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ABSTRACT

Background: Previous studies showed that high sodium diet induces left
ventricular hypertrophy (LVH) in rats, without increasing resting arterial blood pressure
(BP), LV filling pressures or cardiac sympathetic activity. However, rats on high
sodium diet showed more frequent and higher BP and heart rate (HR) fluctuations in the
night associated with enhanced water intake, and an increase in LV adrenoceptor density
or affinity, or in post-receptor pathway activity. Besides, normotensive humans on high
sodium diet showed increased ¢~ or B-adrenergic responses.

Hypothesis: High sodium diet in rats may induce intermittent sympathetic
activation through increasing nighttime water intake, and may enhance cardiac adrenergic
responses via an increase in adrenoceptor aﬁtivity, which may contribute to the
development of high sodium diet-induced LVH,

Methud:l- In conscious WKY rats, 'resting hemodynamics and after blocking
baroreflex by hexamethonium (Hex), hemodynamic responses to oy-, or B-agonist-
(phenylephrine, Phe, or isoproterenol, Iso), and then ventriclular weight’sl‘and LV
dimensions were detemﬁnedl after I, 2, 4 or 6 wk medium highlor high sodim‘n diet (2
or 8% NaCl) with or without {g administration of ;- or B-blockers (60 mg/kg/day
terazosin, Tz, 25 or 100 mg/kg/day nadolol, Nd, alone or both Tz and Nd).

Results; Medium high or high sodium diets for 2 to £ wk increased the relative
LV dry Weight and LV wall thicknes§ to radius ratio. Except for an inconsistent HR

increase, resting hemodynamic parameters, such as BP, LV peak-systolic or end-diastolic
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pressures (LVPSP or LVEDP). right atrial pressure, cardiac index, stroke volume or
total peripheral resistance indices were not changed by the salt exposure. Resting LVPSP
was decreased by Tz with Nd only in high sodium diet group. The BP decrease by Hex
- was augmented by the salt exposure. 6 wk high sodium diet augmented the HR decrease
by Phe, but attenuated the MAP decrease by Iso. Although markedly antagonizing the
hemodynamic responses to Phe or Iso, chronic Tz and/or Nd did not prevent the salt-
induced LVH. Instead, the LVH was aggravated by Nd alone or Nd with Tz. However,
the salt-increased LV walt thickness to radius ratio was attenuated by the single
blockades. The salt-increased water intake was augmented by Tz, not changed by Nd.

Discussion: The results confirm that high sodium diet for 2 to 6 wk induces con-
centric LVH, without changing most resting hemodynamics including LV filling
pressures. This study showed that the vasodilatation by B-agonist was attenuated and
negative chronbtropy of o -agonist augmented by a longer salt exposure, which m:lj
indicate a decreased vascular B,- or an‘ increased sinoatrial node a,-receptor responses,
Effects of ganglionicland adrenergic blockades suggest an salt-augmented sympathetic
control on peripheral arterial resistance. Chronic a,- and/or #-blockers failed to prevent
the high sodium diet-induced LVH, which suggests that adrenoceptor activation does not
play a primary role in evoking this LVH. However, the blockers shifted the LVH from
a concentric to an eccentric form, and Tz augmented the salt-increased water intake. It
is plausible that a volume overload-induced hypertrophy associated with the blockers tmay
have masked a reduction in the high sodium diet-induced LVH. Therefore, further work
needg to be done to clarify the effects of a high sodium diet on cardiac sympathetic

activity, adrenoceptor responses and central hemodynamics during night.
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INTRODUCTION

I General Review of Cardiac Hypertrophy

I.1.  Initiation of Cardiac Hypertrophy

Similar to other tissues and organs thronghcut the body, the heart has the capacity
to respond to functional demands or stimuli by increasing or decreasing cell size or mass.
Lack of function causes a rapid atrophy; in contrast, an increased load induces
hypertrophy (Brown, 1971). Because of this, cardiac hypertrophy has been gencrally
regarded as an adaptive response of the heart to increased load to maintain the normat
cardiac functions. - However, later on cardiac hypertrophy may interfere with the
contractility and the compliance of the heart, resulting in heant failure in the end.
Besides an increase in the load, cardiac hypertrophy can aiso be a response to the
challenge of some endocrine or neuronal changes.

: Commonly, cardiac hypertrophy refers to an increase in the heart mass or an
increase in the ratio of the heart weight to body weight. Since myocardium consists of
connective tissue, nerves, endothelial cells, as well as myocytes (sometimes named
cardiocytes), cardiac hypertrophy shouqld be considered as a combined response of thosc
various cells, instead of resulting simply from myocyte responses. Actually, myocyte

growth can be promoted or regulated by the surrounding nonmuscle cells through
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paracrine secretion of various factors (Long er al., 1991).

Cardiac growth can be from an enlargement of the already existing cells (cell
hypertrophy), and/or from an increase in the number of cells (proliferation or cellular
hyperplasia). The growth during the prenatal and early postnatal period involves
proliferation of both muscle and nonmuscle cells. This early postnatal period is about
three to six months for humans and 30 days for rats. After this period, cardiac growth
is produced mainly by muscle cell enlargement and nonmuscle cell proiiferation (Brown,
1971; Morgan and Bader, 1991).

Myocyte enlargement follows organelle hyperplasia, i.e. an increase in organelle
numbers, instead of in their size. This is the same with mitochondria, sarcoplasmic
reticulum and myofibrils. However, proliferation of the myofibrils is structurally
different according to the types of loads added to the heart. In pressure overload
lwpeﬁrophy-, the diameter of myofibrils is increased as newly synthesized myofilaments
are added in parallel to the original components; in volume overload hypertrophy, the
myocyte fibres are elongated and chambers enlarged because of series addition of new
sarcomeres (Grossman, 1980). Both of these changes are due to an increase in the
number of myofilaments, and this increase results from an enhanced protein synthesis
(Brown, 1971;‘ 'Schreiber et al., 1971) together with an increase in the assembly of
individual contractile proteins into organized sarcomeric units (Iwaki er al., 1990). With
these structural changes in hypertrophy evoked by either pressure or volume overload,
the orderly arrangement of cardiac myoéytes is still maintained in the ventricles (Ferrans,
1984). However, the isoform of myosin, one of the six major components of sarcomeric

contractile pmteiris, can be changed in the process of certain types of hypertrophy



(Waspe er al., 1990). This change is mainly from an up-regulation of either o or B
(Marban and Koretsune, 1990) isogene of myosin heavy chain (MHC). With this
change, the myosin ATPase activity will be decreased with an increase in « isogene, or
increased with an increase in B isogene (Hoh er al., 1977). Another component of the
contractile proteins, actin, may change its isoform during cardiac hypertrophy from «-
cardiac actin to o-skeletal actin (a-SA) (Marban and Koretsune, 1990).

The stimuli responsible for cardiac hypertrophy can be physiological (such as
several weeks or months of strenuous physical exercise) or pathophysiological (such as
hypertension, myocardial infarction, hyperthyroidism, hypoxia or pheochromocytoma),
These stimuli act as extracellular initiating signals and, via activation of certain |
membrane ion channels or membrane bound enzymes and their coupling intracellular
mechanisms, regulate gene expression of certain contractile and noncontractile proteins.
These initiating signals can be divided into three classes: mechanical (from pressure or
volume overload), neural (- or B-adfenergic activation) and humoral or endocrine (such
as thyroid hormone, endothelin and renin-angiotensin system) (Morgan and Bader, 1991).
There are several different intracellular pathways known to mediate betweeh the action
of the extracellular stimuli and the increase in protein synthesis. The various
intracellular pathways and their correlation with the corresponding extracellular stimuli
will be discussed later. Cardiac hypertrophy can involve one or more of the cardiac
chambers, depending on the characteristics and the duration of the stimulus.

Among the various factors associated with the occurrence of cardiac hypertrophy,
dietary sodium has drawn special attention because of its modulating effect in the

development of hypertension-induced cardiac hypertrophy (Gallo et al., 1990). In both -
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normotensive humans and rat models, it has been demonstrated that high dietary sodium
causes left ventricular hypertrophy (LVH), but the mechanisms underlying this
phenomenon are still unknown (Fernandez er af., 1988; Yuan and Leenen, 1991).

For a better understanding of the process and also the possible mechanism of a
high sodium diet-induced LVH, we need a proper review of the established initiating
factors for cardiac hypertrophy and the detailed intracellular pathways coupled to these

factors.

L.2.  Initiating Factors for Cardiac Hypertrophy

Several factors have been clearly confirmed by animal models to be able to induce
cardiac hypertrophy (Morgan and Bader, 1991). These include mechanical factors,

neuronal factors and other factors such as angiotensin II (Ang II) and thyroid hormones.
1.2.1. Mechanical Factors

L2.1.1.  Pressure overload, as encountered in aortic or pulmonary stenosis, induces
cardiac hypertrophy through an increase in the ventricular pressure and the resultant wall
tension during systole. This type of change in hemodynamics is commonly referred to
as an increase of afterload (Grossman, 1980). - The cardiac hypertrophy from a pressure
overload is in a concentric form, i.e., a hypertrophy in the form of an increase in the

chantber wall thickness or in the ratio of wall thickness to radius.



Histologically, this type of hypertrophy results from a hypertrophy of myocyies
and in some models a proliferation of non-myocjrtes in the heart (Brown, 1971). The
myocyte hypertrophy occurs further from an increase in myofibril diameter through an
addition of newly synthesized myofilaments parallel to the original components as well
as from a proliferation of other organelles, such as mitochondria and sarcoplasmic
reticulum (Grossman, 1980). The increase in myofibril diameter is due to an increase
in the number of myofilaments (Brown, 1971; Schreiber er al., 1971} and an increase in
the assembly of individual contractile proteins into organized sarcomeric units (Iwaki ef
al., 1990).

In pressure overload-induced hypertrophy, isogenes for the two major components
of the contractile proteins, B-myosin heavy chain (8-MHC) and «-SA, are up-regulated
(Marban and Koretsune, 1990). These two isogenes are predominant during fetal life.
Parallel to the up-regulation of these tWo isogenes, the cardiac secretory protein, atrial
natriuretic peptide (ANP) is re-expressed in the hypertrophic ventricles (Ito er al., 1994),
In normal ventricles of adult mammals, ANP is 1151|aliy not produced or undetectable
(Aardal and Helle, 1991), while B-MHC or «-SA only take a smaller percentage of their
respective isoforms in the contractile proteins. The up-regulation of 3-MHC shifts the
myosin isoform in ventricles of small mammals, for instance in mouse and rat, from an
adult e-myosin heavy chain (o«-MHC) predominant V, isoform (x«) back to a fetal or
neonatal B-MHC predominant V, isoform (BB). The switch from V, to V, isoforin is not
detectable in larger mammais, including humans, because B-MHC is already the
predominzint isoform expressed in the normal adult ventricles of these species (Nadal-

Ginard and Mahdavi, 1989).



The time-course and detailed mechanism of the stimulated protein synthesis has
been studied in animal models.  After induction of aortic stenosis in rats, the total
ventricular protein synthesis rate was doubled. The maximal synthesis rate appeared
between 3 and 6 days after surgery; thereafter it declined to normal levels (Moalic er al.,
1981). The increase in protein synthesis can be either from improving the efficiency of
the existing components of the protein synthetic pathway (defined as the amount of
protein synthesized per unit amount of RNA in a specific part of the myocardium) or
from expanding the capacity for proliein synthesis of the myocardium (expressed as a
change of RNA content in the myocardium) (Morgan er al., 1987; Nagai er al., 1988).
The expansion of protein synthesis capacity probably starts via the activation of certain
proto-oncogenes (c-onc) (Marban and Koretsune, 1990). The c-onc is a component of
the norma!l genome and therefore more properly named immediate-early gene. Its
activity can be easily detected by measuring the messenger RNA (mRNA) products
transcribed from a particular c-onc. The protein product from c-one re-enters the nucleus
and binds to DNA. Some of the protein products are components of transcriptional

activating factor and can regulate the expression of other genes.

1.2.1.2.  Volume overload refers to another type of hemodynamic change, an increase
in the preload as encountered in rﬁ'itral.or tricuspid regurgitation or in experimental
arterial-venous fistula. Volume overload is characterized by an increase in the end-
diastolic pressures. Cardiac hypertrophy induced by a volume overload shows a fypical
eccentric appearance (Grossman, 1980), i.e., a heart weight increase without a significant

increase in the ratio of chamber wall thickness to radius. In this situation, the heart

-6-



undergoes a remodelling of the structure with an increase in its chamber diameter.
Ultrastructurally, this anatomical change results from an increase in myofibrilar
elongation and chamber enlargement by series addition of new sarcomeres (Grossman,
1980). In a rat model for volume overload (aortic incompetence), the protein synthesis
rate is twofold higher than in control rat and this increase reaches a maximum around 2
to 3 wk after starting the load (Moalic er al., 1981). Similar to pressure overload,
volume overload-enhanced protein synthesis and later on the establishment of cardiic
hypertrophy may also start with an activation of certain ¢c-onc (Kolbeck-Ruhmkorft et al.,

1993). The possible role of c-onc in volume overload will be discussed in the following,

1.2.1.3.  Mechanisms of Hemodynamic Overload

.. Mechanically, the extracellular stimuli can be divided into three types, those
acting by increasing stretch force to the myocardium during systole such as in the form
of pressure overload, those acting by increasing stress ar press force to the myocardium
and the ventricular walls during diastole such as in the form of volume overload, and
those acting by a combination of the above two forces (Grossman, 1980).

Different forms of hemodynamié overload and their mechanical forces imposed
on the heart can induce cardiac hypertrophy of different types, but the cellular effect of
the hemodynamic overload, a deformation of myocytes, ﬁnd the subcellular process for
initiating protein synlthesis may be similar (Katz, 1992). As suggested, the expansion of
protein synthesis capacity in pressure overload-induced cardiac hypertrophy is probably
via an activation of certain c-onc, such as c-fos, c-myc and c-jun (Marban and Koretsune,

1990). This hypothesis has been confirmed in an in vitro rat model. Adjusting the
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perfusion cannula height to increase the afterload to the LV by one-fourth will induce a
threefold increase in c-fos and c-myc mRNA expression. In this particular model, the
peaks of these two c-onc mRNA appeared in 30 min and 90 min, respectively, which
showed a sequence of c-fos then c-myc mRNA rise (Kolbeck-Ruhmkorff er al., 1993).

Similar to the pressure overload, in the in vitro model for volume overload,
increasing the atrial filling pressure to the perfused rat heart to two-fold also induces an
increase in c-fos and c-myc mRNA expression. The mRNA of these two c-onc are
increased by 2 and 3-fold, respectively. The increase starts at 30 or 60 min after
initiating the load (Kolbeck-Ruhmkorff et al., 1993).

From in vitro studies, it is clear that increased chamber wall tension from an
overload itself can induce cardiac hypertrophy, without necessitating associated neural
-or hormonal factors. To circumvent the compounding interferences which us_ually'occur
with in vivo hypertrophy niodels, simplified in vitro models, such as perfusion of isolated
heart or static stretching of cardiac myocytes, have been applied in studying eellular
mechanisme of hypertrophy resulting from chamber wall tension or stress, to mimic the
in vivo éitlletioh of pressure or volume overload. Based on the in vitro as well as in vivo
studie';, it has been Suggested that the first intracellular process in response to the
' increased wall tension from a pressure or volume overload could be a modification of the

levels of intracellular sig'nalling factofs. These factors might inciude Na*, Ca®*, 3, 5 '-
cycllc adenosme monophosphate (cAMP), inositol phosphate and H*, A change of their
levels could be a result of actlvatnon of certain plasma membrane cation channels, or

stretch-sensmve 1_on channels and activation of the related membrane or cytoplasmic

enzymes (Kent er 'al., 1989). Among these factors, even though an increase in the



intracellular Na* from Na™ influx could be an initial signal for a wall tension-induced
cell deformation leading to hypertrophy, the most potential mediator connecting the
extracellular stimulus and the increase in protein synthesis, is the levels of imﬁlccllular
Ca** ([Ca**]). The [Ca**]; further regulates the genes for protein synthesis via activation
of Ca**-dependent protein kinases (Marban and Koretsune, 1990).

Although the increase in protein synthesis and finally the induction of cardiac
hypertrophy from pressure or volume overload may proceed without the participation of
hormonal factors (Morgan and Bader, 1991), several similar factors may still be involved
in the hypertrophic process. For example, stretching of the cultured cardiocytes will lead
to an autocrine release of Ang II, and this released Ang II has been implicated to be a
major mediator for induction of protein synthesis (Sadoshima et al., 1993). The evidence
supporting the assumption that Ang II plays an important role in the hemodynamic
overload-induced hypertrophy will be discussed later. In addition to the possible
involvement of Ang II, endothelin (ET) might also be important in the development of
pressure overload-induced cardiac hypertrophy. In pressure pverload by aortic balldillg,
the increase in the relative LV weight, in the diameter of the cardiomyocytes, as well as
in the LV a-SA and ANP expression were all bloéked by BQ 123 (Ito et _al., 1994). BQ
123 is a specific antagonist to type-, ET-1 -rrc;éeptor (E;I‘,\) and its blockade of the
hypertrophic and biochemical responses of the LV to pressure overload occurred at a

dosage not affecting the increased pressure.-

1.2.2. Neuronal Factors



1.2.2.1.  Increased Cardiac Sympathetic Activity may play an important regulatory
role in the induction of certain types of cardiac hypertrophy. Exogenous catecholamines
by themselves can initiate myocardial protein synthesis and induce cardiac hypertrophy
via the activation of cytoplasmic membrane «- and B-adrenoceptors.

As shown from the early studies, chronic infusion of adrenergic agonists, such
as norepinephrine, stimulates the dog heart growth in vive and thus induces ventricular
hypertrophy (Laks er al., 1973; King et al., 1987). The doses used for infusion were
within the subhypertensive range, and therefore, the heart growth was not associated with
an increase in the arterial blood pressure (BP). The same in vivo effects on the heart
growth were also observed in rats (Stanton er al., 1969). In rats, the cardiac hypertrophy
induced by norepinephrine appears to be mediated by stimulation of both «- and B-
adrenoceptors on the myocardium (Zierhut and Zimmer, 1989).

The effects of catecholamines were also studied in in vitro models. For example,
exposure to norepinephrine induced growth of cultured cardiocytes from neonatal rats
~(Simpson ¢r al., 1982; Simpson, 1985; Ikeda er al., 1991). By applying specific
antagonists for different types of adrenoceptors, it has been demonstrated that myocardial
aj-adrenoceptors are more important in mediating the hypertrophic effect of
norepinephrine (Simpson,l 1983; Ikeda er al., 1991). This a,-adrenoceptor-mediated
myocyte growth has been shown to be dissociated from the «,-receptor-mediated positive
inotropic effeéts, i.e., the contractile activify is not necessary fbr the increase in cellular
size or in mRNA transcription (Simpson, 1985).

The intracéllular pathways as well as the role of the various receptor Subtypes in

the e-adrenoceptor activation-induced cardiac hypertrophy has also been thoroughly
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studied. In cultured cardiac myocytes from neonatal rats, a 4-fold increase in 1, 4, 5-
inositol trisphosphate (IP;) was induced by stimulation of «,-adrenoceptors.  Both the
increase in IP; and the associated increase in protein synthesis were inhibited by WB-
4101, a selective blocker for e« -receptors, but not by chloroethylclonidine (CEC), a
selective blocker for «g-receptors (Simpson er al., 1990). This result indicates that
phosphoinositide-phospholipase C (PLC) is involved in the «-adrenoceptor activation-
mediated hypertrophic response, and that activation of «;,-receptors plays a major role
in this process. In supporting the presumed role of the lreceplor subtype, the
norepinephrine-stimulated protein synthesis was also inhibited by two other selective o ;-
receptor blockers, 5-methyl-urapidil and [+]-niguldipine, as well as by the non-selective
ay-receptor blockers, terazosin and prazosin (Simpson et al., 1990; Knowlton ef al.,
1993).
By using cultured cardiocytes and perfused heart models, the profile and time-
course of c-onc mRNA expression after stimulation of «,-adrenoceptors has been studicd.
| This stimulation of cultured neonatal rat myocytes increased c-niyc (Starksen er al., 1986)
and some other c-onc mRNA, such as the mRNA of c-fos and c-jun (Iwaki et al., 1990).
In the isolated rat heart, norepinephrine added to the perfusate increased c-fos mRNA
by five-, three- and 3.8-fold after 30, 60 and 90 min, respectively, and c-myc mRNA
two- and 3.8-fold after G0 and 90 min, respectively (Kolbeck-Ruhmkorff et al., 1993).
Following the increase in c-onc, protein synthesis in the myocardium is e;nhancéd. Under
these conditions, the enhanced protein synthesis also involves §-MHC and «-SA (Marban
and Koretsune, i990), the two contractile proteiﬁ isogenes normally expressed to a major

percentage only in the early developmental stage of small mammals, such as the rat and
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mouse. Similar to the changes in myosin isoform during hypertrophy from a pressure
overload, the myosin isoform is then shifted from V, to V, (Waspe er al., 1990).

Stimulation of B-receptors by isoproterenol injection can also induce rat cardiac
hypertrophy iz vive (Zimmer and Peffer, 1986) and increase protein synthesis in cultured
myocytes isolated from adult rat heart (Dubus er al., 1990). It is now clear that the
intracellular mediating factor between stimulation of the B-receptors and the increase in
protein synthesis is the second messenger, cAMP (Zimmer and Peffer, 1986;
Xenophontos er al., 1989). The elevated cAMP further regulates protein synthesis
through pathways to activate mitogen-activated protein kinase (MAP kinase) (Marx,
1993), which by a phosphorylation process regulates genes for prqtein synthesis.
Different from the profile of the stimulated protein synthesis by a-receptor activation or
by pressure overload, the proteins synthesized from B-receptor stimulation are
noncontractile proteins (Dﬁhus et al., 1990).

There are still some controversial results regarding the effects of B-receptor
stimulation on protein synthesis and on cardiac hypertrophy. Contrary to the report from
Dubus et al. (1990), Fuller er al. (1990) reported that the stimulated protein synthesis
in isolated myocytes or perfused rat heart by adrenaline was nof influenced by f-blockade
with propranolol, and the protein synthesis rate of isolated cardiac myobytes from adult
rats was not increased by B-receptor stimulation with isoproterenol. The reasons for the
discrepancy in these results is still unknown, Since Dubus er al. (1990) exposed the
cultured myocytes to catecholamine for three days while Fuller et al. (1990) treated the
freshly isolated myocytes for thy 10 min, the difference in duration of treatment may

be responsible for the difference in results.



Besides a direct effect, sympathetic activity may play an important regulatory role
in the induction of certain types of cardiac hypertrophy. Inanin virreo model, ventricular
myocytes from WKY rats with sympathetic innervation by co-culture with neurons
showed an increase in the intracellular organelle volumes and grew 38% larger than the
control myocytes in cultures without innervation (Atkins er al.. 1992). The myocardial
hypertrophy of rats induced by a daily exercise for 14 wk was prevented by chemical
sympathectomy through chronic guanethidine treatment (Ostman-Smith, 1976). With this
sympathectomy, the rats were still able to maintain a normal resting BP and to undertake
strenuous exercise. Similarly, the cardiac hypertrophy in hypertensive animal models,
such as in renal hypertensive rats or in spontaneously hypertensive rats (SHR), can be
prevented or even regressed by pharmacologic sympathectomy with e-methyldopa (Sen
et al., 1974; Tomanek et al., 1979) or with the B-blocker, propranolol (Fernandes ef al.,
1976). In contrast to the result from Fernandes er al. (1976), propranolo! failed to
prevent the increase in cardiac mass in SHR (Sen and Tarazi, 1983). With the
prevention or regression of hypertrophy in both hypertensive rat models, the drug
treatments did not change their elevated resting BP. a,-Adrenoceplor blockade wiih
bunazosin reduced hypertrophic response of the heart to aortic constriction in guines pigs
(Tamai er al., 1989). These results suggest an important role of cardiac sympalhetié
activity and activation of cardiac adrenoceptors in the development of cardiac
hypertrophy under these conditions. However, the role of sympaihetic activity in
overload-induced hypertrophy is still controversial and the cardiac sympathetic activity
may not be essential for induction of other forms of pressure overload-induced cardiac

hypertrophy. For instance, sympathetic denervation by using 6-hydroxydopamine to
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block sympathetic transmission failed to prevent the increase in the ratio of ventricular
weight to body weight induced by deoxycorticosterone acetate (DOCA)-salt in rats
(Cohen, 1974). In contrast to the report from Tamai er al. (1989), in rats the cardiac
hypertrophy from aortic constriction was not changed by either prazosin or propranolol
{O’Rourke and Reibel, 1992). Furthermore, the right ventricular (RV) hypertrophy from
pulmonary banding in cats was not prevented either by an epicardial denervation or by

«- or B-receptor blockade (Cooper et al., 1985).
1.2.3. Other Factors

1.2.3.1.  Ang II is a hypertrophic factor for the myocardium both in vitre and in vivo,
as well as a potent vasoconstrictor which increases systemic BP. It is now clear that the
in vivo hypertrophic effect of Ang Il can be a direct response of myocardium to Ang II
rather than depending on changes in mean arterial blood pressure (MAP) (Baker et al.,
1992). This hypertrophic effect results from stimulation of Ang II receptors (AT) and
then an enhancement of protein synthesis. Similar to the stimulated protein synthesis by
u.i:ncre"lsed load or by c-adrenoceptor activation, the major proteins synthesized from
activation of AT receptors are also B-MHC and o-SA, leading to a similar shift of
myocardial myosin isoform phenotype from V, to a V; (Marban and Koretsune, 1990).

Both circulating and locally produced Ang II might be involved in its cardiac
hypertrophic effect (Baker et al., 1992; Sadoshima er al., 1993). Ang I stimulates
myocardial AT receptors (Aceto z;nd Baker, 1990), as mentioned above, but only the

activation of subtype-1 Ang II receptor, the AT, receptor, is involved in Ang O-induced
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cardiac hypertrophy (Sadoshima and Izume, 1993a; Suzuki er al., 1993; Kojima er al.,
1994). The intracellular mediating factors between the receptor stimulation and
hypertrophic responses could involve an activation of the protein kinase C (PKC) by
diacylglycerol (DAG) and Ca**. PKC might stimulate the Na*/H™ exchange leading to
proton efflux and intracellular alkalinization. In addition, it might phosphorylate nuclear
proteins. Both these two processes will enhance protein synthesis. Besides, stimulation
of AT also activates phospholipass D (PLD), resulting in formation of
phosphatidylethanol, and phospholipase A, (PLA,), leading to production of
prostaglandins and leukotrienes, which might also play a role in the development of
hypertrophy (Sadoshima and Tzumo, 1993c). The other potential mechanism underlying
Ang T-induced cardiac hypertrophy is through its direct binding to a soluble DNA-
binding protein in the cytosol. This‘ligand-receptor protein complex will further regulate
gene transcription and afterwards protein synthesis probably by binding to a specific
DNA sequence (Evans, 1988).

Besides the direct effect of Ang I on myocardial growth, Ang II inight also be
involved in the development of hemodynamic overload-induced increases in myocyte
protein synthesis and cardiac hypertrophy. There are several lines of evidence supporting
this hypothesis (Sadoshima et al., 1993). First, stretch-induced c-onc and fetal-type
gene expression, as well as an increase in protein synthesis, are completely blocked by
specific AT,-receptor antagonists. The increased {*H]phenylalanine incorporation,
activation of MAP kinase and c-fos mRNA expression in the cultured cardiomyocytes
from neonatal rats in response to stretch were also inhibited by an antagonist for the AT,-

receptors, TCV-116 (Kojima et al., 1994). Therefore, the iuvolvement of Ang II in
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stretch-induced myocardial hypertrophy appears to be mainly via AT,-receptors
(Sadoshima and Izumo, 1993a; Suzuki et al., 1993). Second, stretching cardiac
myocytes in vitro causes an acute release of Ang IT and later on increases the expression
of the angiotensinogen gene. Third, the existence of Ang II in cardiac myocytes was
confirmed with immunofluorescence light microscopy and immunoelectron microscopy.
Fourth, the myosin isoform of Ang II-induced cardiac hypertrophy is indistinguishable
from that of stretch-induced hypertrophy (Sadoshima er al., 1992; Sadoshima and Izumo
19934). Fifth, both Ang II and stretch cause activation of the same set of multiple
second messenger systems in cardiac myocytes (Sadoshima and Izumo, 1993b; 1993c).
And last, in the model of aortocaval shunt-induced volume overload, the cardiac
hypertrophy is associated with significant increases in plasma renin activity (PRA) and
in cardiac renin activity (Ruzicka et al., 1993). The hypertrophic effect of this volume
overload was attenuated by losartan, an antagonist for the Ang II receptors, suggesting
a potential role of cardiac Ang II in the development of volume overload-induced

hypertrophy.

1.2.3.2.  Thyroid Hormones, including both thyroxine (T,) and triiodothyronine (T;),
not only regulate normal developmental growth of the heart, but can also induce cardiac
hypertrophy in adult animal models. The mechanisms underlying this hypertrophic effect
may include a direct effect of the hormones on the heart, an indirect effect related to
making the heart hypersensitive to sympathetic stimulation, or altered LV loading
conditions from a combination of the thyroid hormones’ action and an enhanced activity

of the sympathetic nervous system. Cardiac hypertrophy induced by thyroid hormones
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" is associated with an increase in the intracellular levels of signalling factors in the
myocytes, such as cAMP and Ca®* (Morgan and Bader, 1991). With regard tw [Ca®* ],
which has been demonstrated to be an important mediator for overload and neurogenic
hypertrophy, there are no substantial data indicating a primary role in mediating the
hypertrophic response of the heart to thyroid hormones (Haneda er al.. 1989).

About the particular mechanism for the hypertrophic effects of thyroid hormones,
the latest evidence is in favour of the direct gene action hypothesis. It has been proposed
that thyroid hormones increase protein synthesis by way of stimulating gene transcription
via binding directly to the nuclear thyroid hormone receptors (Morgan and Bader, 1991).
According to this hypothesis, the first step for the actions of thyroid hormones is (o form
a ligand-receptor complex with a specific cytoplasmic receptor protein, and the second
step is to bind this complex to the specific DNA sequences. The binding will activate
transcription of the target genes (Morgan and Bader, 1991). The nuclear binding protein
for thyroid hormones has been shown to be a homologue to one of the c-onc, named c-
erb-A (Weinberger ef al., 1986). The terminal effect of thyroid hormones® action is up-
regulation of o-MHC, which shifts myosin isoform from V; to V, in the ventricles.
Therefore, it is different from the change of myosin isoform associated with hypertrophy

from a pressure overload or from o -receptor stimulation (Marban and Koretsune, 1990).

1.3.  Cellular and Molecular Mediating Pathways of Cardiac Hypertrophy

Cardiac hypertrophy is a result of myocardial cellular hypertrophy, which is a
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result of an enhanced protein synthesis, or in some rare circumstances, a result of
enhanced protein synthesis combined with a decreased protein degradation (Morgan and
Bader, 1991), although protein degradation is increased in some hypertrophic process.
The induction of protein synthesis has been shown to be mainly controlled at the
transcriptional stage as indicated by increases in mRNA levels (Simpson er al., 1989),
even though control at the translational levels could not be excluded (Soltoff and Cantley,
1988).

At least four different intracellular pathways, being mentioned above individually,
have been shown to mediate the extracellular stimuli and the increased protein synthesis,

and will be summarized here (Morgan and Bader, 1991) (Fig. 1).
1.3.1. cAMP-Dependent Pathway

Stimulation of B-adrenoceptor results in an increase in the cytoplasmic cAMP
levels via an activation of the membrane bound adenylate cyclase through activation of
the stimulating GTP-binding protein (G,). cAMP further activates PKA. The
cytoplasmic membrane Ca** channels are activated by both G, and PKA, with a msu!tanf
increase in [Ca®*); (Krebs, 1989). Ca®* regulates many cellular processes, including
protein synthesis and cell growth. ‘ |

Increased levels of cAMP enhance protein synthesis in isolated cardiac myocytes
(Xenophontos er al., 1989). But it is not clear yet whether this increase of protein

synthesis is via PKA or via Ca**-dependent phosphorylations (Marban and Koretsune,

1990). The latest studies with cultured neuron-like cells suggest that the elevated cAMP
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Fig. 1.

Some of the nenral and endocrine pathways with possible coupling
proteins, second messengers, and effector mechanisms for transcription
regulation of cardiac cell hypertrophy (from Morgan and Bader, 1991).
G-proteins, guanine nucleotide binding proteins; cAMP, cyclic AMP; PDE,
phosphodiesterase; PLC, phosplblipase C; DAG, diacylglycerol; 1P,
inositol trisphosphate; PKC, protein kinase C; PKA, cAMP-dependent

protein kinase A. See text for details.

-19-



oy Angiotensin By
Receptor  Adrenergic_ N Adrenergic Ty
COUD!'ng G-Protein Protein G-Protein
Protein \ / o
‘ adenylyl
Second cCAMP PLC * channel cycl:si
Messenger PPE O/ \O o o)
© DAG IP—=—cCa® e
cAMP ¢ l
Eftector PKA Ga?2* /calmodulin PKA
\\wpendent kinase /
- signal tranaduction by phosphorylation
transcriptional regulation

l

cell hypertrophy



interferes with the activation of MAP kinase, which controls the activity ol other
enzymes through phosphorylation of the target protein enzymes and brings about the
cellular responses Marx, 1993). PKA phosphorylation of the cAMP recognition element
binding protein (CREB) forms the final step of this pathway. CREB is also

phosphorylated and then regulated by Ca**-dependent phosphorylation (Spaulding, 1993).

1.3.2. Inositol Phosphate-Diacylglycerol Pathway

Stimulation of «;-adrenoceptors, Ang II or endothelin receptors induces the
hydrolysis of membrane phosphatidylinositol 4,5-diphosphate (PIP,) by activation ol a
membrane-bound PLC and from this hydrolysis the formation of IP; and DAG (Berridge
and Irvine, 1989). The activation of PLC, at least following «-adrenoceptors activation,
is via an unidentified G-protein. IP; exists in cytosol and can be further phosphorylated
to inositol tetrakisphosphate (IP,). Both IP, and IP, can increase [Ca*);, whi_ch could
augment protein synthesis via phosphorylation of variety of proteins by Ca** dependent
kinases (Marban and Koretsune, 1990). DAG, the other product from PIP, hydrolysis,
is a membrane soluble product and its elevated level is sustained much longer than IP,.
DAG and the elevated [Ca?*]; stimulate PKC, which can phosphorylate a varicty of
proteins, of which some might act as transcription factors and thus enhance or modify
protein synthesis by stimulating c-onc expression (Simpsoh et al., 1989).

PKC also stimulates fhe Na*/H* exchange by increasing the affinity of this

exchange system for intracellular protons (Otani et al., 1990). Stimulation of Na*/H*
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exchange leads to an increased H* efflux and Na* influx, and therefore a decrease in
[H*]; and an increase in [Na*}; and intracellular pH (pH)). This cellular alkalinization
might subsequently increase protein synthesis, probably via an increased [Ca**];
secondary to the increase in Na* influx (Morgan and Bader, 1991). Stimulation of the
inositol phosphate-DAG pathway causes a shift of the myosin isoform from adult V, to

prenatal V, (Waspe er al., 1990).
1.3.3. Tyrosine Kinase-Dependent Processes

| Tyrosine kinase (TK)-coupled receptors have intrinsic protein-tyrosine
phosphorylation activity (Yonezawa ez al., 1990). This type of receptor includes the
receptors for insuliﬁ, heparin and several other growth factors, such as epidermal growth
& tactor (EGF), platelet-derived growth factor (PDGF) and fibroblast growth factor (FGF).
After binding with the ligand, the receptors can activate several other kinases as

well as auntophosphorylate a number of specific tyrosiné"-"residues within the receptor.
The activated kinases will stimulate and regulate protein synthesis directly, through
activation of MAP kinase, and also indirectly bj enhancing IP; and DAG formation via
a modulation of PLC activity (Simpson et a!.', 1989). Activation of MAP kinase through
the Ras pathway appears to be the common pathway for transmission of growth signals
of .the“ ligands for TK coupled receptors. For instance, after EGF has bound to its
receptor, the réceptor autophosphorylates its tyrosine.‘ residues first, then this
autophosphorylétion will evoke a sequential activation of the guanine nucleotide exchange

factor Sos, the guanosine triphosphate (GI‘P) binding protein Ras and the protein kinase
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Raf-1, and finally an activation of MAP kinase. Sos and Raf-1 are also c-once products.
The activated MAP Kinase can further phosphorylate transcription factors, thus protein

synthesis is regulated (Wu er al., 1993).
1.3.4. Nuclear Receptors

Thyroid hormones (Weinberger er al., 1986}, steroids (Evans, 1988), and also
Ang 11 (Dzau et al., 1988; Morgan and Bader, 1991) bind to the hormone-binding
domain of a soluble DNA-binding protein in the cytosol of target cells. Each hormone
has its specific DNA-binding protein. The hormone-receptor complex, alfter some
structural changes, moves into the nucleus (a process called internalization) and binds o
a speciﬁc regulatory site on DNA through the DNA-binding domain of the receptor
protein. In this way, specific DNA transcription is regulated, and cdnscquenlly the

protein synthesis is modified.
1.3.5. Summary

Except for the hypertrophic initiating factors acting via binding directly to the
nuclear receptors, most of the various extracellular stimuli and their intracellular -
pﬁthways‘ mentiqned abovif,l will finally converge to a common route --- con;{lilulive or
inductive transcription of E‘:onc (Marban and Koretsune, 1990). These c-onc encode
DNA binding proteins, which funhler modulate.RNA_ttanscription by binding to the

controlling elements of the transcribed genes and regulate protein synthesis (Simpson e
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al., 1989) and the assembly of these synthesized proteins (Iwaki er al., 1990). The
inductive transcription of c-onc is mediated by phosphorylation of certain nuclear
proteins, called transcription factors. These phosphorylations are directly or indirectly

influenced by [Ca®*];,, PKA, PKC or MAP kinase dependent pathways.
II. Dietary Sodium-Induced Hypertrophy

II.1. General Review

The correlation between sodium intake and hypertension in salt sensitive
populations has been studied for quite a few years and has been well documented (Freis,
1976; Stamler ‘ér al., 1989). However, the role of dietary sodium in cardiac hypertrophy
or .i“ hypertensive LVH has been empilasized just recently (Fernandez et al., 1988).
Initial studies (S(;!111}ieder et al., 1988; Du Cailar er al., 1989) indicated that in mild
hypértensives', Iﬁgh sodium intake mﬁy be a determinant of LVH independént of other
vari:ibles, such as systolic or diastolic blood pressures (SBP or DBP), body mass index,
age, gender, hgematdcrit, and plasma catecholamine levels. Afterwards, the role of
sodil_mi intake has been confirmed in nonnoteﬁsive as well as in hypertensive subjects by
| demonsémtion‘ of a positive conelatién between the amount of sodium intaké; designated
as the urinary Na* excretion, and the changes in LV ' geometry, measured by

echocardiography (Hammohd et al., 1988; Du Cailar er al., 1992). In Schmieder’s
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study, urinary sodium excretion was found to be the strongest predictor for LV mass in
the essential hypertensive patients (Schmieder ef al., 1988). Dictary sodium was also
shown by Liebson er al. (1993) as strong a predictor for LV mass as SBP or body mass
index in mild hypertensives. Kupari er al. (1994) suggested dietary sodium as an
independent predictor but also a synergistic factor with BP for LV mass of a population
sample aged 36 to 37 years old.

The positive correlation between the high sodium intake and the increase in heart
mass has also been demonstrated in animal experiments. An increase in the LV mass by
salt exposure was observed in normotensive young WKY rats onh high sodinm dict (2%
to 8% NaCl, with respectively 3 to 10 times higher NaCl content than that in the regular
food) for 4 to 10 wk (Yuan and Leenen, 1991; Frohlich er al., 1993). A similar effect
was also seen in normotensive Wistar rats on a 1% NaCl solution in drinking water for
3tob wk‘(Fields etal., 1991). Besides studies with normotensive rats, the effect of high
salt exposure on cardia.c mass was also studied in some hypertensive animal models. In
two-kidney, one-clip (2K, 1C) renal hypertensive rats, high dietary sodium increased ancl
low dietary sodium decreased cardiac hypertrophy by 13 and 9%, respectively, while the
level of the elevated BP was not affected (Lindpainter and Sen, 1985; Gallo et al., 1990).
In contrast, SHR on a 10 wk high sodium diet developed LVH accompanied by an
increase in BP and in total peripheral resistance (TPR) (Frohlich er al., 1993).

Hypertrophy, rather than hyperplasia of myocardium, is the underlying cellular
process of the increased LV mass by high sodium intake. In rats, the increase in LV
mass by high sodium intake is associated witﬁ an increase in the ratio of non-collagenous

protein to DNA and in the total collagen content as well as a decrease in DNA

-24-



concentration (Kihara et al., 1985). Based on the concept that each cell contains a
constant amount of DNA, both an increased ratio of protein to DNA and a decreased
DNA concentration indicate that the individual cellular mass has been increased without
an increase in the cell numbers.

The LVH induced by a high sodium intake in aﬁimals shows a concentric form,
similar to that induced by a pressure overload. This is clearly observed in WKY rats on
1% saline in drinking water (Fields er al., 1991). High sodium diet-induced LVH in
" WKY rats also has a tendency for a concentric form (Yuan and Leenen, 1991). A diet
with 4% NaCl for 9 wk increased the LV wall thickness without changing the end-
- diastolic dimension of the LV in Wistar rats, suggesting a similar effect of high salt
exposure on the ventricular structures (de Simone et al., 1993)

The hypertrophic effects of the high sodium diet in rats appears to be age and
strain dependent. The hypertrophic effect is significant in young WKY rats on diet from
4 to 8 wk of age, to about 25% increase in LV weight, and in young Wistar rats to about
14%. Ttis less potent in adult WKY or Wistar rats commencing diet from 13 wk of age
or older, and non-effective in Dahl salt-resistant rats, which showed no increase in LV
weight (Yuan and Leenen, 1991). These results indicate a preferential inﬂﬁence of the

high sodium intake on the early developmental stage of the animals.

11.2.1 Possible Mechanisms

The first question which needs to be answered is whether a pressure or volume
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overload is playing a role in the salt exposure-induced cardiac hypertrophy, even though
high sodium intake has already been confirmed to be a risk factor for cardiac
hypertrophy independent of other hemodynamic factors (Hammond er al., 1988;
Schmieder et al., 1988; Du Cailar et al., 1992). Different strains of normotensive rats
have been used in various chronic exposure protocols and the possible involvémcm of a
load factor has been consistently ruled out. For instance, in normotensive young rats,
high sodium intake causes LVH, and this LVH is not accompanied by an increase in the
resting systemic BP, right atrial préssure (RAP) or LV filling pressures measured during
the daytime (Kihara et al., 1985; Fields et al., 1991; Yuan and Leenen, 1991; Frohlich
et al., 1993). This LVH is not accompanied by changes in the regional hemodynamics
in the heart or in peripheral organs (Frohlich et al., 1993), or by an increase in RV
weight (Fields er al., 1991; Yuan and Leenen, 1991). These results indicate that
pressure or volume overload mechanisms may not be involved in the development of
sodium-induced LVH. Furthermore, the 24 hr average BP of WKY rats was not
changed, although nighttime BP was increased significantly by a high sodium diet by 4 -
6 mmHg (Calhoun er al., 1994).

In addition, most data do not support a primary role of an elevated sympathetic
activity in the development of the high sodium intake-induced LVH. For example, the
daytime LV norepinephrine turnover rate and tissue tyrosine hydroxylase activity were
not increased by a high sodium intake (Fields et al., 1991; Yuan and Leenen, 1991), In
studies on normoteﬁsive humans, high sodium diet actually decreased the plasma and

_urinary catecholamine concentrations (Wood ez al., 1982; Egan, et al., 1991).

In contrast, normotensive rats on a one or six months high sodium intake showed
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an increased urinary catecholamine excretion rate (Battarbee er al., 1979). But, since
urinary catecholamine excretion rate is a parameter for the last step of the dynamic
profile of catecholamine metabolism, this rate is influenced by a variety of factors within
and outside the sympathetic nervous system, such as the rate of synthesis, release and re-
uptake of catecholamines, and the plasma and interstitial levels of catechol O-methyl
transferase (Ostman-Smith, 1981). Because of this, it is difficult to make a conclusion
on the levels of cardiac sympathetic activity based on the change of urinary
catecholamine excretion rate.

The effect of a high dietary sodium on sympathetic nervous system has also been
studied in some hypertensive rat models. An elevated BP and more marked sympathetic
activity are involved in rats on a DOCA-salt treatment (de Champlain and van
Ameringen, 1972). In DOCA-salt treated rats, the plasma catecholamine concentrations
were increased in some studies (de Champlain er al., 1976). Conversely, the cardiac
catecholamine content of rats with the same treatment was reduced (Krakoff er al., 1967,
Doyle, 1968). In the same model, the norepinephrine turnover rates appeared to be
increased in the heart (Motoyama et al., 1988). In SHR, a salt exposure by drinking 1%
NaCl increased the turnover of norepinephrine in the heart and its excretion in the urine
(Gradin et al., 1988). Even though a low sodium intake does not necessarily affect
sﬁnpathetic activities in a manner opposite to a high sodium intake, the depressed cardiac
catecholamine in 2K 1C hypertensive rats was restored to normal levels by a restriction
of sodium intake (Lindpaintner and Sen, 1985).

The predominance of a-isoform of MHC is not changed by a 4% NaCl diet for

6 wk (Buttrick er al., 1993), suggesting no similarities to the cardiac hypertrophy induced
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by an increased load or by an e-receptor activation. In the latter two conditions, MHC
was switched to 2 B-isoform dominant V; phenotype (Marban and Koretsune, 1990), In
contrast, in normotensive Wistar rats, very low sodium dict (7 mEq/kg) for 6 wk
increased MHC V| isoform by 24% and reduced V; by 60%, while normal sodium diet
(204 mEq/kg) did not change the isoform distribution (Sen and Young, 1986}, However,
a lower sodium intake does not necessarily affect MHC isoform in a manner oppuosite to
a high sodium intake.

The high sodium diet-induced LVH is also unlikely related to plasmi-derived Ang
II, since the levels of Ang IT are inhibited to almost undetectable levels by a high sodium
intake (Buttrick er al., 1993; Osbom er al., 1993). Whether local Ang I could be
regulated differently from that of plasma Ang II level needs to be studied.

An other potential cellular response to salt exposure could involve the activation
of cytoplasmic Na*/H* exchange. However, the activation of this exchange system is
not likely to be an initial mechanism for dietary sodium-induced LVH. Na* influx
through myocardial membrane Na*/H™* exchange activated by an overload does stimulate
cardiomyocyte protein synthesis (Kent ef al., 1989). However, the plasma Na* levels
of rats on a high salt exposure are transiently increased by only I to 2% by a diet with
8% NaCl (Mozaffari er al., 1990). Moreover, if only sodium intake is increased,
without altering other mechanisms for maintaining normal extracellular sodium levels,
hypernatraemia is rarely observed (Vollmer, 1984). Besides, the activity of the Na*/H*
exchange system is mainly regulated by its affinity to the intracellular H*, instead of the
extracellular [Na*](Soltoff and Cantley, 1988), showing its preferential sensitivity to a

change in [H*]; than to a change in extracellular [Na*]. Taken altogether, it is unlikely
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that the activation of Na*/H* exchange could be a mechanism for the dietary sodium-
induced LVH,

The other recognized pathway influencing [Na*]; and then [Ca®*); is through
modulation of myocardial Na*, K*-ATPase activity. Inhibition of this enzyme increases
[Na*], and subsequently increases [Ca**], via a secondarily activated Na*/Ca®*
exchange. High sodium diet has been shown to modify the activity of this enzyme in
myocardium (McPartland and Rapp, 1982; Clough et al., 1985) and kidney (Di Campo
eral., 1991; Nishi er al., 1992), or to change the amount of the subunit isoforms of the
enzyme (Sweadner er al., 1994). Quabainlike activity (OLA), an endogenous inhibitor
of Na*, K*-ATPase, has been found to be increased by a high sodium diet in LV and
other tissues from WKY rats (Leenen et al., 1993). However, Na*, K*-ATPase
inhibition by exogenous ouabain does not promote cardiac protein synthesis. On the
contrary this inhibition even reduces cardiac hypertrophy by decreasing protein synthesis
in the heart (Kent er al., 1989). The mechanism for the decreased protein synthesis
when Na*, K*-ATPase is inhibited may be related to a continual loss of intracellular K*
associated with an increased Na* influx. This loss of intracellular K* will markedly
impair protein translation, since intraccllular K* in particular is required for the
elongation of the synthesized peptide (Kent et al., 1989). Based on all these studies, the
hypothesis that an initial increase in [Na*]; through inhibition of Na*, K*-ATPase and
a subsequent increase in [Ca®*]; is unlikely applicable in the high sodium diet-induced

LVH.
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11.3. Supporting Evidence for Our Hypothesis

Although the systemic or cardiac sympathetic activity appears to be lowered by
salt exposure, several lines of evidence suggest that a change in :ulrcﬁuccplur activity or
sensitivity might be involved in the hypertrophic process of a high sodium intake
(Woodcock et al., 1979; Meggs et al., 1988; Gallo e al., 1990).

On the cellular level, some experiments suggest that a high sodium intake changes
the cardiac adrenoceptor densities or affinities. Rats subjected to a 1% saline as the only
drinking water for 6 wk showed an up-regulation of the myocardial e,-receptors density
{(with an increase of about 40%), though with a reduced affinity (K, the dissociation
constant = 395 vs. 100 pM) (Meggs er al., 1988). High levels of dictary sodium
significantly increased the B-receptor numbers in nomotensive, sham-operated rats (Gallo
et al., 1990).

Changes in adrenoceptor density by high sodium intake were also observed in
various hypertensive models. In rats with DOCA-salt-induced hypertension, a 50%
decrease in B-receptor number in the heart with an unchanged affinity (K, 1.43 s,
control of 1.59 nM) was found (Woodcock er al., 1979). In rabbits, the maximal bindiiu‘g
sites (B,,,0 of myocardial membrane for B-receptor agonist was decreased significantly
from 109 to 55 finol/mg protein by chronic treatment with DOCA-salt (Tsuji ef al.,
1987). Since an elevated BP and higher sympathetic activity are present in the DOCA-
salt model (de Champlain and van Ameringen, 1972), these changes in B-receptor density |
or"affinity may not be attributable to the salt exposﬁre only.' Alhigh sodium dict did not

change the B-receptor numbers in the heart of 2K, 1C hypertensive rats (Gallo er al.,

1 | .3 0‘ '



1990).

In addition to an influence on the recepfor levels, salt exposure may modulate
post-receptor signal pathways for the adrenoceptors as well. The activity of the
intracellular mediating pathway for o;-adrenoceptor activation, the inositol phosphate-
DAG pathway can be determined by measuring the accumulation of the major product
from this pathway, incsitol monophosphate. The amount of inositol monophosphate was
twofold higher in the atria and ventricles of DOCA-salt hypertensive rats than in the
normotensive rats (Eid and de Champlain, 1988). This result suggests that in the heart
of DOCA-salt-treated rats there might be a hyperactivity of the «;-adrenoceptor or of the
intracellular signalling systems responsible for the activation of the inositol phosphate-
DAG pathway.

A more complicated modification of adrenoceptors by a high sodium intake was
noted by measuring the ratio of a,- to B,-adrenoceptor in blood cells from normotensive
young men. The ratio was increased by a 2 wk high sodium diet, showing an up-
regulation of a,- and/or a concomitant down-regulation of B,-receptors in the blood cells
(Skrabal et al., 1988)." The change of myocardial adrenoceptors in response to the salt
exposure might fpllow a similar pattern.

In association with changes in adrenoceptor density or affinity by a high sodium
intake, the pressor or chronotropic responses in humans and in animals also showed some
alterations. In normotensive young men, the magnitude of BP increase in response to .
norepinephrine infusion was signiﬁcantly increased by a 5—day high sodium diet. At the
~ same time the threshold of the, ﬁmssor respoﬁse to norepinephrine was lowered,

indicating an increase in both 'responsiveness.a\nd sensitivity to a-receptor stimulation

-31-



(Rankin er al., 1981). A similar augmentation in pressor response to norepinephrine was
seen in other studies on a group of young male students (Skrabal er al., 1984; Sharma
et al., 1992). This increased pressor response is in agreement with the finding in
normotensive humans that the ratio of a,- to b,-adrenoceptors in blood cells was
increased by a high sodium diet (Skrabal et al., 1988). A similar pattern of the change
in the ratio of these two receptor types may also occur in vascular smooth muscles of the
subjects on a high sodium diet, and then result in increased vasoconstriction. Assessment
of the dose for isoproterenol in vivo to increase HR by 25% as an indicator of B-receptor
responses, showed that the response level was not changed by a high dietary sodium for
7 days in normotensive volunteers (Volpe et al., 1982). However, in another study with
the similar method in a group of normotensive humans, a high sodium diet was
demonstrated to increase the sensitivity to isoproterenol (Fraser er al., 1981).
Although most hemodynamic parameters are not changed by a salt exposure, a
short (for several min) but significant increase in HR and BP (by about 30% I‘br both
parameters) is recorded in normotensive WKY rats during each drinking periorll in the
night (unpublished data from our laboratory). The increase in BP and HR was
instantaneous and both parameters returned to normal levels i:ﬁmediately after cessation
of the drinking. These features indicate that the hemodynamic changes are neurogenic
rather than from a volume expansion. When the rats are given a high sodium diet, their
total drinking time is significantly increased by 70% and the 24 Ar drinking volume
increased by 3-f61d. -Twenty-four Ar hemodynamic monitoring showgd‘a diurnal BP
rhythm in WKY rats on a regular diet, with a 4-6 mmHg‘higher BP in the nighttime

than during the daytime (p < 0.05), while this diurnal BP difference was increased to
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9 - 10 mmHg in those on a high sodium diet (8% NaCl) (p < 0.05) (Calhoun er al.,
1994). With this increase in the day-night BP difference, the nighttime average BP of
rats on the high sodium diet was 4 to 5 mmFg higher than those on a regular diet (p <
0.05). The increase in systemic BP and HR associated with each drinking suggests a
transient increase in sympathetic activity. Although a decreased parasympathetic activity
can result in an increase in HR, the systemic BP level is mainly determined by a
sympathetic tone and the elevation of BP is therefore most probably related to an

increased sympathetic activity.

I1.4. Hypothesis

Based on the previous findings that a high sodium diet modulates adrenoceptor

activities through a change in receptor density or affinity, or through an alteration in the

~ activities of post-receptor pathways, it is hypothesized that a possible increase in cardiac

adrenoceptor responses, possibly combined with intermittent increases in sympathetic

activity caused by a high dietary sodium is responsible for the development of LVH.

I1.5. | Objective

. We intend to assess the possible alterations . in responses of «;- and/or B-

adrenoceptor(s) after a chronic high sodium diet, and the possible role of the
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adrenoceptors in the development of high dietary sodium-induced LVH.

.6. Approaches to Test the Hypothesis

(1) We plan to test whether the responses of the «,- or B-adrenoceptors in vive
are changed in WKY rats during and after the establishment of the high sodium diet-
induced cardiac hypertrophy, by monitoring BP, HR, cardiac output (CO), intracardiac
pressures and total peripheral resistance index (TPRI), and the responses of these
parameters to «,- or B-adrenergic stimulations after a high sodiutn diet for various lengths
of time;

(2) We plan to test whether blockade of the «)- or B-receptors can prevent the
development of LVH induced by a higﬁ socliuzﬁ diet, by intragastrically (ig)
administration of «,- and/or B-receptor antagonists throughout the whole diet regimen.
Combined blockade of both ;- and B-receptors will be used .to prevent possible
excitatory influences on the other type of the adrenoceptors. when one type has been

blocked (Steinkraus er al., 1989).



METHODS

I. General

Male WKY rats were obtained from Taconic Farms, Germantown, NY, at 3 wk
of age. They were housed two per cage in a temperature-controlled room with a 12-/tr
light-dark cycle and had free access to tap water. All animals were in our animal facility
one wk before starting the experiments. Diets with the following sodium concentrations
were used: 1,370 wnol Nat/g food (8% NaCl, high sodium diet), 342 umol Na*/g food
(2% NaCl, medium high sodium diet) and 101 pmol Na*/g food (0.6% NaCl, regular
diet) for 1, 2, 4 or 6 wk (Table 1). The diet treatment was started at 4 wk of age.
Water intake wzis monitored by measuring bottle weight change during 24 /i for day 1,
4 and 7 after starting the diet and thereafter, once a week, and by averaging this change
for the two rats in each cage as previously described (Ely et al., ;,‘987; Fields er al.
1991; Yuan and Leenen, 1991). Body weight was measured one daj Before starting the
regular or high sodium diets, and then once a week.

Four experimental protocols were used to test changes in the resting
~ hemodynamics and in their responses to adrenergic stimulation, and to test the change
in the heart weight and design after (1) 1, 2 or 6 wk high or medium high sodium diet;
(2) 1, 2 or 4 wk high sodium diet with o,-receptor anfagonist; (3) 4 wk high sodium diet
with B-receptdr antagonist; and (4) 4 wk high sodium diet with#conllbined a,- and B-

receptor antagonists (Table I and the following description), in comparison with rats on

[N
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a regular dict for same number of weeks (not shown in Table 1). The adrenoceptor
antagonists were ig given by gavage, once a day in the afternoon between 2:00 to 6:00,
starting 2 days before the diet regimen and with the last dose on the_ morning of surgery.
After finishing the diet and drug treatment, rats were cannulated under halothane-nitrous
oxide-oxygen anaesthesia for hemodynamic measurements. All the hemodynamic
recordings were measured in conscious unrestrained rats aster 3 /i recovery from
surgery. In one protocol, arterial blood was collected for determining haematocrit right
after recording of the baseline hemodynamic measurement. Immediately before assessing
hemodynamic responses to e-adrenoceptor agonist, phenylephrine HCI (Sterling-Winthrop
Inc., Markham, ON) or B-adrenoceptor agonist, isoproterenol HCI (Sabex, Boucherville,
QP), the ganglionic blocker, hexamethonium (Sigma, St Louis, MO), was iv injected to
eliminate the influence of the baroreceptor reflex on the BP or HR responses.

After hemodynhmic measurements, the rats were sacrificed, their hearts taken out
and dissected to obtain the weights of the LV and RV, and the chamber dimensions and

wall thickness of the LV,

1I. Experimental Protocols

II.1.  Protocol 1. Effeét of the Medium High or High Sodium Diet for 1, 2 or 6 wk
on the Resting Hemodynamics, Heart Chamber Weight'mzd Dimensions and o-

or f-Adrenergic Responses
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Medium high or high sodium diet (as shown in Table 1) or regular diet (not
shown in Table 1) was used for 1, 2 or 6 wk. At the end of dict treatiment, rts were
cannulated for arterial BP and HR measurements for the 1 wk diet group, and BP, HR
and CO measurements for the 2 and 6 wk diet groups. After recovery from surgery for
3 hr, baseline BP, HR and CO were recorded. After 30 mg/kg hexamethonium was
slowly iv injected and flushed with normal saline, phenylephrine was iv infused at a rate
of 1, 3 or 6 ug/kg/min for 7 - 9 min of each dosage. After a 30 min recovery from
phenylephrine infusion and a second dose of hexamethoiiium, isoproterenol was v
infused at a rate of 0.05, 0.1 or 0.2 pg/kg/min, each rate for 6 - 8 min. The peak
responses of pressure and CO were recorded at the end of each infusion rate. The

solutions of the drugs iv infused or injected were made up with normal saline.

I.2. Protocol IIA. Effect of a-Receptor Blockade on the Hemodyiamics and on the

Heart Chamber Weight and Dimensions of Rats on the High Sodium Diet for

1, 2 or4wk

Four groups, each of 36 rats were fed with either regular or high sodium diet for
1, 2 or 4 wk (Table 1). _lEach‘diet group was further divided into 2 subgroups for
different treatments. One subgroup was ig injected with terazosin, staﬁ’f:‘ng at 15 for the
first day, 30 for the second daﬁ and afterwards 60 mg/kg/day until the'end of the
treatment (Kyncl, 1986), the other with 1 mi/kg/day distilled water as a control injection.

Terazosin solutions were made up with distilled water. After lhe,last'injection of

4
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terazosin on the morning of the surgery day, rats were cannulated for arterial BP and HR
measurements for the | wk group, and LV pressure (LVP)} and RAP measurements for
the 2 and 4 wk groups. About 6 Ar after the final dose of terazosin and 3 /i after
surgery, baseline pressures and HR were recorded.  Thereafter, 30 mg/kg
hexamethonium was iv injected, followed by phenylephrine iv infusion at a rate of 1, 3
or 6 for rats without terazosin and 6, 12 or 24 pg/kg/min for those with terazosin
treatment, and each infusion rate lasted 7 - 9 min. Similarly, after a second dose of
hexamethonium, isoproterenol was v infused at a rate of 0.05, 0.1 or 0.2 pg/kg/min and
each infusion rate lasted 6 - 8 /min. The peak responses of pressures were recorded at

the end of each infusion rate.

IL.3. Protocol IIB. Effect of -Receptor Blockade bn the Hemodynamics and on the
Heart Chamber Weight and Dimensions of Rats on the High Sodium Diet for

4 wk

Forty-two rats were divided into 2 groups and fed with either regular or high
sodium diet for 4 wk (Table 1). Each diet group was divided into 3 treatment subgroups.
One subgroup was ig administered 1 mi/kg/day distilled water as a control for the
injection process, the second subgroup with 25 (with the first 2 days 12.5), and the third

subgroup with 100 (with the first day 25 and the second day 50) mgskg/day nadolol (Lee
é.r al., 1992). Nadolol solutions were made up :with distilled water. At the end of the

diet regimen, on the morning of the surgery day, the last dose of nadolol was given and
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LV and RA catheterizations were performed.  After recovery from surgery for 3 hr,
baseline LVP and RAP were recorded. Then isoproterenol was /v infused at a rate of
0.1, 0.2 or 0.4 for rats without nadolol treatment, and 0.1, 0.2, 0.4, 0.8 or 1.6
ug/kg/min for rats treated with nadolol. Pressure recordings were taken at the peak

responses for each dosage infused.

.4. Protocol IIC. Effect of Combined oy and fi-Receptor Blockade on the
Hemodynamics and Heart Chamber Weight and Dimensions of Rats on the

High Sodium Diet for 4 wk

Thirty-six rats were divided into 2 diet groups and fed with cither regular or high
sodium diet for 4 wk (Table 1). Each diet group was divided into 2 subgroups and were
ig administered | mi/kg/day distilled water as a control for the injection process, or 60
mg/kg/day terazosin plus 100 mg/kg/day nadolol. Terazosin and nadolol solutions wcr;:
made up with distilled water and administered by gavage every afternoon, 2 /ir apart.
After recovery for 3 -r and deiermination of baseline LVP and RAP, artcrial h.'dod wits
collected from the carotid catheter without applying any sucking force. Then after iv
injection of 30 mg/kg hexamethonium, phenylephrine was iv infused at 1, 3 and then 6
or 6, 12, 24 or 48 ug/kg/min for rats without or with terazosin treatment, isoproterenol
at 0.1, 0.2 or 0.4, or at 0.1, 0.2, 0.4, 0.8 or 1.6 ug/kg/min for rats without or with
nadolol treatment, respectively, Again, the pressures were recorded at the peak

responses for each dosage infused.
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III.  Surgery and Hemodynamic Measurements

II.1. General

Rats were anaesthetized with halothane-nitrous oxide-oxygen mixture. A midline
incision was made along the front side of the neck, and afterwards, polyethylene 50
catheters (PE-50, Clay Adams, Becton Dickinson Labware, Lincoln Park, NJ) filled with
heparin saline solution (150 - 200 IU/nt with Hepalean, Organon Teknika, Toronto, ON)
were placed into the artery or heart chambers for pressure recordings, and another one
into the external jugular vein for /v infusion of the drugs. All the catheters were
exteriorized at the back of the neck through subcutaneous tunnels and locked with a piece
of colpilred adhesive pla:;:ter to the skin. After surgery, rats were permitted to recover
for 3 hr from the anaesthesia and the surgical procedures. This recovery time has been
shown to be sufficient for rats to recover from the anaes;llesia (Kanda and Flaim, 1984;
Yamamoto er al, 1980). A longer recovery period is inappropriate for rats with LV
cannulation, since 1 or 2 days after such a cannulation rats are associated with
increasingly severe aortic insufficiency and a higher mortality (Tsoporis er al, 1989).

Thén the rats were put into the partitioned cage for containing rats during
hemodynamic measurements, with the bottom of the cage set at the same level as the
- transducer. After an acclimatization period of 30 min, the catheters to the carotid artery

or heart chambers was connected to a pressure transducer (Statham P23 ID, Statham-
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Gould, Oxnard, CA). For CO measurements, the thermistor and the catheter for siline
injection were connected to respective instruments, as described in the following. The
jugular vein catheter was connected to a syringe mounted on an infusion pump (Harvard
Apparatus, Millis, MA). Baseline pressures and HR were recorded in conscious rts on
a Grass 7D muitichannel chart recorder (Grass Instruments, Quincy. MA). Each
transducer and the connected recording channel on the chart recorder was calibrated with
a sphygmomanometer one day before measurements. At the peak response of cach
infusion rate, the same recordings were taken, At least two samples of the recordings
were taken for both the baseline and each of the infusion rate of the drugs. Mean values

were calculated from the two sample recordings.

II1.2. Arterial BP and HR

PE-50 catheters were placed into right carotid artery for BP and HR recordings
and into left external jugular vein for infusion of the drugs. Bascline BP was recorded
on a Grass 7D multichannel chait recorder at a setting of 50 nunHg/cm and paper speed
at lO mm/sec. SBP, the peak of the BP pulsation, DBP, the bottom of the BP pulsation
and HR (count from the pulsation of the BP tracing in certain time pmod) were read
from the polygraph recordings. MAP was calculated with the equation: MAP = DBP +

(puise pressure/3), while the pulse pressure is the difference between SBP and DBP.
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111.3. CO, BP and HR

CO was measured by the thermodilution technique as previously described (Lin
et al., 1970; Yuan and Leenen, 1991), For CO measurements, a PE-50 catheter was
placed into the RA via the right external jugular vein for injection of thermal tracer
indicator, another PE-50 catheter into the left external jugular vein for iv injection or
infusion of the drugs. A PE-10 catheter was inserted into the left femoral artery for
monitoring BP and HR. A thermistor (0.64 num OD) was advanced into the aortic arch
via the left common carotid artery and connected to a computer designed for cardiac
output measurements (Cardiotherm-500) through a Cardiomax-II-R Interface (Columbus
Instrument, Columbus, OH) and a Probe Selector (Columbus Instruments, Columbus,
OH). The tip of the thermistor was to be located ideally in the centre of blood stream
at the aortic arch, without touching the aortic wall or being left far away from the arch.
Its depth was adjusted by observing chart recorder (Columbus Instruments, Columbus,
OH) until the baseline was slab[g and the CO test curve on the chart .recordcr recorded
after each thermal traéer injection was smooth and at the largest deflection with rapid
recovery. The test was repeated several times to make sure that all of these features
were reproducible.  Immediately after BP and HR recordings, 200 pl normal saline at
room temperature (21 - 22 °C) was injected into the RA as a thermal tracer indicator, and
then the temperature at the arterial blood stream close to the aortic arch was sensed by
the thermistor tip.' The difference between the temperature of the normal saline injected
" and that of the blood stream at the aortic arch was calculated by Cardiotherm-500 to

obtain the digitized CO readings. This procedure was repeatéd twice, and the mean of
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the two readings was multiplied by 4 to obtain the CO values (mi/min). The same
recording was taken at the peak response of cach infusion rate of the drugs given. From
the BP tracings and CO readings. MAP and the following parameters were caleulated:
cardiac index (CI, mi/min/kg) = CO/body weight: stroke volume index (SVi,
mitbear/kg) = CI/HR; total peripheral resistance index (TPRL, mmHg/mi/min/kg) =

MAP/CL.

II1.4. LV and RA Pressures

For the measurements of LVP and RAP, rats were catheterized under anaesthesia
with PE-50 cannulas inserted into the LV via the right common carotid artery, to the RA
via the right external jugular vein. Another cannula was put into the left external jugular
vein for infusion of drugs. Left ventricular peak-systolic pressure (LVPSP), LV end-
diastolic pressure (LVEDP) and HR were recorded in conscious rats at a setting of 50
mmHg/cm with a paper speed at 100 mb:/sec. The RAP was recorded at a setting ol §:
mmHg/cm, and paper speed at 100 mm/sec. RAP was determined during both inspiration
and expiration. The values of RAP shown were those takelll at the end of the expiration

phase.

IV.  Drug Infusion



Alter baseline hemodynamics were recorded twice for each rat, 30 mg/kg
hexamethonium was slowly iv injected through the infusion catheter and flushed with
saline to block the baroreceptor reflex influences on BP and HR. Pressure or CO
recordings were taken when maximal decrease in the pressures appeared. These post-
hexamethonium recordings were used as new baseline values. Afterwards, phenylephrine
was infused through the catheter inserted into the left jugular vein at 3 - 4 dosages (see
Table 1 and the experimental protocols) and each dosage for 7 - 9 min. After a recovery
period of 30 min, another dose of 30 mg/kg hexamethonium was injected, and then
isoproterenol was infused through the same catheter at 3 - 5 dosages (see protocols), each
lasting for 6 - 8 min. The recovery time of 30 min before going on to isoproterenol
infusion is sufficient for eliminating the effect of phenylephrine infused, as the latter has
a short half-life. If the infusion time for the first two dosages, of either phenylephrine
or isoproferencl, was longer than {5 min, then a maintenance dose of 10 mg/ke
hexamethonium was given before contiquing infusion. After recording of the post-
infusion values for each drug, the infusion catheter was slowly flushed with normal

saline.

V.  Heart Chamber W'.eig'ht and Dimensions

!
‘

After recording of the . resting and responsive'hemodynamics, the rats were
sacrificed with /v injection of an overdose of sodium pentobarbital (Somnotol, MTC

Pharmaceuticals, Cambridge, ON) through the infusion catheter, followed'by flushing
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with 1 M KCI solution to arrest the heart in diastole (Ruzicka er al., 1993). Heart
anatomy was done as described by Tsoporis ef al. (1989). After a midline incision
through the sternum, the heart was rapidly excised and placed into ice-cold saline to
maintain the heart in diastole and to remove the blood. Both the atriz and big vessels
were trimmed off, then RV free wall was cut off carefully from the interventricular
septuzz. The LV (LV free wall plus interventricular septum) and RV wet weights were
measured on a balance after the slices being blotted dry. A transverse midlevel slice of
LV was obtained by two cross-sectional cuts at one-third and two-thirds on the
longitudinal axis, and was viewed under a fight microscope equipped with a calibrated
ocular lens (Macrometer, Olympus, Tokyo, Japan). The LV wall thickness was
measured at 8 points around the circular section, and the average was cialculated, The
internal diameters of the LV were measured from the farthest points of the major
(anterior-posterior) and minor (septal-lateral) internal diameters. The mean value of the
diameters was divided by 2 to obtain the radius, which was used for calculation of the
ratio of LV wall thickness to radius. When reading under the microscope, care wa's
taken to avoid including images from epicardiuml, papillary muscles, or tmbwuluc
carneae. The readings of the wall thickness and internal diametefs under the microscope
was transformed to mnt by dividing them by a factor of 16.75. The RV free wall and
the three LV slices were then put into an oven (60 °C) for 24J hr, and their dry weights
were measured with the same balance used for wet chamber weight measurements. Bélh
- the wet and dry weights were normalized for individual body weight, to get the relative
chamber weight for comparison between different groups. The ratiol of the dry weight

to corresponding wet weight of the ventricles, and both the ratio of LV wet to RV wet,

i
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weights and of LV dry to RV dry weights were calculated.

VI, Haematocrit Measurements

Haematocrit was measured according to Wiseman and Irving (1963). After
baseline hemodynamic recordings were finished, the arterial blood was collected into
heparinized microhematocrit capillary tubes (Fisherbrand, Allied Corporation, Fisher
Scientific, Pittsburgh, PA) from the carotid catheter without applying any suction force
to the cannula.  The first four drops of arterial blood was discarded, and collecting was
started from the fifth drop. The capillary tubes filled up with fresh arterial blood was
centrifuged (Hettich Haematocrit, D-7200 Tuttlingen, Germany) . for 2 min and
haematocrit readings were ;aken from the scale. After collecting the blood sample, the
catheter was flushed with saline with a volume similar to the blood collected, making

" sure that there was no visible blood trace left inside the catheter.

VII. . Statistical Analysis

Body weight, water intake, haematocrit, heart chamber weight and dimensions and
resting hemodynamic values are expressed as mean + SEM for each group.
Hemodynamic changes in response to agonist infusion or hexamethonium injection are .

expressed as 6 + SEM for each dosage vs. baseline values. The data was analyzed by

t
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analysis of variance, and the Duncan multiple range test was used for post hoc analysis.

Values of p < 0.05 were considered statistically significant.
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RESULTS

L. Experimental Protocol I: Effect of Medium High or High Sodium Diet for
1, 2 or 6 wk on the Resting Hemodynamics, Heart Chamber Weight and

Dimensions and - or f}-Adrenergic Responses of Rats

I.1.  Water Intake and Body Weight

Four wk old WKY rats on a regular diet drank 234 + 10 mi/kg/day during the
ﬁrSt several days (Fig. 2). This amount gradually decreased to 118 + 8 mi/kg/day after
being on dief for 3 wk. For young WKY rats on a high sodium diet, their water intake
was increased signiﬁcant_ly by more than two-fold during the initial days. During the
following 5 wk their wziter iﬁ;ake remaihed about 3 times higher than that of rats on a
regul.ilr diet. The extent of increase in water intake by a medium high sodium diet was
markedly smaller than that by a high sodium diet, and this increase in‘water intake was
not significant versus the water intake of rats on a regular diet until day 7 after sta{fjng
diet and thereafter remained significantly hiéher through the 4 wk. Similar changes ’in
water ii:take by highor :ﬁedium high sodium diets veere also seen in WKY rats on a diet
regi:ﬁen for 1 or 2 wk (data not shoWn). !

The mean body \;veight values measured"-oncé a weék?hp\@ed a significant and

PR
NI

similar decrease by both the high and medium high sodium diets, starting from the first

\\-.
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Daily water intake of WKY rats on the medium high or high sodium diet
for 6 wk.

Twenty-four i water intake (ml/kg/day) was monitored by measuring the
bettle weight change from 14:00 to next day 14:00 on day 1, 4, or 7, and

then once a week. Rats were kept 2 per cage and put on high sodium diet
(8% NaCl, @ ), medium high sodium diet (2% NaCl, V) or regular dict
(0.6% NaCl, O ) from 4 to 10 wk of age. Data are means + SEM (n = 9
to 10). *p < 0.05, ** p < 0.01, *** p < 0.001 medium high or high

sodium diet groups vs. the regular diet group; ¥ p < 0.001 high sodium

diet group vs. the medium high sodium diet group.

1{.
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wk and continuing to the last wk of the diet (Fig. 3). The high or medium high sodium
diets for 1 or 2 wk also showed a similar decrease in the mean body weights (data not
shown). This decrease resulted from a reduction in the body weight gain by the sodium

exposure, and the reduction in the gain was only seen in the first wk of the diet regimen.

1.2.  Heart Chamber Weight and Dimensions

The relative LV weight (in mg per 100 g body weight) was not signilicantly
chaaged by the high sodium diet for | wk (Table 2), while sign®“cantly increased by 12%
in the 2 wk group and, by 15% in the 6 wk group (p < 0.001). In both the 2 and 6 wk
groups, the relative RV dry weight was also increased significantly by the high sodium
diet (p < 0.05). The relative LV dry weight was also signil’icantly increased by the
medium high sodium diet for 2 or 6 wk. The ratio of LV to RV weight was between 3.2
to 3.8, being similar between the groups on | to 6 wk medium high or high sodium diet
and on the fegular diet (Table 3). The ratio of dry weight to wet weight of both LV and
RV in all the 1, 2 or 6 wk groups was between 24% to 26%, and it did not show any
significant differences between the regular diet and the high or medium high sodium diet
groups.

The high sodium diet did not change tﬁe LV internal diameters, but significantly
increased the wall thickness in both the 1 and 2 wk groups (Table 2). The ratio of the
LV wall thickness to radius was increased by the medium higﬁ and high sodium diet in -

the 2 wk group (p < 0.05), showing that a concentric LVH was induced by this high
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Fig. 3.

Body we'ght of WKY rats on the medium high or high sodium diet for
6 wk.

Body weight (g) was measured one day before starting high sodium diet (8%

NaCl, @ ) or medium high sodium diet (2% NaCl, V), and afterwards, once
a week at noon. The regular diet contained 0.6% sodium chloride (0.6%
NaCl, O ). Data are mean + SEM (n = 9to 10). *p < 0.05, **p <
0.0, *** p < 0.00] medium high or high sodium diet groups vs. the

regular diet group.
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sodium intake.

In contrast to the changes in the relative heart chamber weights, the absolute
values of both the LV and RV weights, either in the form of a wet or dry weight, did
not show any significant effects by the high or medium high sodium diet in the I, 2 or
6 wk diet groups (Table 3). The absolute LV and RV wet and dry weights were
significantly lower in the 6 wk group on the medium high sodium diet than that on a
regular diet (Table 3), likely caused by the reduced body weight gain by a medium high

sodium diet.

1.3.  Resting Hemodynamics

The medium high or high sodium diet for 1, 2 or 6 wk did not change the resting
BP (either SBP or DBP), neither did the 'CI, SVI or TPRI in the 2 and 6 wk groups
(Table 4). The HR was not changed by the high sodium diet for 1, 2 or 6 wk, but

significantly increased by the medium high sodium diet in both the 2 and 6 wk groups.

I.4.  Responses to Ganglionic Blockade

Both SBP and DBP of all the groups on various diets for 2 or 6 wk showed a
sigﬁiﬁcant decrease in responses to the iv injection of 30 mg/kg hexamethonium (Fig. 4).

In comparison with the responses of the groups on'regular diet, the decreases were
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Fig. 4.

Arterial blood pressure and heart rate (HR) of WKY rats in response to
hexamethonium after a 2 or 6 wk high or medium high sodium diet.

Arterial pressures (SBP and DBP) and HR were recorded via the carotid
artery catheter both before and after /v injection of hexamethonium 30 mg/kg.
The change of SBP, DBP and HR were calculated for rats on 2 (top panel)
or 6 wk (bottoml panel) regular diet (0.6% NaCl, blank bars), medium high
sodium diet (2% NaCl, slashed bars) or high sodium diet (8% NaCl, cross-
lined bars). *p < 0.05, **p < 0.01, ***p < 0.00] medium high or high
sodium diet groups vs. the regular diet group; *p < 0.05, # p < 0.01 high

sodium diet group vs. the medium high sodium diet group.
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significantly augmented by the high sodium diet for 2 or 6 wk, and by the medium high
sodium diet for 6 wk (p <0.05). The decrease in BP was mainly from a decrease in
TPRI (shown in Tablc 5 by the negative signs). After hexamethonium injection, HR was
increased, but this increase was significant only in the 2 wk group on a regular diet (Fig.
4).

'fhe decrease in SBP and DBP in response to hexamethonium was similar but
smaller in the | wk diet groups (data not shown). Different from the results of the 2 and
6 wk diet groups, the high sodium diet for 1 wk did not augment this decrease. The HR
increase in response to the hexamethonium injection was significant only in the group on

a regular diet (data not shown).

1.5.  Responses to Adrenergic Stimulation
Phenyle;hrine infusion significantly increased MAP in a dose-dependent manner
~ (Fig. §, upper panel), due to a remarkabl\e' increase in TPRI (Fig. 6, upper panel). At
the doses uSed, phenylephrine did not show any significant effect on CI (Fig. 6, lower
panel), but decreased the. HR (p < 0.05) (Fig. 5, lower panel). Comparing the
hemodynamic responses to phenylephrine infusion in rats on a high sodium diet with
those on a regular diet for l,’ 20r6 wI;, similar patterns were observed over time, Only
in' ﬁ;ts after the 6 wk high sodium diét, the deérease in HR asso;:iated with high doses
. of phenylephrine infusion was augmented sigﬁificantly, compared with the HR décrease

_in'.;mimals on a regular diet (Fig. 5, lower panel). ;
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Fig, 5.

Mean arterial pressure (MAP) and heart rate (HR) responses to
phenylephrine infusion of WKY rats after a high sodium diet for 1 to 6
wk.

Phenylephrine was infused 3 /i after surgery at 1, 3 or 6 pg/kg/ min, each

for 7 - 8 min through the left jugular vein catheter, after iv injection of 30

- mg/kg hexamethonium. Responses of MAP (top panels) or HR (bottom

panels) was recorded for rats on the high sodium diet (8% NaCl, @ ) or
regular diet (0.6% NaCl, O ) for 1 wk (left panels), 2 wk (central panels) or
6 wk (right panels), Data are 6 + SEM (n = 8to'10). *p < 0.05 high

sodinm diet group vs. the regular diet group.
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Fig. 6.

Total peripheral resistance index (TPRI) and cardiac index (CI)
responses to phenylephrine infusion of WKY rats after a high sodium
diet for 2 to 6 wk.

At the end of 2 (left panels) or 6 wk (right panels) high sodium diet (8%
NaCl, @ ) or regular diet (0.6% NaCl, O ), cardiac output (CQ, in ml/min)
was measured by thermodilution technique, while phenylephrine was infused
(see Fig. 5 for details). Then CI (bottom panels) was calculated by dividing
CO with body weight (kg), and TPRI (top panels) by dividing MAP with CI.

Data are 6 £ SEM (n = 8 to 10).
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Isoproterenol infusion significantly decreased MAP and increased HR also in a
dose-dependent manner (Fig. 7). The decrease in MAP was due to a decrease in TPRI
(p <0.05), in part offset by a significant increase in CI (Fig. 8). When comparing rats
on a regular diet with those on a high sodium diet, no significant differences were seen
in the BP responses to isoproterenol in the 1 or 2 wk groups (Fig. 7, upper panel), or in
the CI responses of the 2 or 6 wk groups (Fig. 8, lower panel}. After the 6 wk diet
regimen, the MAP decrease in response to the high doses of isoproterenol was less
pronounced in rats on a high sodium diet than that of the rats on a regular diet (p <
0.05, Fig. 7, upper panel). This attenuation was similar in both SBP and DBP

responses to isoproterenol. Over time, no differences in HR responses were seen

between the groups on a regular and on a high sodium diet.

II. Experimental Protocol A, B and C: Effect of «,- and/or B-Receptor
Blockade on Hemodynamics and Heart Chamber Weight and Dimensions of

Rats on the High Sodium Diet

I.1. Water Intake, Body Weight and Haematocrit

The water intake profile for rats on a regular diet for 4 wk (Fig. 9) 'was_similar
to that from protocol I (Fig. 2). This water intake profile was not changed by chronic

treatment with «,-, B-blocker or ¢;- and #-blocker (Fig:\‘ﬂ9). '
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Fig. 7. Mean arterial pressure (MAP) and heart rate (HR) responses to
isoproterenol infusion of WKY rats after a high sodium diet for 1 to 6
wk.

Isoproterenol was infused 4 /i after surgery at 0.05, 0.1 or 0.2 pg/ke/min
and each infusion rate for 5 - 7 min, through the left jugular vein catheter,
after iv injection of 30 mg/kg hexamethonium. Responses of MAP (top
panels) and HR (bottom panels) was recorded for rats on high sodium dict
(8% NazCl, @) or regular diet (0.6% NaCl, O ) for | wk (left panels), 2 wk
(central panels) or 6 wk ( right panels). Data are 8 + SEM (n = 5 10 7).

*p < 0.05 high sodium diet group vs. regular diet group.
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Fig. 8.

Total peripheral resistance index (TPRI) and cardiac index (CD
responses to isoproterenol infusion of WKY rats after a high sodium diet
for 2 to 6 wk.

At the end of 2 wk (left panels) or 6 wk (right panels) high sodium dict (8%
(8% NaCl, @ ) or regular diet (0.6% NaCl, O ), cardizic output (CO, in
mi/min} was measured by thermodilution technique, while isoproterenol was
infused (see Fig. 7 for details). CI (bottom panels) was calculated by dividing
CO with body weight (kg), and TPRI (top panels) by dividing MAP with CI.

Dataared = SEM (n =510 7).

-64-



(urui/3y/3) jouasdyordosy

YA L0 S0°0 z0 10 600
- 40
- 4 05
- 4 ool
4
. ‘ - 4051
Z0 10 S0°0 z0 10 GO0
- - N-Ol
- - P.Ol
- 4100
IDEN %8 @
] IDBN %90 O : 1io

(@y/uuyu/SHUWRIJL ¢

SHIaM 9 : SHIIM T

Epuryu) 10 ¢



Daily water intake of WKY rats on the 4 wk high sodium diet with
terazosin and/or nadolol treatment.

Twenty-four Ar water intake (ni/kg/day)was monitored by measuring the
bottle weight change from 14:00 to next day 14:00 on day I, 4, or 7, and
then once a week. Rats were kept 2 per cage and put on high sodium diet
(8% NaCl, @ ) or regular diet (0.6% NaCl, O ) from 4 to 8 wk of age,
with gavage injection of distilled water | mi/kg/day as a control for the

injection process. In the groups on a regular or high sodium diet, terazosin

60 mg/kg/day (Tz) ( ¥ or V), or same dose terazosin plus nadolol 100

mglkg/day (Tz + Nd) ( I or B ) were given by gavage, starling two days
prior to the diet regimen and being continued for 4 wk. In the combined
blockade groups, the injections were givgn 2 hr apart. Data are means 4 ¢
SEM(n=8t09). *p < 0.05, **p < 0.01, **p < 0.001 high sodium
diet groups with terazosin and/or nadolo! or distilled water injection vs the
regular diet group with injection of the same agent; *p < 0.05,"p <
0.001 high sodium diet group with terazosin and/or nadolol vs. the high
sodium diet group with distilled water injection; @ p < 0.05, @2 p < 0.01
high sodium diet group with terazgsiﬁ and nadolol vy, the high sodium diet

gfoup with terazosin only. T
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For rats on a high sodium diet for 4 wk, the extent of increase in water intake in
comparison with that of rats on a regular diet was also similar to the result from 1 to 6
wk diet regimen protocols. This increase in water intake was not changed by a
concomitant ig injection of B-blocker, nadolol (Fig. 10). Cowmpared to the group on a
high sodium diet without drug treatment, the increase was significantly augmented during
the first wk by the ,-blocker, terazosin (p < 0.05) (Fig. 9). However, the combined
blockade with both nadolol and terazosin did not show such an augmentation (Fig. 9).
Similar augmentation on the increase in water intake was seen in rats on a high sodium
diet for both 1 and 2 wk (data not shown).

The mean body weight values of rats was not decreased by a 4 wk high sodiun
diet (Fig. 11). A similar result of the high sodium diet was also found in mtson a 1 or
2 wk diets and agail_l another group on 4 wk diet when nadolol was tested (data not
shown). These results showed a discrepancy with the observations on body weight from
1, 2 or 6 wk diet groups (Fig. 3).

The mean body weight of rats treated only with terazosin or terazosin and nadolol
for 4 wk did not show significant changes, except for those of rats on a high sﬁdium diet
plus treatments with the combined antagonists, which was significantly lower than hat
of the rats on a regular diet with inj.ection of the same blockers (Fig. l‘l).' This lowered
mean body weight was due to a decrease in the body weight gain (data not shown),
which was observed only in the first wk starting the diét Iregimen and drug treatment
(data not shown). Howevér, the lowered mean body weight remained throughout the 4
wk of diet regimen. Conversely, rats on a high sodium diet and treated Willl lerazosin

for-1 or 2 wk did not show a decrease in their mean boc‘iy‘ weights (data not showﬂ).

/
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Fig. 10.

Daily water intake of WKY rats on the 4 wk high sodium diet with
nadolol treatment.

Twenty-four /ir water intake (ml/kg/day) was monitored by measuring the
bottle weight change from 14:00 to next day 14:00 on day 1, 4, or 7, and
then once a week. Rats were kept 2 per cage and put on high sodium diet
(8% NaCl, @ ) or regular diet (0.6% NaCl, O ) from 4 to 8 wk of age, and
injected by gavage with 1 ml/kg/day distilled water as a control for the

injection process. In the regular or high sodium d.iet group, nadolol 25
(Nd25) ( ¥ or V) or 100 (Nd) ( O or B ) mg/kg/day was given by gavage,

starting two days prior to diet and continuing for 4 wk. Data are means +
SEM (n =510 7). ***p < 0.001 high sodium diet group with nadolol or

distilled water injection vs. the regular diet group with the same injection.
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Body weight of WKY rats on the high sodium diet with terazosin and/or

nadolol for 4 wk.

Inthe groups on a regular food (0.6% NaCl) or high sodium diet (8% NaCl),

body weight (g) was measured on the day starting terazosin (Tz) ( ¥ or V),

or terazosin with nadolol (Tz -+ Nd) ( £1 or B ) or same volume distilled
water injection ( O or @ ), and thereafter, once a week at noon,  Sce Fig,
9 for.dmg dosages. Data are mean + SEM (n = 8§10 9). * p < 0.05, **
p < 0.01, ** p < 0.00] high sodium diet group with terazosin and/or

nadolol injection vs. the regular diet group with injection of the same agents.
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Similarly, rats on a high sodium diet with or without one of the two different doses of
nadolol for 4 wk did not show a change in their weekly body weight gain, neither in their
mean body weight (data not shown).

Among the 4 wk groups, the haematocrit values were not changed by the high
sodium diet (Fig. 12). Compared with the respective control groups, the hacmotocrit
values were not changed by injection of terazosin or terazosin with nadolol in the regular
diet groups, but reduced moderately in the group on a high sodium diet with terazosin

treatiment.

II.2. Heart Chamber Weight and Dimensions

The relative LV drS( weight was significantly increased i‘n rats on a 4 wk high
sodium diet by 14 or 17% in the two sets of exberifnents (Table 6). Terazosin, nadolol
or both of them together did not prevent the increase in the chamber weight. On the
contrary, in comparison with the group on a high sodium diet without drug treatment,
nadolol alone, or terazosin with nadolol even enhanced the increase in the LV weight by
_an additional 7t0 9% (p < 0.05). In the regular diet group, terazosin alone or terazosin
with nadolol caused an 8 to 11% increase in the LV and RV dry weights respectively (p
< 0.05), while nadolol alone did not have such an effect. After a 4 wk diet, compared
with the group on a regular diet without drug treatment, the ratio of the LV weight to
RV weight was significantly increased by a high sodium e'xposuré only in the experiment

for nadolol (p < 0.01), while unéhanged in the experiment for terazosin (Table 7).
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Fig. 12,

Haematocrit values of WKY rats on the 4 wk high sodium diet with
terazosin and/or nadolol treatment.

Haemalocrit was measured by 2 min centrifuge of heparinized capillary wbes
filled with fresh arterial blood at the end of 4 wk regular (0.6% NaCl) (left)
or high sodium diet (8% NaCl) (right) with terazosin 60 mg/kg/day (slashed
bars), terazosin 60 mg/kg/day and nadolol 100 mg/kg/day (solid bars)
treatment, in comparison with distilled water injection (open bars). Data are
mean + SEM (n = §'t0 9). * p < 0.05, high sodium diet group with
terazosin injection vs. the high sodium diet group with distilled wafer

injection.
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Single blockade with terazosin or high dose of nadolol, or a combination of these two
agents .-;igniﬁczmll} attenuated the increase in the ratio compared to the high sodium diet
group without drug treatment (p <0.05) (Table 7).

Similar to the results of heart anatomy from the previous protocols for the 1 to
6 wk medium high or high sodium diets, the ratio of the dry weight to wet weight of both
the LV and RV was not changed by a 4 wk high sodium diet regimen. Moreover, no
differences in the ratio were seen between the groups treated with terazosin or nadolol
alone, or both of the antagonists together and those without drug treatment (data not
shown).

In these groups, the absolute values of LV dry weight, before being normalized
for the body weight, were also increased significantly by a 4 wk high sodium diet (p <
0.05) (Table 7), being parallel to the changes in the relative values of LV weight as
shown in‘Table 6. This is different from the changes in the relative and the absolute LV
weights of rats on a 2 or 6 wk high sodium diet, in which only the relative LV weights
were increased because of a reduced mean values of their body weights (Table 2 and 3,
Fig. 3). Since the gain in body weight was not reduced by a high sodium diet in the 4
wk groups (see Fig. 11), the changes in LV weight by a high sodium diet was seen in
their absolute as well as the relative values. For the same reason, a similar consistency
in the changes between the relative and absolute chamber weights was. observed in the
increases in the LV wet and dry weiéhts of rats on a high sodiun diet Iwith terazosin and
nadolol treatment, and in the increase of the RV wet and dry weights of rats on‘ a high
bOdllllll diet w1th injection of terazosin and nadolol or of nadolol alone, compared to the

group on a regular diet with dlstllled water injection (p < 0.05) (Table 6 and 7) The

13-



increases in the absolute wet and dry weights of LV and RV by terazosin or terazosin
with nadolol in the regular diet groups were also significant vs. the regular dict group
with /g injection of distilled water (p < 0.05) (Table 7). being consistent with the
changes of the relative values (Table 6).

Comparable to the results from the 1 to 6 wk high sodium diet protocol (Table 2),
the increase in the relative LV dry weight by a 4 wk high sodium diet was associated
with an increase in the LV wall thickness and in the ratio of wall thickness to radius (p
< 0.05) (Table 8). However, rats on a high sodium diet and treated with terazosin,
nadolol or both showed an increase in LV weight only, without a change in the ratio.

This was due to a slightly smaller effect of the high sodium diet on the increase in the
| LV wall thickness in the blocker-treated groups than in the groups without drug
treatment, as well as due to an concomitant increase in the intermal diameters. This
result indicates a shift of the hypertrophy from a concentric form to an eccentric one by
the adrenoceptor blockers.

Similar to the results from the 4 wk diet groupé, the relative wet and dry weights
of LV were increased by a 2 wk high sodium diet, compared to the regular diet group |
(p < 0.001) (Table 9). In comparison with the group on a high sodium diet without
drug tréatment, the increase in the LV weight was enhanced by terazosin (p < 0.05).
The relative chamber weights were also increased by terazosin injection for 2 wk in the
regular diet group (p < 0.05), similar to the result frdm the 4 wk group. Neither the
1 wk iligh sodium diet nor the terazosin alone changed the ‘relalive chamber weights
significantly (p > 0.05). However, when compared with the group on a regular diet

with terazosin treatment, rats on a I wk high sodium diet together with terazosin injection
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showed an increase in both the LV and RV relative weights (p < 0.05 ).

Associated with the increase in the relative chamber weights induced by the high
sodium diet, the LV wall thickness and the ratio of LV wall thickness to radius were
increased by the 2 wk high sodium diet (p < 0.03) (Table 10). The groups on a | wk
high sodium diet and those on a | wk high sodium diet with terazosin injection showed
an increase in the LV wall thickness only (p < 0.05).

Parallel to the changes in the relative chamber weights, the absolute LV and RV
wet and dry weights were significantly increused by the high sodium diet for 2 wk (p <
0.05) (data not shown). Only the increase of the RV wet weight in the 1 wk and RV dry
weights in the 2 wk by the high sodium diet, when compared to the groups on a similar
length of time high sodivm diet without drug treatment, was enhanced by terazosin (p <

0.05, Table 9).

I1.3. Resting Hemodynamics

The resting MAP, LVPSP and LVEDP were not changed by the high sodium diet
or by terazosin or nadolol in both the regular or high sodium diet groups for 1, 2 or 4
wk (Table 11 and 12). In contrast, combined blockade with both terazqsin and nadolol
signiﬁca.ntly decreased the LVI;SP in the group on a high sodium diet (p < 0.05),
‘without change to the gmllp on a negular. diet (Table 12). |

In comparison with the respective regular djét groups, the resting HR was not

changed by the high sodium diet for 1k, but increased by 14% in the 2 wk group (p

iy iy
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< 0.05). However, this increase was not shown in the 4 wk group (Table 12). When
rats on ¢ither a regular or high sodium diet for 1 or 2 wk were treated with terazosin,
their HR was significantly higher than those on a regular diet without drug treatment (p
< 0.05, Table 11). However, within the high sodium diet group, there were no
differences in the HR between the control and the terazosin-treated rats. The HR of rats
treated with nadolol aione or together with terazosin was reduced by 10 to 14% vs. the
groups without treatment on either a regular diet or a high sodium diet (Table 12).
The resting RAP was not changed by nadolol, but increased by a 4 wk terazosin
treatment in the regular diet group (p < 0.05) (Table 12). This increase in the resting
RAP was not seen in the 2 wk group treated with the same dosage of terazosin (Table

L.

I1.4.  Responses to Ganglionic Blockade

Connpareci to th_e baseline values, LVPSP was decreased in response to
hexamethonium in both the 2 and 4 wk regular diet groups (p < 0.05) (Fig. 13). In
contrast to the augmented decreases in MAP in response to hexamethonium by a high
sodium diet in the 2 and 6 wk groups (Fig. 4), the 4 wk high sodium diet here did not
change ther extent of this response. Wlien compared to the groups on either a regular or
high sodium diet without drug treatment, the pressure decrease in rats with treatment of
terazosin alone or with terazosin and nadolol for either 2 or 4 wk was significantly
attenuated (p < 0.01 to 0.001) (Fig. 13). In the 4 wk high sodium diet groups, this

attenuation was signiﬁcémtly greater in those with a combined blockade ( 4 kaj than in
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- Responses to hexamethonium of left ventricular (LV) pressures of WKY

rats after a 2 or 4 wk high sodium diet.

LV peak-systolic pressure (LVPSP) and LV end-diastolic pressure (LVEDP)
were recorded both before and after injection of hexamethonium 30 mg/ke.
The change of LVPSP (top panel) and LVEDP (bottom) were calculated for
rats on 2 or 4 wk regular diet (0.6% NaCl, open bars), or high sodium dict
(8% NaCl, solid bars) without drug treatment, or with injection by gavage
of terazosin (2 wk and 4 wkA) or terazosin and nadolo! (4 wkB, sce Fig._9
for details) (slashed bars for groups on a regular diet, cross-lined bars for
groups on a high sodium diet). Dataared £ SEM (n = 8§10 9). **p <
0.01, *** p < 0.001 terazosin or terazosin and nadolol trealé(l group ws. the
group without drug treatment but on the same diet; #p < 0.05 terazosin and
nadolo! treated group vs. the single blockade (terazosin) group on the same

diet.

-82-



V / | | 0.6% NaCl
_ 0.6% +Tz
= (or +Tz+Nd)
g "5 I, Bl 6% Nacl
E B’ m 8% +Tz
* or+Tz+Nd)

% a0 |- ; (

B

[

N

L ~]

—-45 |-
| 1 i
2 wk 4 wkA 4 wkB

— R "

0

m .

g .

H O .

n‘ !

8 —p

<

I°

T4 | | )

2 wk 4 wkA 4 wkB



the group with terazosin treatment alone (4 wkA) (p < 0.05).

The changes in LVEDP and RAP in responses 10 hexamethonium were variable,
showing no differences from the baseline values (Fig. 13 and 14). HR was increased
with hexamethonium injection only in the 4 wk high sodium diet group (p < 0.05) (Fig.

14).

IL.5. Hemodynamic Responses and the Efficacy of o, and fi-Blockade

Similar to the results of hemodynamic responses in the groups on a 1 to 6 wk high
sodium diet, a 4 wk high sodium diet did not change the responses of LVPSP, LVEDP
(Fig. 15, top and middle panels) or RAP to phenylephrine infusion (data not shown).
The HR response of rats on either a regular or high sodium diets to ph.enylephrinc
infusion was not significant and was not augmented by a high sodium diet (Fig. 15,
bottom banel), in contrast to an enhanced HR reduction seen in the 6 wk group (se¢ Fig.
5). Similar to the effect of a high sodium diet for | to 6 wk (see Fig. 7), a 4 wk high
sodium diet did not alter the HR increase in response to isoproterenol (Fig. 16, bottom
panel). However, the LVPSP increase in response to isoproterenol infusion was
significantly augmented by the high sodium diet (p < 0.00_I) (Fig. 16 top panel), without
any influence on the LVEDP responses.

The increase in LVPSP and LVEDP in response to phenylephrir‘le infusion was
antagonized by terazosin (p < 0.001) (Fig. 15, top and middle panels). Thus, the dose- |

response curves of phenylephrine were shifted to the right by terazosin. The decrease,
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Fig. 14.

Responses to hexamethonium of heart rate (HIR) and right atrial pressure
(RAP} of WKY rats after a 2 or 4 wk high sodium diet.

HR and RAP were recorded both before and after injection of
hexamethonium 30 mg/kg. The change of HR (top panel) and RAP (bottom
panel) were calculated for rats on 2 or 4 wk regular diet (0.6% NaCl, open
bars), or high sodium diet (8% NaCl, solid bars) without drug treatment, or
with injection by gavage of terazosin (2 and 4 wkA) or terazosin with nadolol
(4 wkB, see Fig. 9 for details) (slashed bars for the groups on a regular diet,
cross-lined bars for the groups on a high sodium diet). Data are 6 & SEM
(n=8t09). *p < 0.05 terazosin treated group vs. the groups without

drug treatment but on the same diet.
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Fig. 15.

Effect of blockade with terazosin on pressure and heart rate (HR)

responses to phenylephrine infusion in WKY rats.

Terazosin 60 mg/kg/day (Tz) ( V, on regular diet containing 0.6% NaCl and

¥, on high sodium diet with 8% NaCl) was given by gavage, starting 2

days prior to diet initiation and being continued for 4 wk. Control groups
were injected | mi/kg/day distilled water ( O , on regular diet and @, on
high sodium diet). Pressures (see Fig. 13 for abbreviations) and HR
responses were recorded 3 Air after surgery when phenylephrine was infuséd,
at 1, 3 or 6 pg/kg/min fbr rats without and 6, 12, 24 or 48 ug/kg/min for
those with terazosin treatment, after injection pf hexamethonium 30 mg/kg.

Data are & 3 SEM (n = 8 to 9). *** p < 0.001 terazosin treated groups

on either the regular or high sodium diet vs. the respective distilled water

injected groups; # p < 0.05 terazosin treated group on a regular diet vs. the

terazosin treated group on a high sodium diet.



g ?
Pt |3
oo _
MN++
R R
YEoR < <
DWW o o
oeppr
o o
2 © § © H
m m
1 L | 1 1 [ ] ] 1 1 1
8 8 e e w o 8 & © & 8
(3Hww) JaaAAT @ (wdq) ¥YH ©

(SHurur) JSJAT Q

12 24

Phenylephrine (pg/kg/min)



Fig. 16.

Effect of blockade with nadolol en chronotropic and inotropic heart

responses to isoproterenol infusion in WKY rats.

Nadolol 100 mg/kg/day' (Nd) ( V, on regular diet containing 0.6% NaCl and

¥, on high sodium diet with 8% NaCl) was given by gavage, starting 2 days

prior to diet initiation and being continued for 4 wk. Control groups were
injected | ml/kg/day distilled water ( O , on regular diet and @, on high
sodium diet). Pressure (see Fig. 13 for abbreviations) and heart rate (HR)
responses were recorded 3 Air after surgery when isoproterenol was infused,
at 0.1, 0.2 or 0.4 pg/kg/min for rats without and 0.1, 0.2, 0.4, 0.8 or 1.6
pg/kg/min for those with nadolol treatment. Data are § + SEM (n = 5-t0
7. *p < 0.05, ***p < 0.001 nadoloi treated groups on either the regular
or high sodium diet vs. distilled water injected groups on the same diet; “p
< 0.05, ™ p < 0.001 groups on a high sodium diet vs. those dn a regular

diet group with the same treatment.
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in HR with phenylephrine infusion was also attenuated by terazosin treatment (p <
(.001) (Fig. 15, bottom panel). Similarly, when compared to the group without drug
tréatment, the increase in HR, LVPSP and LVEDP in response to isoproterenol infusion
was inhibited competitively by nadolol (p < 0.001), and the dose-response curves were
shifted to the right by nadolol (Fig. 16). The inhibition of the responses to isoproterenol
by the lower dose of nadolol (25 mg/kg/day) was similar, although to a smaller extent

(data not shown).
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DISCUSSION

I Heart Chamber Weight and Dimensions

Cardiac mass as well as its geometrical design is dependent on the functional
demand or load on the heart. Under physiological conditions, for those of the same age
and sex with the same level of physical activities, the size or the weight of the heart is
proportional to the whole body size or body weight, which determines the extent of the
demand on the systemic circulation (Rakusan, 1984). A bigger body weight needs a
higher level of systemic circulation, thus a bigger functional demand on the heart, and
is associated with a bigger heart mass, There_fore, to compare the heart weight

. normalized for their body weights, i.e., the relative heart weight, of animals at the same
age will provide the accurate information of cardiac mass.

In this study, we found that the 2 to 6 wk high sodium diet increased _lhe relative
LV weight by 13 to 17%, in comparison to the relative heart weight of the group on a
regular diet, The degree of LVH is increased with the pmlongalion of the high sodium
diet regimen. Based on our gross anatomical data, the LVH .was not signiﬁcantly
established at 1 wk; a period for a high sodium diet over 2 wk was needed to build up
the LVH (Table 2). This increase in the relative chamber weight was reflected .also in
an increase in the absolute LV weight when the mean body weight values were similar

-in both diet groups (Table 7 and Fig. 11). The absolute LV weight did' not show an H

increase when the gain of body weight was reduced in the high sodium diet group (Table
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3 and Fig. 3). In the latter situation, the changes in the cardiac mass by a high sodium
diet can only be determined when the heart weight is normalized for their body weights.

The cause for the variation in the body weight of rats on a high sodium diet is not
clear, but variation has been reported in the literature (Buttrick er al., 1993; Mervaala
et al., 1992; Huang and Leenen, 1992; Fields er al., 1991). The terminal body weights
of young Wistar rats on a diet with 8% NaCl were significantly reduced at the end of the
4 wk diet regimen (Huang and Leenen, 1992). Although the body weight gain of WKY
rals was not affected by an 8 wk diet with 2.7% NaCl (Mervaala ez al., 1992), a three-
month high salt exposure by giving 1% NaCl in drinking water significantly decreased
the body weight (Chrysant e al., 1979). In comparison, the mean body weights of rats
were not changed by a 6 wk diet with 4% NaCl (Buttrick er al., 1993), or by normal
saline in drinking water for 6 wk (Fields, er al., 1991). The different effects on the body
weight of a salt exposuré might be from a variability in the groups of rats, suggesting a
difference in their sensitivity or tolerance to salt exposure, or from an age difference
when the exposure was initiated. It might be from a difference in food preparations,
such as small differences in the salt content or in taste, resulting in different influences
on the appetite of the rats.

'By comparing the heart weight and dimension data, the values of LV wall

“-\--:;:TE\thickness and internal diameters obtained in this study are close to that from previous

studies in this laboratory with the same microscopic method on similar age Wistar and
WKY rats (Yuan and Leenen, 1991; Fields er al., 1991)., They are also similar to the

values from studies with echocardiographic measurements validated by heart anatomy on

eithgr Wistar (de Simone er al., 1993) or Sprague-Dawley rats (Pawlush ez al;, 1993)
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with renovascular hypertension.

Different initiating factors for cardiac hypertrophy can influence different heart
chambers, depending on the characteristics of the stimuli imposed (Morgan and Bader,
1991). In this study, a high dietary sodium for 2 to 6 wk induced LVH, while the
increase in RV weight was moderate and not consistent (Table 2 and 6). The ratioof LV
to RV weight was slightly increased by the 2 to 6 wk medium high or high sodium dict
(Table 3), and significantly increased in one of the two 4 wk high sodium diet groups
(Table 7). These data suggest a preferential influence of the high sodium dict on the LV
weight, being the same as observed in WKY rats on a 4% NaCl diet for 10 wk (Frohlich
et al, 1993). This result is also in agreement with the effect of the high sodium dict on
Wistar rats, in which only LV weight was significantly increased by a 4 wk dict, and also
in agreement with the effect on WKY rats if the relative dry weight of heart chambers
is compared (Yuan and Leenen, 1991). It is also similar to the effect of up to 7 months
salt exposure by drinking normal saline (1 % NaCl) on the changes in heart chamber masﬁ
of WKY rats (Kihara et al, 1985). The incréase in the ratio of L\{ to RV weighl'
suggests that pressure overload might have been .in\'rolved in the development of this type
of LVH, since pressure overload mainly affects fﬁe left side of the heart. Consistent with
this speculation, the LVH was constantly found in this study to be in a concentric form,
i.e., an increase in LV weight with an increase in the wall thickness and in the ratio of
| the wall thickness to radius, without changes in the internal diameters. This result is
similar to the LVH geometry of Wistar mfs induced by drjnking normal saline for 3 to
6 wk (Fields et al., 1991). The high sodium intake—induced increase in the LV mass has

been found to be associated with an increase in the ratio of non-collagenous protein to
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DNA and in the total collagen content as well as a decrease in the DNA concentration
(Kihara et al., 1985). This finding strongly supports the notion that hypertrophy rather
than hyperplasia of cardiocytes may be the underlying process for the increase in LV

eSS,

II. Resting Hemodynamics after High Sodium Diet

To further clarify the role of hemodynamic factors in the development of the high
sodium diet-induced cardiac hypertrophy, resting BP and HR for the 1 wk diet group,
BP, HR, CI and TPRI for the 2 or 6 wk diet groups and LVPSP, LVEDP and RAP for
the 2 or 4 wk diet groups plus chronic treatment with terazosin or nadolol alone or with
both of tlie‘ ;lockers were recorded during the daytime.

In this study, neither the MAP, LVPSP, LVEDP, RAP nor the CI, TPRI
measured during this restihg period were changed by the high sodium intake (Table 4,
11 and 12). This is in agreement with the previous reports that BP of WKY rats was not
changed by a high salt exposure for either 4 to 10 wk (Ely er al., 1987; Fields et al.,
19’91; Yuan and Leenen, 1991; Frohlich ez al., 1993) or up to 3 (Chrysant er al., 1979)
or 7 months (Kihara er al., 1985). Although it was reported that LVEDP of
normotensive rats was increased significantly by high sodium intake (Fields er al., 1951),
‘this incnﬁase happened only with prolonged salt exposure and may not have much
significance in initiating t|.1e cardiac hypertrophy. Theréfore, this study further confirms

that the high sodium diet-induced LVH is not from a mechanism involving préssure or
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volume overload, as indicated by the measurements of MAP and LVPSP, or of LVEDP
and RAP, respectively. Although in one study CI was reported 1o be increased after a
three months high sedium exposure, this happened after a long-term diet regimen and
thus could be a result of the changes in the cardiac structures, or most probably a
response to a reduced TPRI (Chrysant et al., 1979). The resting hemodynamics in this
study were measured in rats after finishing a I through 6 wk high sodium diet regimen.
According to the anatomy results from this study and from others on the time-course of
the changes in LV weight, this time schedule has sufficiently covered both the pre- and
post-establishment of LVH by the high sodium diet.

After a 4 wk high sodium diet, the haematocrit values of rats was not different
from that of rats on a regular diet (Fig. 12). Even a much longer salt exposure (for 3
months) did not change the haematocrit in WKY rats (Chrysant er al., 1979). This
unchanged haematocrit suggests that the high sodium diet for several wk does not
increase the plasma volume. Similar results were reported from studies on Wistar rats,
in which the haematocrit was not changed by a high sodium diet (4% NaCl) for 9 wk (de
Simone ez al., 1993), or by drinking saline (1% NaCl) for 6 wk (Fields er al., 1991).
These negative findings on the changes in the plasma volume, together with the
unchanged filling pressures, BP and TPRI from this laboratory (Fields et al., 1991; Yuan |
and Leenen, 1991) and from others (Frohlich er al., 1993), make a potential role of a
pressure or volume overload in the development of this type of hypertrophy less likely.

However, the resting hemodynamics in our Iaﬁoratory anld in most other
laboratories were measured during the dayﬁme. Since rats are nocturnal animals, the

activity of their circulation system is higher in the night. Because of this fact, the active’
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MAP might be more important than the resting values as a factor in determining the
cardiac load. The nighttime MAP of normotensive WKY rats was increased by 4 - §
mmHyg by a diet with 8% NaCl for 2 wk (p < 0.05) (Calhoun er al., 1994). But this
increase was less than 10% of the resting BP and it appeared as very short pulses, while
the daytime or 24 /iir MAP was not changed.

In this study, the daytime resting HR was increased by a high sodium diet in the
2 wk group of the protocol for a-blocker studies; this increase disappeared in the 4 and
6 wk groups (Table 4, 11 and 12). HR was also signiﬁcantly increased by a medium
high sodium diet in both the Z and 6 wk groups (Table 4). The increase in HR by a
sodium exposure could suggest either an increased cardiac sympathetic activity, increased
sinus B-reccptor responses or a decrease in the cardiac parasympathetic control.
Howéver, the HR increase by the sodium exposure was at a moderate level (14%) and
not consistently observed in all the protocols of this study or in experiments by others
with a similar high sodium diet regimen (Yuan and Leenen, 1991). The finding of the
mcrease in HR from this study is even opposite to the result reported from another
| laboratory that HR of WKY rats was reduced by a high sodium exposure (Calhoun et al.,
1994). The discrepancy in the effects of salt exposure on the resting HR could be due
1o a difference in the age of rats used or, most probably, due to a difference in the time |

schedule for the hemodynamic measurements (see section V.1. in discussion).

IOI.  Sodium Diet and Sympathetic Activity
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IMI.1. Effects of Ganglionic Blockade

High sodium diet modulates arterial baroreceptor retlex control of HR and renal
or lumbar sympathetic nerve activity (Calhoun er af., 1991; Huang and Leenen, 1992)
and this modulation is more pronounced in young than in adult or old rats (Huang and
Leenen, 1992). This study did not address the baroreceptor reflex control.  The
responses of BP, HR, CI and TPRI to hexamethonium reflect the exient of sympathetic
and parasympathetic control of the peripheral resistance and of cardiac function.

With the injection of hexamethonium, BP (both SBP and DBP) was significantly
lowered in all the groups on various diets (Fig. 4). The lowering of BP resulted mainly
from a decrease in the peripheral resistance, as indicated by the significant decrease in
the TPRI (Table 5). This effect is from a blockade of the sympathetic tone on the
resistance vessels by the drug (Salem, 1978). The decrease in BP became more
pronounced by a prolonged high sodium diet regimen. Compared with the responses of
rats in the groups on a regular diet, there was a signiﬁcanﬂy grezuef BP decrease in rats
oln a high sodium diet in the 2 or 6 wk groups, while the augmented decreusc by a
medium high sodium diet did not become significant until the diet exposure lasted for 6
wk (Fig. 4). The effect of the high sodium diet on the BP decrease by hexamethonium
is different from the effect of a salt exposure by giving normal saline as the drinking
water to WKY rats. The latter did not show an augmcmed hypotensive effect of
hexamethonium (Fields er al., 1991).

While the decrease in BP was augmented, the decrease in TPRI in response to

hexamethonium was not altered by the high sodium diet (Table 5). SVI and CI was
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significantly decreased in response to hexamethonium in the 6 wk medium high sodium
diet group (Table 5). However, the changes in SVI and CI in the groups on high sodium
diet for 6 wk or on either the medium high or high sodium diet for 2 wk were variable
and nonsignificant (Table 5).

In response to hexamethonium, the HR was increased because the predominant
vagal control on HR is blocked by the drug (Salem, 1978). In the high sodium diet
groups the increase was more variable (Fig. 4 for 2 and 6 wk; Fig. 14 for 2 and 4 wk;
data for 1 wk not shown). The high sodium diet did not affect the LVPSP decrease by
hexamethonium compared to the group on a regular diet (Fig. 13). The change in
LVEDP in response to hexamethonium was variable and nonsignificant, and the change
was not affected by a high sodium exposure (Fig. 13). Similar to the systemic BP,
~ LVPSP is a parameter influenced by many factors, such as cardiac function, peripheral
| resistance and venous return, but it is an alternative for the maximal rate of intracardiac
pressure rise (dP/dt) o‘r other related measurements in determining cardiac contrﬁctility.
LVEDI?I is a measure for the venous return, the compliance of ventricular wall as well
as the ell;’ﬁciency of the LV ejection, and is commonly referred to as the preload. The
resﬁlts from the hemodynamic measurements in general suggest a smaller effect of the
high sodium diet on cardiac contractility compared to its influence on the peripheral
resistance. However, since all these measurements were done in .untethered conscious
rats, the results from pressure measurements are more reliable and reproducible than that
from CO measurements, which can be e\ésily changed by the alteration of thermistor
locations from any small postural changes (séé sectioﬁ V3 for discussion). Because of

this limitation, it becomes difficult to make a definitive conclusion on the changes in the
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regulation of the cardiac functions associated with the salt exposure. Besides SVI and
CI, TPRI is also calculated from parameters involving CO measurements.  As mentioned
earlier, the changes in TPRI were not parallel to the changes in BP, which might be from
a lower sensitivity or reproducibility of the CO measurements. Therefore, these results
may indicate that the sympathetic control on the peripheral resistant arterioles may have

been augmented by a high dietary sodium exposure.

III.2. Adrenoceptor Responsiveness

After blocking the ganglionic transmission with hexamethonium, infusion of
phenylephrine increased MAP in a dose-deﬁendent manner (Fig. 5). This MAP increase
is mainly through an increase in the TPR by its activation of vascular o,-receptors, while
the CI was not significantly changed (Fig. 6).

With the increase in MAP, HR was decreased dose-dependently (Fig; 5), although
the baroreceptor reflex control on the HR was supposed to have been blocked already by
hexamethonium. The decrease in HR could be via an incomplete blockade in the
baroreflex, or more probably from a direct activation of cardiac «,-receplors by
phenylephrine (Terzic et al., 1993). Activation of cardiac a;-receptor in adult animals
caused a negative chronbtropy (Steinberg ez al., 1985). This negative chronotropic effect
is blocked by CEC, a selective a,g-antagonist (del Balzo er al., 1990). Since
phenylephrine is a non-selective oy -agonist, it can directly activate cardiac oy

adrenoceptor and then induce a negative chronotropy.
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The increase in MAP in response to phenylephrine infi:sion was not changed by
the high sodium diet, in either the slope or magnitude of the response curves (Fig. 5).
This is not in agreement with the results from studies on heaithy humans, in which an
augmentation by a high sodium diet of the MAP increase in response to norepinephrine
was consistently shown (Rankin et al., 1981; Skrabal et al., 1984; Sharma er al., 1992).
These latter studies suggest an increased response of the vascular a,-receptor to
adrenergic stimulations. However, all the human studies were done under conditions
where the baroreceptor reflex control was not eliminated. Therefore, the pressor
responses were complicated with the involvement of reflex reactions of both the
sympathetic and parasympathetic nervous system to the original adrenergic stimulations.
In particular, the pressor responses méy have been compounded by a reflex change in
the cardiac functions. |

The decrease in HR associated with phenylephrine infusion was not changed by
a high sodium diet (Fig. 5), except for the 6 wk group. Only in this group, the decrease
in HR ai higher doses of phenylephrine was significantly augmented by the high sodium
diet when compared to the decrease in the regular diet group. The aﬁgmented HR
decrease bly a longer salt exposure may indicate an increase in the sinoatrial node op-
adrenoceptor responsiveness, since an activation o_f;l this subtype will evoke a negative
chronotropy, as discussed above (del Balzo er al., i99'0). This éugmented response was
only seen in rats on a longer diet regimen and thus the LVH was already established.
Because of this, the alteration of the HR responses is likely not related to the mechanisms
_ causing hypertrophy.

Isoproterenol was used in this study to test the chronotropic and inotropic
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responses of the heart as well as the vasodilatation in the resistance arteries. After
elimination of the baroreceptor reflex control by hexamethonium, isoproterenol increased
the HR markedly, together with an increase in the CI (Fig. 7 and 8). LVPSP was also
increased dose-dependently by isoproterenol (Fig. 16). These hemodynamic responses
are a reflection of a direct activation of the cardiac 8- and B,-receptors by the drug.

The effects of isoproterencl on HR and CI were not changed by a high sodium
diet, but the increase in LVPSP was enhanced by the sodium exposure (Fig. 16). This
is in agreement with the report that the responses of HR to isoproterenol infusion was
not changed in normotensive volunteers after a 7-day high sodium diet (Volpe e: al.,
1982). It is opposite to the other report that the cardiac sensitivity of normal humans to
isoproterenol was increased by a 10-day high dietary sodium (Fraser et al., 1981). Since
our study was done in rats without the influence of baroreceptor reflex, the effect of salt
exposure on the chronotropic and inotropic responses tested here more likely reflects the
actual effect of this exposure on the sensitivities of the cardiac B-receptors. The
enhanced LVPSP increase in response to isopmfelrenol in the 4‘wk high sodium diet
group may indicate a decreased vasodilation by the sodivm exposure, i:%‘agmemcnt \;rilh
the reduced BP decrease found in the 6 wk high sodium diet group (Fig. 7).

With the infusion of isopfotgrenol, MAP was significantly decreased and tlﬁs
decrease was not altered by the 1 or 2 wk, but significantly attenuated by the 6 wk, high
sodium diet (Fig. 7). The decrease of MAP in response to isoproterenol is via an
activation of the vascular B,-receptors, as shown by the significant decrease in TPRI (Fig.
8). From the attenuated decrease in MAP by a high sodium diet, it can be speculated

that the salt exposure may have decreased the B,—réceptor density or affinity in the
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resistance vessels.  This speculation is in agreement with the results from receptor
binding studies, in which an up-reguiation of the o,- and a down-regulation of B.-
receptors in the blood cells from normal humans by a salt exposure was found (Skrabal
e al., 1988). If a similar pattern of changes in the adrenoceptor subtypes has also
oceurred in the vascular smooth muscle cells by a chronic salt exposure, the vasodilating
response o isoproterenol could be attenuated.  However, there are no other in vivo
studies supporting this speculation,

The results of the hemodynamic measurements from this study in general do not
suggest a change in the cardiac «;- or B-receptor responsiveness of rats by a high sodium
diet, although several other studies on humans showed that the pressor responses to
norepinephrine or chronotropic responses to isoproterenol were increased by a high
sodium diet (Fraser er al., 1981; Rankin er al., 1981; Skrabal er al., 1984; Sharma ez
al., 1992).

There are several possible causes for thé differences in the obserycd cffect of salt
exposure on the «- or B-receptor responses between the experimehts of.ours and of
others. One potential cause could be the species difference, since différent species can
have (Iiffelii'-;nt sensitivities to salt exposure. Thus, the extent and time-course of the
possible changes in the adrenoceptor responses can be different between humans and rats,

This discrepancy could be from a difference of the protocols as well. Since the

- hemodynamics in all the human studies were determined in the daytime, the subjects are

active in this period and have higher sympathetic activity; while our measurements on
rats were done also in the daytime, during which the rats are resting and have less

physical activity, less feeding and lower sympathetic activity. The difference in the
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sodium diet regimen between our study and others could alsoe be a contributing factor.
In most human studies (Fraser et al.. 1981; Wood er al., 1982), there was a J0-told
difference in the sodium content between the low or nornal and high sodium diets, And
in some of the studies (Rankin e af., 1981), there was even an 80-fold diftference in the
sodium content of the diets. In contrast, the high sodium diet in our study was only 13
times higher in NaCl cdment than that of the regular diet. The other possible factor for
the difference between our results and others might be related to whether a ganglionic
blocker is used to prevent the confounding effects of baroreceptor reflex control.  As
mentioned earlier, a high sodium diet modulates baroreceptor reflex function (Calhoun
et al., 1991; Huang and Leenen, 1992) and in particular, attenuates the HR and renal
sympathetic nervous responses to BP increase (Huang and Leenen, 1992). 1t is possible
that the cardiac sympathetic reactions to the BP increase might have been attenuated by
a high sodium diet as well. If this assumption is correct, the reflex mechanism by which
cardiac function is reduced in response to the a-receptor stimulation-increased BP (i.e.,
by reducing HR or CIj, could be attenuated in rats on a high sodium diet. Thus a higher
pressor responses than in rats on a regular sodium diet could be expecied in experiments
not using a ganglionic blocker. Conversely, if a ganglionic blocker has been used, the
pressor response becomes a more specific indicator for vascular a-receptor responses and
will not be complicated by the baroreceptor reflex modulation on the cardiac functions.
Therefore the experiment with ganglionic blockers should be able to more :1(Icé;tl:1tcly
assess the difference in pressor responses between different diets or between different
treatment groups.

The general effects of salt exposure on the: density or affinity of the cardiac
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adrenoceplors are variable. As referred to earlier in introduction, an increase in the
myocardial «,-receptor density by giving 1% saline as drinking water to normotensive
rats (Meggs er al., 1988), or no change in the normotensive or 2K 1C hypertensive rats
{Gallo et al., 1990) or a decrease in DOCA-salt-treated rabbits or hypertensive rats
(Woodcock er al., 1979; Ts.uji et al., 1987) in the cardiac B-receptor density by high
sodium diet has been reported. It is difficult at this point to reach a conclusion on the

actual changes in the cardiac adrenoceptors from a dietary sodium exposure.

I.3. Effect of Adrenergic Blockade on the Hemodynamics

In this study, a chronic treatment by ig injection of terazosin or nadolol was
carried out throughout the entire diet regimen. Besides the effect of this chronic
ireatn'nent on the high sodium diet-induced LVH, which will be discussed in the following
section, the analysis of the effects of this treatment on the resting and responsive

hemodynamics may be helpful in revealing a difference of the adrenergic activities among
the various diet groups.

Only one dosage of the selective «,-antagonist terazosin, 60 mg/kg/day was given
for the I, 2 and 4 whk diet groups. The dosage used was at a higher range of the doses
used for rats and other laboratory animals Kyncl, '1986). At this dosage, the pressor
responses to phenylephrine were competitively antagonized (Fig. 15) because of a potent
blockade of the post-synaptic «,-receptors in the arteries (Kyncl, 1986). The extent of -

this blockade did not differ between the two different diet groups. The restihg MAP,
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LVPSP and LVEDP measured during the daytime were not changed by terazosin in
either the regular or high sodium diet groups (Table 1 and 12), The lack of influence
on the peripheral and LV pressures by terazosin may indicate a proper compensition in
the hemodynamics despite the chronic oral administration of the drug. This is different
from the effect of terazosin ip injected for 20 days in Sprague-Dawley rats, in which
MAP was significantly decreased (O'Rourke and Reibel, 1992), or from the response to
terazosin acutely /v infused, which decreased BP, LVPSP and TPR in normotensive dogs
(Kyncl, 1986). It is also different from a 3 wk sc administration of 0.1 mg/kg/day
bunazosin, which significantly decreased LVPSP of guinea pig with aortic binding
(Tamai et al., 1989). In addition to the difference in the routes by which the drug was
given, in the latter two studies, hemodynamics were measured in anaesthetized animals,
and BP may have been more dependent on the sympmhetié activity.

In normotensive Sprague-Dawley fats, chronic treatment with the (r,-illll:lg()l.lisl,
i)mzosin, resulted in a salt-sensitive hypertension (Osborn et al., 1993). This effect has
been suggested to be from a meclphism related to the central nervous system, involving
a possible regulation of vasopressin release or of the drinking behaviour. The possible
central effect of prazosin may induce more release of vasopressin and thus fluid
retention. In comparison, long-term terazosin treatment with a high sodium diet for 4
wk in this Study did not change the MAP or LVPSP (Table 12), which may reflect a
difference in the salt sensitivity between Sprague—Dawley and WKY mts"(Osbom et al.,
1993). The different effects on arterial pressure may also be related to the difference in
the dpse and potency of the «,-blockers used.

Different from the effect on the pressures, the resiing HR was significantly
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increased by terazosin in both the I and 2 wk groups on either a regular or high sodium
diet (Table 11). But the increase in the HR by terazosin was not seen in the 4 wk groups
(Table 12). The increase in HR by terazosin treatment mnay indicate a reflex tachycardia
in the early stage of the drug treatment. In contrast, the HR of normotensive rats
measured under anaesthesia was not changed by 2 mg/kg/day terazosin, even though their
MAP was reduced (O’Rourke and Reibel, 1992). HR of rats with aortic constriction was
not changed by 0.1 mg/kg/day bunazosin, despite a significant decrease in LVPSP (Tamai
etal., 1989). Similarly, terazosin rarely causes a reflex tachycardia in patients (Hoffman
and Lefkowitz, 1993b; Moser, 1986). The discrepancy between this study and others
could be from a difference in the doses used. Terazosin at very high doses, as used in
this study, might have lost its seiectivity for o-receptors, and might have blocked both
the a)- and a,-receptors (Kyncl, 1986). Blocking of the pre-synaptic o,-receptors will
reduce the feed-back inhibitory effects of the released transmitters on norepinephrine
release, and will then induce more release of trgnsmitters and thuy-a higher sympathetic
activity and an increase in HR (Kyncl, 1993). . -
Regarding the parameters for venous retum, the RAP, was not changed at 2, but
significantly increased at 4 wk 'by terazosin in the regular diet group. Since the LVEDP
at this time did not show an increase, the increased resting RAP in the regular diet group
may not have_ much significance in indicating a change in the venous sympathetic
ncti;.rily. It is difficult to explain why RAP was not increased in rats exposed to a high
sodium diet plus terazosin treatment. One possibility could be related to lthe diurnal
fluctuations of the magnitude of ‘the RAP increase in the high salt-exposed rats, with an

expression of a higher magnitude in the night and a lower one during the day-time, since
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both water intake and arterial pressure of rats on a high sodium diet showed higher
diurnal variances than those of rats on a regular diet (Calhoun er af., 1994). Because of
this fluctuation, the daytime RAP measurements in the high sodium diet group may
become less sensitive.

Although the decrease in LVPSP in response to hexamethonium was significam
in both the terazosin-treated and control groups in comparison with their respective
baseline values, the decrease was attenuated significantly by the chronic treatment with
terazosin in rats on either the regular diet or high sodium diet. The attenuation of the
LVPSP responses may be from a decrease in the sympathetic tone on the resistance
arteries associated with terazosin treatment via its direct «,-receptor blockade. Under
this situation, even tﬂough the resting LVPSP was not lowered by terazosin, the decrease
of LVPSP in response to hexamethonium was attenuated. Howcvcr, the extent of the
attenuation in LVPSP responses by terazosin Was similar in both the regular and high
sodium diet groups. Therefore it does not incjica’te a change in the éulrenergic activitics
by the salt exposure. . |

Two dosages of the non-selective B-antagonist{:;i\:irlg!oI, at either 25 or 100
mg/lkg/day, were use& throughout the entire 4 wk diet regimen. The dos'ages were
applied in reference to the regular dosages used in animal studies (Lee er al., 1992). The
chronotropic and inotropic effecs_s of isoproterenol were significanily anlagbnized by. the
chronic treatment at tﬁese dosagés. With this treatment, the dose-response curves to
isoproterenol were shifted markedly to the right (Fig. 16, data of the lower dosage
nadolol treatme'nt not shown). In contrast fo the inc;rease in HR by terazosin, the resting

HR was decreased by 20 to 30% by nadolol in-both the high sodium and regular diet-
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groups, through its direct blocking effect on the sinus B;- and B,-receptors (Frishman,
1981). With this pronounced inhibition on the resting HR, however, in both the regular
and high sodium diet groups, nadolol did not change the resting LVPSP, LVEDP or RAP
vy, control (Table 12). This result is in agreement with an unchanged BP despite a
significantly reduced HR in WKY rats after over 20 wk nadolol administration at a
similar daily dosage through drinking water (Lee er al., 1992), and in either SHR or
WKY rats after 4 wk propranolol treatmment (Sen and Tarazi, 1983). Even with an iv
injection, nadolol failed to change BP of the anaesthetized, open-chest dogs, although
HR, venous return and CO were all decreased (Kawada ez al., 1986). It is possible that
the hemodynamic functions in general may have been well compensated, probably from
a slight increase in the peripheral resistance because of the blockade of arterial B,-
receptors,

'Chronic treatment with the B-adrenoceptor antagonist propranolol increases the
density of myocardial a-adrenoceptors (Steinkraus ef al., 1989), and vice versa. Since
terazosin may increasé cardiac sympathetic activity secondary to its reduction in TPR,
lhégdecrease in LVPSP by ;efazosin alone may be compensated fon; by an increase in the
cardiac functions. When nadolol is used at the same time, the secondary cardiac efféct
of terazosin will be inhibited and the decrease in LVPSP can Be demonstrated. Because
of this reason, combined blockade of both the ;- and B-adrenoceptors was also applied
in one expéﬁméntal group. The combjned blockade by nadolol with terazcsin
signiﬁcnntly decreased the resting LVPSP in the high sodium diet group, without changes
in the regular diet lgroup.‘ The differential effects of the combined blockade on LVPSP

in the regular and high sodium diet groups may indicate an augmented sympathetic
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control of the cardiac function and peripheral resistance by the salt. The HR of both the
regular and high sodium diets groups were decreased by the combined blockade.
Meanwhile, the resting LVEDP or RAP in either the regular or high sodium diet groups

were not changed by the combination of these two antagonists (Table 12).

IM.4. Summary

Previous studies from our laboratory showed that the resting sympathetic activity
was not increased by a high sodium diet, as demonstrated by the findings that the
daytime LV norepinephrine turnover rate or tissue tyrosine hydroxylase activity were not
increased (Fields ef al., 1991; Yuan and Leenen, 1991). This resullldocs not exclude
a change in the sympathetic activity at night associated with the high sodium diet. In
normotensive humans high sodium diet for 4 wk decreased the plasma and urinary
catecholamine concentrations (Wood et al., 1982), indicating a decreased sympathetic
activity by the salt exposure. Generally, most of the current reports suggest that resting
sympathetic activity is either not changed or even decreased by a high dictary sodium in
the normotensive rats or humans.

In this study the resting HR was increased by the salt exposure only in the early
stages of the diet regimen. - Although this iqcreaée diminished with extended time of salt
exposure, it may indicate that an increase in the‘cai‘diac sympathetic activity occurred in
the initial period of the diet regimen. In agreement with this assumption, ihc dccreznéc

in SBP and DBP in response to hexamethonium was augmented by the salt-exposure,
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indicating a higher sympathetic tone on the resistance vessels with the salt exposure.
However, the possible increase in the cardiac and arterial sympathetic activities might
not be so remarkable as to change the resting MAP or LVPSP. It is possible that in
general the cardiac functions and peripheral resistance during the resting time were
compensated well. Single «- or B-adrenoceptor blockade did not change the resting
LVPSP or LVEDP. When a combined blockade was used, the LVPSP was significantly
decreased only in rats exposed to high dietary sodium, but not changed in those on a
regular diet. This result also indicates that an augmented sympathetic control of cardiac
contractility as well as of the peripheral resistance arteries may have been induced by a
high sodium diet.

The only changes in the hemodynamic responses by a salt exposure observed in
this study was the significantly attenuated BP decrease and the significantly enhanced
LVPSP increase in response to isoproterenol. These two phenomenon demonstrate an
:iuenualion in vasodilatation responses and may indicate a salt-induced decrease in the
sensitivities of the vascular B,-receptors to adrenergic stimulation. Except for these two
pieces of data, most results from this study do not suggest a change in rat cardiac o,- or
B-receptor responsiveness by a high sodium diet. Studies in humans show that the
pressor responses to norepinephrine or chronotropic responses to isoproterenol were
increased by a high sodium diet (Fraser er al., 1981; Rankin er al., 1981; Skrabal er al.,
l98_4; Shaniu} et al., 1992). The difference betweén this study and those on humans
could be from a difference in the species used as the experiﬁental subjects, because it
is evident 'that the salt sensitivity can be greatly different even within one species (Skrabal

er al., 1984; Osborn er al., 1993). It could be from a difference in the protocols for
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hemodynamic measurements and most probably from a difference in whether the arterial
baroreceptor reflex is blocked when the hemodynamic responses are measured.  Since
hexamethonium was used in this study, the pressor responses to phenylephrine, and the
chronotropic and inotropic responses to isoproterenol should reflect more precisely the
actual levels of the activities of the vascular - or cardiac f,- and B,-adrenoceptors,

respectively.

IV.  Mechanisms of High Sodium Diet-Induced LVH

IV.1. Possible Role of Adrenergic Responses

. Stimulation of c;-adrenoceptor with norepinephrine induces cardiac hypertrophy
- in vil.rlo (Laks er al., 1973) and myocyte protein synthesis in vitro (Simpson et al., 1982).
The e, ,-receptors appear to be mainly responsible for the increased protein synthesis of
cardiomyocytes stimulated by noradrenaline or phenylephrine (Simpson et al., 1990;
Knowiton e? al., 1993}, while the & z-receptor is not. However, the response mediated
mainly by one subtype of the a,-receptor can aiso be blocked by a non-selective
antagonist. For instance, the stimulated protein synthesis in neonatal rat cardiocytes via
o;-receptor activation blocked by a selective «, ,-receptor antagonist, was equally blocked
by the non-selective a,-recéptor antagonists terazosin or prazosin (Simpson er al., 1990).

Based on this, it can be deduced that if an activation or an increased response of one
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subtype of the w,-receptors plays a major role in the high sodium diet-induced LVH, this
LVH should be blocked by terazosin. The result from this study is negative, so it is less
likely that «,-receptor is primarily involved in the high sodium diet-induced LVH.

The potent blockade of the «,-adrenoceptors by terazosin did not prevent LVH
induced by the high sodium diet, instead, it was augmented by about 9% (Table 6).
However, with terazosin treatment the increase in LV wall thickness by the high sodium
diet alone was eliminated, resulting in a reduction of the ratio of the LV wall thickness
to radius. Terazosin therefore switched the high sodium diet-induced LVH from a
concentric form to an eccentric form. The increase in the ratio of LV to RV weight by
the high sodium diet was significantly attenuated by terazosin or terazosin with nadolol.
These changes in LVH features suggest that additional factors might have been involved
in the increase in LV weight in the regular diet group and also in the exacerbation of the
high dietary sodium-induced cardiac hypertrophy when terazosin was given.

In the high sodium diet group, terazosin augmented the increase in water intake
in the initial period of the diet regimen (Fig. 9). This result is similar to the
augmentation of high sodium diet-increased water intake in Sprague-Dawley rats by
prazosin (Osbom er al., 1993). The exaggeration of the dietary sodium-increased water
intz;ke by terazosin may also have increased the plasma volume, as the haematocrit was
reduced moderately in the group with temzosfﬁ and high sodium diet vs. the group with
a high sodium diet only (Fig. 12). These effects of chronic terazosin treatment may
reflect a fluid retention similar to the lodg—term treatment with prazosin (Hoffman axid
Lefkowitz, -1993b). Taken together, the augmented increase in the water intake in the

high sodium diet group by terazosin may suggest an involvement of volume overload in
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the LV weight increase induced by a high sodium diet plus terazosin . The shift of LVH
from a concentric to an eccentric form and the attenuation of the high sodium diet-
induced increase in the ratio of LV to RV weight by terazosin (Table 6, 7 and 8) also
support the speculated involvement of a volume overload, However, the LVEDP as well
as the RAP was not increased by the high sodium dict throughout the 2 to 4 wk dict
regimen (Table 11 and 12), indicating no measurable effect of the high sodium diet alone
or combined with terazosin on the preload. The reasons for an unchanged RAP and
LVEDP by sodium exposure plus terazosin is unknown. As discussed in the section on
the effect of adrenergic blockade on hemodynamics, the possible bigger fluctuation of the
magnitude of the filling pressures associated with high sodium intake may oceur in the
night. in general, from both the hemodynamics and gross heart anatomy, the data
suggest that volume overload might be involved during high dictary sodium exposure plils
terazosin ireatment.

Blockade of the B-adrenoceptors by nadolol did not prevent the high sodium dict-
induced LVH. Instead, the LVH was aggravated by an additional 9% increase in the
relative LV dry weight (Table 6). The LV weight of rats in the regular diet group was
not changed by nadolol in this study. Similarly, nadolol at a lower dose (25 mg/kg/day)
for 30 days did not change the weight or total protein content of the heart in Wistar rats
(Paulin et al., 1991). Chronic treatment with proprapblo[ for 4 wk did not change the

i1
ratio of ventricular to body weight of WKY rats ’(Sen and Tarazi, 1983), while in another
study, it evén reduced the relative ventricular weight of rabbits (Vaughan-Williams et al.
~ 1975). - There are no othgr known reports ldoking fnto the effects of the combination of

salt exposure and B-blocker treatment, therefore, it is difficult to compare results in this
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respect.  Similar to the change after using terazosin, the dietary sodium-induced LVH
was switched from a concentric form to an eccentric form after the chronic nadolol
treatment.  As shown in Table 7, the high sodium diet-increased LV wall thickness was
attenuated while the LV internal diameters were significantly increased by nadolol,
resulting in a significant decrease in the ratio of the wall thickness to radius, Different
from the effect of terazosin, nadolol did not increase the LV weight in the regular diet
group, being similar to the result after over 20 wk chronic nadolol administration to
WKY rats (Lee er al., 1992). In this study nadolol did not augment the increased water
intake induced by high sodium diet. This lack of LV weight change in the regular diet
group is in agreement with the findings that nadolol did not increase the resting RAP or
LVEDP, while it produced a significant bradycardia. However, the additional increase
in LV weight by nadolol in rats on the high sodium diet is difficult to explain. Chronic
nadolo! treatment sigrificantly increases norepinephrine levels in the heart of WKY rats
(Lee er al., 1992).. This increased catecholamine levels may indicate a secondary
‘increase in sympathetic activity after B-receptor blockade, or a reduced release of the
transmitters. For the first reason, combined blockade was performed (see the following
discussion). Although the resting LVPSP in this study was not decreased, the general
cardiac effect of nadolol is inhibitory and a direct effect of the drug to increase the heart
weight is unlikely,
- It has been demonstrated that increased cAMP levels will inhibit the intracellular
pathway (Ras pathway) for growth factors., such as EGF, in fibroblasts, fat cells or
stooth nlmsclc cells, and be_causé of this inhibition the cellular growth stimulation of the

growth factors is blocked (Marx, 1993; Cook and McCormick, 1993). , By analogy, the’
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aggravated LVH by B-antagonist might be mediated through its reduction in cAMP, and
hence less inhibition on the Ras growth pathway.  However, the inhibitory
communication between Ras pathway and cAMP has been demonstruted only in celi types
other than cardiocytes. An increased intracelular cAMP in the cardiac cells was shown
to promote cellular growth and protein synthesis (Anversa et al.. 1986; Xenophontos ef
al., 1989).

To prevent a possible stimulation of one type of adrenoceptors while the other is
blocked, a combined blockade was applied, but this combined blockade also failed to
prevent the high dietary sodium-induced LVH. As shown in Table 6, the LV weight
mcrease by a high sodium diet was not prevented by a combined blockade of both the
a- and B-adrenoceptors with terazosin and nadolol, instead, an extra 7% LV weight
increase vs. the group on a high sodium diet alone was added. However, the combined
blockade did not significantly decrease the ratio of LV wall thickness to radius (Table
7), a phenomenon seen in single blockade with either terazosin or nadolol, The results
frdm experiments with a,- or B-antagonists, or with both do not support a primary
involvement of the adrenergic receptors in the development of the high sodium diet-
induced LVH. Besides, since combined blockade failed to prevent the LVH although it
significantly decreased the resting LVPSP in the group on a high sodium diet (Table 12),
this will once again exclude the possible role of an overload mechanism in this type of

hypertrophy.

IV.2 Other Potential Mechamf&ms
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IV.2.1.  Ang II. AngII has been demonstrated /n vivo and in virro to be a potent
hypertrophic factor for myocardium (Sadoshima and Izumo, 1993c). Since the systemic
renin activity is inhibited by a sodium exposure (Buttrick er al., 1993), the circulating
Ang II is hardly involved in the high sodium diet-induced LVH., Whether the cardiac
renin activity is regulated differently or the AT receptor responses will be changed by

high dictary sodium exposure needs further study.

1V.2.2. Growth Factors. There are no data at present focusing on the interaction
of a salt exposure with growth factors on cardiomyocyte growth. The release of growth
factors has been proposed as a major mechanism for the dietary sodium intake-induced

growth of vascular smooth muscle cells (Aviv, 1990).

IV.2.3.  Changein [Ca®*);. [Ca®*];plays a central role in gene activation and protein
synthesis in cardiac hypertrophy induced by pressure overload or other factors (Morgan
and Bader, 1991). [Ca®*]; as well as [Na*]; might be involved in the high sodium diet-
induced LVH since‘tllffis type of LVH in WKY rats was prevented by potassium-
magnesium-enriched food (Mervaala er al., 1992). The increase in [Ca®*], can follow
either a Na* influx through the Na*/H* exchange (Soltoff and Cantley, 1988; Kerlt et
al., 1989), or through an inhibition of the Na K*-ATPase However the plasma Na*

level is only transiently mcreased by 1 t0,.2% by a sodium exposure (Mozaffan et al.,

; 1990) hypematraemla is rarely induced by i mcreasmg sodlum intake alone (Vollmer,
| 1984), plus the acthty of Na*/H* exchanger is mamly regulated by its afﬁmty for the _

mtmcellular H* but not extracellular [Na*] (Soltoff and Cantley, 1988). The second
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pathway is also unlikely since inhibition of this enzyme by exogenous ouabain even

reduces cardiac hypertrophy (Kent e7 al., 1989).

V. Limitations of the Study

V.l. Tine Schedule for Hemodynamic Measurenments

All hemodynamics were measured 3 /i after finishing the cannulations.
According to previous observations, this time period is sufficient for rats to recover from
anaesthesia (Yamamoto er a/, 1980; Kanda and Flaim, 1984) and has been routinely used
in many studies (Yuan and Leenen, 1991; Frohlich et al., 1993). The other reason for
adopting the 3 Ar recovery schedule in this study was to reduce the post-operative
mortality of rats with intraventricular cannulations. However, the hemodynamic
recordings obtained through such a schedule might have been influenced or offset by a
change in the physical and humoral conditions due to the traumatic effects of surgery and
anaesthesia.

Stress responses to silch a severe trauma as major surgefy and general anaesthesia
will certainly involve elevated sympathetic activities, an activation of adrenomedullary
system and probably an increas‘e_df function of the hypothalanuls-piluilar’y-adrenal cortex
systém. ,"’Glucoconicosteroids released from the adrenal cortex can facilitate the action

of catecholamines. This might be the physiological basis causing the difference in the

1
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recordings of resting HR between our study and others. There was an increase, though
not consistent in all the groups, in the resting HR by a high sodium diet in this study.
In contrast, a decreased HR in rats on a similar level of high dietary sodium was found
in another study (Cathoun er al., 1994). 1In Calhoun’s study, the hemodynamic
measurements were done on day 7 after surgery. This longer recovery time will
certainly be beneficial for the animals in getting over the traumatic period and may also
help in eliminating the influence of the elevated catecholamines and corticosteroids on
the resting HR.

Since reports describing the effects of a high sodium diet on hemodynamic
responses to adrenergic stimulation are rare, it is not possible to determine whether there
is, and how much the infiuence there will be, from a shorter post-operative recovery time
on the hemodynamic recordings. However in each protocol of this study, there was a
control ‘group on regular diet or a group without drug treatment, which may reduce the
possible influences of this shorter recovery time between surgery and hemodynamic

measurements,

V.2, Sensitivity and Significance of Hemodynamic Measurements

i
/
i

The objective of this study was to look into the possible-'changes of cardiac
. adrenoceptor responses and the role of these possible changes in'the high sodium diet-

induced cardiac hypertrophy. Since only in vivo pliamaacological approaches were used

' to examine the adrenoceptor responses, by measuring pressor.responses to phenylephrine

)

i by ’
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and chronotropic and inotropic responses to isoproterenol, the measurements might not
be sensitive enough to reveal a small change of these responses.  As the pressor
responses to phenylephrine are an estimate of the responses of vascular «,-adrenoceptors,
it is difficult to extrapolate these findings to cardiac ey -adrenoceptor function. Mo
sensitive parameters of LV function include ejection fraction and dP/dt, which can be
determined in rats with echocardiography (de Simone er al. 1990) or Millar catheter (Liu
er al. 1991), respectively. These two parameters can provide information of the
muscular contraction properties of the ventricle.

Although this methodological approach in this study is closer to physiological
conditions than in virro methods, the measurements are influenced by many other (actors,
It is also difficult with this method to pinpoint any changes in the recepior charicteristics,
such as density, affinity or general reactivity. To more accurately determine the changes
in the receptor activities, receptor binding assays, immunochemical assays or molecular
biological assays could be used to look into the changes in the levels of receptor protein,

intracellular signal pathways and immediate early-genes or mRNA.

V.3. Accuracy of Hemodynamic Parameters Based on CO Measurements

Since all the hemodynamic meastrements were done in untethered conscious rats,
the results from the pressure measurements are more stable and reliable than those from
CO measurements. In this study, CI, SVI and TPRI were all derived from the original

measurements of CO. However, CO measurements were easily influenced by the
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movement of thermistor tip location from any small postural changes. Because of this,
the variability of CO measurements was higher than pressure measurements.

For improvement in the accuracy of this measurement, one solution is to cut down
the numbers of an-imals tested each day. This will leave the rats more time for recovery
from surgery and from previous manipulations, such as infusion or injection of drugs or
connection and disconnection of the cannulas. The other possible solution is to apply
other techniques for CO measurements, in which the readings are less influenced by

animal movement and have smaller vartance between individual measurements.

V.4, Specificity of the Adrenergic Blockade

The adrenergic blockers used do not have tissue selectivity or high adrenoceptor
subtype specificity. -Since nadolol is a non-selective B-antagonist, it can block both B,-
and B,-receptor (Frishman, 1981). It has not been clarified yet which subtyye of the 8-
receptor is more important in cardiac hypertrophy. This non-selective effect can also
influence vascular function by its blockade of the B,-receptor on the vessels. Because of
this, the systemic effects of nadolol might have complicated its effects on the heart.
- Althcugh terazosin is a selective o,-antagonist, it blocks «,-receptor in both the
myocardium and the vascul.atures (Kyncl, 1986). The hemodynamic effects from
‘b-locking the vascular reéeptors. may have similarly complicated the direct effect of
lgmzosin on the lleart; Besides, terazosin blocks both e,- and o,z-receptors (Simpson

er al., 1990). If the high digi'ary sodium-induced hypertrophy shares some similar
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mechanisms with that induced by exogenous norepinephrine. in which «ay-receptors have
been demonstrated to be mainly responsible for the hypertrophic effect, terzosin would
not selectively block this subtype. Since aqg-receptors are more important than -
receptors in the e -adrenoceptor-mediated negative inotropic effects (Terzic eral,, 1993),
this subtype may have different significance in high salt exposure-induced hypertrophy.
Therefore, the actual roles of the cardiac adrenoceptors in the development of high
sodium diet-induced LVH need to be further clarified, by using specific antagonists for

different subtypes of the «y- and B-adrenoceptors.
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CONCLUSION

The high sodium diet-induced LVH was in a concentric form and well established
after a 2 wk diet regimen, From resting hemodynamic measurements, this study further
confirmed that pressure or volume overload do not appear to be involved in the
development of this LVH.

In either the early or late stages of the high sodium diet regimen, the in vivo o,-,
and D-receptor responses of WKY rats to phenylephrine or to isoproterenol were not
ch:mged; This result suggests that high sodium diet does not significantly alter the
adrenoceptor responses in the rats. Although an attenuated vasodilatation in response to.
isoproterenol and an augmented negative chronotropy in response to phenylephrine were
found to be associated with salt exposure, these changes occurred only in the 6 wk group
when LVH was weli established. Therefore, the potential changes in the vascular B,- or -
cardiac oy-adrenoceptors suggested from these changes in the responses may not be
essential in initiating the LVH. Experiments with héxamefhonium. and with adrenergic
blockers suggest an augmented sympathetic control on the peripheral resistance arteries
by salt exposure, as suggested by an augmented decrease in blood pressure by
hexamethonium or a significant reduction in LVPSP by a combination of nadolol and
terazosin only in rats after a prolonged high Sodium diet. The variable increa.ée in the
resting HR by salt‘\_exposure indicates an inéreased cardiac sympathetic activify, ora
decreased vagal acfivity. In cc;ntrast, most other resting hemodynamic parameters,

MAP, TPRI, LVEDP and LVPSP were not changed by the high sodium diet.
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The high sodium diet-induced LVH was not prevented by either single or combined
blockade with chronic «;-, B-receptor antagonists. These results may indicate that
activation of a,- or f-receptors might not be involved in the high sodium diet-induced
LVH. However, the ratio of the LV wall thickness to radius was reduced by single
blockade with terazosin or nadolol, indicating that LVH is shifted froni a concentric to
an eccentric form. Since terazosin aggravated the salt-increased water intake, shifted the
LVH from a concentric form to an eccentric one, attenuated the high sodium dict-
increased ratio of LV to RV weight, and probably expanded the plasma volume, it is
possible that volume overload may have occurred with terazosin treatment.  The possible
- mechanism for the volume overload may be related to terazosin-induced Tuid retention
via an action on kidneys or central nervous system. The volume overload may have
induced a hypertrophy, which may have masked a reduction in the high sodium dict-

induced hypertrophy.
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