic effects
are linked to the stimulation of ¢,,-adrenoceptor subtype {Simpson et al. 1990}. In
cultured neonatal rat cardiomyocytes, the ¢ -adrenergic agonist phenylephrine increased
cell size, ANF expression and protein synthesis. These effects were inhibited by WB-
4101, an «,-adrenoceptor antagonist but not by the o« -adrenoceptor blocker CEC
{Knowlton et al. 1993}. Niguldipine, another e,-antagonist in low concentration
inhibited the transcriptional activation of ANF-Luciferase gene expression {(a marker for

embryonic gene expression associated with the hypertrophic response) induced by NE in
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the presence of propranclol {Michel et al. 1990}.
All the above mentioned factors (Mechanical, Endocrine, Growth, and Neural)
exert their effects mostly on the cellular membrane, but some on nuclear receptors

resulting in generation of a wide range of intracellular mechanisms or signals of

cardiac hypertrophy.

(B) Intracellular Mechanisms of Hypertrophy.

Protein synthesis and hence hypertrophy can be mediated by several intracellular
signals that may be activated as a resuit of cell-deformation induced by diastolic wall
stress (i.e. volume overload) or systolic wall stress (i.e. pressure overload), or it could be

the result of a hormone-, growth factor- or neurotransmitter- receptor interaction.

B-l  Cell Deformation-related Intracellular Signals.

Cellular stretch or stress may modify protein synthesis by modifying the
intracellular contents of different signalling compounds, including Na’, Ca**, H', cyclic
adenosine 3, 5-monophosphate (¢cAMP), and inositol phosphates which are normally
involved in the process of protein synthesis. Stretching of the myocytes induces increase
in Na* influx {Bustamante et al. 1991}, increase in Ca® influx {Watson et al. 1989},
stimulation of Na* / H" exchange {Schwartz et al. 1990}, raising cAMP content
{Xenophontos et al. 1989; Watson et al. 1989}, and stimulation of phosphatidylinositol
turnover {Harsdorf et al. 1988; Harsdorf et al. 1989}. Increased Na' influx may stimulate

protein synthesis as a result of increased intracellular levels of Na® {Kent et al. 1989},
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increased intracellular pH {Fuller et al 1990}, or probably through a secondary increase
in myoplasmic Ca* caused by enhanced Na'-Ca®" exchanger expression {Kent et al.
1993}, Increased intracellular Ca®* levels could augment protein synthesis via Ca** /
calmodulin-dependent kinases or PKC that activate a variety of proteins some of which
might act as transcription factors {Marban and Koretsune 1990}. Stimulation of Na*/ H"
exchange increases intracellular pH with an increase in protein synthesis {Gaitanaki et al.
1990}.

Cell deformation-induced elevated levels of cAMP may increase intracellular Ca**
levels and activate protein kinase A (PKA) {Krebs, 1989} both of which may play a role
in phosphorylation of transcription factors. The phosphatidylinositol turnover pathway
involves receptor stimulation of phospholipase C, which selectively cleaves a plasma
membrane lipid, phosphatidylinositol-4,5(bis)phosphate (IP,). This cleavage generatestwo
biologically active intracellular messengers, 1,2-diacylglycerol (DAG) and inositol-
1,4,5(tris)phosphate (IP,). DAG stimulates the membrane-bound, phospholipid-dependent,
calcium-dependent protein kinase C (PKC), while IP; can increase intracellular free
calcium from intra- and extra-cellular sources {Berridge and Irvine 1989}, Activation of
PKC could lead to phosphorylation of one or more of transcription factor(s) {Terzic et
al. 1993}. PKC can also activate the Na" / H* exchanger { Otani et al. 1990} resulting
in an increased H' efflux with a concomitant increase in the intracellular pH. This latter

condition might increase protein synthesis {Cooper IV et al. 1989}.
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B-1I  Endocrine, Growth factors, and Neural control of cardiac Hypertrophy.

Interaction of a hormone, growth factor or neurotransmitter with appropriate
receptors generates several intracellular signals. Thyroid hormones can dircctly attach
to a receptor on the nucleus. The resultant receptor internalization could promote
interaction with regulatory sites on DNA, thus modifying and stimulating protein
synthesis. {Dzau et al. 1988; Morgan and Baker 1991}. Stimulation of tyrosine kinase
coupled receptors by growth factors ( e.g., the insulin or heparin receptor ) can activate
several target proteins. This target protein may be an enzyme, a regulatory protein, or
structural protein, but phosphorylation is assumed to alter their individual activities
{Yarden and Ullrich 1988} which can stimulate or modify protein synthesis directly.
Furthermore, these activated kinases influence phosphoinositol lipase, and so enhance IP,
and DAG formation {Simpson, 1989}. The potential mediators of angiotensin 11 or
endothelin signal transduction include IP; and DAG {Morgan and Baker, 1991}, however
angiotensin II may directly attach to a receptor on the nucleus {Dzau et al, 1988},

The biological expression of the sympathetic activity depends mainly on the
effectiveness of the adrenergic receptors to receive and transfer the neuronal signal to the
effector cell. This information is transferred in the cardiac tissue through o- and B-
adrenergic receptors, which mediate hypertrophic sympathetic effect as well as the other
effects (e.g.inotropic and chronotropic effects). The B-adrenergic effects (B, or B,) are
mediated through activation of adenylate cyclase {Brodde, 1988} leading to the formation
of cAMP with an increase in intracellular Ca** levels and an activation of PKA {Krebs,

1989}. The elevated intracellular levels of all these signals, as discussed earlier, may play
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a role in the development of cardiac hypertrophy.

Stimulation of «;-adrenergic receptors generates a wide variety of intracellular
signals. Previous classifications for ,-adrenoceptors have coupled the o,-adrenoceptor
subtype to the formation of inositol phosphates and release of intracellular Ca* from
intracellular sources; whereas, the o,,-adrenoceptors have been coupled to Ca® influx
from extracellular sources {Minneman, 1988}. More recent data demonstrated a positive
correlation between o ,-adrenoceptor stimulation and inositol phosphate accumulation
{ Wilson and Minneman, 1990; del Balzo et al. 1990; Knowiton et al. 1993}, Wilson and
Minneman {1990} showed different patterns of inositolphosphate formation in response
to o, (in rat renal cells which contain 60% «,, receptor subtype) and «,,, (rat hepatocytes)
receptor activation. Omitting Ca®* from the incubation buffer did not affect NE-stimulated
[*H]InsP accumulation in hepatocytes but reduced the effect of NE in renal cells by 60%.
The authors suggested that ¢, subtype may selectively activate a Ca’'-insensitive
phospholipase C, while activation of «,, subtype may involve a Ca® influx-stimulated
hydrolysis of PI (rather than PIP,). The influx of Ca*" could be at least partly via
voltage-operated channels {Michel et al. 1994}. Increased levels of both Ca** or IP, may

have a significant role in hypertrophic processes.

(C) Recpulation of Gene Expression

The increased levels or activity of the intracellular signals can lead to the
activation of several transcription factors that can promote gene expression. Enhanced

gene expression includes sequences coding for (but not limited to) proto-oncogenes. The
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proteins encoded by these proto-oncogenes have very different structure. For example,
some exhibit G-protein-like structures, such as the ras family or have been shown to be
functioning as protein kinases, such as the src or raf oncogenes, or as nuclear proteins that
interact with DNA to induce transcription, such as ¢-fos, c-jun, and ¢-myc {Morgan and
Baker, 1991}. Some of these proto-oncogenes such as c-fos, c-mye, and c-ras are known
to be involved in cardiovascular hypertrophy {Kolbeck et al. 1993}. Infusion of NE,
increasing afterload, or increasing preload in isolated working rat heart induced a fivefold,
a threefold, and a twofold increase of c-fos mRNA respectively after 30 min of the
application of the trophic stimulus {Kolbeck et al. 1993}. Mechanical loading may
directly regulate gene transcription without the participation of humoral factors {Komuro
etal. 1990}. The products of these proto-oncogenes can further regulate protein synthesis
by enhancing the rate of a normal protein synthesis or promoting a new protein synthesis

resulting in myocyte hypertrophy {Morgan and Baker, 1991}.

Part 2. Functional Responses to «;- or 8-Adrenoceptor Stimulation,
(A) Inotropic Responses

Stimulation of a,,- or o -adrenoceptor subtype produces positive inotropic effects
{Hanft and Gross, 1989; Michel et al. 1994}. This positive inotropy is not mediated by
an increase in adenyl cyclase activity {Rabinowitz et al. 1975; Schwartz and Malik, 1991}
or inhibition of Na* / K* pump {Williamson et al. 1993} rather, it could be explained by
influx of extracellular Ca?* {Minneman, 1988} by action potential prolongation {Fedida

and Buuchard, 1992} or via voltage-operated channels {Michel et al. 1994}, an increase
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in 1,4,5-IP; and 1,3,4,5-1P, {Schmitz et al. 1989}, or an increase in myofilament calcium
sensitivity {Schmitz et al. 1989; Puceat et al. 1990}. The positive inotropic effect
produced by stimulation of e,-adrenoceptor may be mediated through an increase in IP,
and 1P, {Minneman, 1988; Wilson and Minneman, 1990}, while the ay,-adrenoceptor
subtype mediated positive inotropy may be linked to influx of Ca** {Minneman, 1988;
Tsujimoto et al. 1989} at least partly via voltage-channels {Michel et al. 1994} as well
as stimulation of IP, formation {Wilson and Minneman, 1990; Del Balzo et al. 1990;
Knowlton et al. 1993}.

Several studies have reported that §,- and 8,-adrenergic receptors are present in
a ratio of 70:30 in the ventricular myocardium {Brodde, 1988; Borea et al. 1992; Brodde,
1991}. Stimulation of cardiac S-adrenoceptors produce positive inotropic effect through
coupling to adenylate cyclase and subsequent increases in the level of cAMP {Brodde,
1988} and in the intracellular levels of Ca** {Krebs, 1989}.

Figure 1. represents possible pathways for both cell hypertrophy and contraction
through stimulation of a;- or -adrenoceptors. Stimulation of «,-adrenoceptors stimulate
PLC which increases the level of IP, and DAG with subsequent increases in the levels of
Ca* and PKC. PKC can phosphorylate several transcriptional factors that may direct
protein synthesis. Stimulation of 8-adrenoceptors increase the level of intracellular Ca®*
as well as PKA., The elevated level of intracellular Ca* (due to ;- or B-adrenergic
stimulation) may also activate different kinases which in term may activate several
transcription factors that can regulate protein synthesis.

In the myocardium contractility is triggered by Ca**-induced Ca® release from
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Figure 1.
Diagrammatic representation for the possible pathways for cell hypertrophy and

contraction linked to ;- or B-adrenergic receptors.
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sarcoplasmic reticulum. Tropomyosin at rest is located in the groove that runs along both
sides of the double-stranded F-actin polymer in the thin filament of the sarcomere.
Contraction is initiated when Ca®" binds to troponin C causing tropomyosin to shift toward
the centre of the groove thus allowing physical and chemical interactions to develop
between the myosin cross-bridges of the thick filament and the active sites of actin in the
thin filament {Katz, 1977}.

From this diagram it is apparent that measurement of rates of protein synthesis
induced by o~ or B-adrenergic stirnulation in cardiac myocytes or in isolated rat hearts
is the most optimal approach to investigate the role of adrenergic receptors in cardiac
hypertrophy.  Measurement of functional responses of the isolated hearts have been

investigated since both pathways are initiated through stimulation of the same receptors.
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(B) Chronotropic Responses.

In contrast with many other positive inotropic agents, a,-adrenoceptor agonists
produce positive inotropic effect without tachycardia {Terzic et al. 1993}.
Autoradiography demonstrated the presence of «;-adrenoceptors in the conducting system
of the rat heart {Saito et al. 1994}. «,-adrenergic agonists may increase or decrease the
automaticity of isolated Purkinje fibres depending on the stage of development and on the
specific subset of fibres {Terzic et al. 1993}. 50% of adult canine Purkinjc fibres
manifested a decrease, and 50% manifested an increase in automaticity in response to o,-
adrenergic stimulation with NE. In contrasts, most neonatal Purkinje fibres showed an
increase in automaticity in response to the same concentration of NE {del Balzo et al.
1990}. In another study, phenylephrine induced a significant increase in automatic
beating rate in neonate rat ventricle, however it significantly decreased the rate in adult
rat ventricle {Drugge et al. 1985; Han et al. 1989}. The chronotropic effect of «-
adrenergic stimulation depends on maturation of cardiac sympathetic innervation {Drugge
et al. 1985} and the presence of a pertussis toxin (PT)-sensitive G protein {Han et al.
1989}. Addition of sympathetic neurons to cultured neonatal myocardial cells converted
the response to the oj,-agonist phenylephrine from an increase to a decrease in
automaticity {Drugge et al. 1985}, Neonatal heart is poorly innervated by cardiac
sympathetic nerves {Lipp and Rudoiph, 1982}, therefore, the rapid postnatal development
of innervation might modulate the chronotropic response to a,-adrenergic stimulation
{Reder et al. 1984}. PT treatment also modulates the chronotropic responses to e~

adrenergic stimulation. Inter-ventricular septa prepared from neonatal rat hearts showed

29



an increase in beating rate in response to phenylephrine in both control and PT-treated
groups. Septa from adult rat hearts (controls) showed a significant decrease in beating
rate in response to phenylephrine whereas, PT-treated adult septa exhibited an increase in
ratc {Han ct al. 1989}. del Balzo et al. {1990} demonstrated that the o,-adrenoceptor
subtype is linked to positive chronotropy via a PT-insensitive G protein, while the -
subtype is linked to a decrease in automaticity via a PT-sensitive G protein. The ratio of
o,,~/op-adrenoceptors in the neonate rats is 35/65 {Knowlton et al. 1993} and in the adult
rat heart it is 20/80 {Michel et al. 1994}. Since the newborn rat heart contains a high
proportion of o-adrenoceptors (linked to PT-insensitive G protein) and it is poorly
innervated by cardiac sympathetic nerves, an explanation for the ontogenic changes in the
a,-adrenergic effect on the chronotropic response from excitation (in newborn) to
inhibition (in adult) {Drugge et al. 1985} can be provided. «y,-adrenoceptor-mediated
stimulation of Na'/K' pump current in adult rat heart {Williamson et al. 1993} may link
the suppression of automaticity to this subtype of o,-adrenergic receptors {Terzic et al.
1993}, while inositol phosphate accumulation may account for the increase in automaticity
tripgered by a,-adrenoceptor stimulation. {del Balzo et al. 1990}. It is worth to mention
that the density of o-adrenergic receptors varies with species. Rat and rabbit myocardia
possess a high density of a-adrenergic-binding sites when compared with other species

{Steinfath et al. 1992}.
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Part 3. Dietary Sodium and Left Ventricular Hypertrophy.

The role of a high sodium intake in aggravating hypertension has been extensively
demonstrated {Sullivan et al. 1980; Toal and Leenen 1983; Mervaala et al. 1992; De
Simone et al. 1993; Colhoun et al. 1994}. Recent investigations have suggested a role
for sodium as a potential modulator of myocardial hypertrophy independent of increased
pressure load. Several studies have been conducted in hypertensive humans { Schmieder
et al. 1988; Du Cailar et al. 1990; Heimann et al. 1991; Du Cailar et al. 1992}, and
animals {Pfeffer et al. 1984; Sen and Young 1986; Leenen and Yuan 1992} as well as
normotensive subjects {Du Cailar et al. 1992} and rats {Meggs et al. 1988; Kihara et al.
1985; Fields et al. 1991; Yuan and Leenen, 1991; Mervaala et al. 1992} and several
mechanisms have been postulated for the trophic effect of high sodium diet {Yuan and
Leenen, 1991; Heimann et al. 1991; Harmsen and Leenen, 1992}, Analysis of the data
of these studies allowed the postulation of a hypothesis that sodium may modulate
hypertrophic responses in myocardial tissues through an enhanced sensitivity to adrenergic

stimulation. This hypothesis was examined in the present investigation.

(A) Human studies.

A-I Hypertensive patients: In hypertensive patients dietary sodium as assessed by 24-h
urinary sodium excretion, was a strong predictor of structural cardiac adaptation in
patients with essential hypertension {Schmieder et al. 1988; Du Cailar et al. 1990; Du
Cailar et al. 1992}. This structural adaptation was independent of other variables, such

as resting systolic or diastolic pressures, body mass index, age, or sex. Therefore they
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concluded that dietary sodium is a BP-independent and strong determinant of the degree
of myocardial hypertrophy. Assessment of salt-sensitivity in essential hypertensive
patients submitted to a low-salt and a high-salt diet for 7 days revealed a higher LV
weight in salt-sensitive than the salt-resistant patients {Heimann et al. 1991}. In these
studies urinary sodium excretion (mmol/24 h) was positively correlated with most of left
ventricular parameters such as posterior wall thickness, relative wall thickness, and LV

mass.

A-II Normotensive subjects : Not much has been reported about the influence of high
sodium intake on LV mass in normotensive subjects. The study of Du Cailar
demonstrated a positive correlation between the 24-h urinary sodium excretion and LV
mass index as assessed by echocardiography performed next day of the sample collection
{Du Cailar et al. 1992}. In these normotensive subjects, urinary sodium excretion was
also positively correlated with LV diastolic internal diameter, therefore the authors
suggested that the increase in LV mass may be through a change in LV chamber size via

modification of preload.

(B)  Animal studies.

Rats have been by far the most commonly used experimental animals for dietary
sodium studies. Rat models of human hypertension most frequently used for these
purposes are: (1) the Dahl salt-sensitive (DS) and salt-resistant (DR) rats; (2) DOCA-salt

(deoxycorticosterone acetate) loading in genetically normotensive rats; (3) the two-kidney
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one clip (2K,1C) model of Goldblatt renal hypertension; and (4) the Okamoto-Aoki
spontaneous hypertensive rats (SHR) or its stroke-prone variant (SHRSP) exposed to
either salt-loaded food or to DOCA-salt treatment {Folkow and Ely, 1987}. Wistar-Kyoto

(WKY), Wistar, and DR rats are the most common strains of normotensive rats being

used in such studies.

B-I Hypertensive animals: DS rats kept on 0.4%, 4%, or 8% NaCl diet showed greater
LV weights than those of the DR rats by 14%, 32%, and 54% respectively. In this animal
model, there was a positive correlation between elevation in mean arterial pressure, LVH
and the sodium content of the diet of these rats {Pfeffer et al. 1984}, Same results were
demonstrated in the 1K,1C model of renal hypertension {De Simone et al. 1993}, while
in the 2K, 1C model of renal hypertension low sodium diet for 4 weeks decreased and high
sodium diet increased heart weight despite lack of a significant effect on blood pressure
{Lindpainter and Sen, 1985 ; Wilczynski et al. 1992; De Simone et al. 1993}, SHR kept
on 2% NaCl for 12 weeks showed a significant increase in LV wall thickness with no
significant increase in mean arterial pressure or LV mass {Leenen and Yuan, 1992}.
These studies indicate that dietary sodium-induced LVH in these animal models are likely
due , at least in part, to the role of sodium in influencing blood pressure but may also

reflect additional nonhemodynamic effects of sodium on the heart.

B-II Normotensive animals : WKY rats kept on 1% NaCl as drinking water for 7 months

(from 3 to 10 month of age) showed an increase of about 15% in heart weight compared
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with control although there was no difference between the salt treated and control groups
in BP or body weight {Kihara et al. 1985}. Similar results were obtained by other groups
{Meggs et al. 1988; Fields et al. 1991; Yuan and Leenen, 1991; Mervaala et al. 1992},
Fields et al. {1991} also reported that the increase in LV weight in young rats was
associated with an increase in wall thickness but not in internal diameter, a characteristic
of concentric hypertrophy. Moreover, the trophic effect of dietary sodium was found to
be strain, age, sodium content {Yuan and Leenen, 1991}, and time dependent {Yuan and
Leenen, 1991; Fields et al. 1991}. Young WKY rats kept on high sodium diet (1,370
pmol N*/g food) from 4 to 8 week of age increased LV weight by 25%, Wistar rats
increased cardiac Qeight by 14%, while in DR rats no increase in cardiac weight occurred
despite of the similarity in age and duration of high salt intake, The increase in LV
weight was found to be only 10% when 9 weeks old Wistar rats kept on high salt diet for
4 weeks and LV weight was unaffected when the high sodium intake was started at 26
weeks of age. Also, the young 4-weeks old WKY rats increased LV mass in a dose-
related fashion in response to increased sodium intake (342 umol Na'/g food or 1,370
pmol Na'/g food), whereas 10-weeks old WKY rats did not show a response despite a
longer exposure. 1% saline in drinking water for 3 weeks induced 10% LVH in young
Wistar rats which increased to 19% after 6 weeks of treatment {Fields et al. 1991}
suggesting a positive correlation between duration of treatment and the degree of resultant
hypertrophy. The source of the animals as well as diet may also affect the degree of
sodium-induced cardiac hypertrophy. 10 weeks old WKY rats did not develop cardiac

hypertrophy despite of long exposure to high sodium intake (Yuan and Leenen, 1991},
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however 9 weeks old WKY rats obtained from a different source and fed on diet from a
different source too, developed 22% hypertrophy after 8 weeks of high sodium intake
{Mervaala et al. 1992}. In most of the studies, no significant increase in right ventricle
weight has been demonstrated {Kihara et al. 1985; Fields et al. 1991; Yuan and Leenen,
1991} in sodium-induced cardiac hypertrophy. The results of these studies show that
dietary sodium can exert a clear trophic effect on the myocardium. The pathogenic
mechanism linking high sodium diet to cardiac hypertrophy remains unknown. Several

possible mechanisms could be involved in this trophic effect of dietary sodium.

Part 4. Possible Mechanisms of Dietary Sodium-Induced Left Ventricular
Hypertrophy in Normotensive rats.

Dietary sodium affects several systems which could explain its trophic effects on
the heart.

(A) Hemodynamic changes.

As discussed earlier, increased pressure or volume overload could increase protein
synthesis and causes hypertrophy. However, no significant changes in blood pressure
preceding high sodium diet-induced cardiac hypertrophy have been reported in
normotensive rats kept for periods ranging from 4 weeks to 7 months on high sodium diet
{Kihara et al. 1985; Meggs et al. 1988; Fields et al. 1991; Yuan and Leenen, 1991; De
Simone et al. 1993}. The basal heart rate was also found to be unaltered in young,
mature, or old age WKY rats placed on high sodium diet for 4-5 weeks {Huang and

Leenen, 1992}. It must be realized, though that the hemodynamic variables were
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measured during day time. It is well known that rats are mostly resting or asleep in
daytime contrast to the nighttime when eating and drinking activities of the rats are at
maximum. In WKY rats, high sodium intake for 2 weeks increased nighttime but not
daytime mean arterial pressure by about 3 mmHg (1051 versus 102+1 mmHg, WKY 8%
versus WKY 1% during the 6 PM to midnight period) from the second day of high salt
intake and continued throughout the experimental period with no net effect on 24-hour
mean arterial pressure {Calhoun et al. 1994}. SHR showed a significant increases in both
nighttime and daytime mean arterial pressure during high salt exposure {Ely et al. 1991;
Calhoun et al. 1994}, The study of Ely et al. {1989} on SHR and WKY rats
demonstrated that there is a short but significant increase in blood pressure (by about 25-
30 mmHg) during each water drinking period. Rats kept on high salt diet drink up to 4
times more water compared with rats on normal diet { Fields et al. 1991; Yuan and
Leenen, 1991}. Therefore, it is possible that the salt-induced increase in drinking which
is mostly at nighttime, is responsible for the elevated nighttime mean arterial pressure.
It is unlikely, however that this small increase in nighttime mean arterial pressure is
responsible for cardiac hypertrophy induced by high sodium intake.

Cardiac volume overload also dose not appear to be responsible for sodium-
induced cardiac hypertrophy. No increases in cardiac filling pressures or in cardiac output
were associated with the development of left ventricular hypertrophy in WKY or Wistar
rats kept on high sodium diet {Yuan and Leenen, 1991} or in Wistar rats receiving 0.9%
saline {Fields et al. 1991}. Moreover, cardiac volume overload also causes right

ventricular hypertrophy {Tsoporis et al. 1989}. In contrast, increases in right ventricular
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weight by high sodium intake were not significant {Fields et al. 1991; Yuan and Leenen,
1991} and the hypertrophy caused by high sodium diet in normotensive rats represents
concentric LV hypertrophy {Fields et al. 1991; De Simone et al. 1993} and not eccentric
type which is associated with volume overload {Tsoporis et al. 1989}. Ely et al. {1989}
demonstrated that, the high sodium-water intakes in high sodium treated SHR or WKY
rats the increased volume was eliminated as urine within 20-30 min. Only the study of
Du Cailar et al. {1992} in normotensive subjects suggests that the impact of sodium on

LV mass in these subjects may be through a change in LV chamber size.

(B) Increased Sympathetic Activity.

It has been suggested that the trophic effects of high dietary sodium may involve
changes in sympathetic neuroeffector mechanisms {Meggs et al. 1988}. Cardiac
| sympathetic activity may be evaluated by measuring catecholamine turnover rates.
Catecholamine turnover is affected by sympathetic firing rate, presynaptic modulation, and
reuptake and represents the amount of transmitter available to the receptors per unit time.
Normotensive rats kept on high sodium diet for 6 or 8 weeks showed decreased
myocardial NE concentration (ng/g) {Meggs et al. 1988; Mervaala et al. 1992}. 2K,IC
renal hypertensive rats, regression of myocardial hypertrophy in hypertensive salt-
restricted rats was accompanied by a significant increase in cardiac NE concentration
(ng/g) and content (ng/heart) to values of normotensive controls {Lindpaintner and Sen,
1985}. The decreased myocardial levels of NE after high sodium intake might have

resulted from increased release or decreased reuptake or both, of the neurotransmitter into
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the sympathetic nerve endings. However, NE turnover rate was not increased in young
rats after high sodium intake for 4 weeks {Yuan and Leenen, 1991}. It must be realized
though, that NE turnover rate was measured during daytime which does not necessarily
reflect the nighttime cardiac sympathetic activity when the rats are active and feeding.
In addition, NE turnover rate was measured after 4 weeks of high salt intake. It is
therefore possible that increased adrenergic transmitter release may have occurred during
the initial days after increasing sodium intake, contributing early on to the trophic effect
of dietary sodium. For this reason it is essential to measure cardiac catecholamine
turnover rate during nighttime and during initial 1-2 weeks of high salt intake.

Effects of high salt loading on plasma NE concentration have been extensively
demonstrated. In normotensive subjects high sodium intake significantly decreased and
low sodium diet caused a significant increase in plasma NE concentration {Luft et al.
1979; Fraser et al. 1981; Rankin et al. 1981; Egan et al. 1991}. Chronic sodium depletion
in dogs for 3 weeks resulted in a 76% rise in plasma NE concentration {Brosnihan et al.
1981}, In WKY rats, Dietz et al. {1982} reported that plasma NE levels tended to be
lower in sodium loaded WKY rats as compared to their controls, other studies reported
that there is no change in plasma NE after high sodium intake {Ely et al. 1989; Fields et

al. 1991},

(C) Increased Sensitivity for Adrenergic Stimulation,
Dietary sodium may increase the sensitivity of the heart to catecholamines by

affecting the density (B,,,) or affinity (K,) of e|- or B-adrenergic receptors (effects at the
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receptor levels), or by enhancing responsiveness to adrenergic receptor stimulation (post-
receptor events). Normotensive Wistar rats kept on high sodium diet showed an increased
density but reduced affinity of myocardial o|-adrenoceptors {Meggs et al. 1988}. The
authors suggest that the reduced affinity of the receptors for radiolabelled antagonist
"“IBE 2254 may be due to an alteration in the recognition unit possibly because of the
synthesis of a variant form of the receptor or a change in receptor conformation induced
by hypertrophic process. A significant increase in cardiac B-adrenergic receptors number
was also observed in normotensive rats after high sodium intake {Gallo et al. 1990}.
Upregulation of o,-adrenoceptors after high sodium intake in normotensive WKY rats was
accompanied by &ecreased myocardial NE concentration {Meggs et al. 1988}. High
sodium intake in normotensive subjects also produced significantly greater pressor
response to NE infusion compared with controls {Rankin et al. 1981; Egan ct al. 1991},
On the other hand chronic sodium depletion in dogs for 3 weeks significantly attenuated
the pressor response to NE infusion {Brosnihan et al. 1981}. Fraser et al. {1981} found
that, in normotensive male volunteers high sodium diet significantly increased the density
of B-adrenoceptor in white cells. This increase in B-adrenoceptor density in white cells
was reciprocally related to circulating catecholamine concentration and was directly
correlated to cardiac sensitivity to isoproterenol. In another study the increased affinity
of white cell B-adrenoceptors after high sodium intake was directly correlated to B-
receptor-mediated vasodilatation and reciprocally related to circulating catecholamine
concentration {Naslund et al. 1990}. These studies suggest a possible effect of high

sodium diet at the level of adrenergic receptors.

39



It is also possible that high dietary sodium may produce its trophic effects by
modulating post receptor events. Heart tissue isolated from unilaterally nephrectomized,
DOCA-saline treated rats showed a significant increase in basal inositol phosphate
production as well as when stimulated with NE compared with controls (given tap water
to drink). The density of a,-adrenoceptors in DOCA-saline treated rats was similar to,
and the affinity was significantly lower than that of controls {Eid and De Champlain,
1988}. These results show a clear dissociation between the NE activation of the PI
pathway and the number or affinity of &,,-adrenoceptors in the heart, which suggests an
increased responsiveness to the stimulation of e -adrenergic receptors via post receptor
events. However, it should be pointed out that this study was conducted on hypertensive

rats which may not reflect the mechanisms in normotensive rats.

(D) Activation of certain Growth factors.

It is possible that high sodium diet may stimulate certain growth factors such as
angiotensin II (AII) which in term ,as discussed earlier, can stimulate cardiac growth. In
normotensive subjects, 1 week of low salt diet (20 mmol sodium/day) increased, and 1
week of high salt diet (300 mmol sodium/day) decreased plasma renin activity (PRA)
respectively {Overlack et al. 1993}. Young Wistar rats kept on high sodium diet (4%
NaCl) showed a decreased plasma renin activity {Buttrick et al. 1993; De Simone et al.
1993}. PRA was also inversely related to the content of sodium in diet in the 2K,1C and
IK,1C renal hypertension model {De Simone et al. 1993}. The results of these studies

make this pathway (contribution of PRA) less likely., However, the contribution of
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cardiac renin-angiotensin system (RAS) should not be excluded. In DS rats, 8% NaCl
diet significantly reduced the expression of angiotensinogen ( precursor of All ) mRNA
in the LV of these rats {Peeler et al. 1991}. Angiotensin converting enzyme inhibitors
(ACEI) failed to inhibit high sodium-induced cardiac hypertrophy in DS rats or SHR
{Peeler et al. 1991; Harrap et al. 1993}. Therefore, it is apparent from these studies that
the contribution of cardiac RAS to sodium induced LVH is less likely.

It is also unlikely that sodium induces LVH through stimulation of triiodothyronine
(T,) because of the different expression patterns of the ventricular isomysins V, and V,
associated with each case. Under the influence of T; the rat myocardial content of V,-
myosin is elevated and the synthesis of V,-myosin is depressed {Gustafson et al. 1986}.
Low sodium diet increased V, and deceased V, in normal Wistar rats {Sen and Young,
1986}. Moreover, measurement of serum T, levels in young Wistar rats kept on 0%
NaCl, 0.4% NaCl, or 4% NaCl diet for 6 weeks revealed identical values in all the three
groups despite the elevation of a-to-B-myosin heavy chain mRNA ratio in the low sodium
diet group {Buttrick et al. 1993}. The data of these studies suggest an identical role of
low sodium diet and thyroid hormones on myosin isozyme shift, probably by different

mechanisms and this makes the association of T, with high sodium diet is less likely.

(E) Increased Myocardial Sodium Influx.

High sodium diet increased and low sodium diet decreased plasma concentration
of Na* by about 2% {Sullivan et al. 1980 ; Brosnihan et al. 1981}. In cerebrospinal fluid,

a transient increase in Na® concentration was observed in rats at day 1 and 3 of 8% NaCl
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intake but not thereafter {Mozaffari et al. 1990}. It is possible that high sodium diet
might increase sodium concentration in a similar way in the interstitium of the heart
which could result in an increased sodium influx. If so, then an enhanced protein
synthesis would be expected as a result of increased intracellular levels of sodium { Kent
et al. 1989} and/or increased intracellular pH { Fuller et al. 1990} caused by increased
H' efflux. However, it is unlikely that a 2% increase in extracellular sodium is sufficient
to enhance the Na® / H" exchange to stimulate protein synthesis, since the activity of this
exchange is mainly determined by its affinity for intracellular H* {Soltoff and Cantley
1988}. Therefore, it is apparent that even if a transient increase in extracellular sodium
is possible, it might not be sufficient to stimulate Na* / H" exchange, which makes the

contribution of this mechanism to the sodium induced LVH less likely too.
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HYPOTHESIS

In the present study we hypothesized that, the trophic effect of high dietary sodium
may be mediated by sodium-induced increases in the density and/or affinity of cardiac o-
or B-adrenoceptors. If so, then increased cardiac responses to adrenergic stimulation
would be expected after high sodium intake. To test this hypothesis, in the present
investigation we tested the effects of high sodium diet on the functional responses of
isolated rat hearts to e~ or J-adrenergic stimulation as well as its effect on the functional

responses of isolated hearts to a,,- or er,-adrenoceptor subtype stimulation.

43



OBJECTIVES

.

To assess whether high sodium diet enhances the responses of the myocardium to
o~ or B-adrenergic stimulation in vitro.  The responses that have been evaluated
are: inotropy (as expressed by developed pressure), chronotropy, and coronary
flow,

To assess whether high sodium diet alters the responses of the myocardium for the
above mentioned parameters to a,- or o-adrenoceptors (subtypes of oy-

adrenergic receptors) stimulation,
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MATERIALS AND METHODS
(A) Materials.

High sodium diet containing 1,370 pmmol Na* / g food (or 8% NaCl) and control
diet containing 101 umol Na' / g food (or 0.6% NaCl)} were obtained from Teklad
(Madison, WI). Sodium pentobarbital ( 65 mg/ml ) was obtained from M. T. C.
Pharmaceuticals (Canada Packers Inc. Cambridge, Ontario). Heparin 100 wm! was
prepared from a stock solution of heparin sodium 10,000 U.S.P units/ml obtained from
Organon Teknika, Toronto, Canada (manufactured by Ayerst Lab). 0.9% NaCl was used
as a diluent.

Methoxamine ampoules containing 20 mg/ml methoxamine hydrochloride
(Burroughs Wellcome Inc. Kirkland, Que., Canada) was used to prepare the different
concentrations of methoxamine. Isoproterenol ampoules containing 0.2 mg/ml
isoproterenol hydrochloride U.S.P. (Sabex) was used to prepare different concentrations
of isoproterenol. Propranolol ampoules containing 1 mg/ml propranolo! hydrochloride
(ICI) was used to prepare the required concentration. Krebs-Henseleit buffer was used
as a diluent for preparing different concentrations of the agonists and antagonists used.
Chloroethylclonidine (CEC) and urapidil were purchased from Research Biochemicals

(Natick, MA, U.S.A.).

(B)  Buffers.
All the experiments were performed using a modified Krebs-Henseleit (K-H)

buffer of the following composition (all in mmol/l): NaCl 125, KCl 4.7, CaCl, 1.35,
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NaHCO,; 20, NaH,PO, 4, MgCl, 1.0, D-Glucose 10. All these chemicals were
purchased from Sigma Chemical Co (St. Louis, MO). The buffer was equilibrated with

a 5% CO, / 95% O, gas mixture to achieve a pH of 7.35 - 7.45.

(C) General Methods.

WKY rats at 4 weeks of age (Taconic Farms, Germantown, NY) were used in the
study. The rats were housed two per cage on a 12-h light-dark cycle and were given tap
water ad libitum. Depending on the experimental protocol to be conducted, rats were kept
on a control (normal) or high sodium diet (1,370 umol Na* /g food or 8% NaCl) for 1,
2, or 6 weeks. Other constituents of the diet remained the same. Body weight were

monitored once a week,

(D) Isolation and Perfusion of rat Hearts.

At the proper time, WKY rats on high sodium diet or respective controls were
anaesthetized with sodium pentobarbital i. p. (0.1 ml/100g B. W.) several minutes prior
to performing laparotomy, after which, sodium heparin (0.1 ml/100g B. W.) was injected
into the inferior vena cava. Heparin was allowed to circulate in the blood stream for 1
minute, the inferior vena cava was cut, thoracic cavity opened and the heart was cooled
immediately with cold saline and crushed ice until stopped beating. A cannula was placed
into the aorta, the heart was excised and was placed in a water-jacketed chamber at 37°
C attached to the Langendorff perfusion apparatus (see Fig. 2). The pulmonary artery was

cut and the aorta was perfused retrogradely at 75 mmHg with the modified Krebs-
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Figure 2.

Experimental set-up.
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Henseleit buffer. A fluid-filled bailoon, connected via a fluid-filled catheter to a pressure
transducer (Statham Gould, USA) was placed in the left ventricle to measure the left
ventricular contractile force as systolic and diastolic pressures. In preliminary experiments
on rats at 6 weeks of age (n = 5) the pressure - volume relationship was established by
gradually increasing the volume of the fluid in the rubber balloon inserted into the left
ventricle of each isolated rat heart. The initial volume of the balloon was 50 uml, the
recorded systolic pressures for the different hearts were 50, 27, 10, 36, and 32 mmHg.
Systolic pressures at the maximum volume (V,,,, = 280 puml) were 165, 120, 92, 110, and
140 mmHg respectively. In all subsequent experiments the initial volume of the balloon
was adjusted such that a value around 65 mmHg of systolic pressure was obtained, then
the volume of the fluid in the balloon was increased or decreased until a stable left
ventricular pressure recording for about 10 min. was obtained, after which the isolated
hearts were allowed for further stabilization for another 20 min. and the baseline recording
was obtained before the start of the drug infusion. Signals from the pressure transducer
were digitized and analyzed by a computer where systolic (P-sys) and diastolic (P-dia)
pressures as well as heart rate (HR) can directly be recorded from the monitor of the
computer. Developed pressure {P-dev) was calculated as (P-sys - P-dia). Coronary flow
(CF) was measured manually by collecting the coronary effluent dripping from the heart

over a period of | min. and then was normalized per gram heart dry weight (g HDW).
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(E) Experimental Protocols.
E-I  Assessment of a;- and B-Adrenergic Stimulation in Isolated rat Hearts.

Two groups of hearts from WKY rats on a control diet (at 6 weeks of age) were
used:

Group 1: o« -adrenergic stimulation was evaluated by infusing the o -agonist
methoxamine (MET) in incremental concentrations of 107, 10°%, and 10”° M in the isolated
rat hearts.

Group 2: B-adrenergic stimulation was evaluated by infusing incremental concentrations
(10, 108, and 107, M) of the non-selective B-agonist isoproterenol (1SO) to the isolated
hearts.

Different concentrations of methoxamine or isoproterenol were infused
successively to the system at the level of the aortic cannula by a Harvard Pump (Harvard
Apparatus Co. Natick, MA) at a flow rates of 0.1, 0.2, and 0.5 ml/min for each
concentration and over a period of 3 - 5 min for each of the 9 concentrations finally
achieved. These concentrations of the drug infused at a constant velocity into aortic
cannula were not the concentrations that were used in the dose-response curves. The real
final concentration for each infused concentration (Methoxamine or Isoproterenol) was
calculated as following:

Real concentration = pump speed * infused concentration / CF (ml/min).
Measurements of systolic pressure, diastolic pressure, heart rate, and coronary flow were
made at 120 - 150 sec infusion of each of the 9 concentrations of methoxamine or

isoproterenol finally achieved. Normalized coronary flow was calculated as: coronary
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flow (ml/min) / Heart Dry Weight (HDW) g.

E-Il  Assessment of possible f3-Mediated effects for Methoxamine.

To evaluate whether MET-induced effects are purely «,-adrenoceptor mediated or
there is a contribution from B-adrenoceptor stimulation, incremental concentrations (107
to 10”* M) of methoxamine were infused with or without the non-selective B-adrenoceptor
blocker propranolol (10" M) into 2 groups of hearts isolated from rats an a control diet
at 6 weeks of age as following:
Group 1: This group was treated as group 1 in E-I, The protocol can be summarized
as following: 20-30 min stabilization period----> infusion of incremental concentrations
of methoxamine.
Group 2: After 20-30 min stabilization, the non-selective f3-blocker propranolol (10'® M)
was infused for 5 minutes before and continued throughout the infusion of incremental

concentrations (107 to 10° M) of methoxamine.

E-III  Assessment of the Possibility for testing e, and f Stimulation on the Same Isolated
rat Heart.
In order to test whether « and B stimulation could be performed on the same heart,
3 groups of hearts isolated from control rats at 6 weeks of age were subjected to different
treatments to assess if prior « stimulation induced by methoxamine affects the responses
of these hearts to f-stimulation induced by isoproterenol. Since performing « stimulation

before B stimulation requires about 90 min, it became also important to know if the
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differences (if any) between direct B stimulation (groups 1) and B stimulation after o
stimulation (group 2} is due to methoxamine pre-treatment (group 2) or time (group 3).
Group 1: After 20-30 min stabilization, incremental concentrations (10°, 10, 107 M)
of isoproterenol were infused over a period of 30 minutes (9 concentrations, each infused
for 3-5 minutes).

Group 2: After 20-30 min stabilization, incremental concentrations (107, 10, 10° M)
of methoxamine were infused into the isolated hearts over 30 minutes. This was followed
by a second stabilization period (recovery) for 20-30 minutes at the end of which
incremental concentrations (10, 10%, 107 M) of isoproterenol were infused (over 30 min)
to the same isolated heart.

Group 3: In this group, the isolated hearts were perfused in drug free buffer perfusion
state for 90 minutes. This was followed by the infusion of incremental concentrations

(10%, 108, 107 M) of isoproterenol over 30 minutes.

E-1V  Assessment of the effects of High Sodium Diet on the Responses of Isolated rat
Hearts to Adrenergic Stimulation.

E-IV-i Assessment of the effects of High Sodium Diet on o~ or §-Adrenergic Stimulation.
The protocol (E-III, Group 2) has been used to assess the effects of high sodium

intake for 1, 2, or 6 weeks on the responses of isolated rat hearts to ¢;- or -adrenergic

stimulation. The effects of o, (as tested by methoxamine) or B (as tested by

isoproterenol) stimulation on developed pressure, heart rate, and coronary flow were

evaluated in each salt treated group and compared with its respective control to identify
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any significant alteration in these parameters induced by the high sodium diet.

E-1V-ii Assessment of the effect of o,-Adrenoceptor Blockade on the Responses of
Isolated rat Hearts to the o;-Agonist Methoxamine.

Hearts from rats on a control or high sodium diet for 2 weeks were allowed to
stabilize for 30 min and the ﬁrst baseline measurements were established. MET at a
concentration of 10° M (high dose) was infused for 4-5 min and responses were
evaluated. This was followed by a second stabilization period of 15-20 min at the end
of which the ,, blocker urapidil (Ura) at a concentration of 10° M was infused for 5
min. from another pump. This was followed by a stepwise, simultaneous infusion of three
. incremental concentrations low, medium, and high (107, 10%, and 10”* M) of methoxamine
for a period of 4-5 min for each of the three concentrations. Effects on P-dev, HR, and
CF were evaluated at the end of the second stabilization period (second baseline), Ura

infusion, and each of the simultaneous Ura-MET infusion in both dietary groups.

E-IV-iii Assessment of the effects of «,,-Adrenoceptor Blockade on the Responses
of Isolated rat Hearts to Methoxamine.

Isolated hearts from rats on a control or high sodium diet for 2 weeks were treated
as in E-IV-ii, except that the irreversible ,,-adrenoceptor blocker chloroethylclonidine
(CEC) at a concentration of 0.25%10° M for a period of 10 min after second baseline
establishment was used instead of urapidil. To establish if a,-adrenoceptors were

irreversibly blocked by CEC, hearts were allowed in drug free buffer perfusion state for
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10-15 min after the last MET+CEC treatment. Methoxamine (10" M) was infused for

4-5 min and responses were evaluated in both dietary groups.

(F)  Cardiac weight.

At the end of each experiment the heart was gently removed, the atria and the big
vessels were trimmed, and the wet weight of the heart was recorded. The heart was then
dried in an oven for 72 h. at 40° C and was weighed again for the dry weight

determination.

(G)  Statistical analysis.

Values were expressed as mean with the standard error of mean. The statistical
significance of differences in body weight, heart dry weight, heart dry weight/body weight
ratio, maximum response to a specific treatment was determined by Student's t-test for
unpaired groups (salt vs. control). Differences within each group before and after
treatment were assessed using Paired t-test. The dose response to graded doses of
methoxamine or isoproterenol were evaluated by ANOVA and Duncan’s test, EC,, was
evaluated by estimating the dose of the agonist required to elicit 50% of the maximal
response. This was done by the graphpad program. Differences between groups were
assessed using r-test. Possible differences between regression lines at the linear part of
curves were evaluated as described by Smith and Choi {1982}. A P level below 0.05

was considered statistically significant,
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RESULTS

Part 1. Adrenergic Stimulation in Isolated rat Hearts.

Methoxamine, significantly increased developed pressure (P-dev) by about 130
mmHg (Fig. 3, panel A) in a concentration-related manner beginning at 10 M and
reaching a peak at 10° M. This increase in P-dev is due to a significant, dose dependent
increase in systolic pressure (Fig. 3, panel B) [from 654 to 192+16 mmHg].
Methoxamine had no significant effect on diastolic pressure (P-dia) (Fig. 3, panel C),
heart rate (HR) (Fig. 3, panel D) or coronary flow (CF) (Fig. 3, panel E).

The B agonist isoproterenol produced a dose-dependent, significant increase in P-
dev up to 160 mmHg (Fig. 3, panel A) at 107 M. This increase in developed pressure
is the net result of an increase in P-sys (Fig. 3, panel B), and a significant, dose-
dependent decrease in P-dia (Fig. 3, pane! C). It also increased HR and CF in a dose-
dependent fashion. An increase of about 130 bpm (Fig. 3, pane! D) in HR was observed,
while the CF increased from 55+4 to 152+5 ml/min/g HDW (Fig. 3, panel E).

To explore if methoxamine-induced effects are purely a,-adrenoceptor mediated
or there is a contribution of f3-adrenoceptors, the non-selective B-blocker propranolol was
simultaneously infused with MET (Figure 4). B-adrenoceptor blockade with 10° M
propranolol did not alter the positive inotropic effects as expressed by developed pressure
of methoxamine (panel A). B blockade also had no effect on the small methoxamine-

induced changes in HR (panel B) and CF (panel C).
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Figure 3.

Effects of the o -adrenoceptor agonist methoxamine (107 to 10° M) and the B-
adrenoceptor agonist isoproterenol (10° to 10”7 M) on developed pressure (P-dev) {pane!
A}, systolic pressure (P-sys) {panel B}, diastolic pressure (P-dia) {panel C}, heart rate
(HR) {pane! D}, and coronary flow (CF) {panel E} of hearts isolated from WKY rats at

6 week of age. Each curve represents the mean £ SEM (n = S/group). #p < 0.05 vs.

before treatment within each group.
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Figure 4.

The effect of the nonselective B-adrenoceptor antagonist propranolol (10° M) on
methoxamine (107 to 10 M)-induced changes in developed pressure (P...) {panel A},
heart rate (HR) {pane! B}, and coronary flow (CF) {pane! C} of hearts isolated from rats
at 6 week of age. Each curve represents mean + SEM (n = 5/group). #p < 0.05 vs. before

treatment within each group.
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In order to be cost-effective, the experimental protocol included both a,- and B-
adrenoceptor stimulation on the same isolated heart. Therefore direct 8 stimulation (after
30 min stabilization), B stimulation following « stimulation in the same heart, and B
stimulation after 90 minutes stabilization were conducted in three groups of isolated hearts
(see experimental protocol E-III). Direct B stimulation of the isolated hearts with
isoproterenol or preceding it with MET-induced o stimulation produced identical increases
in developed pressure and HR (Fig. 5, panels 4 and B) at all the doses used. Both
treatments also induced an identical maximal increase in coronary flow of about 100
ml/min/g HDW [Direct: from 57+3 to 150+4, After a stimulation: from 59+8 to 168+9
ml/min/g HDW]. Hearts treated with methoxamine prior to isoproterenol showed a
greater increase in coronary flow at a given concentration of isoproterenol compared with
hearts subjected to direct B-stimulation (Fig. 5, panel C).

Infusion of isoprotereriol after 30 or 90 min of stabilization (Fig. 6) produced
identical increases in P-dev (panel A), HR (pane! B) and CF (pane! C) of isolated hearts
by about 150 mmHg, 140 bpm and 90 ml/min/g HDW respectively. No significant
differences in B-adrenoceptor mediated responses of the isolated hearts subjected to

different treatments were found.
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Figure 5.

The effect of methoxamine (107 to 10" M) pre-treatment on isoproterenol (10° to 107
M)-induced changes in developed pressure (P.,,) {panel 4}, heart rate (HR) {pane! B},
and coronary flow (CF) {pane! C} of hearts isolated from rats at 6 week of age. Each
curve represents the mean £ SEM (n = 5-8/group). #p < 0.05 vs. before treatment within

each group. *p < 0.05 vs. ISO after 30 min. stabilization.
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Figure 6,

The effect of 90 min vs. 30 min stabilization on isoproterenol (10 to 10”7 M)-induced
changes on developed pressure (P,,) {panel A}, heart rate (HR) {panel B}, and coronary
flow (CF) {panel C} of hearts isolated from rats at 6 week of age. Each curve represents

mean + SEM (n = 3-8/group). #p < 0.05 vs. before treatment within each group.
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Part 2. Effects of High Sodium Diet on Body Weight, Heart Dry Weight, and
Heart Dry Weight / Body Weight Ratio in Young WKY rats,

Rats kept on a high sodium diet showed significantly less increase in body weight
after 3 days of high sodium intake, thereafter all animals showed a normal pattern of
growth. The body weight was slightly but significantly lower in high sodium treated rats
at 10 weeks of age (Fig. 7, panel A). A significant increase in heart dry weight was
found in all groups of hearts from rats kept on high sodium diet for 1 week and longer
compared with their respective controls (Fig. 7, panel B). Heart dry weight /body weight
ratio for rats kept on high sodium diet was significantly and time-dependently increased
after 1 week (+9%), 2 weeks (+12%) and 6 weeks (+15%) compared with their respective

controls (Fig. 7, panel C).
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Figure 7.

The effect of high sodium diet (8% NaCl) on body weight {panel 4}, heart dry weight
(HDW) {panel B},and heart dry weight / body weight ratio {parne!/ C} of young WKY
rats after 3 days (from 4 to 4.5 wk of age, only body weight), 1 week (from 4 to 5 wk
of age), 2 weeks (from 4 to 6 wk of age), and 6 weeks (from 4 to 10 wk of age) of high
sodium intake. Bars represent mean + SEM (n = 5-10/group). *p < 0.05 vs. respective

control.
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Part 3. Effects of High Sodium Diet on «,- and B-Adrenergic Stimulation in
Isolated rat Hearts.

(A) ¢,-Adrenergic Stimulation.

The «,-agonist methoxamine, significantly and dose-dependently increased P-dev
of hearts from 3, 6, or 10 weeks old WKY rats on a control or high sodium dict (Fig. 8,
panels A, B, and C). No difference between high sodium treated groups and their
respective controls was observed.

Isolated hearts from most groups showed small non significant decrcases in HR
in response to incremental concentrations of MET (Fig. 9). A decrease of about 25-30
bpm was observed in hearts isolated from 5 or 10 weeks old rats on a control or high
sodium diet (Fig. 9, panels A and C). Hearts isolated from rats at 6 weeks of age showed
a greater decrease in HR that achieved a final significant decrease of about 45-50 bpm
(Fig. 9, panel B) at the highest concentration of methoxamine. No difference between
hearts from rats fed on high sodium diet and their respective controls was observed.

Methoxamine, induced a small increase (10-20 ml/min/g HDW) in CF of all
groups of isolaied hearts (Fig. 10). Hearts isolated from rats on high sodium diet for 1
week (S,) showed a higher response for a given concentration of methoxamine than
control hearts (ECy; S; = 1.4* 0% £ 6.7* 08 M, C, = 3.3*10° £ 1*10* M) without
significantly affecting the maximum response (Fig. 10, panel A). Otherwise, no

differences were observed between the two diet groups.
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Figure 8

The effect of the &-adrenoceptor agonist methoxamine (107 to 10 M) on developed
pressure (P.y,) of hearts isolated from rats on a control (C,, C,, or Cy) or high sodium
diet, after 1 week (S,) {panel 4}, 2 weeks (S,) {panel B}, or 6 weeks (S,) {panel C} of
high sodium intake. Each curve represents mean + SEM (n = 5-8/group). #p < 0.05 vs.
before treatment within each group. The baseline values were:

C, =85+3, §,=90+5

C, = 88«3, §,=286%3

C, = 75%5, S, = 784
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Figure 9.

The effect of the & -adrenoceptor agonist methoxamine (107 to 10* M) on heart rate (HR)
of hearts isolated from rats on a control (C,, C,, or C,) or high sodium diet, after 1 week
(S,) {panel A}, 2 weeks (8,) {panel B}, or 6 weeks (S;) {pane! C} of high sodium intake.
Each curve represents mean = SEM (n = 5-8/group). #p < 0.05 vs. before treatment within
each group. The baseline values were:

C, = 280+22, S, =280+18

C, = 298+27, S, =312+15

C; = 288%10, S, = 288+7
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Figure 10.

The effect of the c;j-adrenoceptor agonist methoxamine (107 to 10" M) on coronary flow
(CF) of hearts isolated from rats on a control (C,, C,, or C,) or high sodium diet, after
1 week (S)) {panel 4}, 2 weeks (S,) {panel B}, or 6 weeks (S;) {pane! C} of high
sodium intake. Each curve represents mean £ SEM (n = 5-8/group). #p < 0.05 vs. before
treatment within each group. *p < 0.05 vs respective control. The baseline values were:
C, = 5543, §,=45+8

C, = 55+4, S,=55+4

Cy = 54%3, S, = 54+3
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(B) B-Adrenergic Stimulation,

The B-agonist isoproterenol increased developed pressure of hearts isolated from
rats on a control or high sodium diet in a concentration-related fashion (Fig. 11, panels
A, B, and C). No differences between hearts isolated from rats on high sodium diet and
their respective controls were observed.

Infusion of isoproterenol also significantly increased HR of the isolated hearts at
all ages (Fig. 12). An increase of 110-150 bpm was observed in hearts isolated from rats
on a control or high sodium diet for 1, 2, or 6 weeks respectively (panels 4, B, and C).
Hearts isolated from rats on high sodium diet for 1 week showed a higher response at a
given concentration of ISO compared with control hearts (ECy, , S, = 1.9*10% + 1.5%10°
M, C, = 4.3*10° + 8.8*10° M ) (Fig. 12, panel 4) without a significant effect on
maximum responses. No other differences between hearts isolated from high sodium
treated rats and their respective controls were found.

The potent vasodilator isoproterenol, induced a dose-dependent increase of 50-70
ml/min/g HDW in CF of hearts isolated from rats at different ages and diets (Fig. 13).
At the high concentrations of isoproterenol (around 10”7 M), hearts isolated from rats on
high sodium diet for 6 weeks showed a smaller increases in coronary flow than control
hearts. The ECy, values (ECyy, S¢ = L1*10% £ 1*10° M, C,=1.2*¥10% = 1.7*10"° M)

as well as maximum response (Fig. 13, panel C) were not significantly different. No

other differences between the two dietary groups were observed.
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Figure 11.

The effect of the B-adrenoceptor agonist isoproterenol (107 to 107 M) on developed
pressure (P.g.,) of hearts isolated from rats on a contro! (C,, C,, or Cy) or high sodium
diet, after | week (S,) {panel 4}, 2 weeks (S,) {panel B}, or 6 weeks (S,) {panel C} of
high sodium intake. Each curve represents mean = SEM (n = 5-8/group). #p < 0.05 vs.
before treatment within each group. The baseline values were:

C, =656, §,=75£2

C, =763, S,= 7343

C, = 65¢4 S, = 6546
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Figure 12.

The effect of the B-adrenoceptor agonist isoproterenol (10 to 107 M) on heart rate (HR)
of hearts isolated from rats on a control (C,, C,, or C;) or high sodium diet, after 1 weck
(S)) {panel A}, 2 weeks (S,) {parel B}, or 6 weeks (S,) {panel C} of high sodium intake.
Each curve represents mean £ SEM (n = 5-8/group). #p < 0.05 vs. before treatment within
each group. *p < 0.05 vs respective control. The baseline values were:

C, = 28412, S, =280+22

C, = 278%15, S, =293%I3

C, = 270£11, S,=270%9
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Figure 13

The effect of the B-adrenoceptor agonist isoproterenol (10 to 107 M) on coronary flow
(CF) of hearts isolated from rats on a control (C,, C, or C,) or high sodium diet, after 1
week (S,) {panel A}, 2 weeks (S,) {panel B} or 6 weeks (S;) {pane! C} of high sodium
intake. Each curve represents mean £ SEM (n = 5-8/group). #p < 0.05 vs. before
treatment within each group. The baseline values were: |

C, =47£3, §, =402

C,=43x1, §,=48%6

C, = 50£2, S,= 4543
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Part 4. High Sodium Diet and «;-Adrenergic Stimulation of Isolated rat Hearts
in the presence of «,,~ or «,,-Adrenoceptor Subtype Blocker,

To investigate the effect of high sodium diet on the responses of the isolated rat
hearts to e~ Or @;,-adrenoceptor stimulation, three successive, incremental concentrations
(low [107], medium [10°], and high [10°] M) of MET were infused with the a,,-
adrenoceptor blocker Ura or the irreversible c,,-adrenoceptor blocker chloroethylclonidine
(CEC) into hearts isolated from rats on a control or high sodium diet for 2 weeks. In
the presence of Ura, low, medium, or high doses of MET elicited small but significant
increases in developed pressure of hearts isolated from rats on a contro! or high sodium
diet (Control: Gié, 8+2 and 15+2 mmHg. Salt: 51, 7%1, and 15£0) (Fig. 14, panel A).
The high dose (10° M) of MET without Ura (Fig. 15) increased developed pressure of
hearts from control rats by 98 mmHg and that of hearts from salt treated rats by 112
mmHg. These results indicate that, in the presence of Ura there is about 85% inhibition
in MET-induced (at the high dose of MET) increases in developed pressure, similar for
both dietary groups.

Following CEC (0.25*10° M) treatment, MET elicited similar significant increases
in developed pressure of hearts from control or high sodium treated rats (Control: 81,
2244, and 5626 mmHg. Salt: 71, 21£2, and 60+5 mmHg) in response to low, medium,
and high doses respectively (Fig. 16, panel 4). Without CEC, MET at the high dose
produced similar increases in developed pressure of hearts from both dietary groups
(Control 147+10; Salt 1464 mmHg) (Fig. 17, pane! B). These results suggest that CEC

treatment produces about 60% inhibition in MET-induced increases (at the high dose of
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Figure 14.

The effects of the low (107 M), medium (10 M), and high (10°* M) concentrations of
the «-adrenoceptor agonist methoxamine in the presence of (10° M) urapidil (o,
adrenoceptor blocker) on changes in (Delta) developed pressure {panel! 4}, heart rate
{panel B} and coronary flow {panel C} of hearts isolated from WKY rats on a control
or high sodium diet for 2 weeks (from 4 to 6 wk of age). Each curve represents mean
+ SEM (n = 5/group). #p < 0.05 vs. before treatment within each group. *p < 0.05 vs.

control.
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Figure 15,

The effect of the a;,-adrenoceptor blocker urapidil (Ura, 10* M) on methoxamine (MET,
10 M)-induced changes in developed pressure (P.,.,) of hearts isolated from WKY rats
on a control (C) or high sodium (S) diet for 2 weeks (From 4 to 6 wk of age). Pane! 4
represents the original data, panel B represents the specific treatment-induced change in

(Delta) developed pressure, Bars represent mean % SEM (n = 5/group). #p < 0.05 vs.

before treatment within each group.
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Figure 16.

The effects of the low (107 M), medium (10 M), and high (10" M) concentrations of
the «-adrenoceptor agonist methoxamine in the presence of (0.25*10° M) CEC (q,,-
adrenoceptor blocker) on changes in (Delta) developed pressure {panel 4}, heart rate
{panel B} and coronary flow {panel C} of hearts isolated from WKY rats on a control
or high sodium diet for 2 weeks (from 4 to 6 wk of age). Each curve represents mean

+ SEM (n = 5/group). #p < 0.05 vs. before treatment within each group.
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Figure 17.

The effect of the a,-adrenoceptor blocker chloroethylclonidine (CEC, 0.25*10° M) on
methoxamine (MET, 10° M)-induced changes in developed pressure (P,.) during
simultaneous infusion (MET+CEC) or after 10-15 min of drug free buffer perfusion (MET
re-inf) of hearts isolated from WKY rats on a control (C) or high sodium (S) diet for 2
weeks (From 4 to 6 wk of age). Panel A represents the original data, panel B represents
the specific treatment-induced change in (Delta) developed pressure. Bars represent mean

+ SEM (n = 5/group). #p < 0.05 vs. before treatment within each group.
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MET) in developed pressure simiiar in hearts from control or high sodium treated rats.
No significant differences in inotropic responses to the different doses of MET in the
presence of a,,- or o, -adrenoceptor blockade were found between hearts from salt treated
rats and their respective controls.

10 M MET without Ura, produced a smail but significant decrease of -22 - -25
bpm in the heart rate of hearts from control rats (Fig. 18, pane! B). In the presence of
Ura, MET at low, medium or high concentration produced small non significant decreases
of -5, -5, and -19 bpm respectively in the heart rate of hearts from control rats (Fig. 14,
panel B). In hearts isolated from rats on high sodium diet for 2 weeks, high concentration
of MET produced a non-significant decrease of -14 bpm in the heart rate. However,
following Ura treatment, methoxamine at low, medium or high concentration produced
a significant decrease in HR by -29, -29, and -44 bpm (Fig. 14 and 18, panel B).
Analysis of the data obtained revealed a significant difference between hearts isolated
from rats on high sodium diet and their respective controls at all the concentrations of
MET following the «,,-adrenoceptor blocker urapidil for the chronotropic effects.

In the presence of CEC, low, medium or high dose of MET produced a non
significant decrease of -12 - -15 bpm in heart rate of hearts from control rats at all the
concentrations of MET. In hearts from salt treated rats MET after CEC trcatment
produced smaller non significant decreases of about -5 bpm in heart rate at all of the three
concentrations of MET (Fig. 16, panel B). The decrease of -5 bpm in heart rate of hearts
from salt treated rats was not significantly different from the decrease of -14 bpm

observed in the heart rate of control hearts. MET at the high dose in the absence of CEC
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Figure 18,

The effect of the «),-adrenoceptor blocker urapidil (Ura, 10" M) on methoxamine (MET,
10 M)-induced changes in heart rate (HR) of hearts isolated from WKY rats on a control
(C) or high sodium (S) diet for 2 weeks (From 4 to 6 wk of age). Panel A represents the
original data, panel B represents the specific treatment-induced change in (Delta) heart
rate. Bars represent mean = SEM (n = 5/group). #p < 0.05 vs. before treatment within

each group. *p < 0.05 vs. control.
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produced non significant decreases of -24 and -19 bpm respectively in heart rate of hearts
from control or high sodium treated rats (Fig. 19, pane! B).

In both dietary groups, both Ura or CEC treatment prevented the small
methoxamine-induced increases in CF at any concentration of MET (Figs. /4 panel C;
20; 16 panel C; and 21). No significant differences in CF response to MET following
Ura or CEC treatment between hearts isolated from rats on high sodium diet for 2 weeks
and their respective controls were found.

The «,,-adrenoceptor blocker urapidil caused a small (6 mmHg) but significant
increase in P-dev of the isolated hearts from both dietary groups. It had no significant
effect on heart rate or coronary flow of both groups. CEC, the ,,-adrenoceptor
irreversible blocker also caused a small (about 10 mmHg) but significant increase in
developed pressure. However it produced a decrease of about 35 bpm in heart rate of the
isolated hearts from both dietary groups (Fig. 19, panel B). It also significantly reduced
the coronary flow in all the groups of isolated hearts (Fig. 21, panel B).

To test whether CEC blockade was irreversible, high concentration of MET was
infused into the isolated hearts after a drug free buffer perfusion for 10-15 min from the
last MET+CEC treatment. The increase in P-dev of isolated hearts from control or high
sodium treated rats induced by MET after washout of CEC (Fig. 17) was significantly less
than that induced by the same concentration of MET at the beginning of the experiment,
and was similar to that induced by methoxamine before washout of CEC. Heart rate
(Fig. 19) and coronary flow (Fig. 21) responses of hearts from both dietary groups to

methoxamine after washout of CEC was not different from that of before the washout.
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Figure 19.

The effect of the ¢;,-adrenoceptor blocker chloroethylclonidine (CEC, 0.25*10°° M) on
methoxamine (MET, 10" M)-induced changes in heart rate (HR) during simultaneous
infusion (MET+CEC) or after 10-15 min of drug free buffer perfusion (MET re-inf) of
hearts isolated from WKY rats on a control (C) or high sodium (S) diet for 2 weeks
(From 4 to 6 wk of age). Panel A4 represents the original data, panel B represents the
specific treatment-induced change in (Delta) heart rate. Bars represent mean + SEM (n

= 5/group). #p < 0.05 vs. before treatment within each group.
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Figure 20,

The effect gf the a;,-adrenoceptor subtype blocker urapidil (Ura, 10 M) on methoxamine
(MET, 10"* M)-induced changes in coronary flow (CF) of hearts isolated from WKY rats
on a control (C) or high sodium (S) diet for 2 weeks (From 4 to 6 wk of age). Panel 4
represents the original data, panel B represents the specific treatment-induced change in
(Delta) coronary flow. Bars represent mean = SEM (n = 5/group). #p < 0.05 vs. before

treatment within each group.
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Figure 21.

The effect of the a,-adrenoceptor blocker chloroethylclonidine (CEC, 0.25*%10° M) on
methoxamine (MET, 10" M)-induced changes in coronary flow (CF) during simultaneous
infusion (MET+CEC) or after 10-15 min of drug free buffer perfusion (MET re-inf) of
hearts isolated from WKY rats on a control (C) or high sodium (S) diet for 2 weeks
(From 4 to 6 wk of age). Panel A represents the original data, pane! B represents the
specific treatment-induced change in (Delta) coronary flow. Bars represent mean + SEM

{(n = 5/group). #p < 0.05 vs. before treatment within each group.
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DISCUSSION

Part 1. Adrenergic Stimulation in Isolated rat Hearts.

In the present study the Langendorff heart has been used to evaluate the sensitivity
of hearts isolated from rats on a control or high sodium diet to @,- or B-adrenergic
stimulation. The advantages of this technique are mainly the technical ecasc by which
variety of parameters can be measured. This approach also minimizes the factors and
variations which can occur in the in vivo studies and which could influence cardiac
responses.

Limitations of the study may be summarized in the following points:

1- A pressure-volume curve was not constructed for cach isolated heart. In preliminary
experiments pressure-volume curves were constructed for a group ol isolated hearts (sce
isolation and perfusion of rat hearts), the data obtained in thesc experiments were
considered in subsequent experiments. A similar method has been used by others { Ayob
and Tarazi 1984}. However, it is possible that thc chosen systolic pressure and
subsequently the filling volume of the left ventricle for cach individual heart may not be
sufficient to allow the heart to operate at the proper portion of the ascending limb of
Frank-Starling curve. This may affect the initial sarcomere length and thereby the
inotropic responses induced by a drug, and this may differ between dict groups.

2- The different concentrations of the drugs were infused at a constant velocity into the
aortic infusion cannula in a non-constant flow system. This is consistent with the method
used by others {Ayob and Tarazi 1984, Vleeming et al. 1991}. However, although the

real final concentration was calculated for each infused concentration, changes in the
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coronary flow induced by the drugs (gross increase in coronary flow in case of
isoprotercnol) affected the value of the calculated concentration as well as the shape of
the curves. It is also worth to mention that during infusion of isoproterenol the responses
observed were not stable. The observed values for systolic pressure and heart rate were
sometimes quickly changing. This problem was observed only with isoproterenol but not
with methoxamine probably because of the gross increases in coronary flow associated
with the use of high doses of isoproterenol with the subsequent changes in the
concentration. Therefore, it is possible that 1 or 2 responses in the dose-response curves
for isoproterenol may not represent the exact response. A better method for drug
administration such as the use of a perfusion system which enables switching of perfusion
solutions from different reservoirs with concentrations previously determined prevents
this problem.

3- The experimental protocol was designated to evaluate chronotropic as well as
inotropic responses in response to o or B stimulation in isolated rat hearts on different
dicts. The inotropic effects were tested in spontaneously beating hearts {Ayob and Tarazi
1984}. However, because of force-frequency relationship of the mammalian heart the
inotropic response may be influenced by a concomitant current chronotropic effect.
Methoxamine had no significant effects on heart rate, therefor the inotropic responses
were not affected by the concomitant chronotropic responses. However because of the
enhanced chronotropic responses to the incremental doses of isoproterenol a possible

effect of the chronotropic responses on the inotropic responses elicited by this drug may

be expected.
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(A) a,-Adrencrgic Stimulation in Isolated rat Hearts.

In the present study, in perfused hearts from young WKY rats the o,-agonist
methoxamine caused dose-dependent increases in left ventricular pressure with no
significant effects on heart rate or coronary flow. These effects of methoxamine are
mediated through stimulation of o -adrenoceptors. The inotropic, chronotropic, or
coronary flow responses evoked by incremental doses of methoxamine were not affected
by the non-selective § blocker propranolol (Fig. 4). These results suggest the absence of
B-mediated effects for methoxamine {Rabinowitz, 1975; Vleeming ctal. 1991}, Vieeming
et al. { 1991} found that in isolated rat hearts the increase in left ventricular pressure and
coronary flow eveked by isoproterenol but not of methoxamine were almost completely
antagonized by 0.3 gM propranolol. The positive inotropic effect of methoxamine is
consistent with prior studies in various cardiac preparation from several species
{Rabinwitz et al. 1975; Tsujimoto et al. 1989; Sedaa ct al. 1989; Vleecming ct al. 1991;
Fedida and Bouchard, 1992; Wiener and Thalody, 1993}. Kronenberg ct al. {1989}
observed a negative inotropic effect in rabbit isolated heart at high concentration of
methoxamine (higher than the range of concentrations used in the present study), bul not
at the low concentrations. This negative inotropic effect may be explained by mechanisms
other than c-adrenergic stimulation which might be activated by large concentrations of
methoxamine such as reduction in phase O depolarization {Imai, 1961} with subsequent
reduction in calcium entry and contractility {Imia et al. 1961}, or B-adrenergic blocking
effect {Imia et al. 1961}, It is also possible that the negative inotropic effect of

methoxamine may be due to myocardial ischemia. Intracoronary methoxamine increased
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coronary vascular resistance, decreased left ventricular ejection fraction and produced ST
segment changes suggestive of myocardial ischemia {Maturi et al. 1986}.

Methoxamine (10° M) produced a maximum increase of about 130 mmHg in
developed pressure of the isolated hearts which was aimost equivalent to isoproterenol-
induced (160 mmHg) increase in this response. However, the time required by each
concentration of MET to produce the steady state effect was about 120 sec which was
considerably longer than for ISO (30-40 sec). In isometrically contracting cat papillary
muscles, methoxamine 10 M or isoproterenol 10”° M increased the isometric contraction
force (f) by +4245 and +3627 respectively {Rabinowitz. 1975}, Vleeming et al.{1991}
reported a 60% increase in left ventricular pressure of the isolated rat hearts in response
to the infusion of methoxamine (10”° to 10 M) compared with 100% increase induced
by isoproterenol (107" to 10 M).

The o)-agonist methoxamine had a tendency to decrease the heart rate which
became significant in some groups at higher concentrations of methoxamine (Fig. 9, panel
B; Fig. 18, panel B). Stimulation of adult canine Purkinje fibres with NE resulted in a
decrease in automaticity of 50% of the fibres, while the other 50% manifested an increase
in automaticity {del Balzo et al. 1990}. NE has similar affinity to o,- and o
adrenoceptors {Lomasney et al. 1991}. Since the «,,-adrenoceptors are linked to positive
chronotropy via PT-insensitive G protein and the o,,-adrenoceptors are linked to negative
chronotropy via a PT-sensitive G protein {del Balzo et al. 1990}, the degree of the
decrease in heart rate in response to «,-adrenergic stimulation in adult rat heart depends

on the relative proportions of a;,- and ¢,,-adrenoceptors, as well as the affinity of the o -
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agonist used to the o,- and o,-adrenoceptors. In the present study the decrease in heart
rate induced by methoxamine was mostly non significant. The ,-agonist methoxanmine
used in this study has about 15-fold more affinity to a,,-adrenoceptors {Lomaseny et al.
1991} linked to positive chronotropy {del Balzo et al. 1990} compared to oy,
adrenoceptors. The fifteen fold higher affinity of methoxamine to e),-adrenoceptors
linked to positive chronotropy my counteract the c,-mediated negative chronotropy
although the latter constitute about 80% of the total a,-adrenoceptors {Michel et al.
1994},

Despite the reported vasoconstrictor effect of methoxamine {Kronenberg et al.
1589; Elhawary and Pang, 1994}, we did not find a decrease in coronary flow in any
group of isolated hearts used in the present study (Fig. 3, pane! E; Fig. 4, panel C, Fig.
10, panels A, B, and C). The reason for the small methoxamine-induced increase in
coronary flow is not obvious, However it could be induced by metabolic vasodilatation
that overrules methoxamine-induced-vasoconstriction. In the present study, HPLC
analysis of a sample of the perfusate collected at the last minute of methoxamine (10* M)
infusion revealed a significant increase in adenosine concentration from approximately
0.10 umol/l to 0.22 umol/l (see Fig. 22). This is in agreement with methoxamine-induced
release of adenosine reported by others {Sedaa et al. 1989; Wiener and Thalody, 1993}.
The strong vasodilator adenosine {Hartmann and Schrader, 1992} may counteract

methoxamine-induced vasoconstriction.
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The «;,-adrenoceptor blocker urapidil abolished the methoxamine-induced-increase
in developed pressure of control hearts by about 85% (Fig. 15, panel B) suggesting very
high contribution of ¢ ,-adrenoceptors to methoxamine-induced inotropic effect. On the
other hand, CEC a selective o, blocker, inhibited 60% of methoxamine-induced-increase
in developed pressure indicating somewhat less contribution from «,,-adrenoceptors to
methoxamine-induced inotropic effect. The concentrations of «,,- or a,,-adrenoceptor
blockers used for inactivation of these subtypes in rat ventricular strips are in the
micromolar range {Michel et al. 1994; Han et al. 1987} which are consistent with the
concentrations used in the present study that have been selected in preliminary
experiments. Hanft and Gross {1989} reported that urapidil and some of its derivatives
which are substituted at the 5-position of the uracil moiety can discriminate between -
and a,-adrenoceptors but the order of selectivity to «;,-adrenoceptors was: 5-methyl-
| urapidil (has approximately 70 fold selectivity for ¢;,-subtype) > 5-formyl-urapidil > 5-
acetyl-urapidil > urapidil. In ventricular myocytes isolated from adult rat heart, high
concentrations of 5-methyl-urapidil (0.1 xM) exhibited substantial affinity also to Oy~
adrenoceptor subtype {Wang et al. 1991}.

CEC irreversibly blocks the a,-adrenoceptors {Han et al. 1987; del Balzo et al.
1990; Lomasney et al. 1991; Vargas et al. 1993}. Consistent with these studies we found
that the percent reduction in maximal inotropic effect for the high dose of methoxamine
determined in the presence of CEC (60%) and after washout of the antagonist (56%) were
not significantly different, suggesting an irreversible blockade of the receptors by CEC.

Studies using CEC have shown that the «,,-adrenoceptors are less sensitive to inactivation
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by the micromolar concentrations of CEC. 15% of w;,-adrenoceptors may be inactivated
by these concentrations of CEC compared to the 70% inactivation of the o, -adrenoceptors
{Lomasney et al. 1991}. Taking together, our results suggest that methoxamine interacts
with both a,- and o-adrenoceptors. This is in agreement with {Tsujimoto et al. 1989;
Elhawary et al. 1994}, In the present investigation, the urapidil study may suggest that
a high proportion of methoxamine-induced increase in developed pressure of the isolated
hearts may be mediated via stimulation of a,-adrenoceptors and only 15% of this
response is elicited via stimulation of the & ,-adrenoceptors in response to the high dose
of MET (Fig. 15, panel B). However, in rat heart the o -adrenoceptors represent about
80% of total a-adrenoceptors {Michel et al. 1994}. In the present study the more likely
explanations for the 85% inhibition of MET-induced increase in developed pressure by
urapidil may be the high affinity of methoxamine to rat o,,-adrenoceptors (K; = 110 000
nM) compared to a,-adreraceptors (K; = 1610 000 nM) and / or a possible blockade of
some o,,-adrenoceptors by Ura resulting in diminished «,,-mediated effects of MET
following urapidil treatment. The CEC blockade study supports the latter explanation.
This study suggests that the «),-mediated inotropic effect represents about 40% of
methoxamine-induced increase in developed pressure (Fig. 17 ,pane! B) which is more
consistent with the 20% ratio of this (e,,) subtype in rat heart {Michel et al. 1994} and
the high affinity of methoxamine to «,,-adrenoceptors {Lomaseny et al. 1991}, Overall,
these results suggest that: 1) methoxamine-induced positive inotropic effects in rat heart
may be mediated by c,- and e,-adrenoceptors. 2) although the ratio of e~ /oy~

adrenoceptors in adult rat heart is 20:80, the higher affinity of methoxamine to o,
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adrenoceptors may result in a higher component of «,,-mediated inotropic effect.
3) urapidil may be not a very selective o,,-adrenoceptor antagonist in rat myocardium.
Because the o-adrenoceptors are linked to positive chronotropy {del Balzo ct al.
1990}, we expected that combined with the o, ,-antagonist urapidil, methoxamine would
induce a greater decrease in heart rate compared with that induced by methoxamine
without urapidil. WB4101, another o,,-blocker antagonized the NE-induced increase in
automaticity in neonate and adult canine Purkinje fibres {del Balzo ct al. 1990}. In the
present study, urapidil treatment did not induce a greater decrcase in heart rate of hearts
from control rats (Fig. 18, panel B) suggesting a non-significant component of «,-
adrenoceptor mediated chronotropic effect for increasing the heart rate. Therefore, it is
possible that the blockade of &, -adrenoceptors which represent 20% in adult rat heart had
no effect on methoxamine-induced effects on heart rate. A possible blockade of some o,
mediated negative chronotropy by urapidil may also be considered. Despite the coupling
of ay,~adrenoceptor subtype to negative chronotropy {Han et al. 1989, del Balzo et al.
1990}, we did not observe a significant increase in heart rate of control hearis after the
blockade of this subtype by CEC. CEC pretreatment attenuated methoxamine-induced
decrease in heart rate (Fig. 19, panel B), but it did not reach a significant increase in heart
rate probably due to the partial a,,-adrenergic receptor agonistic activily of CEC {del
Balzo et al. 1990} as this alkylating agent without the simultancous infusion of
methoxamine produced a significant decrease of about 38 bpm in heart rate of the isolated

hearts (Fig. 19, panel B).
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(B) B-Adrenergic Stimulation in Isolated rat Hearts.

Isoproterencl evoked dose-dependent increases in developed pressure, heart rate
and coronary flow of the isolated rat hearts {Brodde, 1988 ; Chevalier et al. 1989;
Vleeming et al. 1991; Borea et al. 1992}, The positive inotropic effect of isoproterenol
is mediated at least in humans and sheep through stimulation of both B, and B,-
adrenoceptors {Brodde, 1988; Borea et al. 1992}. Rats are quite similar to human beings
in the number, affinity and heterogeneity of the left ventricle B-adrenergic receptors
{Tracisio et al. 1984}.

Infusion of isoproterenol into isolated hearts dose-dependently decreased diastolic
pressure (Fig.3, panel C). This B-adrenergic cardiac relaxant effect is due to
phosphorylation of phospholamban by cAMP-dependent protein kinase A (PKA) which
significantly increases the Ca** uptake rate by sarcoplasmic reticulum {Arai et al. 1994},
Isoproterenol also dose-dependently increased heart rate {Brodde, 1991; Hartmann and
Schrader, 1993} and coronary flow of the isolated rat hearts {Chevalier et al. 1989;
Vieeming et al. 1991}. Tachycardia induced by isoproterenol may be mediated by both

B3,~- and B,-adrenoceptor activation {Brodde, 1991}.

Part 2, Dietary Sodium-Induced Cardiac Hypertrophy.

Consistent with previous studies {Fields et al. 1991; Yuan and Leenen, 1991;
Mervaala et al. 1992} results of the present study show that high sodium diet can exert
a clear trophic effect on rat myocardium. Hypertrophy is apparent within 1 week of high

sodium treatment. Heart dry weight and heart dry weight/body weight ratio were
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significantly increased in high sodium treated rats (Fig. 7). The 9% increase in heart dry
weight/body weight ratio in the young WKY rats after 1 week of high salt intake was
mainly due to a significant increase in heart dry weight, as the body weight of these salt
treated rats did not show a significant deviation from that of controls. Wistar rats kept
on 1% saline treatment for 10 days did not show cardiac hypertrophy {Fields et al. 1991}.
The difference between the results of that and the present study may be due to the strain
of rats used. Wistar rats are less sensitive to high sodium diet compared to WKY rats
used in the present study {Yuan and Leenen, 1991}, although, the use of salt-enriched diet
or saline may also be important. To the best of my knowledge, in normotensive rats no
other studies estimated high sodium induced cardiac hypertrophy after | week or closely
related time of high sodium intake. Since the extent of the trophic effect of high sodium
diet is strain-, time- and amount of sodium-dependent {Yuan and Leenen, 1991}, the
differences between the degree of hypertrophy observed in the present study and what has
been reported by the previous studies {Kihara et al. 1985; Meggs et al. 1988; Gallo et al.
1990; Fields et al. 1991; De Simone et al. 1993} can be explained. The study of Yuan
and Leenen {1991} demonstrated 14% and 24% LVH in 4 weeks old WKY rats kept on
high sodium (8% NaCl) for 2 and 4 weeks respectively, This is in consistence with the

12% and 15% hypertrophy observed in the present study (Fig. 7, panel C).
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Part 3. Effects of High Sodium Diet on the Responses of Isolated rat Hearts
to o,-, Subtypes of &, or 3-Adrenergic Stimulation.
(A) High Sodium Diet and «,-, &,,-,_and «,,-Adrenergic Stimulation.

The results of the present study show that there are some differences in the
coronary flow response of the isolated hearts from the two dietary groups after c,-
adrenergic stimulation (Fig. 10, panel 4). However, no significant differences between
the inotropic responses (P-dev) of hearts isolated from young WKY rats kept on high
sodium intake for 1, 2, or 6 weeks and their respective controls in regard to o;-adrenergic
stimulation was observed. This is in contrast to our expectation, but may be explained
by two possible factors: 1) A possible effect of dietary sodium or left ventricular
hypertrophy on a specific subtype of «-adrenoceptor. Methoxamine has affinity to both
(o, and «,,,) subtypes of «,-adrenergic receptors {Tsujimoto et al. 1989; Lomaseny et al.
1991}.  Therefore, it is possible that simultaneous stimulation of o~ and a,-
adrenoceptors by methoxamine can not discriminate between the contribution of each
subtype to methoxamine-induced effects on developed pressure, heart rate ,or coronary
flow. 2) The «),-adrenoceptor subtype may have a tonic inhibitory effect on -
adrenoceptors. Treatment of rat ventricular strips with CEC increased the relative
contribution of «,,-adrenoceptors from 26 to 89% {Michel et al. 1994}, Therefore,
evaluation of responses to the subtypes of c,-adrenoceptors may be more appropriate than
simultaneous stimulation of both subtypes. To date no selective e~ or ¢,,-adrenoceptor
agonists neither absolutely subtype-selective antagonists have been identified. Epinephrine

and phenylephrine have similar affinity to both subtypes of «,-adrenoceptors.
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Methoxamine has 15 fold higher affinity to «,,-adrenoceptor subtype {Lomasney et al.
1990}. Recent studies have reported that o,,-adrenoceptor mediated hypertrophic effects
are linked to the stimulation of «,, -adrenoceptors {Simpson et al. 1990; Knowiton ct al.
1993}. The ratio of &), / ), in adult rat hearts is 20:80 {Michel ct al. 1994},
Therefore, because of the high affinity of methoxamine to o-adrenoceptors this ;-
agonist has been used. Moreover, unlike epinephrine and phenylephrine, methoxamine has
no § stimulant effect {Rabinowitz, 1975; Vleeming et al. 1991}.

In micromolar concentrations the irreversible o,,-adrenoceptor subtype blocker
CEC can inactivate 15% of «,, and only about 70% of «,,-adrenoceptors {Lomaseny ct
al. 1990}. Urapidil and some of its derivatives have been used to inactivate o,
adrenoceptors {Hanft et al. 1989}. CEC has been used in almost all studies to cvaluate
the role of the ¢,~adrenoceptors {Han et al. 1987; del Balzo et al. 1990; Lomasney et al.
1991; Vargas et al. 1993}. It is apparent from these studies that although nonec of the
blockers are absolutely subtype-selective, the blockade of one subtype may represent a
useful tool to study the functional role of the other subtype. Accordingly, il the o,
adrenoceptors are upregulated in hearts from salt treated rats, then a greater increase in
developed pressure and a possible positive chronotropic effect following CEC (o,
blockade) would be expected in hearts from salt treated rats compared with control hearts.
On the other hand, if the ,-adrenoceptors are the upregulated subtype, a greater increase
in developed pressure and a possible negative chronotropic effect in salt treated rats would
be expected following c,-adrenoceptor blockade (Ura treatment) compared with control

hearts. In the present study, the «,-adrenoceptor subtype stimulation study revealed
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identical increases in developed pressure of hearts isolated from rats on a control or high
sodium diet to o;-stimulation induced by MET in the presence of ¢, or o, blocker. In
both dietary groups a 15% and a 40% response for high dose of methoxamine was
observed when ¢,,- or o ,~adrenoceptors were blocked by urapidil or CEC respectively
(Figs. 15 and 17). These results suggest that there is no change in o~ or o),-mediated
inotropic responses to methoxamine following high sodium intake.

Since o ,-adrenoceptors stimulation is linked to positive chronotropy through the
IP, pathway and stimulation of o-adrenoceptors produces negative chronotropy {del
Balzo et al. 1990} via the stimulation of Na' / K* pump {Terzic et al. 1993}, differences
associated with changes in subtype density or sensitivity may be more clear when
evaluating chronotropic responses. Methoxamine has a tendency to decrease heart rate
(Fig. 3, panel D; Fig. 9, panel B; Fig. 14, panel B; and Fig. 16, panel B) probably as a
net result of stimulation of both oy~ and o ,-adrenoceptors {Lomasney et al. 1991,
Tsujimoto et al. 1991}. In control hearts, combined with the ¢, -antagonist urapidil, MET
at the high dose did not produce a greater decrease in heart rate compared with that
induced by the same dose of MET without Ura, However, in hearts from salt treated rats
the high dose of MET combined with Ura produced a significant decrease in heart rate
by -44 bpm compared with the decrease induced by MET without Ura (-14 bpm) (Fig.
18, panel B). Moreover, combined with Ura, MET at low as well as medium dose also
produced a significant decrease of -30 bpm in heart rate of hearts isolated from salt
treated rats. This treatment had no significant effect (the decrease in HR was -54+4 bpm)

on the heart rate of hearts from control rats (Fig. 14, panel B). In the presence of CEC,
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it is apparent, that although there was no significant differences between hearts isolated
from salt treated rats and their respective controls in heart rate responses to the different
doses of methoxamine combined with CEC, the heart rate decreasing tendency of
methoxamine when combined with CEC was more attenuated in hearts from salt treated
rats compared with controls (-5+4 and -14+5 bpm, salt vs. control) at any concentration
of MET combined with CEC (Fig. 16, panel B), as well as to MET (high dose)-induced
decrease in heart rate in the absence of CEC (-19+8 and -5+4 bpm, MET without CEC
vs. MET combined with CEC) (Fig. 19, pane! B). These results suggests that there may
be a significant {from Ura study) or higher (CEC study) component of «,,-adrenoceptor
mediated chronotropic effect in hearts from salt treated rats. It is also possible that the
significant methoxamine-induced-decrease in heart rate of hearts from salt treated rats
following urapidil treatment may be due to an upregulation of a,,-adrenoceptors in this
group. However, if the oy,-adrenoceptors are upregulated then a greater, significant
decrease in heart rate in response to o,-stimulation (without any blocker) would also be
expected in hearts from salt treated rats compared with control hearts as this {c,) subtype
(linked to negative chronotropy) represents 80% of the total a,-adrenoceptors in rat heart.
In the present study no significant decrease in heart rate was observed in either dietary
group following methoxamine infusion (Fig. 19, panel B). Because MET has high
affinity to o;,-adrenoceptors, the o;,,-mediated effects of MET may not be consistent with
the proportion of this subtype in the myocardium. Therefore, it is possible that both

subtypes may be upregulated.
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(B) High Sodium Diet and 3-Adrenergic Stimulation.

Effects of B-adrenergic stimulation in hearts isolated from rats on high sodium diet
were only to a minor extent different from that in control hearts. The dose-response
curve of heart rate for hearts isolated from rats after 1 week of high sodium intake
showed that, at a given concentration of isoproterenol the increase in heart rate of hearts
from salt treated rats was slightly more than that in the control hearts and it reached
statistical significance at the EC,, (EC,,: Control = 4.3*10% + 8.8%10° M, Salt = 1.9*
10* £ 1.5%10 M) with no significant difference between the maximum responses of the
two dietary groups (Fig. 12, panel A). Also, at the high doses of isoproterenol hearts
isolated from rats on high sodium diet for 6 weeks showed smaller increases in coronary
flow than control hearts (Fig. 13, panel C). However, neither the maximum responses nor
the EC,, (éontrol =1.2%10% £ 1.7%10° M, Salt=1.1¥10"% = 1*107 M) were significantly
different between the groups.

Increased dietary sodium intake increased total number of B-adrenergic receptors
in normotensive rats {Gallo et al. 1990}. In young normotensive subjects, high sodium
intake increased the density of white cell B-adrenergic receptors {Fraser et al. 1981;
Naslund et al. 1990}. In these subjects, high sodium intake also increased cardiac
sensitivity to isoproterenol as assessed by the dose of isoproterenol required to increase
the heart rate by 25 bpm {Fraser et al. 1981}. However, in hypertensive subjects and in
older subjects low-sodium diet and not high sodium diet corrects the defects in both
vascular and white cell B-adrenergic responsiveness {Feldman, 1990; Naslund et al. 1990;

Feldman, 1992}. These studies suggest a possible change in atrial B-adrenergic receptor
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sensitivity in normotensives after high sodium intake. Consistent with these findings, in
the present study the slightly increased heart rate response exhibited by hearts isolated
from rats after 1 week of high salt intake in response to B-stimulation reflects the

responses to atrial 8-adrenoceptors. Responses to ventricular B-receptors stimulation were

not affected.

Part 4, Relevance of Findings to Sodium Induced Left Ventricular
Hypertrophy

The data obtained in the present study suggests that there may be some changes in cardiac
a,,- or a),- and B-adrenoceptors after high sodium intake. However, it must be realized
that the differences between control and high sodium treated rats were in chronotropic
responses which mostly reflect the effects on SA node rather than the left ventricle,
involved in sodium-induced cardiac hypertrophy. The inotropic responses mediated by
the stimulation of ventricular «,,-, o, or B-adrenoceptors did not change in hearts
isolated from rats on high sodium intake aithough these rats showed increased heart dry
weight/body weight ratios within one week of high sodium intake. The unchanged
contractile functional responses to ventricular «,- or B-adrenoceptor stimulation after high
sodium diet suggest that changes in ventricular ¢,- or B-adrenoceptors at the level of
receptor events unlikely play a role in dietary sodium induced left ventricular hypertrophy.
High sodium diet produces concentric left ventricular hypertrophy {Fields et al. 1991;
Yuan and Leenen, 1991}, while isoproterenol-induced cardiac hypertrophy is characterized

by a greater hypertrophy of the right ventricle and a dilated left ventricle {Allard et al.
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1990}. These data makes a possible role for B-adrenoceptors in dietary sodium induced
cardiac hypertrophy less likely.

For «,-adrenoceptors, although hypertrophy and contractile responses may be
mediated through stimulation of same receptors, the unchanged contractile responses by
high sodium diet do not necessarily exclude the role of sympathetic nervous system in
dietary sodium-induced left ventricular hypertrophy. It is still possible that the
hypertrophic pathway may dissociate from contraction pathway at certain stages of the
intracellular signalling pathway (see Fig. 1). Contractility is triggered by Ca* induced
Ca® release from sarcoplasmic reticulum. An enhanced protein kinase activity may
account for hypertrophic processes in high sodium treated rats. This may not be
associated with a concomitant higher levels of intracellular Ca® sufficient to elicit a
higher contractile response in sodium treated rats in response to ;- or B-adrenoceptors
stimulation. The results also suggest that evaluation of functional responses alone in
isolated hearts may not be sufficient enough to assess a possible role of the receptors
involved in cardiac hypertrophy. The role of «,-adrenoceptors in dietary sodium-induced
left ventricular hypertrophy may better be investigated by measuring rates of protein

synthesis in response to a;-stimulation after high sodium diet.
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CONCLUSIONS
I- Cardiac Hypertrophy.

The results of the present study indicate that high sodium diet induces cardiac

hypertrophy in young WKY rats within 1 week of high sodium intake.

2- Adrenergic Stimulation in Isolated Rat Hearts.

ay-adrenergic stimulation in isolated rat hearts produces positive inotropic effect
via stimulation of both a,- and o,-adrenoceptors. It also caused small decreases in heart
rate and produced small increases in coronary flow of the isolated rat hearts. B-adrenergic
stimulation of the isolated hearts produced positive inotropic and chronotropic effects and
significantly increased coronary flow of the isolated rat hearts. «,-adrenergic stimulation
in isolated rat hearts is as efficient as B-adrenergic stimulation for inotropic effects, The
increase in developed pressure of the isolated rat hearts in response to o,-adrenergic
stimulation is mainly due to an increase in systolic pressure. In B-adrenergic stimulation
the increase in developed pressure is the result of an increase in systolic pressure and a

decrease in diastolic pressure.

3- a,-Adrenergic Receptor Subtype Blockers.

Urapidil itself had no significant effects on the isolated rat hearts. This «,,-
subtype blocker is not very selective to a,,-adrenoceptors. CEC irreversibly blocked the
a,-adrenoceptors but had significant effects on developed pressure, heart rate, and

coronary flow of the isolated rat hearts.
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4- High Sodium Diet and Adrenergic Stimulation in Isolated Rat Hearts.
Preliminary results from this study suggest that there are no changes in contractile

functional responses to ventricular a),~, e,-, or B-adrenoceptors stimulation in the isolated

hypertrophied rat hearts after high sodium intake. A possible effect of high sodium diet

on atrial e,-, etjy-, Or B-adrenoceptors is suggestive.

5- Dietary Sodium Induced Left Ventricular Hypertrophy and Adrenergic

Stimulation.

Results from this study suggest a less likely role for changes in adrenergic
receptors number or affinities in dietary sodium induced left ventricular hypertrophy. One
cannot exclude a possible dissociation between intracellular signals associated with
dietary sodium induced left ventricular hypertrophy from those associated with

contractility.
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FUTURE EXPERIMENTS

The following experiments may be more useful in identifying a possible role for -

adrenoceptors in dietary sodium-induced cardiac hypertrophy.

1- Measurement of protein synthesis rate in response to o,-adrenergic stimulation in

isolated rat hearts after high sodium intake for different times.

2- The use of a selective o,-adrenoceptor blocker prior to initiating a high sodium
diet in the young WKY rats to identify a possible prevention of cardiac hypertrophy

compared with rats on a high sodium diet as well as controls.

3- Radioligand biding studies in rat ventricular membrane obtained from rats kept on
high sodium diet for different times to identify a possible effect of sodium on the density

or number of the o -adrenoceptor subtypes.
4- The use of neonate rats rather than the young rats in exploring high sodium

induced cardiac hypertrophy as these rats have a higher number of «,,-adrenoceptor

subtype.
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