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BSTRACT
Atrial natriuretic factor (ANF), produced mainly by mammalian atria, has been

shown to exert potent diuretic, natriuretic, vasodilator, and renin-aldosterone
suppressing activities. Atnal stretch induced by either a chronic preload or afterload
stimulates ANF release. Therefore, ANF may be involved in the regulaiion of blood
pressure and body flud as well as electrolyte balance in physiological and
pathophysiological states.

Neurohormonal vasoconstrictor systems are frequent'y activated during the
development of chronic heart failure (CHF), including increased activity of the
sympathetic nervous and renin-angiotensin systems (RAS) and vasopressin, which
together evoke such characteristic CHF abnormalities as vasoconstriction, changes in
cardiac performance, and sodium retention.

The characterization of pathological alterations of CHF seems incompatible with
the physiological actions of ANF. Thus, it has been hypothesized that the
pathophysiology of CHF may be due to a relative deficiency of ANF and/or blunted
responsiveness to ANF in this state. The work presented in this thesis evaluates the role
of ANF in rats with chronic moderate high-output heart failure by (1) characterizing
plasma and tissue ANF levels, hemodynamics and renal function at different stages of
the development of heart failure; (2) assessing the contribution of the atria and
ventricles to plasma ANF levels; and (3) investigating the role of ANF and RAS in rats
with aorto-caval (A-C) shunts.

Chronically increased cardiac filling pressure stimulated not only ANF release
but also ANF synthesis in each cardiac chamber. This in turn contributed to elevated
plasma ANF levels in A-C shunt rats. An attenuated renal response to endogenous
ANF and sodium and water retention were apparent in A-C shunt rats. Unaer nhibition
of RAS, plasma ANF may exert its actions more effectively. Thus, chronic ACE

inhibition and ANG 1I receptor antagonism improved hemodynamic conditions,
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diminished water retention, reversed cardiac hypertrophy, and restored plasma and
tissue ANF to more "normal” levels in rats with moderate high-output heart fa lure.
Taken together, elevated plasma ANF levels may play an important role in
maintaining hemodynamic and body fluid homeostasis by opposing the neurohormonal
vasoconstrictor systems in A-C shunt rats. However, a relative deficiency of plasma
ANF and/or an attenuated response to endogenous ANF, nediated by activated
neurohormonal vasoconstrictor systems, may contribute to the pathophystology and

development of heart failure at different stages.



iii

RESUME

Il a été démontré que le facteur natriurétique de 1'oreillette (FNO), produit
principalement par les oreillettes de mammiferes, exerce de puissantes activités
diurétiques, natriurétiques et vasodilatatrices ainsi qu'une répression du systéme rénine-
angiotensine. L'étirement des oreillettes, qu'il soit provoqué par une précharge ou une
postcharge chronique, stimule la reliche du FNO. Par conséquent, le FNO pourrait étre
impliqué dans la régulation de la pression sanguine, des fluides corporels et de la
balance €lcctrolytique lors d'états physiologiques et pathophysioiogiques.

Les systemes vasoconstricteurs neurohormonaux sont fréquemment activés au
cours du développement de [l'insuffisance cardiaque chronique (ICC). Ainsi
'augmentation de I'activité du systtme sympathique nerveux, du systtme rénine-
angiotensine (RAS) et de la vasopressine évoquent des anomalies caractéristiques de
I'ICC telles la vasoconstriction, la rétention de sodium et des changements de la
performance cardiaque.

La caractérisation des altérations pathologiques associées a I'ICT semble
démontrer une incompatibilit¢ avec les actions physiologiques du FNO. Il a donc été
suggéré que la pathophysiologie de I'ICC pourrait étre due a une déficience relative de
FNO et/ou a la réactivité affaiblie au FNO rencontiée dans cet état. Le travail présenté
dans ce mémoire €value le role du FNO lors d'une ICC modérée a haut débit cardiaque
(induite par un shunt aorto-caval (A-C)) chez le rat par 1) la caractérisation des niveaux
plasmatiques ct tissulaires du [ .NO, de I'hémodynamique et de la fonction rénale a
différentes étapes du développement de 1'insuffisance cardiaque; 2) 1'évaluation de la
contribution des orcillettes et des ventricules aux niveaux plasmatiques du FNO; et 3)
I'investigation du role du FNO et du RAS ainsi que les effets du losartan lors de
I'insuffisance cardiaque.

La pression cardiaque de remplissage chroniquement élevée stimule non
seulement la reliche du FNO, mais aussi la synthese du FNO aux niveaux de chacune

des chambres cardiaques. Ceci, par la suite, contribue 2 élever les niveaux plasmatiques
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de FNO chez les rats possédant un shunt A-C. On retrouve une réponse rénale atténuée
au FNO endogene ainsi qu'une rétention hydro-sodée chez les rats possédant un shunt
A-C. Lors de I'inhibition du RAS, ie FNO plasmatique semble exercer ces actions plus
efficacement. Ainsi, I'inhibition chronique de 1'enzyme de conversion de I'angrotensine
II ou l'antagonisme des récepteurs de I'angiotensine II améhore les conditions
hémodynamiques, diminue la rétention d'eau, renverse I'hypertiophic cardiaque et
rétablie le FNO plasmatique et tissulaire a des valeurs plus «normaless ches des rats
ayant une insuffisance cardiaque modérée A haut débit cardiaque.

Les niveaux élevés de FNO plasmatiques semblent jouer un rdle important dans
le maintien de I'hémodynamique et de I'homéostase des fluides corporels en s'opposant
aux systemes vasoconstricteurs neurohormonaux des rats possédant un shunt A-C.
Cependant, une déficience relative du FNO plasmatique ct/ou une réponse atténuée au
FNO endogene, due a I'activation des sysiemes vasoconstricteurs neurohormonaux,
peuvent contribuer a la pathophysiologie et au développement de I'msuffisance

cardiaque.
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In writing this thesis, the author has taken advantage of the option provided by

the regulations of the Faculty of Graduate Studies and Research which allows for the
inclusion of original papers, suitable for submission to learned journals for publication,

as part of the thesis.

The guidelines read as follows:

Candidates have the option, subject to the approval of their Department, of
including, as part of their thesis, copies of the text of a paper(s) submitted for
publication, or the clearly-duphicated text of a published paper(s), provided that these
copies are bound as an integral part of the thesis.

- If this option is chosen, connecting texts, providing logical bridges between the
different papers, are mandatory.

- The thesis must still conform to all other requirements of the "Guidelines Concerning
Thesis Preparation” and should be in a literary form that is more than a mere collection
of manuscripts published or to be published. The thesis must included, as separate
chapters or sections: (1) a Table of Contents, (2) a general abstract in English and
French, (3) an introduction which clearly states the rationale and objectives of the
study, (4) a comprehensive general review of the background literature to the subject of
the thesis, when this review is appropriate, and (5) a final overall conclusion and /or
summary,

- Additional material (procedural and design data, as well as descriptions of equipment
used) must be provided where appropriate and in sufficient detail (eg. in appendices) to
allow a clear and precise judgement to be made of the importance and originality of the
research reported in the thes:s.

- In the case of manuscripts co-authored by the candidate and others, the candidate is
required to make an explicit statement in the thesis of who contributed to such

work and to what extent; supervisors must attest to the accuracy of such claims at the
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Ph.D. Oral Defense. Since the task of the Examiners is made more difficult in these
cases, it is in the candidate's interest to make perfectly clear the responsibilities of the
different au.hors of co-authored papers.

Chapter I is a general introduction. Chapter II and I are scientific articles in
their original form. Chapter Il is in press in "Cariiovascular Research”. Chapter I 1s
published in the "American Journal of Physiology" (263: H833-H840, 1992) Chapter
IV includes a general discussion with claims to originality. A description of the
prospect of future studies on the role of ANF in CHFE is also mcluded A general
bibliography follows chapter IV and includes the references cited o the general
introduction and discussion. References for each individual article (Chapters 11 and 111)
are included within each respective chapter. The terms "we" and "our” refer 1o myself

and my thesis supervisor, Dr. Raui Garcia.
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CHAPTER 1

GENERAL INTRODUCTION



1.1 The history about the discovery of ANF

For a long time, the heart has been recognized as a pump which pushes blood
throughout the circulation. Now, it is well known that heart is not only a pump, but an
endocrine organ, secreting a hormone, atrial natriuretic factor (ANF), which is
involved in the regulation of blood pressure (BP), fluid as well as electrolyte balance
and interaction with other hormones. It has, however, taken a long time and years of
laborious work to confirm that the heart is, indeed, an endocrine gland. Earher work in
the discovery of hormones released from the heart go back to the 1950s and involve

two field of studies: anatomical and physiological.

1.1.1 Anatomical studies

In 1956, Kisch first described that granules were present in atrial but not in
ventricular cardiocyte of guinea pigs (55). The presence of these storage granules were
further confirmed in mammalian atrial cardiocytes by Jamieson and Palade (53, 92),
who characterized these granules to be secretory granules in nature (53). The degree of
granulation was higher in the right atrium than in the left (71). The number of atrial
granules was increased after the administration of B-blockers (90), but decreased after
the production of aorto-caval fistula in the rats (10) and in presence of reserpine (92) or
atropine (45). De Bold (20) reported that the number and density of atrial granules
changed with alterations in salt and water intake, implying that these granules must
store some substance involved in a functional role in the control of sodium and water

balance.

1.1.2 Physiological studies

Shortly after Kisch described the presence of granules in the atria, Henry et al.
(48) established experimental evidence that cardiac atria possessed the capacity te
"sense the fullness of the blood stream” and to modulate renal function in response to

increased atrial pressure. They demonstrated that balloon inflation in the left atrium
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resulted in atrial distention and reproducible increases in urine flow. These results
suggested that stretch receptors were present in the atria, linking changes in circulating
blood volume with homeostatic responses of the kidney. Moreover, diuresis, in
response to an increased atrial pressure, was also observed in animals with a denervated
heart or denervated kidney, suggesting a hormonal pathway between the heart and the
kidney (66).

de Wardener et al. (22) further demonstrated that an unidentified hormonal
factor, other than increased glomerular filtration rate (GFR) or decreased aldosterone,
was involved in natriuretic response to acute volume expansion in dogs. Thus, this
unknown hormonal substance was named as a "third factor". The search for this "third
factor" soon focused on a possible hormonal mediator that came to be known as
“natriuretic hormone". Despite an intensive search for the "third factor" or "natriuretic

hormone", its nature and source remain unclear.

1.1.3 ANF discovery

Earlier anatomical and physiological studies which searched for "third factor" or
"natriuretic hormone" led DeBold et al. to perform elegant animal studies (21) which
demonstrated that crude extracts of rat atria contain a potent diuretic and natriuretic
substance, now termed atrial natriuretic factor (ANF). Thus, ANF plays a fundamental
role in the cardiorenal sensor-effector system of regulating body fluid balance. It may
be an answer for the search of the "third factor" or "natriuretic hormone".

Since the initial identification of ANF in 1981, there has been an explosion of
information on the molecular biology, biochemistry, and pharmacology of this
hormone. The genes encoding ANF from many diverse species have been cloned and
characterized. These studies have not only characterized a novel class of hormones with
important physiological function, but have also provided insights and posed questions

regarding the physiological and pathophysiological functions of the heart.
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1.2  Natriuretic peptide family: atrial natriuretic factor, brain natriuretic

peptide, C-type natriuretic peptide and urodilatin

Following the discovery of atrial natriurctic factor (ANF), an increasing number
of peptides with vasorelaxant and natriuretic activitics have been isolated from various
mammalian organs. They include brain natriuretic peptide (BNP), detected in the
porcine brain and heart (75, 115); type C natruuretic peptide (CNP), found in the
porcine brain (116), and urodilatin, isolated from urine (106). Thus, these peptides
constitute a natriuretic peptide family. Though the peptides in this fammly share

common characterizations in structure and bioactivity, cach has its specific propertics.

1.2.1 ANF

The gene sequence for human ANF precursor has been established and the gene
has been located on the short arm of chromosome | in human (85) and chromosome 4
in mouse. ANF is synthesized mainly in m.mmahan atria as a 15! amino acid pre-
prchormone (83, 114), sharing strong homology between human, rat, dog, and rabbit
9, 68, 89). Cleavage of the signal peptide from preproANF produces proANF-(1-
126), which is a storage form of ANF (9). Upon appropriate stimulation, such as atnal
stretch, the prohormone is cleaved into a N-terminal and C-terminal fragment.
Processing of proANF to ANF certainly occurs immediately before and possibly even
soon after secretion from the myocyte, resulting in ANF-(99-126) as the predominant
form entering the coronary sinus blood (6, 39, 52, 124, 130). Bioactive ANF-(99-126),
having strong homology between different species, is derived from the carboxy-
terminus of proANF-(1-126). A central ring structure formed by a disulfide bridge
between cysteine residues at positions 7 and 23 (78), and the three carboxy-terminal
residues Phe-Arg-Tyr of ANF are very important for the biological action of ANF
(79). Disruption of this ring structure by cleavage of the disulfide bond or deletions of
the three carboxy-terminal residues of ANF leads to a loss of bioacuvity or markedly

reduces natriuretic and vasorelaxant potency (78, 79).



1.2.2 BNP
BNP is a novel natriuretic peptide recently isolated from the brain (115) and the

heart (75). BNP has a remarkable sequence homology to ANF with only 4 amino acids
being different in the 17 amino acid ring structure common to both peptides (115).
Similar to ANF, BNP has potent diuretic-natriuretic and vasorelaxant activities and
appears to play a signific * role in fluid-electrolyte homeostasis. Although BNP was
first isolated from the bra..., 1t appears that there is actually more BNP in the heart than
in the brain (75). However, the amount of BNP in the atria is only 1-3% of that of
ANF (75, 82, 102). The mRNA levels for BNP in the ventricle are less than half of
that found in the atrium, but taking into account ventricular mass, muscle total mRNA
levels are higher in the latter. Moreover, the abundance of BNP is similar to that of
ANF in cardiac ventricles (82). These data suggest that the ventricles may be the major
source of circulating BNP (82), which has been confirmed by sampling blood from
different cardiac sites. BNP binds to ANF R1-A receptor in a similar manner as ANF,
but with less affinity (41, 49, 114). It has been suggested that BNP probably works
through the ANF R1-A receptor in the kidney. ANF and BNP interact with the same
receptor (A-type receptors) and stimulate the intracellular production of ¢cGMP, but
they do not significantly stimulate B-type receptors (12, 57, 107). Thus, the
physiological effects of ANF and BNP may be mediated through the same receptor, the
ANF RI-A receptor (57).

Circulating levels of BNP in normal subjects were only one twentieth of ANF
(102). However, in heart failure, plasma BNF levels increased markedly and were
found to be proportional to the degree of severity of failure (82, 102), as was ANF.
The levels of mRNAs encoding both BNP and ANF were significantly augmented in
the left ventricular myocardium in most patients with end-stage heart failure (122).
There was a significant positive correlation between the levels of BNP and ANF

mRNAs in the left ventricular myocardium of patients (122). Moreover, it has been



shown that cardiac performance was improved after an intravenous injection of BNP in
patients with heart failure (132). These preliminary results suggest that BNP may be
less important in physiological states than ANF for the maintenance of daily sodium
and water metabolism, but may play a critical compensatory role for ANF in
pathophysiological states, such as CHF. The degree to which these natriuretic peptides
contribute to control of sodium and water metabolism in physiological and

pathophysiological states, however, has not been determined.

1.2.3 C-type natriuretic peptive (CNP)

CNP is the third member of the natriuretic peptide family identified after ANF
and BNP. Two related CNPs, a 22-residue peptide (CNP-22) and its N-terminally
elongated peptide (CNP-53), have been identified and found to be major molecular
forms of CNP in the brain (76, 116). Unlike ANF and BNP, CNP ends at the second
cystine residue and lacks further C-terminal extension from the ring structure. Thus,
CNP shows much less potent diuretic-natriuretic and vasorelaxant activitics than ANF
or BNP (116) and is not detectable at significant levels in cardiac ussue (56, 77). The
CNP mRNA is also 1 detectable by the Northern blot analysis in either the normal,
fetal, or diseased ventricular myocardium (118). There has been no report that
circulating CNP level is elevated, either in experimental cardiac overload or in patients
with heart failure. Thus, it is possible that the primary biological activity of CNP is not
as a classic natriuretic peptide with peripheral sites of actions. Preliminary experiment
on the distribution of CNP mRNA by Northern analysis in situ suggests that CNP s
limited primarily to the nervous system (56), indicating that CNP may be responsible
for most of the central actions of the natriuretic peptide family. In contrast to ANF and
BNP, CNP potently and selectively activates B-type receptor but has hittle effect on A-

type receptors (57).



1.2.4 Urodilatin (Renal natriuretic peptide)

In 1988, a new and unique 32 residue natriuretic peptide was isolated from
human urine (106) and named as urodilatin or renal natriuretic peptide. It has a four-
residue NH)-terminal extension of the ANF peptide and is identical in structure to the
a-human ANF-(95-126). This newly discovered peptide is produced solely by the
kidney and is not found in plasma. Urodilatin is probably produced by same gene
coding ANF in the heart but with different posttranslational processing (106). Because
urodilatin has exactly the same structure (and amino acids) as ANF with a 4 amino acid
extension, one would suspect it would have actions nearly identical to ANF. It has been
shown that urodilatin binds to the ANF receptor with a higher affinity than ANF itself
and stimulates particulate guanylate cyclase to the same extent as ANF (46). This may
be due to the N-terminal "tail" on this peptide. Urodilatin binds to receptors in the
distal nephron and inhibits the reabsorption of sodium and chloride at this site, raising
the possibility that the primary physiological ligand for some of these receptors, such as
those located in inner medullary collecting ducts, may be urodilatin rather than ANF.
Feller et al. speculated that urodilatin, rather than blood-derived ANF, could have a
major role in the regulation of natriuresis and diuresis under physiological conditions
(29). It has been reported that urodilatin has a greater natriuretic potency than ANF
when given intravenously (97, 104, 129), which may be due to urodilatin's resistance

to degradation by the brush border of renal cells (33).

1.2.5 Structure similarity of natriuretic peptide family

These natriuretic peptides have been shown to be coded by distinct genes (111,
121), and have a common ring consisting of 17 amino acids bound by intramolecular
disulfide bonds. Only four amino acids in the ring structure of these natriuretic peptides
are different from each other, whereas the NHp- and COOH-terminal vary in both
amino acid composition and length (75, 106, 116). Among different species, the

structure of both ANF and CNP are highly conserved (56), whereas the amino acid



sequence of BNP varies by as much as 50% (115). As a result of the similarity of
structure between these peptides, they exhibit similar functions with different potencies.
However, the diversity of structure and distribution of these natriuretic peptides show
that they may serve appreciably different functions. It is possible that these natriurctic
peptides work together to regulate blood pressure and body fluid in different ways or

places under physiological and pathophysiological states.

1.3  Regulation of ANF secretion
1.3.1 Atrial stretch

As with many endocrine systems, there may be a variety of ways by which the
release of ANF is controlled. The most effective and best documented stimulus for
ANF release is the atrial stretch, induced by an increase in preload or afterload (60,
69). This phenomenon was first evidenced by Henry et al (48), who demonstrated the
inflation of a balloon in the left atrium induced a marked increase in urine flow. In
1984, Dietz confirmed that atrial stretch resulted in a release of ANIE dircctly fiom
isolated perfused rat heart in vitro (23). Several physiological states have also produced
increments in plasma ANF levels, including head-out immerston (28) and changes in
body posture (50). In addition, acute as well as chronic volume loading and high salt
intake have been potent stimuli for ANF secretion (60, 99). On the other hand, a
blunted natriuresis and attenuated release of ANF following volume cxpansion have
also been observed in rats with partial right atrectomy (108). Morcover, plasma AN}
levels have been closely correlated with cardiac filling pressures in patients with
various cardiovascular diseases (93). Taken together, these results suggest that atrial
stretch is a major stimulus for the release of ANF. However, cellular processes

involved in linking mechanical distension to ANF release remain unclear.



1.3.2 Hormone-induced release of ANF

Plasma ANF levels have been reported to change in response to a number of
other peptides circulating in the blood. Vasoconstrictor agents, such as vasopressin,
ANG II, and phenylephrine, have been shown to increase levels of plasma ANF. The
mechanisms by which vasoconstrictor agents induce ANF release may be secondary to
hemodynamic changes induced by their vasoconstrictor properties (69). The direct

actions, however, cannot be fully excluded.

1.3.3 ANF relcase and nervous reflexes

Moderate sympathetic or vagal stimulation does not change plasma ANF levels
(94). The increased ANF release with volume expansion is not affected by cardiac
denervation (86) and atnal stretch results in the release of ANF directly from a rat
heart-lung preparation (23). These results suggest that atrial distension is the primary

stimulus of ANF release and that this effect does not require any mediation by cardiac

nerves.

1.3.4 Patterns of ANF release

It seems that there are at least two patterns involved in regulation of ANF
secretion, although the cellular processes involved in linking mechanical atrial
distension to ANF release are not fully understood. Acute stimulation probably results
in a rapid conversion of proANF to ANF and an increase in the release of ANF. This
response decays over a period of minutes, indicating that the mechanism of ANF
release in response to acute or chronic stimulation may be differcnt. Chronic increases
in the rate of ANF release appear to be related to the increase in ANF gene expression.
It has been observed that atrial ANF mRNA levels rise sharply with changes in salt and
water intake (119). Furthermore, in adult animals and humans, ventricles "under
stress” express specific ANF mRNA or immunoreactive ANF, suggesting a recruitment

of these cell to secrete ANF in pathophysiological states (73). Cellular or molecular
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mechanisms underlying ANF release in both acute and chronic conditions, however,

are not well understood.

1.4 Mechanism of ANF action: ANF receptors and its second messenger

As with other peptide agonists, ANF must first bind to specific glycoprotein
receptors in the plasma membrane of target cells in order to mediate physiological
effects. ANF receptors have been identified in all ANF target tissnes by radioligand
binding and autoradiographic techniques. It is clear that there are at least two classes of
ANF membrane surface receptors, one coupled to particulate guanylate cyclase (ANF
R1 receptor), and the other devoid of guanylate cyclase activity (ANF R2 receptor).
ANF exerts its physiological actions by binding to the ANF R1 receptor and activating
its guanylate cyclase. Recently, the ANF R1 receptor has been reclassed into R1-A and
R1-B receptors. The functional and physiological role of the R2 receptor has not been
elucidated, but it has been postulated to be a clearance receptor for removal of ANF

from circulation.

1.4.1 ANF RI-A receptor

ANF R1-A receptor is a 120-140 kDa transmembrane protein that mediates the
cGMP generating effect of ANF via the activation of particulate guanylate cyclasc (64,
83, 109, 117). It has been shown (14) that the ANF R1-A receplor possesses a single
transmembrane domain, an amino-terminal extracellular ANF-binding domain, and a
carboxyl-terminal intracellular catalytic domain. The ntracellular domain s
homologous with protein kinase and to a subunit of the soluble form of guanylate
cyclase, whereas the extracellular domain shows 33% sequence homology with the
ANF C receptor. The ANF RI1-A receptor binds ANF specifically and with a high
affinity. Therefore, ANF is the most potent hormone for stimulating ANF RI-A
guanylate cyclase; BNP is as efficacious, but only at approximately a tenfold higher

concentration (107). The ANF RI-A receptor does not bind several ANF synthetic



11

analogues, such as the internally deleted and truncated des [GInl19, Serl19, Gly20,
Leu2l, Gly 22] ANF4.23 (c-ANF) and the internally intact and truncated ANF5_.25
(67, 105). Moreover, ANF7.0g competes with ANF for ANF binding sites in
glomerular and vascular smooth muscle cells, indicating that the amino terminus of
ANF up to the disulfide bridge is not required for the binding activity (7). These data
suggest that the carboxyl terminal phenylalanine-arginine (phe-arg) and ring structure
of ANF seem to play an important role in binding to the ANF A receptor, and is
required for the biological activity of ANF. However, the C-terminal phenylalanine-
arginine (phe-arg) and the ring structure of ANF are not required for binding to the
ANF R2-C receptor. ANF activates particulate guanylate cyclase and increases the

intracellular concentration of cGMP, but ANF has no effect on soluble guanylate

cyclase.

1.4.2 ANF R1-B receptor

The ANF R1-B receptor is also a transmembrane protein with the activity of
guanylate cyclase, as is the ANF RI-A receptor (12). The ANF R1-B receptor has a
low affinity for all tested peptides but binds CNP with higher affinity and is
preferentially activated by CNP rather than by ANF or BNP (57). The extracellular
domain of the ANF R1-B receptor has a 44 % amino acid homology with the ANF R1-
A receptor, but the binding region has a 79% sequence identity between the ANF R1-A
and R1-B receptors. There is 74% identity between the intracellular domains of the

ANF R1-B receptor and the ANF RI-A receptor (12).

1.4.3 ANF R2-C receptor

The ANF R2-C receptor is a homodimer of a 64-kDa transmembrane protein
with a short 37-amino acid cytoplasmic tail, which does not couple with guanylate
cyclase (32, 64). ANF R2-C receptor does not mediate any of the known renal and

vascular actions of ANF and may have a primary role in the removal of ANF from the



12

circulation (67). Therefore, this receptor is also termed a clearance receptor, which
may function through intermediate G proteins to inhibit adenylate cyclase or activate
the phosphoinositol pathway but not be signaled through the activation of guanylate
cyclase (3). Whereas ANF R1-A or R1-B receptors display a high degree of selectivity
for ANF, BNP, and CNP, ANF R2-C receptor recognizes all the natriurctic peptides,
ANF fragments and ring-deleted ANF analogues with high affinitics (67); however, its
affinity for CNP is f{ivefold lower than that of the ANF R1-B receptor (57). Consistent
with its "clear" function, it has been found that there is an abundance of ANF R2-C

receptors on vascular endothelial cells (63, 67).

1.4.4 Second messenger of ANF

ANF stimulates cGMP accumulation by activating plasma membrane-associated
guanylate cyclase (42, 83). Bioavailable analogues of cGMP mimic the physiological
actions of ANF, including smooth relaxation and the inhibition of renai tubule sodium
transport. This confirms cGMP’s role as a second messenger for ANF action (83, 133).
Increments in intracellular cGMP levels result in the activation of ¢cGMP-dependent
protein kinases and the phosphorylation of a number of intracellular proteins (83),
which appear to mediate the actions of ANF. Currently, cGMP is believed to be a

marker and mediator of ANF's biological activity (43).

1.5 Physiological function of ANF
1.5.1 Renal actions of ANF

The kidney is a major site for ANF activity. Consistent with 1ts renal effects,
ANF receptors coupled to guanylate cyclase have been observed in renal microvessels,
glomeruli and renal tubule, raising the possibility that there may be a multiplicity of
ANF actions in the kidney. ANF may produce afferent arteriolar vasodilation and
efferent arteriolar vasoconstriction (26), serving to augment glomerular capillary

hydraulic pressure. ANF may also relax glomerular mesangial cells (112), thercby
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increasing the filtration surface area and the glomerular capillary ultrafiltration
coefficient, Kf.. These results indicate that most of the renal effects of ANF may be
mediated by hemodynamic changes through blood vessels and glomerular alterations
(16, 51). It has been found that ANF inhibits angiotensin-stimulated NaCl and fluid
absorption in the proximal tubule (38, 44), increasing sodium delivery to the
descending limb of long-looped nephrons in rats (98). However, ANF receptors have
not beern demonstrated in proximal tubule segments. The renal inner medullary
collecting duct (IMCD) plays an important role in regulating the volume and
composition of urine. Increased blood flow in the renal medulla induced by ANF (14)
can wash out medullary solutes, thus acting to sustain natriuretic responses. It has also
becn reported that ANF inhibits the amiloride-sensitive cation (Na+) channel in the
inner medullary collecting duct (IMCD), thus reducing Na+ flux across the conductive
cation channels (65). ANF is also suggested to have indirectly involved in the fine
regulation of sodium and water transport in the collecting duct through the regulation of

renin (11) and aldosterone (5, 13, 27) secretion or through the inhibition of AVP

induced hydraulic conductivity (24).

1.5.2 Actions of ANF on the cardiovascular system

ANF may have diverse effects on the cardiovascular system depending on a
number of factors, such as autonomic tone, volume status, circulating ANG II and
norepinephrine levels. However, dose, duration, and the mode of administration of
ANF are also important in determining cardiovascular responses to this peptide.

ANF has been demonstrated to have potent vasorelaxant effects on
preconstricted vascular smooth muscle by norepinephrine (NE) or ANG II in vitro (34).
ANF has a greater effect on the aorta and its main branches than on smaller, more
distal arteries. Small renal preglomerular arteries are an exception in that they relax to
ANF with an ICsq of about 8 x 109 M, whereas similarly sized arteries isolated from

the mesenteric, femoral, cerebral, and coronary beds do not respond (1, 91).
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The acute administration of ANF to humans or animals as intravenous bolus or
continuous infusion in pharmacological doses lowers arterial blood pressure. Moreover,
chronic infusions of AWNF at levels achieved by endogenous peptide release also lower
blood pressure (35). Hypotensive response to ANF may be associated with diminished
cardiac output, reductions in peripheral vascular resistance, and decreased intravascular
volume. Diminished cardiac output is likely due to its action in the peripheral
circulation to decrease venous return (126). It has been noted that the admunistration of
ANF leads to increases in hematocrit and plasma protein concentrations, indicating the
transfer of plasma from intravascular to extravascular sites (30) A decrease i total
peripheral resistance is observed in normotensive rats after a bolus injection of ANFE
(125). Another most consistent effect of ANF is to decrease cardiac filling pressure,
which occurs in human and animal under a variety of conditions, mcluding
consciousness, anesthesia, hypertension, and heart failure (8, 15, 17, 100, 126).

There is a striking difference in the hemodynamic response to ANFE
administration between patients with CHF and healthy subjects. Unlike the decreased
cardiac output often observed in healthy experimental animals (126), increased cardiac
output has been often observed in patients with CHF after ANF administration (15, 17,
95, 100). An activated neurohormonal vasoconstrictor system, as occurring in CHF,
might predispose the cardiovascular response to ANF. Therefore, ANF may have a
prominent effect on afterload in these patients and thus improve cardiac performance by

reducing peripheral vascular resistance.

1.5.3 Effects of ANF on other endocrine hormones

Another intriguing aspect of ANF is its interactions with other endocrine
systems involved in the maintenance of blood pressure and electrolyte homeostasis,
especially with the renin-angiotensin-aldosterone system (RAS). The infusion of ANF
markedly lowers renin secretion and plasma renin concentrations (11). The

administration of ANF antiserum, however, reduces urinary sodium excretion and
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increases plasma renin activity (PRA) in rats (84). These results suggest that ANF has a
physiological role on inhibiting renin release and increasing natriuresis. It has been
demonstrated that ANF inhibits renin secretion by increasing sodium delivery to the
macula densa. ANF supposedly enhances the delivery of sodium chloride to the macula
densa by increasing the filtered load of sodium and/or decreasing proximal tubular
reabsorption, as estimated from the increased fractional lithium excretion (109). It is
well known that increased tubular delivery of sodium chloride to the macula densa
decreases renin release from juxtaglomerular cells (18, 54). But, ANF inhibits both
basal renin secretion (87) and renin release induced by isoproterenol, forskolin, or
dibutyrit cAMP (87, 47) from rat kidney slices in vitro in a dose-dependent fashion,
suggesting a direct renin-inhibitory action. The direct renin-inhibitory action of ANF
may be mediated by a ¢cGMP dependent mechanism (59). ANF may also cause the
inhibition of sympathetic stimulation to the kidney, reducing the stimulus for renin
secretion. Thus, the mechanism of inhibiting renin release by ANF probably involves
multiple pathways, both direct and indirect.

ANF inhibits aldosterone secretion both by reducing renin release and directly
acting on the zona glomerulosa of the adrenal cortex to inhibit adrenal aldosterone
secretion (5, 13, 27). It has been reported that ANF inhibits ACTH, K+, and ANG II-
stimulated aldosterone release (5, 13, 58). Thus, ANF suppresses the entire RAS by
inhibiting both renin and aldosterone secretions. The administration of ANF has been

reported to inhibit AVP secretion induced by dehydration and hemorrhages (103).

1.6  Pathophysiological role of ANF in chronic heart failure (CHF)

ANF, produced mainly by mammalian atria, has been shown to exeri potent
diuretic, natriuretic, vasodilator, and renin-aldosterone suppressing activities. The
location and structure of atria make them ideally suited to sense alteration in

intravascular volume and to respond by the secretion of ANF. Therefore, ANF may
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play a critical pathophysiological role in diseases associated with abnormalities of blood

pressure, body fluid, as well as electrolyte metabolisms.

1.6.1 The definition of heart failure

Chronic heart failure (CHF) is a common clinical syndrome. It is defined as the
heart's inability to deliver sufficient blood to meet the metabolic needs of the peripheral
tis ues. The etiology of underlying CHF is varied. I’t may be due to increased pressure
(hypertension, valvular stenosis) or volume (valvular regurgitation, aorto-vacal [A-V}
shunt, thyrotoxicosis) loads, cardiac ischemia (infarction), and myocardiopathy.
Although the etiology of CHF 1s varied, CHF has some common characteristics in

pathophysiological changes during the development of CHF.

1.6.2 Characterization of CHF

CHF is characterized by an increase in cardiac filling pressure and volume
overload, which is associated with sodium retention and activation of the
neurohormonal vasoconstrictor systems. This includes the sympathetic nervous and
RAS systems as well as arginine vasopressin, which makes important contributions to
characteristic abnormalities in CHF. Moreover, alterations in renal functions and
peripheral vasculature, in part mediated by activated ncurohormonal vasoconstrictor
systems, can have profound effects on overall cardiac performance in CHF, leading
further to the development of CHF.

In experimental and human CHF, ANF is also activated (37, 96, 123, 128).
Plasma ANF levels are elevated ir} both experimental and human CHF directly related
to the severity of the disease (123). ANF exhibits 1ts many potent physiological cffects,
which in vitro and in vivo oppose the main actions of the neurohormonal
vasoconstrictor systems, at different levels and location. Therefore, it is believed that
ANF may play an important role to counterbalance the neurohormonal vasoconstrictor

systems and to contribute to the reguiation of body fluids and cardiovascular
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homeostasis in CHF. However, its role in the pathophysiology of CHF remains to be

better understood.

1.6.3 ANF synthesis and release in CHF
Despite the increased levels of plasma ANF and its possible functional role in

CHF, it remains unclear whether or not ANF secretion is appropriate for the magnitude
of increased atrial and ventricular filling pressure. It has been observed that atrial
cor‘ent of ANF in CHF is deficient. This may be secondary to an increased release of
ANF and may also reflect that atria can not appropriately enhance ANF synthesis
during this pathological state. The synthesis and secretion of ANF are found to be
markedly augmented in the ventricles of humans (101, 120, 127) and animals (4, 31,
61, 122) with ventricular hypertrophy or failure. Circulating ANF in normal humans or
animals is produced almost exclusively by atria. Elevated plasma ANF levels in
experimental and human CHF, however, may come from an increased synthesis and
release of ANF in both atria and ventricles. Thus, an enhanced synthesis and release of
ANF in the ventricles of CHF may be a critical compensatory source for the elevated
plasma ANF. The profile of plasma and tissue ANF changes and interaction between
plasma ANF and alterations in hemodynamics and renal function during the
development of CHF are unclear. Moreover, the contribution of the atria and ventricles

to elevated plasma ANF in CHF needs to be better defined.

1.6.4 Pathophysiological role of ANF in CHF

The precise role of elevated levels of plasma ANF in the regulation of
hemodynamics, renal function and volume homeostasis in CHF is not well defined. The
administration of specific anti-ANF antibodies significantly increases right atrial
pressure, left ventricular end-diastolic pressure, and systemic vascular resistance, and
reduces urine volume and Na¥ excretion in rats with CHF induced by myocardial

infarction but not in a control group (6, 25). Recently, Lee et al. demonstrated that
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elevated endogenous ANF in acute CHF may serve to limit activation of RAS and to
maintain sodium excretion (62). Further increased circulating ANF levels by
administration of exogenous ANF in patients with CHF lead to favorable
hemodynamic, renal, and hormonal responses (15, 100). These results suggest that
endogenous circulating ANF may have important physiological actions in maintaining
sodium excretion and limiting activation of RAS, as well as opposing the
vasoconstrictor stimuli in CHF. But plasma ANF may not be enough to normalize
abnormalities of hemodynamics and renal parameters in CHF. Thus, ANF sccretion in
CHF may not be appropriate for the magnitude of increase n atrial and ventricular
filling pressure, i.e. the relative deficiency of ANF may contribute to the development
of CHF.

Despite the beneficial compensatory action of ANE in CHF, natruretic and
diuretic responses to exogenously administered ANF are attenuated 1n animals and
humans with CHF. The mechanism of the attenuated natriuretic response to ANF in
CHF may be multifactorial. Activated neurohormonal vasoconstrictor systenis, which
occurred in CHF, may contribute to hyporesponsiveness to ANF in CHE. The RAS
appears to play a key role in this regard because of its interaction with ANF at multiple
sites. It has been observed that angiotensin II decreases intracellular c¢cGMP
accumulation in culture vascular smooth muscle cells by stimulating its hydrolysis
(113). This augmented hydrolysis of c¢cGMP appears to be mediated via a
Ca?*activated cGMP phosphodiesterase. Wilkins et al. (131) reported that ¢cGMP
phosphodiesterase inhibitor (M +B 22948) enhanced the natriuretic and ¢cGMP response
to volume expansion, an effect that was attenuated by a monoclonal antibody to ANF,
Thus, it appears that ANG II, by stimulating phosphodiesterase activity and increasing
c¢GMP hydrolysis, may contribute to the blunted renal response to ANF during CHF.
Moreover, ANG II may also mediate blunted natriuretic and diurctic responses to ANF
by stimulating aldosterone secretion and an alteration of renal hemodynamics. ACE

inhibitors have been shown to improve the survival and symptomatology of patients
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with CHF, suggesting that the RAS plays a critical role in the pathophysiology of
CHF. The increased activities of the sympathetic nervous system may also mediate a
blunted renal response to ANF by direct renal action or the enhancement of intrarenal
ANG II. This hyporesponsiveness to ANF may also be secondary to downregulation of
renal ANF receptors, as it has been reported in the platelets of patients with CHF, and
in the inner medulla of rats with CHF induced by myocardial infarction (128).
Consistent with the downregulation of ANF receptors, an attenuated renal cGMP
production has been observed in dogs with rapid ventricular pacing (70) and in rats
with A-V fistula (2). Decreased renal perfusion pressure, occurring in CHF, may also

contribute to the blunted renal responses to ANF.

1.7  Rational for present experiments

During CHF, both ANF and neurohormonal vasoconstrictor systems may be
activated. They may reach a new balance at a higher steady state. However, their
degree of participation is far from being established. This new balance may be altered
depending on the changes in hemodynamics and body fluid hemostasis during the
development of heart failure. The modification of ANF and the neurohormonal
vasoconstrictor systems will also influence hemodynamics and renal function, which in
turn impacts on the development of heart failure.

The characterization of pathological alterations of CHF seems incompatible with
ANF physiological actions. Thus, it has been hypothesized that the pathophysiology of
CHF might be due to a relative deficiency of ANF or a blunted responsiveness to ANF
in this state. Attenuated effects of ANF may be mediated by (a) increased activities of
neurohormonal vasoconstrictor systems, such as RAS, AVP, sympathetic never system;
(b) functional ANF receptor downregulation. In this regard, because of its multiple
biological activities and its presence in tissue, the RAS appears to play a key role.

Thus, in order to understand the role of ANF in CHF, it is very important to

characterize the profile of plasma and tissue ANF changes, and interaction between the
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plasma ANF levels and alteration in hemodynamics and renal function during the
development of CHF. It is also quite critical to investigate the mechanism of attenuated
response to ANF and the interaction between ANF and RAS during the development of
CHF.

In our experiments, we chose rats with high-output heart failure induced by
producing an aorto-caval shunt. This is a reproducible, simple, and rapid method which
was devised by our laboratory (36).

Therefore, the present experiments are designed to investigate the role of ANF
in experimental high-output heart failure by:

1. Characterizing plasma and tissue ANF levels, hemodynamics, and bedy fluid
hemeostasis, and assessing the contribution of atria and ventricles to plasma

ANF levels during the development of high-output heart failure.

2. Investigating the role of ANF and RAS by using losartan, a new, potent, orally

active, and highly specific nonpeptide AT1 receptor antagonist in rats with A-C

shunts.



Chapter I1

CHARACTERIZATION OF PLASMA AND TISSUE ANF CONTENT
DURING THE DEVELOPMENT OF MODERATE HIGH-OUTPUT HEART
FAILURE IN RATS
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2.1 ABSTRACT

Study objective - The aims of the present studies were (1) to characterize plasma
and tissue atrial natriuretic factor (ANF) levels, hemodynamics and renal function at
different stages of moderate chronic high-output heart failure in the rat; and (2) to
assess the contribution of the atria and ventricles to plasma ANF levels.

Design - Plasma and tissue ANF levels, hemodynamics and renal function were
evaluated at 1,2,4,8 and 16 weeks after the development of aorto-caval (A-C) shunts.
Sham-operated animals served as controls at identical time points.

Experimental material - Male Sprague-Dawley rats weighing 225-275 g were

used in all experiments.

Measurements and main results - Mean arterial blood pressurc (MAP) was

lower and right atrial pressure (RAP) was higher in the A-C' shunt groups than in sham-
operated controls at time periods. Left ventricular end-diastolic pressure (LVEDP) was
increased significantly in A-C shunt rats at 1, 2 and 4 wecks when compared wath their
control counterparts. Plasma COOH- and NHj-terminal ANF levels were elevated
significantly in A-C shunt animals. A positive correlation between plasma ANF and
RAP or LVEDP was observed in A-C shunt rats but not in sham-opcrated controls A-
C shunt animals also presented marked cardiac hypertrophy with decreased atrial ANF
concentrations but not content and increased ventricular AN content  and
concentrations. Despite high plasma ANF levels, A-C shunt rats had lower hematoerit
at all observation periods and reduced urinary sodium excretion (Upg, V) as well as
urinary volume (UV) at 1 and 2 weeks with a tendency toward dimimished Upn,V and
UV at 4, 8 and 16 weeks. Moreover, body weight was higher in A-C' shunt animals at
16 weeks than in sham-operated controls.

Conclusion - (1) Chronically increased cardiac filling pressure stimulated not
only ANF release but also ANF synthesis in each cardiac chamber, which in turn
contributed to elevated plasma ANF levels in A-C shunt rats; (2) an aticnuated renal

response to end ogenous ANF and sodium and water retention were apparent in A-C
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shunt rats. Activation of neurohormonal vasoconstrictor systems and gradually
decreased plasma ANF levels may contribute to sodium and water retention at different

stages of this experimental model of heart failure.



2.2 INTRODUCTION
Atrial natriuretic factor (ANF), produced mainly by mammalian atria, has been

shown to exert potent diuretic, natriuretic, vasodilator, and renin-aldosterone
suppressing activities (1, 2). Atrial stretch induced by either a chronic preload or
afterload stimulates ANF release (3, 4). Therefore, ANF may be involved in the
regulation of blood pressure and fluid as well as electrolyte balance in physiological
and pathophysiological states.

Several compensatory mechanisms can be activated during the development of
heart failure, including increased activity of the sympathetic nervous system, renin-
angiotensin system (RAS) and vasopressin, which together evoke sodium and water
retention as well as vasoconstriction (5-8). On the other hand, ANF 1s also activated
and is believed to counterbalance the RAS and sympathetic nervous system (9). Thus,
during chronic heart failure (CHF), both ANF and the neurohormonal vasoconstrictor
system may reach a new balance at a higher steady state. However, this new balance
may be altered depending on changes in hemodynamics and body fluid homeostasis
during the development of heart failure. On the other hand, modifications of ANF and
the neurohormonal vasoconstrictor system will also influence hemodynamics and renal
function, which will in turn impact on the development of heart failure Thus, it is
important to characterize the changes induced in ANF, hemodynamics, and body fluid
hemeostasis during the development of heart failure. Little information 1s available
about alterations in these parameters. The present studies therefore cevaluated plasma
and tissue ANF levels, as well as hemodynamics and renal function during the

development of chronic high-output heart failure in the rat.
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2.3 MATERIALS AND METHODS

2.3.1 Animals
Male Sprague-Dawley rats (Charles River, St-Constant, Quebec) weighing 225-

275 g were kept at controlled room temperature under a 6 a.m. to 6 p.m. light regime,
and fed regular pelleted rat chow (Purina, Richmond, IN) and tap water ad libitum.

These studies respected the guidelines of the Canadian Council on Animal Care.

2.3.2 Aorto-caval (A-C) shunts
The method used to produce A-C shunts has been detailed elsewhere (10).

Briefly, on the day of the surgery, the animals were anesthetized with ether, and the
vena cava and abdominal aorta were exposed by opening the abdominal cavity via a
midline incision. The aorta was punctured at the union of segment two-thirds caudal to
the renal artery and one-third cephalic to the aortic bifurcation with an 18 gauge
disposable needle (Becton-Dickinson, Rutherford, NJ), held with a plastic syringe. The
necdle was advanced into the aorta, perforating its adjacent wall and penetrating the
vena cava. At this moment, a bulldog vascular clamp was placed across the aorta
caudal to the left renal artery. Once the aorta was clamped, the needle was fully
withdrawn and a drop of cyanoacrylate glue (Krazy Glue, TM Dupont, Atlantic
Promotions Inc., Longueuil, Quebec) was used to seal the aorta puncture point. The
clamp was removed 30 sec later, and the patency of the shunt was verified visually by
vena cava swelling and the mixing of arterial and venous blood. The whole surgical
procedure took less than 10 min. Sham-operated animals, in which the abdominal
cavity was opened and the vena cava and aorta exposed, served as controls. Previous
experience from our laboratory has shown that patent A-C shunts are always
accompanied by elevated plasma ANF-(1-98) levels. Hence, all A-C shunted animals

with normal plasma ANF-(1-98) levels were not included in our experiments.



2.3.3 Hemodynamic measurements

At different time periods (1, 2, 4, 8 and 16 weeks) after the A-C shunts were
created, the animals were anesthetized with sodium pentobarbital (60 mg/kg i.p.), and
their femoral artery, right atrium (through the right jugular vein) and left ventricle
(through the right carotid artery) were cannulated with polyethylene catheters (PE 50)
to measure mean arterial (MAP), right atrial (RAP) and left-ventricular end-diastolic
(LVEDP) pressures, respectively. MAP, RAP and LVEDP were monitored with Gould
Statham P23ID transducers (Gould Inc., Oxnard, CA) and recorded on a Grass Model
7D polygraph (Grass Instruments, Quincy, MA). A bladder catheter was installed for
urine collection. Heart rate was measured through a Grass Model 7P44 Tachograph
preamplifier. The amplifier receiving the signal from the ventricle was connected by a
bridge to a Grass Model 7P20C polygraph differentiator for registration of the first
derivative of left ventricular pressure (dP/dt max). The rats were then installed in
restriction cages and allowed to regain consciousness and to stabilize their
hemodynamic parameters before the experiments began. Pressures, heart rate and dP/dt
max were recorded for 20 min after the animals regained consciousness. Urine was also
collected during this period. At the end of the experiments, blood was withdrawn from
the femoral artery for the measurements of hematocrit, plasma ANF, osmolahty and
sodium. The hearts and lungs were excised and weighed. Both atria and ventricles were

dissected, weighed separately and kept at -70°C until assayed.

2.3.4 Biochemical methods

Blood for ANF measurement was collected in tubes containing 10° M EDTA.
The samples were immediately centrifuged at 3,000 rpm for 10 min at 49C. ANF-(99-
126) was extracted from plasma with Vycor glass beads (Corning Glass Works,
Corning, NY) and measured by radioimmunoassay (RIA), as described elsewhere (11).

Plasma samples were directly assayed for ANF-(1-98) by RIA (12). The detection Innit
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of the assay was 0.75 pg/tube. The interassay and intra-assay coefficient of variance
was below 14%, and the recovery of [lzsl]ANF was 80%.

Tissue ANF content was also measured by RIA (11). Briefly, the atria were
homogenized for 30 sec with a Polytron (setting 7; Kinematica, Lucerne, Switzerland)
in 2 ml 0.1 M acetic acid containing the following final concentrations of protease
inhibitors: 1 x 107 mol/l EDTA, 5 x 10°® mol/l pepstatin, and 3 x 10°3 mol
phenylmethylsulfonyl fluoride (PMSF). The ventricles were carefully dissected,
minced, and boiled in 1 M acetic acid for 5 min (10 ml acetic acid/g tissue), then
cooled to room temperature and homogenized in a Polytron (30 sec, set at 7). The
homogenates were centrifuged at 15,000 rpm for 10 min, and the supernatant was
applied to a Cyg Sep-Pak cartridge (Waters Associates, Milford, MA) that had been
previously activated with 5 ml 100% acetonitrile (CH3CN). The cartridge was washed
twice with 5 ml 0.1% trifluoroacetic acid in H0, and the ANF absorbed on columns
was eluted with 80% CH3CN in 0.1% trifluoroacetic acid. The material was
lyophihzed in a Speed-Vac (Savant Instruments Inc., Farmingdale, NY) and kept at -
70°C until ANF was measured by RIA (11). Atrial and ventricular protein content was
quantified by a modification of Bradford's method (13). Plasma ANF levels and tissue
ANF content were not corrected for recovery. Plasma osmolality was measured by the
depression of freezing point in an osmometer (Advanced Instruments Inc., MA) and
hematocrit packed cell volume with capillary tubes in a single-speed capillary
centrifuge (Model MB, International Equipment Co., Mass) 6 min. UV was calculated

by weight. Plasma and urinary sodium was assessed by flame photometry.

2.3.5 ¢cGMP

Urine samples were kept at -70°C until analysis. Aliquots of 50 ul urine were
acetylated for 3 minutes with 12.5 4l of a mixed acetylation solution (1:2
aceticanhydrid acid and triethylamine) and the reaction stopped by dilution to 1/5,000
with Na¥ acetate buffer (pH 6.2). One hundred ul standard cGMP (10 pmol) was
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acetylated for 3 minutes with same acetylation solution and the reaction stopped with
900 ul Nat acetate buffer. Then, acetylated standard cGMP was diluted in 1:2 serial
until reaching 1.95 fmol/100 uxl. The detection limit was 1.95 fmol per assay tube. One
hundred ul acetylated urine or standard were incubated overnight at 4°C with 100 pl
rabbit anti cGMP antibodies raised in our institution (1:2,000 dilution) and 100 x1 1291-
cGMP (6,000 cpm/100 ul). On the second day, 100 xl goat anti-rabbit immunoglobulin
G (1/25 dilution) (Immunocorp Sciences Inc., Montreal, Qucbec) was added and
incubated for 2 hours at room temperature. Antibody bound I25) jabelled ¢GMP
sample or standard was precipitated by adding 1 ml 6.25% poly=thylene glycol and
centrifugated at 3,000 rpm for 20 min, and counted in a Gamma counter. Al samples
were made in duplicate. The interassay and intraassay cocflficients of variance were

<15%.

2.3.6 Statistical analysis

The data, expressed as means + SE, were evaluated by two-way analysis of
variance (ANOVA). Whenever the overall F test was significant, an a posteriori
contrast test was applied according to the Bonferroni method (14). Corrclations
between plasma COOH- and NH»-ANF and RAP or LVEDP were analyzed by

multiple regression.

2.4 RESULTS
2.4.1 Hemodynamic changes

Table 2.1 shows the time course of hemodynamic changes in A-C shunt rats and
their respective sham-operated controls. MAP was lower and RAP was higher in A-C

shunt animals in all observation periods. LVEDP was significantly higher in A-C shunt
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rats at 1, 2 and 4 weeks than in sham-operated controls. No significant differences were

observed in either dP/dt max or heart rate between groups.

2.4.2 Plasma and tissue ANF levels
Plasma COOH- and NHj-terminal ANF levels (Fig. 2.1A and 2.1B

respectively) were significantly higher in A-C shunt rats at all time-points examined
when compared with sham-operated controls. However, plasma COOH- and NHj-
terminal ANF levels in A-C shunt animals were lower at 2, 4, 8, and 16 weeks in
comparison with 1 week values. A positive correlation between RAP or LVEDP and
plasma COOH- (r=0.49, p<0.01 vs r=0.39, p<0.05) and NHy- (r=0.44, p<0.01
vs r=0.38, p<0.05) terminal ANF was observed in A-C shunt rats but not in sham-
operated controls. Left atrial ANF concentrations (Fig. 2.2A) were lower at 1 week
and total left atrial ANF content (Fig. 2.2B) was higher at 8 and 16 weeks in the A-C
shunt groups than in sham-operated animals. Right atrial ANF concentrations (Fig.
2.3A) were decreased significantly at 1, 2 and 4 weeks in A-C shunt rats when
compared with their controls. This parameter (Fig. 2.3A) tended to be lower in A-C
shunt animals at 8 and 16 weeks than in sham-operated controls. No differences in total
right atrial ANF content (Fig. 2.3B) were observed at any time-period between groups.
ANF concentrations (Fig. 2.4A) in either ventricle were much higher in A-C shunt rats
than in their sham-operated controls at all times. Total ANF content (Fig. 2.4B) in both
ventricles was also increased significantly in all observation periods except at 1 week in

A-C shunt animals when compared with their controls.

2.4.3 Body and tissue weights

Table 2.2 summarizes the changes in body and tissue weights in A-C shunt and
sham-operated rats at different stages of heart failure. Absolute and relative heart
weights were much higher in each time period in A-C shunt animals than in the

controls. A-C shunt rats also showed a large increase in the absolute and relative
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weights of each chamber when compared with their sham-operated counterparts in all
observation periods. The ratio between right and left ventricles in A-C shunt animals at
4, 8 and 16 weeks was increased significantly in comparison with the controls. At 1
and 2 weeks, A-C shunt rats tended to have a higher ratio between their right and left
ventricles. No differences in ratio between the right and left atria were observed in the
A-C shunt and sham-operated groups. A-C shunt animals at 2, 4, 8, and 16 weeks
showed a significant increase in absolute lung weight when compared with their sham-
operated controls. Relative lung weights in the A-C shunt groups were also mcreased
significantly in comparison with sham-operated rats. Body weight was greater in A-C

snunt than in sham-operated animals at 16 weeks.

2.4.4 Urinary parameters

UV (Fig. 2.5A) and urinary sodium excretion (Upn,V) (Fig. 2.5B) were
reduced significantly in A-C shunt rats at 1 and 2 weeks. At 4, 8 and 16 weeks, A-C
shunt animals tended to have lower UV and Un,V but no significant differences were
found. Urinary cGMP excretion was higher and hematocrit was lower in A-C' shunt rats
in at all observation periods when compared with their sham-operated controls (Figs.
2.5C and 2.6 respectively). No differences were noted in plasma sodium and

osmolality between groups (data not shown).

2.5 DISCUSSION

In the present studies, we have characterized changes in plasma and tissue ANF
levels, hemodynamics and renal sodium, water and cGMP excretion in rats during the
development of heart failure induced by A-C shunt. Atrial stretch is known to be a
potent stimulus of ANF release (3, 4). Our results showed that animals with A-C
shunts had elevated RAP in all observation periods and heightened LVEDP at 1, 2 and
4 weeks, suggesting an iuncreased cardiac preload. A-C shunt rats also presented

decreased MAP in each time period, which was probably due to reduced total
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peripheral resistance. As reported previously in both human and experimental CHF
(15-18), plasma COOH- and NHj-terminal ANF levels were greatly elevated at
different stages of heart failure in the A-C shunt groups. A positive correlation between
plasma ANF and RAP or LVEDP was observed in A-C shunt rats but not in sham-
operated animals, which suggests that chronically increased atrial filling pressure,
induced by augmented cardiac preload, may chronically elicit ANF secretion.
Therefore, our present results further confirm previous reports that chronically
increased cardiac filling pressure is a sustained stimulus of ANF release (3).

Although plasma COOH- and NHj-terminal ANF levels were higher in A-C
shunt rats than in sham-operated controls in all observation periods, they tended to
decrease from the second week. Similar changes in the plasma ANF profile, increasing
and peaking early and then declining with time during the development of heart failure,
have been reported in Syrian cardiomyopathic hamsters (16), in dogs with cardiac
failure produced by chronic rapid ventricular pacing (19, 20) and in myocardial
infarcted rats (21). However, Hartter et al. (22) noted that some patients with heart
failure had normal ANF levels despite of very high RAP. These observations indicate a
relative deficiency of plasma ANF in the later stages of heart failure.

The mechanism of decreasing plasma ANF is unclear. It may be due to reduced
atrial sensitivity after longterm stretch (23,24). Similarly, attenuated ANF secretion in
response to volume loading has been noted in rats with severe but not with moderate
myocardial infarction (25).

Another cause of declining plasma ANF may be the exhaustion of atrial ANF
storage. Previous histologic studies on atria have indeed shown that granules in atria
are not restored under longterm stimulation (26). However, our results revealed that
ANF concentrations in the left atrium were lower in the early but not in the later stages
of heart failure. Furthermore, right atrial ANF content was not different between
groups. Decreased atrial ANF concentrations but not content (which was even

increased) in A-C shunt rats indicate that elevated cardiac filling pressure stimulates not
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only ANF release but also ANF synthesis, which prevent the depletion of cardiac tissue
ANEF stores. On the other hand, lower tissue ANF concentrations may be a reflection of
cardiac hypertrophy and consequently an augmentation of total cardiac protein content.

ANF concentrations and content in either ventricle of A-C shunt rats were also
higher than in sham-operated controls, suggesting that ANF synthesis was increased in
both ventricles of these animals. In agreement with increased ANF synthesis in atria
and ventricles, it has been reported that ANF mRNA is elevated in atria and ventricles
in response to various volume or pressure overloads, including rats with myocardial
infarctions (25) or A-C shunts (27).

At 8 and 16 weeks, LVEDP tended to be higher in A-C shunt rats, but was not
significantly different from control values, suggesting that a decrease in cardiac filling
pressure may have occured during these time periods. Taken together, our results
indicate that the increased ANF synthesis and release by each cardiac chamber may
have contributed to elevated plasma ANF levels in A-C shunt rats and that decreased
plasma ANF levels in later stages may have been due to either reduced sensitivity to
atrial stretch or to declining cardiac filling pressure but not to exhausted ANF storage.

The ratio of right to left ventricular weights in A-C shunt animals was much
higher than in sham-operated controls from 4 weeks, suggesting that hypertrophy was
greater in the right than in the left ventricle. This result may be associated with our
experimental model, reflecting a larger increase in right than in the left ventricle
preload. RAS stimulation, and an augmented cardiac preload .nav contribute to
hypertrophy in this animal model (15). The increased absolute and relative lung weights
in A-C shunt rats indicate either an enhanced pulmonary circulation (because of shunt
flow) or pulmonary congestion. Significant increases in absolute but not in relative lung
weight in A-C shunt rats at 16 weeks may be due to significantly augmented body

weight, suggesting the presence of edema in these animals at this time.
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A-C shunt rats had lower hematocrit at all time periods and lower UN,V and
UV at 1 and 2 weeks despite higher plasma ANF levels than their sham-operated
controls. They also tended to have lower UN,V and UV at 4, 8 and 16 weeks,
indicating sodium retention and increased plasma volume. The time course of the renal
response after A-C shunt creation was similar to that reported by Winaver et al. (18),
who found that about 60% of arteriovenous (A-V) rats with fistulas had significantly
lower UN,V in the 1st week after the operation when compared with sham-operated
controls. However, UN,V in these animals increased progressively and returned to
control levels 1-2 weeks after the operation, although they showed a patent A-V fistula
and cardiac hypertrophy when killed 8-10 weeks after the operation. On the other hand,
about 40% of rais with A-V fistulas displayed progressive sodium retention and died
within 7-12 days. The different patterns of development of animals with an A-V shunts
induced by microvascular surgery (18) may be due to variations in fistula size. We did
not find obvious differences in Un,V and UV in A-C shunt rats because the fistulas,
when produced with an 18-gauge needle, were always of the same caliber.

Increased plasma ANF levels and decreased Un,V and UV in the early stages
of heart failure (1 and 2 weeks) or elevated plasma ANF levels and a relatively
"normal” sodium balance in later stages (4, 8 and 16 weeks) suggest resistance to the
renal action of ANF in A-C shunt rats and a new steady state. This apparent renal
hyporesponsiveness to endogenous ANF correlates well with the blunted renal reaction
to exogenously administered ANF in both human and experimental models of CHF
(17,28,29). The attenuated renal response to ANF may be secondary to renal ANF
receptor downregulation (30) and/or the activation of neurohormonal vasoconstrictor
system as well as renal hemodynamic abnormalities (31). Recent results indicate that
the RAS is involved, at least partially, in the blunted renal response to ANF in heart
failure despite the normalization of circulating renin-angiotensin in rats (15) or dogs

(32) with A-C shunts. Qur present data show that UNgaV and UV were partially
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restored from 4 weeks after the creation of A-C shunts, perhaps due to partial
restoration of MAP or systemic renin-angiotensin (18).

In our experiments, urinary cGMP excretion was much higher in A-C shunt rats
than in their sham-operated counterparts in all observation periods, suggesting that
there may be a kinetic balance between plasma ANF concentrations and functional
ANF receptors. Increased urinary cGMP excretion is inconsistent with attenuated renal
function, suggesting that factors other than circulating ANF cause a marked reduction
in ANF's biologic action. Our results cannot exclude a downregulation of functional
ANF receptors in some specific organ, such as the kidney, which may contribute to this
attenuated renal response. Tsunoda et al. (30) have reported ANE downregulation
receptor in the renal medulla of rats with CHF, which is consistent with attenuated
renal cGMP production in dogs with rapid ventricular pacing (33) and n rats with A-V
fistulas (34).

In summary, the present studies demonstrate lower MAP and higher RAP and
LVEDP, marked hypertrophy of each cardiac chamber and elevated plasma ANF levels
in each time-period in A-C shunt rats. The increased plasma ANE levels are
presumably caused by elevated cardiac filling pressure, which stunulates ANF secretion
and synthesis in atria and ventricles. Heightened plasma ANFE levels may play an
important role in the maintenance of sodium and body fluid homeostasis by opposing
the neurohorryonal vasoconstrictor system in A-C shunt rats. However, a relative
deficiency of plasma ANF or an activated neurohormonal vasocontrictor system may
contribute to attenuated renal function in different stages of this experimental model of
heart failure. The decreased plasma ANF levels in later stages in A-C shunt rats may be

due to reduced sensitivity to atrial stretch.



MAP (mmHg)
RAP (mmHg)

LVEDP (mmHg)

TABLE 2.1

MEAN ARTERIAL, RIGHT ATRIAL AND LEFT VENTRICULAR END-DIASTOLIC PRESSURES,
HEART RATE AND FIRST DERIVATIVE OF LEFT VENTRICULAR PRESSURE

DURING THE DEVELOPMENT OF HEARRT FAILURE

dP/dt (mmHg/sec) 2822.2 4+ 180.0 2043.4

Heart rate
(beats/min)

1 week 2 weeks
Sham Shunt Sham Shunt
(n=13) {(n=12) (n=10) (n=10)

98.79 + 3.19 75.89 4+ 3.16** 105.80 + 3.82 81.83 £ 2.70**
0.16 + 0.41 3.87 + 0.70%* 0.72 + 0.54 3.15 + 0.46*~*
2.21 + 1.75 14.38 + 3.27%x 3.18 + 1.52 10.53 4 2.36%*

+ 181.5 3100.0 + 271.0 2361.1 + 204.5

392.7 + 7.1 397.1 + 11.3 381.7 + 8.2 396.7 + 10.8

35
4 weeks
Sham Shunt
(n=10) {n=9)
111.30 + 3.31 91.59 + 3.15=%+
0.00 + 0.39 2.61 1+ 0.44»»
3.00 + 1.57 10.56 + 1.94*

4125.0 + 227.5 3500.00 + 326.1

394.5 + 9.0 395.6 + 9.3



TABLE 2.1 (CONTINUED)

8 weeks 16 weeks

Sham Shunt Sham Shunt

(n=11) (n=11) (n=11) (n=10)
MAP (mmHg) 108.29 + 4.05 97.30 + 5.47* 112.93 4+ 3.38 93.63 £ 3.14**
RAP (mmHg) 0.79 + 0.54 3.20 + 0.69** 0.31 + 0.38 1.83  0.68*
LVEDP (mmHg) 0.34 + 1.43 5.57 + 1.62 0.33 + 3.04 5.19 + 2.23
dP/dt (mmHg/sec) 3453.1 4+ 176.7 3046.9 + 163.6 4020.8 + 223.4 3414.1 + 333.5
Heart rate 380.9 + 5.9 364.1 + 9.0 387.7 + 6.4 371.5 + 7.5

(beats/min)

Values are means + SE; MAP=mean arter:al pressure; RAP=right atrial pressure; LVEDP=left
ventricular end-diastol:ic pressure; dP/dt max=1st derivative of left ventricular pressure;
*p<0.05 vs sham; **p<0.01 vs sham
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BW (g)
HW (mg)

HW
(mg.100g™1 B.W.)

RVW (mg)

RVW
{mg.100 g'l B.W.)

LYW (mg)

LVW

(mg.100 g~

B.W.)
RAW (mg)

RAW

(mg.100 g~ 1

B.W.)
LAW (mg)

LAW

(mg.100 g1

B.W.)
RVW/LVW
LW (mg)

LW
(mg.100971 B.w.)
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TABLE 2.2
BODY AND TISSUE WEIGHTS DURING THE DEVELOPMENT OF HEART FAILURE
1 week 2 weeks 4 weeks
Sham Shunt Sham Shunt Sham Shunt
(n=13) (n=12) (n=10) (n=10) {n=10) {(n=9)

302 + 5.4 292.8 + 6.7 335.8 + 7.1 343.8 + 6.1 392.2 + 9.3 389.3 + 10.8
992.5 + 24.9 1355.5 + 42.5* 1014.7 + 36.3 1561.9 + 49.7*x 1172.0 ¢ 27.5 1956 + 71.9x*x
329.1 + 7.8 463.1 + 10.9*x 302.0 + 8.6 454.1 + 10.8*x 299.4 + 5.9 504.9 + 21.7*x
148.3 + 4.4 204.2 + 6.3x 169.4 + 8.1 250.3 4 12.1%» 191.2 4+ 9.5 319.9 4+ 26.9*+

49.1 + 1.2 69.9 4+ 2.1*x 50.6 + 1.9 72.4 4+ 2.8*x 48.8 + 2.2 82.5 + 7.3%*
669.4 £+ 16.1 838.3 4+ 30.0%* 675.1 + 31.0 977.2 4+ 29.6%** 798.4 1+ 17.1 1176.4 + 65.6%x«
221.9 + 4.5 285.8 + 5.7* 201.8 + 7.5 282.7 + 4.9+ 203.9 + 3.2 301.9 + 15.0+

74.9 + 3.3 131.8 + 5.1*x 82.0 + 4.2 137.0 + 14.2*x 81.5 + 3.3 159.9 + 12.7+*»

24.9 + 1.1 45.2 4+ 1.8%x% 24.6 + 1.3 39.6 4+ 3.8xx 20.8 + 0.8 40.9 4 3.1«

24.9 + 1.3 52.3 + 2.4%x 30.2 + 2.0 54.2 4+ 6.7** 30.4 4+ 1.9 59.4 + 4.0**

8.25 + 0.4 17.9 + 0.7*x 9.01 + 0.5 15.6 + 1.8*« 7.8 + 0.5 15.1 + 1.0**

0.22 + 0.01 0.24 + 0.01 0.24 £+ 0.01 0.26 + 0.01 0.23 £+ 0.00 0.27 + 0.4~

1405.8 + 63.3 1619.0 + 97.4 1442.2 + 49.4 1793.7 + 57.3* 1508.3 + 73.1 1853.0 + 78.3+
467.3 + 22.5 553.5 + 31.4* 426.9 + 16.9 516.8 + 17.2« 386.7 + 21.S 477.2 4+ 20.3*
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TABLE 2.2 (CONTINUED

8 weeks 16 weeks

Sham Shunt Sham Shunt

{n=11) {n=11) (n=11) (n=10)
BW (g) 479.5 + 18.0 468.8 + 16.0 502.7 + 10.3 567.4 + 12.8*x
HW (mg) 1389.6 + 69.5 2237.5 4+ 149.5%%* 1370.8 + 37.0 2366.1 + 61.6%*
HW 288.6 + 5.4 476.9 + 24.9%x* 273.1 + 6.7 419.8 + 17.6%%
(mg.100 g~! B.W.)
RVW (mg) 222.0 + 11.2 384.2 4+ 23.4%» 224.5 + 10.7 406.9 + 36.1%x
RVW 46.2 + 1.1 83.9 4+ 5.8%*%* 44.8 + 2.4 72.6 + 7.8%«
(mg.100 g1 B.w.)
LVW (mg) 962.5 + 47.1 1388.3 + 76.4** 926.3 + 24.0 1532.9 + 19.9#%«
LVW 200.1 + 4.5 296.3 + 12.3» 184.5 + 4.2 271.1 4+ 5.9*
(mg.100 g’l B.W.)
RAW (mq) 94.4 + 5.6 188.8 + 20.1** 101.6 + 6.1 187.0 + 12.9#*»
RAW 15.6 + 0.6 40.3 + 3.9%» 20.3 + 1.2 33.4 + 2.9
(mg.100 g B.W.)
LAW (mg) 38.0 + 3.1 62.0 + 4.8%* 34.6 + 1.6 65.2 + 5.5«
LAW ; 8.1 + 0.5 13.3 + 0.9*x 6.9 ~ 0.3 11.5 + 0.9»»
{mg.100 g~ B.W.)
RVW/LVW 0.23 = 0.01 0.28 = 0.01x~= 0.24 = 0.01 0.27 =+~ 0.02~
LW (mg) 2032.6 = 115.0 2389.5 = 137.6 == 2115.1 = 119.9 2591.3 =~ 195.0%+
LW 426.1 = 24.9 514.3 = 31.8x» 413.1 = 26.7 463.4 =+ 43.7

(Tg.100 g7 B.W.)

Values are means = SE; BW=body weight; HwW=hear:t weignt; LW=lurg weight; RVW=right wventricular
free wall weight; LiwW=
RaAW=rigrt azr.al wei.gh
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excretion (C) during the development of heart failure.

*p<0.05 vs sham.
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3.1  ABSTRACT
We investigated the role of atrial natriuretic factor (ANF) and the renin
angiotensin system (RAS) as well as the effects of losartan in rats with aorto-caval (A-
C) shunts. Right atrial (RAP) and left ventricular end-diastolic pressures (LVEDP)
were higher, and mean arterial blood pressure (MAP) was lower in A-C shunt animals
than in their controls A-C shunt rats presented marked cardiac hypertrophy, decreased
night atrial ANI° concentration ard increased ventricular ANF content and
concentration. Plasma ANF levels were elevated, and hematocrit was lower in A-C
shunt animals than in the controls. Captopril or losartan treatment decreased MAP and
returned LVEDP to sham-operated control values. A clear regression of cardiac
hypertrophy was evident 1n both trecated A-C shunt groups with plasma ANF levels
tending to follow those in sham-operated rats. Plasma COOH-terminal ANF levels
were decreased and urinary volume and hematocrit were increased in losartan-treated
A-C shunt amimals. We conclude that chronic ACE 1nhibition and ANG I receptor
antagonism improved hemodynamic conditions, diminished water retention, reversed
cardiac hypertrophy, and restored plasma and tissue ANF to more "normal” levels in

rats with moderate high-output heart failure.
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3.2 INTRODUCTION

Neurohormonal vasoconstrictor systems are frequently activated in patients with
chronic heart failure (CHF). These include the sympathetic nervous and renin
angiotensin systems (RAS) as well as arginine vasopressin, whicr, make important
contributions tc such characteristic CHF abnormalities as vasoconstriction, changes in
cardiac performance, and sodium retention (5,9,18). The RAS appears to play a key
role in this regard because of its multiple biological activitics and its presence in tissue.
Plasma atrial natriuretic factor (ANF), which is involved in the regulation of body
fluids and blood pressure, is elevated in both experimental and human CHF However,
the physiological actions of exogenous ANF are blunted in CHF.

The use of angiotensin converting enzyme (ACE) inhibitors in congestive heart
failure is now established therapy. It has been shown that ACE mhibitors improve the
survival and symptomatology of CHF patients (5). However, the mechanism
underlying these improvement has not been fully elaborated. Their longterm effects on
RAS markers, and their interactions with ANF are also poorly defined.

Because of the beneficial consequences of ACE inhibitors 1n  essential
hypertension and congestive heart failure, angiotensin II (ANG II) receptor antagonists
should also be therapeutically useful against these disorders. Losartan, a new, potent,
orally active, and highly specific nonpeptide AT receptor antagomist, is an
antihypertensive agent without partial agonistic or bradykinin-potentiating effects
(4,31). Its chronic therapeutic efficacy in CHF has not yet been evaluated Therefore,
the present studies were designated to comparatively 1nvestigate the chronic
hemodynamic, hormonal and renal effects of ACE inhibition with captopnil and ANG 11
receptor antagonism with losartan as well as RAS and ANF interactions in rats with a

moderate degree of high-output heart failure.
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3.3 MATERIALS AND METHODS
3.3.1 Animals
Male Sprague-Dawley rats (Charles River, St-Constant, Quebec) weighing 225-

275 g were kept at controlled room temperature under a 6 a.m. to 6 p.m. light cycle on

regular pelleted rat chow (Purina, Richmond, IN) and tap water ad libitum.

3.3.2 Aorto-caval (A-C) shunts
The method of producing A-C shunts has been detailed elsewhere (12). Briefly,

on the day of surgery, the animals were anesthetized with ether, and the vena cava and
abdominal aorta were exposed by opening the abdominal cavity via a midline incision.
The aorta was punctured at the union two-thirds caudal to the renal artery and one-third
cephalic to the aortic bifurcation with an 18 gauge disposable needle (Becton-
Dickinson, Rutherford, NJ) held with a plastic syringe. The needle was advanced into
the aorta, perforating its adjacent wall and penetrating the vena cava. At this moment, a
bulldog vascular clamp was placed across the aorta caudal to the left renal artery. Once
the aorta was clamped, the needle was fully withdrawn, and a drop of cyanoacrylate
glue (Krazy Glue, TM DuPont, Atlantic Promotions Inc., Longueuil, Quebec) was
used to seal the aorta puncture point. The clamp was removed 30 sec later. The patency
of the shunt was verified visually by vena cava swelling and mixing of arterial and
venous blood. The entire surgical procedure took less than 10 min. Sham-operated rats,
in which the abdominal cavity was opened and the vena cava and aorta exposed, served

as controls.

3.3.3 Captopril and losartan administration

Three weeks after surgery, four experimental groups were established: A-C
shunt and sham-operated controls, and A-C shunt rats treated with either captopril or
losartan. The animals were installed in metabolic cages and allowed to become

accustomed to their new environment before drug administration was begun. They
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were kept on regular rat chow and tap water ad libitum. Water and food intake and
urinary volume were measured daily during treatment. Captopril was given via
drinking water at a dose level of 1 g/l. Losartan potassium was administered p.o. at 10
mg/kg twice a day (the dose was calculated according with reference # 31. Four to 6
animals from each group were killed by decapitation at the last treatment day and trunk
blood collected for plasma renin activity measurement. Captopril and losartan were
generous gifts from E.R. Squibb and Sons Inc. and The DuPont Merck Pharmaceutical

Co., respectively.

3.3.4 Measurement of hemodynamic parameters

Seven to 8 days after treatment was started, the animals were anesthetized with
sodium pentobarbital (60 mg/kg i.p.), and their femoral artery, right atrium (through
the right jugular vein) and left ventricle (through the right carotid artery) were
cannulated with polyethylene catheters (PE 50) to measure mean arterial (MAP), nght
atrial (RAP) and left-ventricular end-diastolic (LVEDP) pressures, respectively. These
parameters were monitored with Gould Statham P23ID transducers (Gould Inc.,
Oxnard, CA) and recorded on a Grass model 7D polygraph (Grass Instruments,
Quincy, MA). Heart rate was measured through a Grass Model 7P44 Tachograph
preamplifier. The amplifier receiving the signal from the ventricle was connected by a
bridge to a Grass mviodel 7P20C polygraph differentiator for registration of the first
derivative of left ventricular pressure (dP/dt max). The rats were then nstalled in
restriction cages and allowed to regain consciousness and to stabilize their
hemodynamic parameters before the experiment commenced Pressures, heart rate and
dP/dt max recordings for 20 min were started 2 h after the animals regained
consciousness. At the end of the experiment, blood was withdrawn from the femoral
artery for measurement of hematocrit, plasma ANF, osmolality and sodium. The hearts
and lungs were excised and weighed. Atria and ventricles were dissected, weighed

separately and kept at -70° until assayed.
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3.3.5 Biochemical methods

Blood for ANF and plasma renin activity (PRA) measurements was collected in
tubes containing 10> M EDTA. The samples were immediately centrifuged at 3,000 g
for 10 min at 4°C. ANF (99-126) was extracted from plasma with Vycor glass beads
(Corning Glass Works, Corning, NY) and measured by radioimmunoassay (RIA), as
described elsewhere (13). Plasma samples were directly measured for ANF (1-98) by
RIA (27). PRA was assessed by RIA of angiotensin I (ANG I) generation.

Tissue ANF content was also measured by RIA (13). Briefly, the atria were
homogenized for 30 sec with a Polytron (setting 7; Kinematica, Lucerne, Switzerland)
in 2 m! 0.1 M acetic acid containing the following final concentrations of protease
inhibitors: 1 x 10 mol/l EUTA, 5 x 100 mol/l pepstatin, and 3 x 10 mol/l
phenylmethylsulfonyl fluoride (PMSF). The ventricles were carefully dissected,
minced, and boiled 1n 1 M acetic acid for 5 min (10 ml acetic acid/g tissue), then
cooled 'o room tcmperature and homogenized in a Polytron (30 sec, set at 7). The
homogenates were centrifuged at 15,000 rpm for 10 min, and the supernatant was
apphed to a Cyg Sep-Pak cartridge (Waters Associates, Milford, MA) that had been
previously acti ated with 5 ml 100% acetonitrile. The cartridge was washed twice with
5 ml 0.1% trifluoroacetic acid in HyO, and ANF absorbed on the columns was eluted
with 80% CH3CN in 0.1% trifluoroacetic acid. The material was lyophilized in a
Speed-Vac (Savant Instruments Inc., Farmingdale, NY) and kept at -70°C until ANF
was measured by RIA (13). Atrial and ventricular protein content was quantified by a
modification of Bradford's method (25). Plasma ANF levels and tissue ANF content
were not corrected for recovery. Plasma osmolality was measured by the depression of
freezing point in an osmometer (Advanced Instruments Inc., MA) and packed cell
volume with capillary tubes in a single speed capillary centrifuge (Model MB,
International Equipment Co., MA) 6 min. Plasma and urinary sodium was assessed by

flame photometry.
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3.3.6 Statistical analysis

The data, expressed as means + SE, were evaluated by one-way analysis of
variance (ANOVA). Whenever the overall F test was significant, an a posteriori
contrast test was applied according to the Bonferroni method. One-way ANGVA with
repeated measures on one factor (time) was sometimes uscd to test the time effect

within each separate group.

3.4 RESULTS
3.4.1 Hemodynamic effects of ACE inhibition and AT receptor antagonism
MAP was lowci and RAP and LVEDP were higher in A-C shunt rats than in
their sham-operated controls (Table 3.1). Captopnl and losartan reduced MAP further
when compared with untreated A-C shunt animals. Both agents tended to decrease RAP
in A-C shunt rats but their values were nevertheless higher than i sham-operated
controls. LVEDP was significantly lower in captopril-treated anumals and tended to be
reduced in A-C shunt rats given losartan when compared with untreated A shunt
controls. Both treatments suppressed the LVEDP elevations observed m A-C shunt
animals to values not different from those of sham-operated controls. No significant

differences were found in either dP/dt max or heart rate between groups.

3.4.2 Effects of captopril and losartan on tissue weights and cardiac hypertrophy

Absolute and relative heart and lung weights were much greater in A-C shunt
rats than in sham-operated controls (Table 3.2). A-C shunt animals also showed a large
increase in the absolute and relative weights of each heart chamber when compared
with their sham-operated controls. Furthermore, the ratio of right to left ventricular
weight was significantly increased in A-C shunt versus sham-operated rats. However,
the ratio of right to left atrial weight in A-C shunt animals was not significantly

different from that in sham-operated controls.
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Compared with untreated A-C shunt rats, captopril and losartan significantly
reduced absolute and relative heart weights. The decreases in absolute and relative heart
weights were 15.62% and 12.48% in losartan-treated and 12.86% and 12.38% in
captopril-treated A-C shunt animals respectively. However, absolute and relative heart
weights in both treated A-C shunt groups were still higher than in the sham-operated
controls. Except for relative right ventricular weight, losartan significantly decreased
the absolute and relative weights of each cardiac number chamber. The reductions of
relative left and right atrial and ventricular weights in A-C shunt rats treated with
losartan were 12.72%, 13.83%, 8.78%, and 9.42%, respectively. The absolute and
relative atrial and left ventricular weights were also lower in A-C shunt rats treated
with captopril than in A-C shunt controls. The decreases in relative left and right atrial
and ventricular weights in A-C shunt rats treated with captopril were 16.63%, 15.62%,
8.21%, and 2.93 %, respectively. Neither treatment reduced cardiac chamber weights to
sham-operated control values. Neither captopril nor losartan changed the ratio of right
to left ventricular weights, which was higher than in sham-operated rats. No significant
differences were noted in the ratio of right to left atrial weights between groups. Both
treatments tended to decrease absolute and relative lung weight in A-C shunt rats;
absolute lung weight was not different in losartan-treated animals compared to sham-

operated controls. No difference was observed in body weight between groups.

3.4.3 Effects of captopril and losartan on plasma and tissue ANF levels and PRA

Plasma COOH- and NHj-terminal ANF levels (Fig. 3.1A and 3.1B) in A-C
shunt rats were increased significantly when compared with sham-operated controls
(p<0.01). Treatment with the ACE inhibitor or AT| receptor antagonist significantly
reduced plasma COOH-terminal ANF (p<0.05) when compared with A-C shunt
controls, but these values were still higher than those of sham-operated rats (p <0.05).
Plasma NHj-terminal ANF levels in A-C shunt animals receiving either agent were

similar to those in untreated A-C shunt rats, and the latter were higher than those in
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sham-operated controls (p <0.01).
No differences in left atrial ANF concentration were observed between groups
(Fig. 3.2). Total left atrial ANF content was higher (p<0.01) and right atrial ANF
concentration was lower (p<0.01) in A-C shunt rats than in sham-operaied controls.
Total right atrial ANF content was similar in A-C shunt and sham-operated animals.
Captopril or losartan administration had no effect on total ANF content and ANFE
concentration in either atrium. Total ANF content and ANF concentration n either
ventricle were much higher in A-C shunt rats than in sham-operated controls (p <0.01)
(Fig. 3.3). Captopril and losartan reduced ANF concentration in both ventricles
(p<0.01 and p<0.05 respectively). Total ANF content was dimimshed in the left
ventricle by both treatments, but only captopril decreased 1t, albeit shghtly, i the nght
ventricle. Total ANF content and ANF concentration in the left ventricle and total nght
ventricular ANF content were still higher in each treated A-C shunt group than m the
sham-operated controls (p<0.01 and p<0.05 respectively). PRA was 4 77 + 0.90,
5.12 + 1.38, 34.43 + 3.61 and 27.63 + 2.87 (ANG I ng/ml.h) m sham, A-C shunt, A-
C shunt + losartan and A-C shunt + captopril groups respectively ‘The values were

significantly higher (p< 0.01) in both treated than in untreated groups.

3.4.4 Effects of captopril and losartan on body fluid hemeostasis:

Urinary volume was significantly increased in A-C shunt rats from the Ist and
2nd day of captopril or losartan treatment respectively (p<<0.01 and p<005) (Iig
3.4). When compared with the A-C shunt or sham-operated controls, urinary volume in
treated A-C shunt anmimals was significantly different from the 3rd day of treatment
(p<0.05 or p<0.01). No differences in urinary sodium excretion were observed
between groups (data not shown). Captopril increased water intake during the last 3
days (Fig. 3.5A). On the other hand, losartan decreased food intake, also during the
last 3 days of treatment (Fig. 3.5B). Urinary GMP excretion was much higher in

treated A-C shunt rats and in untreated A-C shunt controls than in sham operated
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animals (p <0.01 or p<0.05). Losartan resulted in a significant decrease of urinary
c¢GMP from the 3rd day of treatment when compared with the period prior to treatment
or with A-C shunt controls (p<0.01 or p<0.05) (Fig. 3.6). Captopril tended to
depress urinary cGMP excretion but not significantly. Hematocrit was lower in A-C
shunt rats than in sham-operated controls (p<0.01). Losartan elevated hematocrit in A-
C shunt animals (p <0.05) to levels seen in the sham-operated controls. Captopril had
no effect on hematocrit, which was lower than 1n the sham-operated group (p<0.01)

(Fig. 3.7). No differences were observed in plasma sodium and osmolality between

groups (data not shown).

3.5 DISCUSSION

Several compensatory mechanisms can be activated during the development of
heart failure. These include increased activity of the sympathetic nervous system and
RAS and changes in a variety of other neuroendocrine functions, which together evoke
sodium and water retention as well as vasoconstriction (10,15,18). On the other hand,
ANF 1s also activated and is believed to counterbalance the RAS and sympathetic
nervous system (23). Thus, during CHF, both ANF and neurohormonal vasoconstrictor
systems may reach a new balance at a higher steady state. However, their degree of
participation is far from being established. Recently, it has been demonstrated that, in
addition to the circulation, the RAS also exists in various tissues, including the heart,
vasculature, and kidney (7,8,19). The RAS in tissue may also contribute to the
pathophysiology of heart faillure via the vascular, renal, and cardiac effects of local
ANG 11 (7,8,19). Thus, the RAS may be especially important in cardiovascular
homeostasis under CHF. The use of specific agents, such as ACE inhibitors and/or
ANG II receptor antagonusts, is an important method of investigating the specific role
of a hormone under a particular condition. The physiological and pathophysiological
changes that may occur after treatment with an antagonist may provide further insight

into the mechanism of the disease process itself.
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The present study, by blocking the RAS at the ANG II receptor level or by
inhibiting ANG II production, evaluates the role of the RAS and ANF systems in rats
with moderate high-output heart failure. We believe this is the first tume that the
chronic effect of losartan, a new non-peptide AT receptor antagonist, has been
investigated in rats with moderate high output heart failure. The hemodynamic
responses to this agent and to captopril were similar; both significantly lowered MAP.
Although RAP was still higher in A-C shunt rats treated with captopril or losartan than
in sham-operated animals, both drugs tended to reduce it when compared with
untreated A-C shunt controls. LVEDP was lower in captopnl-treated A-C shunt rats
than in the untreated A-C shunt controls. Furthermore, LVEDP 1n both treated A-C
shunt groups was not different from that in sham-operated animals despite only a
tendency towards decreased LVEDP noted in the losartan-treated A C shunt group
when compared with vntreated A-C shunt controls The reductions in MAP, RAP and
LVEDP suggest a fall in both pre- and afterload in treated A-C' shunt rats These
beneficial hemodynamic effects arc similar to those reported by other investipators
during ACE inhibition (2,22).

Left ventricular hypertrophy is an independent risk factor for a number of
severe cardiac dysfunctions (20). The causes of cardiac hypertrophy are complex.
Although an increase in pre- or afterload may be a major factor, the sympathetic
nervous system and RAS have emerged as mgjor candidates in cardiac hypertrophy.
Furthermore, local active RAS and ANG 1l receptors have been demonstrated to exist
in the heart (24). Recent experimental studies suggest the intriguing possibility that
ANG II may exert a major influence, stimulating the proliferation of cardiac myocytes
(16). Therefore, ACE inhibitors or ANG II receptor antagonists are capable of
preventing or reversing cardiac hypertrophy in expenmental animals as well as in
humans; their antiproliferative effects, however, are difficult to dissociate from their

concomitant in vivo systemic hemodynamic actions
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Our present studies reveal hypertrophy of each cardiac chamber in A-C shunt
rats. Furthermore, the ratio of right to left ventricular weight in A-C shunt rats is much
higher than in sham-operated controls, indicating that hypertrophy is greater in the right
than in the left ventricle. This result may be associated with the experimental model
used, reflecting a larger increase in loading in the right ventricle than in the left.
Another possibility is that local RAS activity could be higher in the right than in the left
ventricle, which has been demonstrated recently (19). Probably both mechanisms play a
role in biventricular hypertrophy.

Treatment with an ACE inhibitor or AT{ receptor antagonist partially reverses
cardiac hypertrophy in A-C shunt rats after 7 days of drug administration. The degree
of regression of cardiac hypertrophy with both treatments is similar. Both agents
increasc urinary volume and hematocrit (although the latter is not significantly changed
in A-C shunt rats treated with captopril) suggesting a decrease in blood volume. In the
case of captopril, the increase in urinary volume could be partly secondary to
augmented water intake, which is not observed in losartan-treated animals.

As a result of a decrease in blood volume (preload) and possibly in vascular
peripheral resistance (afterload), a reduction of RAP and LVEDP is seen in A-C shunt
rats. Treatment with captopnl or losartan lowers blood pressures to similar degrees.
Therefore, the reversal of cardiac hypertrophy may be due to reductions of both pre-
and afterloading imposed on the heart. However, our results also show that regression
of right atrial hypertrophy is the most pronounced among all chambers although the
decrcase 1n RAP is small and not significant, suggesting that factors other than loading
may contribute to cardiac hypertrophy.

It has been demonstrated that the highest concentrations of ANG I and ANG II
are in the right cardiac atrium (19). Recent data indicate that ACE is distributed
throughout cardiac tissue but may be greater in the atria compared to ventricles and
higher in the right atium compared to the left (9). It has also been found that the

cardiac expression of ACE and angiotensinogen is increased in rats with experimental
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myocardial infarction (14). Our results indicate then that captopril and losartan reverse
cardiac hypertrophy in A-C shunt rats by inhibiting local cardiac ANG II production or
antagonizing the action of ANG II at its receptors, or by decreasing cardiac pre- and
afterload.

As reported previously in both human and experimental CHF (11,29), plasma
COOH- and NH)-terminal ANF levels were much higher in A-C shunt rats than in
sham-operated controls. Because atrial stretch is the main stimulant of ANF release by
the atria, our results suggest that chronically elcvated atrial filling pressure, induced by
heightened cardiac preload, may chronically elicit ANF secretion. Immunoreactive
ANF concentration in the right atrium was lower and total right and left atrial ANE
content was higher in A-C shunt rats than in sham-operated controls. The decrease in
atrial immunoreactive ANF concentration and the increase in total atnial
immunoreactive ANF content indi’cate that enhanced ANF release and synthests
observed in both atria contribute to elevated plasma ANF levels in rats with moderate
high-output heart failure. It has been suggested that the ventricles may be an important
source of ANF synthesis and release in CHF (28). In our experiments, both total ANEF
content and ANF concentration in right and left ventricles were higher i A-C shunt

rats indicating that the ventricles may contribute to basal plasma levels since ventricular
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myocytes seem to release ANF by a "constitutive" rather than by a "regulated” pathway
(1).

Treatment with captopril or losartan reduced but did not normalize plasma
COOH-terminal ANF levels, which may have resulted in part from LVEDP
normalization (and, therefore, decreased left atrial distension) but not RAP
normalization. This finding is similar to that of Michel et al., who recently reported
that ACE inhibition in a rat model of heart failure normalized plasma ANF levels. The
reduction of preload and afterload and thus of cardiac hypertrophy probably culminated
in decreased ANI' synthesis and release by ventricles in A-C shunt rats since both total
content and concentration were diminished after drug treatment. On the other hand, a
reduction of atrial filling pressure may have caused a decreased secretion of ANF by
the atria. Diminished ANF release by the atria and synthesis by the ventricles may, in
turn, have contrnibuted to lower plasma COOH-terminal ANF levels. However, plasma
NH»-terminal ANF concentration did not show a parallel reduction. This is probably a
reflection of their distinct catabolic pathways (28), which could be affected differently
during CHF. No data are available on this subject.

Despite high plasma ANF levels, A-C shunt rats had lower hematocrit with a
tendency towards lower urinary sodium excretion and urinary volume than sham-
operated controls, indicating sodium retention and an increased plasma volume. These
attenuated renal responses to ANF may be secondary to renal ANF receptor
downregulation (29) and/or RAS activation, as well as renal hemodynamic
abnormalities. A-C shunt rats given captopril or losartan presented an increase of
urinary volume from the Ist and 2nd day of treatment, respectively. Furthermore,
urinary volume in both treated A-C shunt groups was higher than in A-C shunt or
sham-operated controls from the 3rd day of treatment. This result was similar to the
data of Xie et al., (32), who recently demonstrated that losartan induced substantial
diuresis, natriuresis and chloruresis in Munich-Wistar rats. Increased urinary volume in

captopril-treated rats could also be secondary to their augmented water intake. In our
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experiment, urinary sodium excretion was not increased in losartan-treated rats (data
not shown), which may have been due to significantly decreased food intake implying
reduced sodium consumption. Diminished food intake could have been secondary to a
gastrointestinal response to the drug or to taste loss. An enhanced renal response may
result from upregulation of functional ANF receptors in the kidneys, which may be
secondary to decreased circulating ANF levels, or to systemic and/or local renal RAS
inhibition.

In our experiments, urinary ¢cGMP excretion in A-C shunt rats receving the
AT) receptor antagonist was decreased from the 3rd day of drug adnunistration.
Furthermore, A-C shunt rats treated with the ACE inlibitor also had a tendency
towards lower urinary cGMP excretion although this decrease was not sigmificant.
Thus, reduced urinary cGMP excretion 5 consistent with lower plasma ANFE levels in
treated rats. It has been demonstraied that ACE recovery in serum after ACE mhibition
is faster than in the heart and kidney (9), suggesting that tissue ACLE suppression could
be responsible for the longterm: effect of captopril.

From our results, we conclude that the beneficial effects of captopril or losartan
administration are related to the inhibition of systemic and/or tissue ANG I production
or to the antagonistic action on ANG II receptors. However, increased bradykinin (3),
reduced sympathetic adrenergic nerve terminal catecholamine release (17) or clevated
vasodilator prostaglandin levels (26) may also contrnibute 1o the action of ACE
inhibition.

In summary, the present studies demonstrate that chronic treatment with ACE
inhibitors or ANG II receptor artagonists has beneficial effects in rats with moderate
high-output heart failure. Under inhibition of systemic and/or tissue RAS, plasma ANF
might exert its actions more effectively. Thus, both treated A-C shunt groups present
improved hemodynamics, diminished water retention and obvious regression of cardiac

hypertrophy. Therefore, neurohormonal vasoconstrictor and ANF systems tend to reach
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. a new balance at more "normal” levels, reversing or slowing the development of heart

failure. Our results suggest that losartan is an effective agent in the treatment of CHF.



TABLE 3.1

EFFECT OF CAPTOPRIL OR LOSARTAN TREATMENT ON MEAN ARTERTAL,

RIGHT ATRIAL, AND LEFT VENTRICULAR END-DIASTOLIC PRESSURE,
HEART RATE AND FIRST DERIVATIVE OF LEFT VENTRICULAR

PRESSURE IN AORTOCAVAL SHUNT RATS

66

Group MAP RAP LVEDP dpP/dt max Heart rate
mmHg mmHg mmHg mmHg/sec beats/min

Sham (n=11) 104.18 + 2.78 1.98 + 0.44 0.28 + 0.87 4392.82 + 270.99 377.82 + 10.54

Aortocaval shunt 84.96 + 3.17% 5.01 + 0.73% 5.33 + 2.08+% 3798.61 + 306.85 352.44 + 7.84

(n=9)

Aortocaval shunt 75.63 + 2.16%A 4.50 + 0.45+ 2.85 + 0.61 3689.30 1+ 231.32 367.30 1+ 9.55

losartan (n=10)

Aortocaval shunt 74.80 = 3.49%A 4.33 + 0.59+% 1.81 = 0.75A 3694.20 1+ 184.96 368.00 + 5.64

captopril (n=10)

Values are means = SEM; MAP, mean arterial pressure; RAP, right atrial pressure; LVEDP,

end d:astolic pressure; dP;dt max, 1st derivative of left ventricular

B p<0.01 vs shanm

A

p<2.05 vs aortocaval shunt

pressure

left ventricular
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TABLE 3.2
EFFECT OF CAPTOPRIL OR LOSARTAN TREATMENT ON TISSUE
WEIGHTS AND CARDIAC HYPERTROPHY

Group Sham A-C shunt A-C shunt A-C shunt

(n=11) (n=9) losartan captopril

(n=10) (n=10)

BW (qg) 408.64 + 8.60 389.56 ~ 5.00 385.60 + 6.34 399.10 + 6.37
HW (mg) 1225.73 + 26.73 1974.11 + 76.89+ 1665.70 = 69.2411AA  1720.30 = 32.41%taA
HW (mg.100g~ 1 BW) 300.63 + 6.55 493.59 + 16.56+% 432.00 + 16.36+1AA 432.47 + 12.81+1AA
RVW (mg) 182.55 + 6.30 324.11 2 18.42% 282.70 + 15.60t%A 300.56 + 7.63%t
RVW (mg.100g~"1 Bw) 47.28 + 1.73 80.88 + 3.83%t 73.26 + 3.69+%t 78.51 + 3.49%t
LVW (mg) 832.00 = 13.32 1236.56 1+ 36.494+ 1088.70 + 49.531tAA  1128.10 + 21.28%tA
LVW (mg.100g™% BwW) 204.23 + 4.26 309.14 4 6.351% 281.99 + 10.64t1A 283.77 + 8.91ttA
RAW (mg) 73.55 4+ 2.48 167.44 + 8.954+ 139.11 + 9.15+tA 140.50 + B8.68%1A
RAW (mg.100g~1 Bw) 18.04 + 0.61 41.87 + 2.07+% 36.08 + 2.17t1A 35.33 + 2.3411A
LAW (mg) 25.73 + 0.87 56.22 + 3.92%t 47.50 + 2.54%tA 46.70 + 2.23%tA
LAW (mg.100g~ 1 BW) 6.32 + 0.24 14.07 + 0.964 12.28 + 0.53+A 11.73 + 0.60%tA
RVW/LVW ratio 0.23 + 0.01 0.26 + 0.01%+ 0.26 + 0.01%+ 0.26 + 0.01t}
RAW/LAW ratio 2.88 + 0.10 3.02 + 0.11 2.92 + 0.10 3.05 + 0.20
LW (mg) 1455.82 + 67.87 1790.33 + 80.54++ 1601.80 + 71.25 1677.33 + 69.634%
LW (mg.1cog~1 Bw) 355.52 + 13.05 447.78 + 18.52+% 414.28 + 12.96+ 430.78 1+ 19.57+%

Values are means + SEM

BW = body weight; HW = heart weight; LW = lung weight; RVW = right ventricular free wall weight;
LVW = left ventricular free wall + septum weight; LAW = left atrial weight; RAW = right atrial weight;
T P<0.005 vs sham; +f p<0.01 vs sham; a p<0.C5 vs A-C shunt; AA p<0.01 vs A-C shunt
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Fig. 3.1: Effect of captopril or losartan treatment on plasma (A) COOH- and (B)
NH»-terminal ANF in aortocaval shunt rats.

* p<0.05 vs sham; ** p<0.0] vs sham; A p<0.05 vs shunt
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The present work describes the role of ANF in rats with chronic high-output

heart failure by (a) characterizing plasma and tissue ANF levels, hemodynamics and
renal furction at different stages of moderate chronic high-output heart failure in rats;
(b) assessing the contribution of the atria and ventricles to plasma ANF levels; and (c)
investigating the role of ANF and RAS as well as the effects of losartan in rats with A-
C shunts. The results obtained in this study provide deeper insight into the role of ANF

in rats with high-output heart failure.

4.1 ANF synthesis and secretion in A-C shunt rats

In order to study the contribution of the atria aud ventricles to plasma ANF
levels in rats with high-output heart failure, this study has characterized changes in
plasma and cardiac tissue ANF levels during the development of heart failure and after
the treatment of ACE inhibitor or ANG II receptor antagonist.

Atrial stretch, induced by an increase in preload or afterload, 1s known to be a
potent stimulus of ANF release (60, 69) As reported previousty in both human and
experimental CHF (15, 37), plasma COOH- and NHy-termianal ANF levels were
greatly elevated at different stages of heart failure in the A-C shunt groups (Chapter 1
and III). A positive correlation between plasma ANF and RAP or LVEDP was
observed in A-C shunt rats but not in sham-operated animals (Chapter ). Treatment
with captopril or losartan normalized LVEDP and tended to decrease RAP,
consequently reducing plasma COOH-terminal ANF levels (Chapter 1I). These results
provide further evidence that chronically increased cardiac filling pressure, induced by
augmented cardiac preload, is a sustained stimulus for ANF release. Morcover,
decreased atrial ANF concentrations but not content (which was even increased), and
increased ANF concentrations and content in either ventricles of A-C shunt rats indicate

that elevated cardiac filling pressure stimulates not only ANF release but also ANI
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synthesis in each cardiac chamber. This in turn contributes to elevated plasma ANF
levels in rats with moderate high-output heart failure (Chapter II and III).

Despite greatly elevated plasma ANF levels in A-C shunt rats (Chapter II and
III), it may be possible that the degree of increased plasma ANF is not appropriate for
the magnitude of the stimulus, which consequently results in decreased Un,V and UV,
and increased blood volume (Chapter 1I and III) in A-C shunt rats. The results of this
study have shown that plasma ANF levels tend to decrease during the development of
heart failure (Chapter 1I). However, we have not observed a deficiency of ANF in
either atna or ventricles. The results of this study also indicate that LVEDP is
significantly higher in A-C shunt rats at early stages but not at later stages of the
development of CHF than in their respective sham-operated controls, suggesting that a
decrease n cardiac filling pressure may have occurred dunng later stages.
Furthermore, reduced atrial receptor responses may occur after long-term stretch (40,
134). Thus, the present study indicates that an inappropriate secretion of ANF or the
gradual decrease of plasma ANF levels during the development of CHF may be due to

either reduced sensitivity to atrial stretch or to declining cardiac filling pressure but not

exhausted ANF storage.

4.2  The role of elevated plasma ANF levels in rats with high-output heart

failure

Present study indicates that plasma ANF levels and urinary ¢cGMP are increased
in A-C shunt rats at all time periods. However, A-C shunt animals presented lower
hematocrit, and lower or tendency to lower UN,V and UV at all observed times
(Chapter I and III). Increased plasma ANF levels and urinary ¢cGMP excretion is
inconsistent with attenuated renal function, suggesting that factors other than circulating
ANF cause a marked reduction in ANF's biological action in CHF. Although many
factors may involve attenuated ANF effects in CHF, RAS appears to play a key role in

this regard because of its multiple biological activities and its presence in tissue.
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Therefore, this study comparatively investigated the chronic hemodynamic, hormonal,
and renal effects of ACE inhibition with captopril, ANG II receptor antagonism with
losartan, and interactions of RAS and ANF in rats with a moderate degree of high
output heart failure. This is the first study where the chronic effects of losartan have
been investigated in rats with moderate high-output heart failure. The treatment with
captopril or losartan decreased MAP and returned LVEDP to the sham-operated control
values. Both treatments also presented a tendency to be decreased in RAP These
results suggest a fall in both pre- and afterload in treated A-C shunt rats (Chapter 1.
A-C shunt rats treated with losartan or captopril had an increased urmary volume when
compared with untreated A-C shunt or sham-operated controls  This enhanced renal
response may have resulted from the upregulation of functional ANFE receptors n the
kidneys, which may be secondary to decreased circulating ANF levels, or to systenie
and/or local renal RAS inhibition (Chapter ItI). Both treatments increased hematoenit i
A-C shunt rats (although the hematocrit was not significantly changed m A-C shunt rats
treated with captopril), suggesting a decrease in blood volume A clear regression of
cardiac hypertrophy, mediated by inhibiting local cardiac ANG I production or
antagonizing the action of ANG II at its receptors, or by decreasing cardiac pre- and
afterload, was evident in both treated A-C shunt rats (Chapter HI). Dinmimished ANFE
release by the atria and synthesis by the ventricles may have contrnibuted to lower
plasma ANF levels. Thus, both treated A-C shunt rats present  mproved
hemodynamics, diminished water retention, and an obvious regression of cardiac
hypertrophy. Decreased plasma ANF and urinary ¢cGMP after bemg treated with
losartan or captopril suggest that ANF reaches a new and more "normal” steady state
after the RAS block.
Taken together, the results of this study indicate that clevated plasma ANFE
levels may play an important role in maintaiming relative "normal” hemodynamics and
body fluid homeostasis by opposing the RAS in rats with moderate high output heart

failure. However, a relative deficiency of plasma ANF and/or an attenuated response to
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endogenous ANF, mediated by activated the neurohormonal vasoconstrictor systems,

may contribute to the pathophysiology and development of CHF at different stages.

4.3

D.

Conclusions

The following can concluded from the present work:

Chronic increased cardiac filling pressure stimulated not only ANF release but
also ANF synthesis in each cardiac chamber, which in turn contributed to
elevate plasma ANF n A-C shunt rats.

Increased plasma ANF levels may play an important role in the maintenance of
sodium and body fluid homeostasis by opposing the neurohormonal
vasoconstrictor systems in A-C shunt rats.

An attenuated renal response to ANF and sodium and water retention is present
in A-C shunt rats.

The activation of ncurohormonal vasoconstrictor systems and the gradual
decrease of plasma ANF levels may contribute to sodium and water retention at
different stages of this experimental model of heart failure.

Under inhibition of systemic and/or tissue RAS, plasma ANF may exert its
actions more effectively.

Chronic treatment with ACE 1nhibitors or ANG 1I receptor antagonists has
beneficial effects in rats with moderate high-output heart failure

Both treated A-C shunt groups present improved hemodynamics, diminished
water retention, and obvious regression of cardiac hypertrophy.

Neurohormenal vasoconstrictor and ANF systems in both treated A-C shunt
animals tend to reach a new balance at more "normal" levels, reversing or
slowing the development of heart failure.

The mechanisms of attenuated ANF's actions in CHF is an area that deserves

further investigation. Further research in this area may provide some insight into the

pathophysiological role of ANF and the therapy of CHF.
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Claims to originality

The present work describes for the first time:

Hemodynamic parameters, and tissue and plasma ANF during the development
of CHF induced by A-C shunt.

Chronic treatment with losartan, a nonpeptide ANG 11 antagomist, present
improved hemodynamics, diminished water retention and an obvious tegression
of cardiac hypertrophy in rats with moderate high-output heart failure.

Losartan, like ACE inhibition, is an effective agent in the trcatment of CHE,
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