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Chapter 1

Introduction






Intreduction

In most textbocoks heart failure is defined as a state in which the pumping action of the
beart is insufficient to meet the metabelic demands of the various organs and tissues,
Harris (1987} has however pointed out that total body oxygen consumption in heart
faiture is not necessarily abnormal and he defines heart failure as a condition in which
the heart and the vascular system (load of the heart) need compensatory mechanisms to
main central aortic pressure. The underlying cause of heart failure can thus have a
myocardial as well as a vascular cause.

Figure 1 depicts 2 number of compensatory mechanisms which are activated to maintain
central aortic blood pressure and perfusion of a number of vital organs such as the heart
and the brain, both of which are primarily under autoregulatory control. As the disease
progresses these early adaptations may prove to be insufficient and in spite of further
adaptations, clinical signs of heart failure become evidem (fig. 1)

In over 80% of all patients, the main causes of heart failure are coronary artery disease
and hypertension (Sutton et al, 1990). There is a male predominance because of the
higher rate of coronary artery disease, corresponding with a fourfold increased risk of
heart failure. Therefore, the factors predisposing for heart failure are similar to those for
coronary artery disease and include: elevated blood pressure, diabetes, elevated total
cholesierol and obesity (McKee et al,, 1971 and Kannel and Cupples, 1988). The
prevalence of heart failure in persons in their 50s is about 19 and rises progressively
with age up to 10% in persons over 80 years old. The annual incidence also increases
with age from 0.2% (between 45 and 54 years) to 4.0% in men between 85 and 94 years
of age (Kannel and Belager, 1991). Once diagnosed, heart failure is highly lethal
showing a two year mortality rate of 37% for men and 33% for women and increases to
82% and 67% respectively after 6 years (Kannel and Belanger, 1991).

Antmal models for chronic heart failure

Investigating separate aspects of the pathophysiology, or new interventions in patients
with heart failure is limited by existing medication. It will therefore in the future almost
be impossible 1o evaluate the effects of a new pharmacological agent in patients who are
not already receiving treatment with digitalis. diuretics, etc. In addition, not all
parameters contributing to the disease such as regional organ blood flows can reliably
be studied. Therefore several animal models have been developed. According to the
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Fig. 1 Parhophysiology of cardiac decompensation
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methods used for producing heart failure, these experimental models can be divided into
the categories: pressure overloading, volume overloading, coronary occlusion, atrial and
ventricular pacing and the administration of agents toxic to the myocyte (Smith and
Nutall, 1985).

Models based on abnormal load of the heart

Pressure overlgading

Pressure overloading is produced by outflow-obstruction of the left or the right ventricle:
ie. constriction of the pulmonary artery, the aorta, the pulmonary valves or by inducing
a valvular or supravalvular stenosis. Alternatively occlusion of a renal artery can be used.
The models are summarised in table 1. Models using outflow obstruction are generally
characterized by a variable gradient across this stenosis and left ventricular hypertrophy.

In contrast, models with renal artery occlusion all show high systemie blood pressure and
secondary left ventricular hypertrophy, while proliferative vascular changes occur.
Consequently models for heart failure induced by pressure overload are most commonly
used for the investigation of the pathogenesis of hypertrophy and vascular changes on the
subcellular level. These models are less suitable for the assessment of the effects of
pharmacological interventions, because outflow obstruction or hypertension is an
infrequent isolated cause of clinical heart failure.

Voiume overloading

The creation of an arteriovenous shunt is an approach to produce a model for high
output failure (table 2). Alternatively, heart failure induced by aortic valve insufficiency
combined with abdominal aorta banding is applied in rabbits (Gilson et al.. 1990).
Natarajan (1979) has described an experimental model employing volume loading
induced by an atrial septal defect in cats. Models exploiting arteriovenous shunts are
characterized by a low systemic vascular resistance and a high cardiac outpur. In general
models of volume overloading are most frequently used to study electrolyte- and
hormonal changes in heart fajlure.



Table 1. Animal models for congestive heart failure induced by pressure overloading.

method animal reference
pulmonary artery cats Spann et al 1967.
banding Bassett and Gelband 1973.
lambs Burrington 1978.
pigs Welham et al 1978.
ponies Manchar et al. 1981.
(supra)valvular
aortic stenosis dogs Rogers et al. 1971,
Copeland et al. 1974,
Allard et al. 1979.
rabbits Leclerq et al, 1978.
mitral stenosis dogs Haddy et al. 1953
aortic constriction rats Mercadier et al. 1981.
Desjardins et al. 1988.
rabbits Alexander et al. 1953.
Leclereq et al. 1978,
Gilson et al. 1990.
dogs Kleinman et al. 1978.
Fujii et al. 1988.
lambs Burrington 1978.

renal hypertension
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guinea pigs

rais

dogs

Siri et al. 1989

Mercadier et al. 1981.
Noma et al. 1988.
Marcus et al. 1981.



Table 2. Animal models for congestive hearr failure induced by volume overloading.

method animal reference

artrial septal defect cats Natarajan et al. 1979
aortic regurgitation rabbit Gilson et al. 1990
mitral regurgitation dogs Morias et al. 1657.

Spratt et al. 1983.

arteriovenous shunts Fats Flaim et al. 1979
Garcia and Diebold 1990a
Garcia et al. 1990b
dogs Ferguson et al, 1954
Villarreal et al. 1989

Models based on myocardial dysfunction
Coronary occlusion

The most frequent used method of left ventricular failure, is induced by occlusion of a
coronary artery (table 3). Coronary artery occlusion can be performed extravascular
(ligation) or intravascular {diffuse embolisation or placing an occlusive device in a
coronary artery). Coronary ligation is easy to perform in rais (Selye et al. 1960 and
Tikkanen et al. 1987). Early mortality, however, ranges between 10% (Selye et al. 1960)
and 50% (Pfeffer et al, 1979) within 24 hours after ligation. A further limitation of this
model is that not all animals show histological evidence of a myocardial infarction
(Pfeffer et al. , 1979). In dogs and pigs, coronary artery occlusion causes less early
mortality after 1 hour. In addition, in larger animals, left ventricular and systemic
hemodynamic parameters can be studied in more detail.

Diffuse left ventricular damage can be studied in models of coronary artery embolization
(table 3).

Heart failure induced by coronary occlusion mimics reliably the hemodynamic
derangements in the majority of patients with ischemic cardiomyopathy: decreased stroke
volume, increased systemic vascular resistance and increased left ventricular end-diastolic
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pressure, while mean arterial blood pressure often will not be affected. Furthermore,
secondary neurohormonal changes are very similar to the clinical situation (Anand et al,
1989). In animal models of coronary artery occlusion, however preexisting coronary
lesions are absent, and left ventricular failure induced acutely, while in man myocardial
lesions develop over a longer period. Conseguently, coronary occlusion in animals causes
in most causes either cardiogenic shock or changes fully compensating for systemic
eifects occur. An advantage is thati in this model peripheral reflexes remain intact.
Because of the latter this model is frequently used for the evaluation of new therapeutic
compounds,

Table 3. Animal models for congestive heart failure induced by coronary occlusion.

method animal reference

coronary ligation rats Selye et al. 1960.
Pfeffer et al. 1979.
Tikkanen et al. 1987.
Tikkanen et al. 1990.
dogs Stramba-Badiale et al.1991.
pigs Brooks et al. 1977.
van der Giessen et al. 1989.

coronary embolism

thrombogenic device  dogs Kordenat et al. 1972,
sephadex beads mini-pigs Nutall et al. 1985.
microspheres rats Gorodetskaya et al. 1990.
dogs Reikers et al. 1986.
Sabbah et al. 1991.
liquid mercury dogs Chandraratna et al. 1973.
Leddy et al. 1983.
thrombus formation dog Salazar 1961.

16



T

Atrial and ventricular pacing

A popular model for heart failure uses ventricular pacing in dogs (table 4). Ventricular
pacing at a frequency between 220 and 260 beats/min for a period up to 8§ weeks
produces symptoms of heart failure within 7 days {Riegger et al., 1984}, which consist of
enlargement of both ventricles and increased pulmonary capillary and pulmonary artery
pressure. After 10-20 days of pacing, these changes become irreversible. As in the
coronary artery ligation model, peripheral responses are maintained. Sudden deaths do
occur although less than in the coronary artery ligation models. A disadvantage is that
if pacing is stopped, hemodynamic parameters remain unstable for several days (Riegger
et al,, 1982 and Fitzpatrick et al.,, 1989). Therefore, studying the hemodynamic responses
to drugs does not yield reproducible results in the ventricular pacing model. It is,
however well suited to study neurohumoral adaptations in the early or chronic phase of
heart failure.

Table 4. Animal models for congestive heart failure induced by pacing.

method animal reference
atrial pacing pigs Spinale et al. 1990,
ventricular pacing dogs Coleman et al. 1971.

Riegger and Liebauy, 1982.
Armstrong et al. 1986.
Moe et al. 1990.
Riegger et al. 1984.
Sasayama et al. 1991,
Wilson et al, 1987,

pigs Chow et al. 1990

sheeps Fitzpatrick et al. 1989.

Non-ischemic cardiomyophathy

Several models for cardiomyopathy are available, either hereditary or induced by
infection, irradiation or drugs (table 5). The Syrian hamster is well known for an
autosomal recessive gene causing cardiomyopathy in some strains, which is maintained
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Table 5. Animal models for congestive heart failure induced by non-ischemic myocardial

disease,
method amimal reference
heriditary cardiomyopathy hamsters Opie, 1966.

round heart disease turkeys
Trypanosoma cruzi Mouses
Brisket disease COWS
adriamycin rats
rabbits
doxorubicin rabbits
epirubicin rabbits
monocrotaline rats
taurine deficiency cats
vitamin E deficiency rats
irradiation dogs

repetitive transmyocardial
DC shock dog
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Morris et al. 1989.

Will et al. 1962.
Hecht et al. 1962.
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Arnolda et al. 1983,
Langton et al. 1989.
Wanless et all. 1987.
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in the colony by selective breeding (Bajusz et al., 1969).

Especially anticancer agents may induce chronic low output cardiac failure, In rabbits,
adriamycin (Arnolda et al., 1985, Langton et al, 1989 and Wanless et al, 1987),
doxorubicin (Doherty and Cobbe, 1990 and Shenasa et al., 1990) and epirubicin (Elisson
and Bidrkman, 1988) have been used to induce heart failure. For instance, after § weeks
of twice weekly treatment with adriamicin iv. {1 mg/kg) Wanless (1987) and Arnolda
(1985) reported That cardiac output had decreased and systemic vascular resistance had
Increased.

Thoracic irradiation of adult beagle dogs produces an increase in left ventricular wall
thickness and heart rate and a decrease in left ventricular ejection fraction {McChesney
et al., 1988).

Heart failure can also be accomplished by specific nutritional deficiencies, Pion (1987)
described a reversible model for heart failure caused by taurine deficiency in cats, while
in rats a model has been described using vitamin E deficiency {Fedelesova et al., 1971).
Destruction of myocardial tissue by repeated DC-countershock induces low output failure
in dogs. Methods using irradiation or DC-countershock are however limited by the
damage induced to other organs (lungs, pericardium} and their tendency to exhibit
conduction-defects (AV-block). Methods for producing heart failure by non-ischemic
myocyte damage are mainly used in the evaluation of subceilular pathological processes
and are less suitable for the study of pharmacological interventions.

Even a larger number of models for heart failure are available, than shown above. Each
model may have some use in heart failure research. None of these models is, however
capable to reproduce all the clinical characteristics of heart failure in man,

Aim of the study

In this thesis we first investigated the cardiovascular actions of several classes of drugs
in conscious pigs in which heart failure was induced by occluding a coronary artery 3-4
weeks before the studies were performed and compared the results to those observed in
normai conscious animals. Positive inotropic agents and vasodilators are frequently used
to treat heart failure as they may improve the depressed myocardial contractility and
lower the elevated systemic vascular resistance. In chapter 2 and 3 the effects of the 1.4-
dihydropyridine derivative calcium antagonists nisoldipine and elgodipine are studied
because of their capability to unioad the heart by reducing systemic vascular resistance
in normal anesthetized pigs (Duncker et al., 1986 and Sassen et al., 1990) and by
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increasing cardiac output in normal conscious pigs (Duncker et al., 1987),

To study the potential advantage of vasodilators with positive inotropic properties to
vasodilators alone we also investigated the actions of the phosphodiesterase inhibitor
pimobendan with niscldipine in the porcine model for heart failure (Chapter 4).

In chapter 5 we describe the effects of a novel class of drugs which causes systemic
vasodilation by potassium channel activation. The results of bimakalim are compared to
the nicotinamide derivative nicorandil, which in addition to their nitrate-like properties,
also possess potassium channel activator properties (Taira, 1989).

One of the most prominent drugs in the treatment of ischaemic heart disease is
nitroglycerin, despite the frequent occurrence of tolerance. In chapter 6 we first
evaluated 5 novel nitrate-esters in normal conscious pigs. In the second part nitroglycerin
and one of the novel compounds, CEDO 8956, were selected for further study of
distribution of cardiac output in conscious pigs with chronic coronary artery occlusion.
Tachycardia is an unwanted situation, especially in patients with coronary artery disease.
Selective bradycardic agents, which exert an anti-ischemic effect because of their ability
to reduce oxygen demand and improve oxygen suppiy of the myccardium and especially
of the subendocardial layers (Scharnhardt et al., 1981, Krumpl et al., 1988 and Indolfi et
al., 1989), may thus have some benefit in patients with left ventricular dysfunction,
provided that the negative chronotropic properties are not accompanied by negative
inotropic properties. We therefore studied the effects of UL-FS 49, a specific bradycardic
agent and compared the results to those of the non-selective beta-adrenoceptor
antagonist propranolol.

Dopaminergic drugs have also shown some promise in the treatment of heart failure in
particular because of their ability to improve renal blood flow. Until recently treatment
with this class of drugs was limited by their poor absorption. Recently a novel orally
active dopamine-like drug, ibopamine, which is itself pharmacologically inactive, but is
rapidly hydrolysed to epinine (N-methyldopamine). Epinine is, however not only a non-
selective and non-specific dopamine agoenist, but also stimulates alpha- and beta-
adrenoceptors (Randolph et al., 1983 and Pochiari et al., 1986). The effects of epinine
are summarized in figure 2. Epinine may thus exert a positive inotropic effect by
activating B; and @, adrencceptors and possibly DA, recepters (Zhao et al.. 1990).
Vasodilation may occur beczuse of activation of DA, DA, and 5. receptors, whereas
both a; and o, adrenoceptors could cause an unwanted vasoconstriction. Finally the DA,
and DA, receptors may cause natriuresis. The presence of dopamine receptors in pigs
has been well established in a number of vascular beds, but its role, if any, in the
coronary circulation and myocardium is unknown. We therefore first studied the role of
these receptors in the heart, using intravenous infusions of dopamine and intracoronairy
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Figure 2,  Effects of epinine.
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infusions of the specific DA, agonist fenoldopam. These experiments were performed in
anaesthetized animals (chapter 8). In chapter 9 and 10 we describe the effects of epinine
on systemic hemodynamics and regional blood flows in conscious pigs with an intact
coromary circulation. In chapter 11 the acute systemic hemodynamic effects of dopamine
and dobutamine were studied in conscious pigs with and without left ventricular
dysfunction.

Finally in chapter 12 we describe the effect of premedication, which is most frequently
used in pigs, on the regional distribution of cardiac cutput. Both the quantitative and the
qualitative effects of these agents were a major reason to perform most studies in
conscious animals,
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We studied the acute effects of the calcium antagonist nisoldipine in 10 conscious pigs with chronic heart
Sailure. Left ventricular dysfunction was induced by permanent ligation of the left circumflex coronary artery.
Two to three weeks after myocardial infarcrion the effects of four consecutive 10 min intravenous infusions of
nisoldipine (0-05:0-1:0-25 and 0-5 pg kg™’ min™') or its sofvent on systemic haemodynamics were evaluared.
Inaddirion, we used the radioactive microsphere technique to study the distribution of cardiuc output after each
dose of nisoldipine. Nisoldipine significantly (P <0-03) increased heart rate (from 144+ 9 10 161 %8 beats
min~!), cardiac output {from 21 +0-1 10 2-9+0-2 {min~' ), stroke volume {from 14+ 1 t0 18+ 1 mljandleft
ventricular dP/dt,.. (from 2600 £ 100 10 3500 + 230 mmHg s™' ), but had no effect on arterial blood pressure.
Left ventricuiar end-diastolic pressure (from 1942 10 164 ] mmHg) and systemic vascular resistance { from
52+ 31037+ 3 mmHgminl™’ ) decreased after nisoldipine. The nisoldipine-induced increase in cardiac output
did not affect blood flow to the kidneys. brain. liver or skin, but perfusion of the stomach (84% ), adrenals
(84% ) and normal myocardium {from 200+ 25 10 321 £ 38 mi min™' 100 g7') as well as infarcied myocar-
dium (from 41 +810 61+ 19 mimin™" 100 g~') increased significantly. The largesi fraction of the increase in
cardiac oulput was, however, used for the improvement of skeletal muscle blood flow (from 13+ 35 t0 62+ 13 mi
min™' 100 g7' J. It is concluded that nisoldipine increases cardie output in conscious pigs with heart failure.
primarily by decreasing peripheral vascular resistence. The increment in cardiac output is distributed preferen-

tially to the skeletal muscles.

Irtroduction

In congestive heart failure, although blood flow to
skeletal muscle may be normal at rest™?, increases
are less than in normal subjects during exercise™.
For this last observation both the reduction in
cardiac output and the inability of peripheral con-
ductance vessels to dilate to appropriate stimuli
have been held responsible®™™. An improvement of
cardiac output, however, does not necessarily imply
that regional blood flows to all tissues improve 10
the same extent. For imstance, in patients who
undergo a heart transplantation the improvement
in systemic haemodynamics is not accompanied by
parallel changes in limb blood fiow®, The same
phenomenon appears 10 play a role during muscle
deconditioning by immobilizationt.
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6 October 1989,
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1738, 3000 DR Rotterdam, The Netherlands.

Some vasodilating drugs. such as nitrates, im-
prove systemic haemodynamics in heart failure, but
ther¢ may not be an increase in exercise tolerance
because the skin benefits more from the improved
cardiac output than the skeletal muscles dof®l
Recent studies with ACE-inhibitors suggest that
improvement in skeletal muscle blood flow, which
18 only achieved with chronic treatment, is ac-
companied by an increase in exercise tolerance®.
The first generation calecium antagonists are also
potent vasodilators, but considerable reservation
exists about their use when left ventricular function
s depressed. because of suspected negative ino-
tropic properties. Nisoldipine, however, exerts in
vitro a 4-10 times stronger vasodilatory and 4-10
times weaker cardiodepressant action compared
with equimolar doses of nifedipine"™, Indeed, in a
number of in vivo experiments, the negative ino-
tropic actions of nisoldipine have been showr to be
negligible!™""l, In anaesthetized pigs with a normal

33



left ventricular function. nisoldipine exerts a potent
vasodilatory action on several organs and tissues
including skeletal muscle!'™. Regional blood flows
in anaesthetized animals may. however, differ due
to a redistribution of cardiac output in favour of the
arteriovenous anastomoses opened by the anaes-
thesial" and which are abundantly present in the
skin™'%. In order to circumvent possible inter-
actions of anaesthetic agents on regicnal bloed
flows., we evaluated the acute effects of nisoldipine
on systemic haemodynamics and distribution of
¢cardiac output in conscious pigs with chronic heart
failure induced by coronary artery ligation.

Materials and methods

SURGICAL PROCEDURE

Alfter an overnight fast, 10 Yorkshire pigs (18-
22kg). pretreated with 600 mg of a mixture of
procaine penicillin-G and benzathine penicillin-G
intramuscularly (Duplocillin, Gist-Brocades NV,
Delft, The Netherlands). were sedated with an
intramuscular injection of 30mg kg~' ketamine
HCl (Aeskoket, Aesculaap BV, Boxtel, The Nether-
lands). After endotracheal intubation the anmals
were connected 1o a respirator for mechanical venti-
lation with a mixture of oxygen and nitrous oxide
{1:2) to which 1-4% {v/v) enflurane was added.
Under sterile conditions a jugular vein and a com-
mon carotid artery were cannulated for infusion of
drugs or solvent and measurement of arterial blood
pressure, respectively. The chest was opened via
the third left intercostal space and an electro-
magnetic flow probe (13-15 mm; Skalar, Delft, The
Netherlands) was positioned around the ascending
aorta for the measurement of acrtic blood flow. The
heart was exposed via the fifth intercostal space.
A tip manometer pressure transducer (Konigsberg
Instruments Inc., Pasadena, CA. U.S.A.) was im-
planted into the left ventricle of the heart through its
apex for recording of left ventricular pressure. The
left atrium was cannulated for recording of left
atrial pressure which, together with the arterial
blood pressure, was used for calibration of the
Konigsberg transducer signals. A second left atrial
cannula was used for the injection of radicactively
labelled microspheres (15+ 1 pm: "' Ce, Sn. "“Ru.
%Nb. *S¢c: NEN Chemicals GmbH. Dreieich,
F.R.G).

Thereafter. the proximal segment of the left
circumflex coronary artery (LCX) was ligated per-
manently for the induction of a myocardial infarc-
tion. After 30 min. during which serious ventricular

arrhythmias (sustained ventricular tachycardia or
ventricular fibrillation) were treated with immedi-
ate DC countershock, the chest was closed. Cath-
eters and wires were tunnelled subcutaneously to
the back. and the animals were allowed to recover
from surgery.

The animals received 500 mg amoxiciliine (Flem-
oxin, Gist-Brocades NV, Delft, The Netherlands)
daily, while the catheters were flushed with hep-
annized saline sojution. During the first 14 post-
operative days the animals were adapted to the
laboratory facilities. while systemic haemodynamic
parameters were monitored. The expernimental pro-
tocol was executed when systemic haemodynamics
remained stable for at least 90 min, usually 2-3
weeks after induction of the myocardial infarction,
All measurements were done while the animals were
quietly resting in a constraiming jacket.

EXPERIMENTAL PROTOCOL

Four consecutive !0 min intravenous infusions
with incremental dosages of nisoldipine (0-05, 0-1.
0-25and 0-5 ug kg~ ' min~') were administered. At
the end of each infusion period, recordings were
made of heart rate, arterial blood pressure. aortic
blood flow, left ventricular pressure and its first
denvative (LVdP/dt; obtained by electronic differ-
entiation). For a representative tracing, see Fig. 1.
Thereafter. approximately 10° microspheres were
injected into the left atrium, while a blood reference
sample (8-8m! min~') was withdrawn from the
cannula in the aorta. The stability of the systemic
haemodynamic condition of the animals was evalu-
ated by infusion of the solvent of nisoldipine using
identical infusion rates as with nisoldipine. The
stability of the regional blood flows could not be
evaluated during the solvent infusions, because of
the limited number of different isotopes available.
However, we have observed in conscious animals
with normal left ventricular function that the sol-
vent neither affected systemic haecmodynamics nor
regional blood flows (unpublished data from our
laboratory). Furthermore, in our laboratory
repeated blood flow measurements by the micro-
sphere technique have been shown 1o have a
variability of less than 6%,

After compiction of the experiments. the animals
were killed with an overdose of sodium pentobarbi-
tone and several organs and tissues were dissected
out. Both iliopsoas muscles were dissected as skel-
etal muscle, The heart was dissected after fixation
in a 10% formaldehyde solution. The infarcted
(fibrotic) area was separated from the non-infarcted
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Figure ] Representative tracing of simuitancously recorded haemodynamic parameters during base-
line (2) and after the highest dose (0-5 pg kg~ min~") of nisoldipine (b). From top to bottom are shown,
Ieft atrial pressure (ILAP), arterial blood pressure (AoP). left ventricular pressure (LVP) and its first

derivative (LVdP/dt) and aortic blood flow (AoBF).

area of the left ventricle, while the larter was divided
in epi. meso- and endocardial layers of equal thick-
ness for the measurement of regional myocardial
blood flows and the ratio between the normalized
endocardial and epicardial blood flow. Because the
fibrotic segment could not be reliably divided into
layers of equal thickness, we determined only
transmural flow in the centre of this segment. All
tissues were placed in plastic vials and the radio-
activity in these vials was counted for 10min in 2
gamma-scintillation counter (Packard. Minaxi

autogamma 35000} using suitable windows for
discriminating isotopes. Regional blood flows
were analysed using specially developed computer
programmes'”,

DRUGS

Nisoldipine (Bay K 5552; Bayer AG. Wuppertal,
F.R.G.) was prepared from a stock solution {0-5mg
ml~', dissolved in polyethylene glycol 400, glycerol
and water). The niscldipine solution and the solvent
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Figure 2 Systemic haemodynamic effects of four consecutive doses of nisoldipine (hatched bars) or
its solvent {open bars) in conscious pigs with chronic heart failure. The set of open bars at the lefi side
of each graph represent the pre-drug baseline values of the animals receiving the solvent (left) or
niseldipine (right). Niscldipine 00, & 50, 8 100, 3250, B 500 ngkg ' min . Syst. vas, resistance =
systemic vascular resistance; LVEDP =left ventricular end-diastolic pressure. *P<0-035, drug-

induced changes statistically significant vs solvent.

were dituted with 0-9% w/v NaCl sclution immedi-
ately before use and administered while protected
from light.

STATISTICAL ANALYSIS

All data are presented as mean+s.e. mean. The
significance of the effects of nisoldipine or the
solvent was evaluated by Duncan’s new multiple-
range test once an analysis of variance for one series
of repeated measurements {or two series, where
appropriate) had revealed that the samples rep-
resented different populations (random block de-
sign). A P value less than 0-05 was considered
statistically significant.
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Resufts

SYSTEMIC HAEMODYNAMICS

The solvent exerted no significant effect on any
of the systemic haemodynamic parameters (Fig. 2)
Nisoldipine raised cardiac output dose-dependently
from 2:1+0-1 to 2:9 to 0-21 min~' (P<0:05) by
increasing both heart rate (from 144+ 9 10 161+ 8
beatsmin~',23%)and strokevolume(from 14+ i to
18+ 1 ml, 25%). Left ventricular dP/dr, increased
by 37% (from 2600+ 100 to 3500+ 250 mmHgs ™).
Mean arterial blood pressure did not change. which
implies that Systemic vascular resistance. calculated
as the ratio of mean arterial blood pressure and



400 *

endo/epi

Figure 3 The effect of four consecutive doses of nisoldipine on myocardial blood flow in
non-infarcted {a) and infarcted area (b) of left ventricle in animals with chronic heart
failure. Nisoldipine O 0, & 50, 21 100, & 250, & 500 ng kg~' min~'. Endo/epi =ratio of
normalized blood flow in subendo- and subepicardium of noneinfarcted left ventricle.
* PO-05, drug-induced changes statistically significant vs baseline (open bars).

cardiac output, had decreased (from 53+ 3103743
mmHg min 17?). Left ventricular end-diastolic
pressure decreased from 19+2 to 164+ 1 mmHg
(P <0-05).

MYOCARDIAL BLOOD SUPPLY

Perfusion of the myocardial segment not sup-
plied by the left circumflex coronary artery in-
creased gradually from 200425ml min™! 100 g~
to 321£38ml min~' 100g~' (P<0-03) at the
highest dose (Fig. 3) The increase was homo-
genecusly distributed over the different layers as the
normalized subendo-epi blood flow ratio (1-:25+
0-03) did not change. The increase in transmural
blood flow (23 +9% and 70+20% after infusion
rates of 0-25 ug kg~ ' min~' and -5 ug kg~ ' min ',
respectively} exceeded the increase in myocardial
oxygen demand, calculated as the product of heart
rate and left ventricular systolic biood pressure
{5+43% and 134 4% after the two highest infusion
rates). Based on this observation, it is reasonable to
assume that the decrease in the coronary vascular
resistance (up to 35+ 5% after the highest dose) was
a true vasodilatory response to nisoldipine rather
than a consequence of an increased metabolic de-
mand. Perfusion of the central zone of the myo-
cardium supplied by the occluded left cirumfiex
coronary artery was 21+4% of that of the non-

affected myocardinm jusi prior to drug adminis-
tration. Nisoldipine also increased flow to the core
of the fibrotic myccardium (Fig. 3). but the in-
crements were considerably less (2045 ml min~'
100 g~' increase from baseline with the highest
dose) than for the normal myocardium.

REGIONAL BLOOD FLOWS

Nisoldipine caused a five-fold increase in skeletal
muscle flow and almost doubled blood flow to the
adrenal glands and stomach (Fig. 4) Perfusions of a
number of other organs such as kKidneys, brain. skin
and small intestine were. however, not affected by
the drug (Fig. 4). From the arterial blood pressure
and repional blood flow data it can be easily con-
cluded that vasodilation only occurred in those
organs in which flow had increased.

Discussion

SYSTEMIC HAEMODYNAMIC CHANGES INDUCED BY
INFARCTION AND NISOLDIPINE

In pigs occlusion of the proximal left circumflex
coronary artery lasting 60 min or longer produces a
distinct myocardial infarction and left ventricular
dilatation without a considerable loss of animals!®,
Left ventricular dysfunction is manifested most
clearly by the higher left ventricular filling pressure
and systemic vascular resistance and the lower
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Figure 4 The effects of four conseeutive doses of nisoldipine on organ blood
fiows in conscious pigs with chronic heart failure. Nisoldipine O 0. & 50.
100, 250, @ 500ng kg’ min~', *P<005, drug-induced changes

statistically significant vs baseline.

cardiac output and LVdP/dt_, than in ideniically
instrumented conscious pigs, but without the
corenary artery ligation!!'l. The changes in the hae-
modynamic parameters recorded 2-3 weeks after
the infarction are comparable with those induced
by chronic rapid ventricular pacing!'**®. The fact
that after an adequate number (usually 6-8) of
adaptation sessions the preparation remained stable
during infusion of the solvent for at least 5¢ min
demonsirates that the model is suitable for the
evaluation of acute pharmacological interventions.
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The highest dose of nisoldipine in the present
study. which exerts only very minor effects in pigs
without coronary ligation!!"!, lowered left ventricu-
lar filling pressure (17%) and systemic vascular
resistance (28%) and increased cardiac output
(41%). stroke volume (26%) and LVdP/dr_
(37%). while arterial blood pressure remained
unchanged. Although significant systemic vasodi-
lation oceurred. reflex-mediated tachveardia was
only mild (13%). probably due to progressive
adrenergic-receptor downregulation®'.



MYOCARDIAL BLOOD FLOWS

Transmural blood fiow to the myocardium, ad-
Jjacent to the segment perfused by the left circumflex
coronary artery was 200+25ml min~' 100g™!
before drug administration. This value is about
15-20% higher than what we have reported before
for normal myocardium of conscious pigs™. The
higher baseline heart rate (15%) of the animals in
the present study is probably the most important
factor contributing to this finding. The nisoldipine-
induced increase in transmural left ventricular
blood flow is in agreement with the results of studies
in anaesthetized as well as conscious animals,
including pigs'>**®. In these studies. the subepi-
cardium benefitted more from the increase in
transmural flow than the subendocardium. In the
animals with heart failure, we did not observe such a
preference for the subepicardizl layers, most likely
due to the relatively small increase in heart rate and
negligible effect on arterial blood pressure®, Per-
fusion of the fibrotic segment was surprisingly high
{21% of the adjacent normal myocardium) in view
of the lack of coronary collaterals in pigs without
coronary artery obstruction. We and others have
repeatedly shown that after an acute coronary
artery occlusion in pigs, the ischaemic myocardium
receives less than 5% of its pre-occlusion blood
fow™ 7, Coronary collaterals can be induced in
pigs by applying a fixed critical stenosis™ or an
ameroid constrictor™ around a native coronary
artery. In these models collaterals are formed which
can provide the myocardium with up to 80% of the
blood flow at rest, which depends on the site of the
stenosed artery, the time allowed for the formation
of the collaterals and the pharmacological inter-
vention™, However, little is known about the for-
mation of coilaterals after complete ligation of a
coronary artery. As these vessels do not develop
within 48 h™, it is doubtful that they will be able to
salvage any myocardium. The increase in collateral
flow by nisoldipine may therefore be of limited
clinical significance.

REGIONAL BLOOD FLOWS

During chronic heart failure in swine incremental
dosages of nisoldipine increased blood flow to
adrenals and stomach. but that to the kidneys.
brain, liver and skin remained unaffected. In con-
trast, studies with the calcium antagonist diltiazem
in experimental heart failure in conscious rats
showed that this compound increased blood flow to
normal myocardium, adrenals, kidneys, liver, skin
and brain. while blood flow to skeletal muscle

remained unaffected at rest, and only slightly in-
creased compared with saline during exerciseP?.
The most significant observation in the present
study was the five-fold increase in skeletal muscle
biood flow. As more than 10% of the total body
welght consists of skeletal muscle in this species. it is
unlikely that all muscle groups will benefit equally.
This is supported by the observation with mimodi-
pine in anaesthetized pigs, in which the flow to a
number of skeletal muscle groups increased., but the
response varied considerably with the location®'l,
Studies with an experimenial heart failure model in
rats showed thar significant drug-induced blood
flow redistribution within skeletal muscle may be
determined by the fibre-type of the muscle groups™,
Studies in patients with congestive heart failure
have shown that an improvement of the impaired
vasodilator response or an improvement of the
reduced maximal oxygen consumption may be a
prerequisite for improved exercise tolerance®?.
The results of the present study indicate that the
enhancement of skeletal muscle perfusion by nisol-
dipine, if maintained during chronic adminis-
tration, may improve the impaired vasodilator re-
sponse observed in patients with moderate to severe
heart failure.

Mrs M. van Ecand L. K. Soei, MSc are thacked for expert
preparation of the manuseript. The staff of the Laboratory
for Experimental Surgery is thanked for their assistance
during the surgical procedures and the use of their facilities.
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Cardiovascular Effects of Elgodipine in Conscious Pigs
with a Normal Coronary Circulation and in Conscious Pigs
with a Healed Myocardial Infarction

Leon J. van Woerkens, Sylvia N. Schotman, Willem J. van der Giessen, and
Pieter D. Verdouw

Laboratory for Experimental Cardiology, Thoraxcenter, Erasmus University Rotterdam, Rotterdam. The Netherlands

Summary: The cardiovascular effects of the phenyldihy-
dropyridine derivative clgodipine (0.3, 1, 3, 10, and 30
pg/kg/min) were studied in normal conscious pigs and in
pigs with chronic left ventricular dysfunction (LVD,
caused by coronary artery occlusion) without and after
B-adrenoceptor blockade with propranclol (0.5 mg/kg +
0.5 mg/kg/b). In normal pigs, elgodipine increased cardiac
output from 2.57 = 0.09 t0 5.21 £ 0,24 L/min {p < 0.05}
as a result of a doubling of the heart rate. Mean arterial
blood pressure decreased from 94 = 210 76 = 3 mm Hg
{p < 0.05) as a result of a decrease in systemic vascular
resistance. Left ventricular (1V) dP/dr,,,, increased (by
up 10 78 = 9%%). but left ventricular end-diastolic pressure
(LVEDP) remained unchanged. After propranolo! admin-
istration ¢lgodipine did not increase LV dP/dr,, .. and the
increase in heart rate was attenuated, resulting in a

smaller increase in cardiac output (from 2.11 = 0.13 to
3.09 = 0.23 L/min. p < $.05), but an unchanged vasodi-
lator response. In pigs with LVD, elgodipine increased
cardiac output and LY dP/dr, .. less than in normal ani-
mals, but the vasodilator response was not affected.
LVEDP decreased from 14.6 * 1.6to 11.7 = 2.5 mm Hg
(p =< 0205), In animals with L.V, propranolol caused a
more severe depression of systemic hemodynamics, but
did not modify the cardiovascular responses to elgo-
dipine. Tts cardiovascular profile suggests that ¢lgodipine
may not gnly be useful in the treatment of cardiovascular
disorders for which other dihydropyridines are already in
use, but also in mild ¢hronic heart failure. Key Words:
Myocardiai infarction—S8ystemic hemodynamics—
Calcium antagonist—Elgodipine—p-Adrenoceptors
blockade-—Conscious pigs.

Clinical e¢vidence has been presented showing
that the second generation of dihydropyridine cal-
cium antagonists, because of their higher vascular
selectivity, may be more useful in the treatment of
mild heart failure (1-4) than the first generation.
The negative reports on the first-generation cal-
cium-channel blockers have stressed their negative
inotropic actions as the major factor in the failure to
improve left ventricular dysfunction (LVD) (5.6).
Elgodipine (isopropyl (2-(N-methyl-N-(4-fluor-
benzyl)-amine)-ethyl.2.6-dimethyl-4-(2’,3'-
methylenedioxypheny!)-1.5-dihydropyridine-3.5-
dicarboxylate. monohydrochloride). IQB 875D)isa
novel compound. which has been shown to relax
smooth muscle by inhibition of the slow inward cal-

ciam current (7) in vitro. Subsequent studies in
anesthetized pigs have indeed shown that elgo-
dipine caused vasodilation of the systemic and cor-
onary vascular beds (8), while pulmonary artery
pressure was lowered in anesthetized dogs (9). In
these studies (8,9) heart rate did not increase in
spite of a profound lowering of arterial blood pres-
sure, but the anesthetic regimen may have blunted a
reflex-mediated tachycardia. It is, however. note-
worthy that nisoldipine raised heart rate in anesthe-
tized pigs (10).

In order to establish the cardiovascular profile of
clgodipine without interference of anesthetic
agents, we now describe the actions of elgodipine in
conscious instrumented pigs. Measurements were
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repeated after B-adrenoceptor blockade to eliminate
the contribution of the sympathetic nervous sys-
tem. Because some of the cardiovascular effects of
calcium-channel blockers might be modified under
pathological conditions (11). we also present the
acute cardiovascular effects of clgodipine in con-
scious pigs with a 3-week-old myocardial infarction.

METHODS

Surgical procedures

After an overnight fast, 21 crossbred Landrace-
Yorkshire pigs of either sex (20-25 kg)., pretreated with
600 mg of a mixture of procaine penicillin-G and benza-
thine penicillin-G i.m. (Buplocillin. Gist-Brocades NV,
Delft. The Netherlands}. were sedated with an injection
of 30 mg/kg ketamine HC i.m. (Aeskoket. Aesculaap BV,
Boxtel. The Netherlands)., Subsequently the animals
were intubated and mechanically ventilated with a mix-
ture of oxygen and nitrous oxide (1:;2) 1© which 1-4%
(volfvol) enflurane was added. Under sterile conditions. a
jugular vein and a common carptid artery were cannu-
lated for infusion of drugs or solvent and measurement of
arterial blood pressure, respectively. The chest was
opened via the third left intercostal space, and aa elec-
tromagnetic flow probe (Skalar. Delft. The Netherlands)
was positioned around the ascending aorta for the mea-
surement of aortic biood flow. The heart was exposed via
the fifth intercostal space. and a Konigsberg pressure
transducer (Konigsberg Instruments Inc., Pasadena, CA.
U.3.A.) was implanted into the left ventricle of the heart
through its apex for recording of left ventricular pressure.
The left atrium was cannulated for recording of left atrial
pressure, which. together with the arterial blood pres-
sure, was used for calibration of the Konigsberg trans-
ducer signal. Thkroughout the duration of the experiments.
the readings of the Konigsberg system were venfied using
the fluid-filled systems. In 13 anitals the proximal seg-
ment of the left circumflex corenary artery (LCXCA) was
permanently ligated in order to induce a myocardial in-
farction (i1). After 30 min. during which serious ventric-
ular arrhythmias (sustained ventricular tachycardia or
ventricular fibrillatior) were treated with immediate DC
countershock, the ¢hest was closed and the wires were
tuaneled subcutaneously 1o the back. and the animals
were aliowed to recover from surgery. The animals re-
ceived daily doses of 300 mg amoxicillin (Clamoxil.
Beecham Farma B.V.. Amstelveen. The Netherlands)
and. during the first week only, kanamycin 500 mg
(Kanymex, Gist Brocades N, V.. Delft. The Netherlands).
to prevent infection. Catheters were flushed daily with an
isotonic saline solution c¢ontaining 500 IU/ml heparin.
During the first 3 weeks of the posteperative recovery
period the animals were adapted to the laboratory facili-
ties (8~10 sessions) while hemedynamic parameters were
monitored, The experimental protocols were executed
when systemic hemodynamics had remained stable for at
least I L. usually 3 weeks after instrumentation. All mea-
surements were done while the animals were quietly rest-
Ing in a constraining jacket.

Mortality
All eight animals with intact coronary circulation were
used for the study. Of the 13 pigs in which the LCXCA

was eccluded. four died suddenly during the postopera-
tive period, most likely as a result of ventricular arrhyth-
miz. One animal was excluded because of an infection.

Experimental protocols

Each animal received five consecutive 10-min infusions
of elgodipine at increasing infusion rates of ¢.3. 1.0. 3.0.
13, and 30 pg/kg/min or (ive conseeutive infusions of the
solvent of elgodipine without and after B-adrenccepior
biockade with propranolol (0.5 mg/kg followed by an in-
fusion of 0.5 mg/kg/h). Volumes of the solvent corre-
sponded with those administered during the clgodipine
infusions.

The dose of propranolol provides a stable cardiovascu-
iar condition and adequate B-adeenoceptor blockade. i.e.,
dose ratios >20 for heart rate. left ventricular (LV) 4P/
4t ok and diastolic blood pressure (12), Elgodipine infu-
sions were started 10 min after administration of the pro-
pranolol bolus. Data were obtained at baseline and at the
end of each infusion step, and. in the propranoloi-treated
animals, alse 10 min after administration of the
B-adrenoceptor antagonist when the cardiovascular vari-
ables had reached a new stable level, Execution of con-
secutive experiments in the same animal was separated
by an interval of at least 24 h. After an experiment in
which propranolol was used. the interval was at least 48
b. The study was performed according Lo the guidelines
approved by the American Physiclogical Society and ap-
praved by the Ethical Committee for Animal Experimen-
tation of the Erasmus University Rotterdam.

Drugs

Apart from the anesthetics used during surgery and the
antibiotics and heparin used during the postsurgical pe-
riod. the only drugs used in this study were clgodipine
{courtesy of Dr, A, Galiano. Instituto de Investigacion y
Desarrollo. Quimico Biologico SA. Madrid, Spain) and
propranolol hydrochioride ¢(ICI Farma, Rotterdam. The
Netherlands). Stock solutions {15 pg/kg/ml) of elgodipine
were made in a mixture consisting of 3% (vol/vol) ethanol
in 0.9% wt/vol NaCl. Further dilutions were made in 0.9%%
wifvol NaCl. Preparation of the solution and infusion of
the drug took place while the drug was protected from

light.

Statistical analysis

All data arc expressed as mean = SEM. Sttistical sig-
nificance of the clgodipine-induced changes was calcu-
lated by comparing the drug-induced changes from base-
line with the solvent-induced changes after an analysis of
variance had revealed that the samples represented dif-
ferent populations. Statistical significance was accepted
at p < 0.05. A Bonferroni procedure was used because of
multiple comparisons.

RESULTS

Baseline values and hemodynamic stability

Effects of solvent infusions. Al baseline the most
striking difference between the normal pigs and the
pigs with myocardial infarction was noticed in the
left ventricular end-diastolic pressure {LVEDP).
which was twice as high in the animals in which the
LCXCA was permanently occluded (Table 1. LV



dPldey,., was 30% lower in the animals with the
infarctions than in the normal animals (Table 1).

Intravenous administration of incremental infi-
ston rates of the solvent did not affect any of the
systemic hemodynamic parameters in either group
of animals during the 50-min duration of the study
period (Table 1).

Normazl conscious animals

Systemic hemodynamic effects of elgodipine,
Figure 1 shows that for infusion rates >1 pg/kg/min.
clgodipine caused a dose-dependent increase in car-
dizc output (up to 103 = 9% with the highest dose:
p < 0.05), which was almost exclusively due to the
increase in heart rate (Up 10 82 = 18%, p < 0.05), as
stroke volume (not shown) increased only with the
highest dose (12 = 4%. p < 0.05}. Mean arterial
pressure (MAP) started to decrease when the infu-
sion rate was increased to 3 pg/kg/min and had
fallen by 19 = 3% (p < 0.05) by the e¢nd of the
highest infusion rate (30 pg/kg/min). Since the de-
crease in MAP was accompanied by an increase in
cardiac output, it can be calculated that systemic
vascular resistance (SVR) had decreased. Systemic
vasodilation already occurred during the infusion of
1 pg/kg/min and had reselted in a 59 = 3% decrease
in SVR at the highest dose {p < 0.05) (Fig. 1). Ar-
terial pulse pressure, taken as the difference be-
tween systolic and diastolic arterjal pressure, was
not affected (not shown). LVEDP did aot change.
but LV dP/dt, ., increased up to 78 = 9% (p < 0.05}
above its baseline value of 3,720 = 370 mm Hg/s.

Effects of B-adrenoceptor blockade. Propranolol
decreased cardiac output (15%2), heart rate (18%),
and LV dP/dr, ., (25%). while systemic vascular re-
sistance (22%) and LVEDP (24%) increased (Table
2) (all values p < 0.05). MAP and stroke volume
were not affected. These changes were very similar
to those described previously in conscious pigs {12).

Svstemnic hemodynamic effects of elgodipine af-
ter B-adrenoceptor blockade. B-adrenoceptor
blockade did not modify the vasodifator response to
clgodipine, but abolished the increase in LV 4P/
dtm.x (Fig. 1). The elgodipine-induced increases in
heart ratc were considerably attenuated. but not
abolished. Cardiac output increzsed, but the incre-
ments were coasiderably less than before
B-adrenoceptor blockade. LVEDP was not af-
fected.

Conscious animals with a 3-week-old infarction
Systemic hemodynamic effects aof elgodipine.
The three lowest doses of elgodipine had only a
very minor effect on cardiac output (Fig. 2). At the
two highest doses cardiac output increased, but the
increments were less than in the normal animals.
This was primarily due to a smaller increase in heart
rate (maximal increases of 71 = 13 and 104 = 7
beats/mia for the animals with chronic LVD and
normal animals, respectively, p < 0.05). The va-
sodilator capacity of elgodipine was not affected as
compared to that of the normal animals. but there
were marked differences in the responses of left
ventricular filling pressure and LV dP/dr_,,.
LVEDP was reduced by 3.0 = 1.1 mm Hg a2 the

TABLE 1. Systemic hemodynamics during infusion of solvent in conscious pigs with an intact coronary circulation
antd conscious pigs with a 3-week-old infarction

Time after start of solvent infusion (min)

Baseline

=

20 30 40 50

HR N 117 =4 115=4 N5=3 115=5§ 11§ =6 17 =7

I 1286 1287 12727 127 £ 6 1287 131 =7
Co N 254 = 0,15 250 x 0,16 250 = 0.16 248 =0.16 248 = 016 256 = 0.20

I 235013 236 =0.12 2.3 =013 236 20,13 235 =0.13 238 = 0,13
Y% N 21+ 1 20 =1 A=l M=t =2 21=2

I 192 19 =1 9=2 20+ 19«2 19«2
SAP N 113 =6 116 = § 14 = & 115 =§ 114 =5 111 =4

1 108 =6 05 =6 106 = 6 W6 =6 07 =6 108 = 6
MAP N 97 x5 01 =4 100 =4 100 = 4 99 x4 98 =4

1 86+ 5 g5 =5 g5+ S B85 xS 87 =5 =5
DAP N x5 B84 >4 81+ 4 83 x4 8l =4 Bl =3

1 69 x 3 68 =3 69 =3 69 =3 0=3 I =a
SVR N =3 =3 0=3 40 =3 40 =3 =3

1 37 =1 7= 7=l 37 =1 B=1 =1
LV dPldt,,.. N 3,340 = 280 3310 = 290 3,300 = 330 3480 = 270 3.410 = 330 3.450 = 310

I 2750 = 2104 2.760 = 180 2,780 = 200 2,770 = 190 2770 = 210 2.770 = 220
LVEDP N 50x04 53 =04 51=05 4.7 = 0.4 4.6 = 0.4 53=02

I 156 = 2.0¢ i58x20 156 =290 155 = 2.1 156 =20 156 = 2.1

HR., heart rate (beats/mink: N, normal coronary girculation (n = 8); I, oceluded left circumflex coronary artery (n = 8); CO, cardiac
output (L/min): SV, stroke volume (ml): SAP. syslolic arterial blood pressure (mm Hg), MAP. mean arterial blood pressure (mm Hg):

DAP, diastolic arterial blood pressure (mm Hg): SVR. systemic

vascular resistance (mm Hg - min/L): LV dP/dy, . . maximum mate of

rise of left ventriculur pressure (mm Hg/s): LVEDRP, left ventricular end<diastolic pressure (mm Hg).

Data are mean = SEM. “p < 0.05 versus N.
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highest dose (p < 0.05) in the animals with the in-
farctions. whereas it remained unchanged in the
normal animals. The largest difference was. how-
ever, seen in the response of LV dP/dt,, at the two

FiG. 1. Cardiovascular effects of eigo-
dipine in conscious pigs with an intact

* coronary cirgulation without (open cir-
! - cles, n = B) and after B-adrenoceptor
4000} " : blockade {solid circles, n = 8§) with pro-

. pranolol. CO, cardiac output: HR, heart

rate; MAP, mean arterial blood pressure;
LV dP/dL, .. maximal rate of rise of left
ventricular pressure; SVR, systemic vas-
cular resistance; LVECP, left ventricular
end-diastolic pressure; ", eigodipine-
induced changes are significantly differ-
ent {p < 0.05) from solvent-induced
changes {see Table 1), Data have been
presented as mean = SEM.

30
(kg/kg/min)

highest doses of eigodipine. The sharp increase in
LV dPlde,,, observed in the normal animals was
absent in the animals with the 3-week-old infarc-

TABLE 2. Hemodynamic effects of B-adrenoceptor blockade with propranolol in eight
normal conscious pigs and cight conscious pigs with a 3-week-old infarction

Neormal pigs Pigs with infarction

Baseline Propranolol Baseline Propranolol
ER 9 =7 101 = 133 =6 103 = 4«
MAP 99 =4 102 = 91 +3 93 =3
CcG 246 = 0.10 211 = 3 236 = 0.07 1.79 = 0.06"
SVR 388 = 1.3 47,5 = 3,07 386 =19 53.0 = L.7°*
LVEDP 6.6 =09 8.1 =12 119 = 1.1 15.3 £ 142t
LV dPidt,,, 3.670 = 260 2,760 = 219¢ 2,760 = 160 1950 = 130°
Sv 203 = 1.1 204+ 1.1 19.3 = 1.1 17.6 = 1.0¢

HR. heart rate (beats/min); MAP. mean arterial blood pressure (mm Hg): CO, cardiac output
(L/min}; SVR. systemic vascular resistance (mm Hg - min/L); LVEDP, left ventricular end-diastolic
pressure (mm Hg): LV dP/dr,,,,. maximum rate of nse of left ventricular pressure (mm Hgls):

8V, stroke volume (mi}.
Data are mean = SEM.
¥ p < 0.05 versus baseline.

* Propranolol-induced change is significuntly different (p < 0.05) from propranolol-induced change

in normal pigs.
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Effects of B-adrenoceptor blockade. The same
dose of propranclol as used in the normal conscious
pigs now caused a slight decrease (8%) in stroke
volume, whereas stroke volume in the normal ani-
mals remained unchanged (Table 2). The decrease
in cardiac output, both in absolute values and as a
percentage of baseline, was larger in the animals
with the infarction than in the normal animals {0.58
= 0.05 vs. 0.35 = 0.06 L/min. respectively, p <
0.05). Furthermore, the increases in SVR, and
LVEDP were also significantly larger as compared
to the normal animais (Table 2).

Systemic hemodynamic effects of elgodipine of-
ter B-adrenoceptor blockade. B-adrenoceptor
blockade again did not modify the vasodilator re-
sponse to elgodipine (SVR 53% without and 509
after 8-blockade), However, B-blockade with pro-
pranolo!l attenuated the ejgodipine-induced increase
in cardiac output because of a smaller increase in
heart rate (57% without, compared 10 30% after
B-blockade, respectively, p < 0.05). LVEDP, in
contrast to the experiments without B-adrenoceptor
blockade, was not fowered (Fig. 2).

1

a 0

elgodiplne  {ug/kgimin}

DISCUSSION

The present study confirms the vasodilator re-
sponse of the systemic vascular bed to elgodipine as
observed in ancsthetized pigs (8), for conscious nor-
mal animals as well as for animals with chronic
LVD. Compared to the other dihydropyridines
¢valuated in the same model. the vasodilator po-
tency of elgodipine is of the same order as that of
nifedipine and nimodipine. but less than that of
nisoldipine {12). In contrast to our observations in
the anesthetized animals. we now observed a
marked increase in cardiac output, which was due
10 an increase in heart rate. It is therefore most
likely that the presence of anesthesia in the earlier
study (8) blunted a reflex-mediated tachycardia.
The increase in cardiac output was also responsible
for the smaller decrease in arterial blood pressure in
these conscious animals than in the anesthetized
animals. Parallel to the increase in heart rate there
was an increase in LV dP/dr .. which was abol-
ished when elgodipine was administered after
B-adrenoceptor blockade. Elgodipine. however,

47



£2000-

4000

LV dPidtyax (mmHg/sec)
5
8

LV dP/dtax (mmHg/sec)

075 30 45 60 045 30

SVR (mmHg - min/L) SVR

still caused a moderate increase in heart rate after
propranciol administration. This increase in heart
rate after f-adrenoceptor blockade is not unique to
elgodipine. since it has also been reported for other
dihydropyridine derivatives in pigs (12), dogs (13).
and humans (14), and may be due to parasympa-
thetic withdrawal (15).

In the animals with LVD due to myocardial in-
farction, the vasodilator response to elgodipine was
similar 1o that observed in the normal animals, but
the increase in the already depressed LV dP/dr,,.
was considerably less. This can be most clearly ii-
fustrated by plotting the relationship between SVR
and LV dP/dr,,,, (Fig. 3}. The smaller increase in
LV dP/dr.. may be one of the factors that contrib-
uted to the smaller increase in cardiac output by
clgodipine in the animals with the 3.week-old in-
farction. A similar observation has also been re-
ported for nisoldipine (11). Figure 4 demonstrates
that the smaller increase in heart rate is not the only
factor responsible for the smalier increase in LV
dPldt,,,, in the animals with the 3-week-old infarc-
tion. and may be an indication of exhaustion of the
inotropic reserve of the noninfarcted (i.c.. left an-
terior descending coronary artery—perfused) myo-
cardium (11).

Similar to earlier observations with other dihy-
dropytidines (12). elgodipine did not affect left ven-
tricular {illing pressure in normal animais. A modest
but significant decrease was detected in the animals
with LVD. This observation is not unique. In an
carlier study we showed a significant, albeit relz-
tively small, effect for nisoldipine (11). Not all scc-
ond-generation dihydropyridines exert this prop-
erty: clinical studies in patients with congestive
heart failure have shown no effect of nicardipine (4)
on puimonary capiffary wedge pressure. whereas
data on felodipine (1.2) and isradipine (3.16) are in-
conclusive. The reason for this effect of elgodipine
is not clear. At first glance it appears that the effect
may be related to the increase in heart rate, since no
change in LVEDP was observed after the animals
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FIG. 3. Relationship between elgodipine-
induced systemic vascular resistance (SVR) and
LV dPidt,.,, in conscious pigs with intact coro-
nary circulation before (open circles, n = 8) and
after (solid clreles, n = 8), p-adrenocepior
blockade, and in conscious pigs with a 3-
week-old infarction before (open squares, o =
8} and after {$olid squares, n = 8} #-blockade,
Each data point Is the mean of eight observa-
tions. *Indicates that the slope of the linear re-
gresslon line of the normail animals was signifi-
cantly different (p < 0.05) from the mean slope
of the linear regression line of the animals with
the infarctien, as calculated by comparing the
slopes of the individual animals using an un-
paired Student’s t test (two-tailed).

45 80

were pretreated with propranolol (Fig. 2). How-
ever. in the normal animals the changes in heart rate
were even more striking, but LVEDP did not
change. Furthermore. if heart rate changes are im-
portant, an effect should also have been observed
with the aferementioned dihydropyridines (3.4).
Further studies are thergfore necessary 1o confirm
the lowering of elevated left ventricular filling pres-
sures by elgodipine.

The absence of negative motropy and the lower-
ing of the loading conditions of the heart is of inter-
est for the treatment of mild congestive heart fail-
ure, Now evidence is accumulating that the value of
positive inotropy in the treatment of this disorder
may be of limited value (17). Several other second-
generation dihydropyndines, such as nisoldipine
(18). nicardipine (4.19). felodipine (1.2.20), and is-
radipine (3.21). which have a cardiovascular profile
similar to that of elgodipine. have shown promise in
clinical trials of congestive heart failure. We there-
fore conclude that further studies with ¢lgodipine to
investigate its usefulness in the management of
heart failure in humans may be indicated. Special
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FIG, 4, Relatlonship between heart rate and LV dFP/dt,,, in
conscious pigs with an Intact coronary circulation (circle}
and in conscious pigs with a 3-week-old infarction (square).
For further details see Fig. 3 legend.



attention should be given to the effects of chronic
treatment, because the acute effects do not neces-
sarily reflect the long-term effects. A further point
of attention should be the effect of elgodipine on
neurohumoral activation. because vasodilators
such as the dihydropyridines may also imcrease
plasma norepinephrine and plasma reain activity
activation in response to the hypotensive action of
these drugs (22.23). However. this effect may be
biunted by the defective baroreceptor activity in pa-
tients with advanced heart failure. Furthermore,
there is evidence that calcium-channel blockers in-
hibit angiotensin II-mediated aldosterone release
(24). It has been suggested that vasodilators. like
the more vascular-selective second-gencration di-
hydropyridines., while markedly improving vascular
compliance., may unload the ventricle to a far
greater extent and thereby more than offset any
negative inotropic cffect or tendency 1o activate
neurcendocrine systems {25).
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Acute Hemodynamic Effects of Nisoldipine and
Pimobendan in Conscious Pigs with Chronic Heart Failure

Willem J. van der Giessen. Leon J. van Woerkens. Dirk J. Duncker,
Jos R. T. C. Roelandt, and Pieter D. Verdouw
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Surwmary: The acute systemic hemodynamic effects of
the calcium antagonist nisoldipine and the pyridazinone-
derivative pimobendan, a phosphodiesterase inhibitor
with vasedifating as well as positive inotropic properties.
were studied in conscious pigs with chronic heart failure.
Left ventricular (LV) dysfunction, manifested by a 25%
decrease in cardiac output (CO), a 35% increase in sys-
temic vascular resistance (SVR), and a doubling of the
left ventricular filling pressure. was induced by a proxi-
mal lipation of the left circumflex coronary artery. Two 10
three weeks after myeocardial infarction. cumulative 10-
min infusions of either nisoldipine (0.05, 0.1, .25, and ¢.5
wg/kg/min), pimobendan {2.5, 5, 12.3, and 25 pg/kg/min)
or the solvents were administered. Infusion of the sol-
vents did not affect any of the hemodynamic variables.
Both nisoldipine and pimobendan normalized CO and ex-
hibited a similar cardiac profile [systemic vasodilatation,

reduction in left ventricular filling pressure, and an in-
crease in heart rate (HR)] except for the significantly (p <
(.05) larger increase in LVdP/dr ., with pimobendan
(85%%) than with nisoldipine (45%). In animals with heart
failure, lower doses of both nisoldipine (twice) and pi-
mobendan (four times) were needed to elicit a 30% reduc-
tion in SVR than in animals with normal pump function.
For both drugs, the slope of the line describing the va-
sodilatory and positive inotropic properties shifted more
in favor of the vasodilatory actions during heart failure (p
<< .05). We conclude that in swine with chronic LV dys-
function nisoldipine, despite its lack of inotropic proper-
ties, appeared 1o improve ventricular function to the same
extent as the primary positive inotropic ageni pimoben-
dan. Key Words: Heart failure-—Myocardial infarction—
Systemic hemodynamics—Niseoldipine—Pimobendan—
Conscious pigs.

Vasodilator drugs may be of benefit in chroric
heart failure because of their capability of unloading
the heart by reducing systemic vascular resistance
(SVR) and thereby improving cardiac output (CO).
This 1s usually associated with a reduction in wall
stress and left ventricular (LV) filling pressure. Be-
cause of their vascdilatory properties, calcium
channel blockers have been studied extensively in
heart failure ctiologics: secondary to impaired cor-
onary blood flow and myocardial infarction, in-
creased SVR, pulmonary hypertension, and LV di-
astolic dysfunction due to hypertrophic cardiomy-
opathy. Clinical studies describing the effects of
caleium antagonists in patients with LV dysfunction
are not unequivocal. Some investigators report ben-
cficial cffects on acute as well as long-term hemo-

dynamics and exercise tolerance (I—4), and others
describe no effect or even aggravation of LV faiture
(5-8). A potential drawback to the use of calcium
channel blockers may be their negative inotropic
action. Although this action may be counterbal-
anced by a reflex-mediated sympathetic response in
some patients, compensation may be insufficient
because of ¢levated levels of catecholamines and
limited cardiac reserve in others. Nisoldipine is a
caleium channel blocker which belongs. to the class
of the [.4-dihydropyridine derivatives. The com-
pound exerts in vitro a 410 times stronger vasodila-
tory and an equal or weaker cardiodepressant ac-
tion compared to equimolar doses of nifedipine (9).
The potent coronary and systemic vasodilatory re-
sponses have been confirmed in the intact animat
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(9-13) and in humans (14-16). Wec describe the sys-
temic hemodynamic actions of nisoldipine in do-
mestic pigs with induced chronic heart fallure. To
determine if vasodilators with positive inotropic
properties are superior in this model, we also eval-
uated the actions of the benzimidazole-
pyridazinone derivative pimobendan, a phosphodi-
esterase inhibitor which zlso has calcium-
sensitizing properties {17).

MATERIALS AND METHODS

Surgical procedures

After an overnight fast, Yorkshire pigs (17-24 Kg). pre-
treated with 600 mg of a mixture of procaine penicillin-G
and benzathine penicillin-G intramuscularly (i.m.) (Cr-
plocillin, Gist-Brocades NV, Delft, The Netherlands),
were sedated with an i.m. injection of 30 mg/kg ketamine
HCI (Aeskoket. Aesculaap BV, Boxtel, The Nether-
lands). After endotracheal intubation, the animals were
connected to a respirator for mechanical ventilation with
a mixture of oxygen and nitrous oxide (1:2) to which
1—4% (volivol) enflurane was added. Under sterile ¢ondi-
tions. 2 jugular vein and 2 common carotid artery were
cannulated for infusion of drugs or solvent and measure-
ment of arterial blood pressure (BP), respectively. The
chest was opened through the third left intercostal space,
and an electromagnetic flow probe {1315 mm: Skalar,
Delft, The Netherlands) was positioned around the as-
cending aorta for measurement of aortic blood flow. The
heart was exposed through the fifth intercostal space, A
tip manometer pressure transducer (P,. Konigsberg In-
struments, Pasadena. CA, U.8.A.) was implanted into
the left ventricle of the heart through its apex for record-
ing of LV pressure. The left atrium was cannulated for
recording left atrial pressure which. together with arterial
BP. wis used to calibrate the Konigsberg rransducer sig-
nals. Subsequently, the proximal segment of the left cir-
cumflex coronary artery was ligated permanently for in-
duction of a myocardial infarction, After 30 min., the chest
was ¢losed. In this period. serious ventricular arrhyth-
mias [substained ventricular achycardia (VT?} or ventric-
ular fibrillation (VF)] were treated with immediate DC
countershock, Catheters and wires were tunnelled subcu-
tanecusly to the back, and the animals were allowed 10
recover from surgery. The animals received 500 mg
amoxicilline daily (Flemoxin, Gist Brocades NV, Delft,
The Netherlands). while the catheters were flushed with
heparinized saline solution. During the first 14 postoper-
ative days, the animals were adapted to the Jaboratory
facilitics. The experimental protocol was executed 2-3
weeks after instrumentation and induction of the myocar-
dial infarction.

Experimental animals

Eleven animals underwent the surgical procedures.
During the first 30 min after coronary artery occlusion,
VF occurred in four of these animals. Defibrillation was
successful in all. One animal died suddenly the day after
surgery. During the course of the study, no other animal
died.

To establish whether ligation of the left circumflex cor-
onary artery affected cardiac pump function in the
chroni¢ phase. we compared the baseline data of the sws-
temic hemodynamic parameters with those of 20 other
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animals {(mean weight 22 kg) that had undergone the iden-
tical surgical procedures except for coronary artery liga-
ton. The baseline data of seven of these animals were
described previously (18).

Experimental protocols

Three series of experiments were performed. In two
series, four consecutive 10-min intravenous (i.v.) infu-
sions with incremental dosages of cither drug were ad-
ministered. The infuston rates were 0.05, 0.1, 0.25, and
0.5 pg/kg/min for nisoldipine {n = 6) and 2.5. 5. 12.5, and
25 pglkg/min for pimobendan (n = &}. In the third scries
of experiments (n = §) either the solvent of pimobendan
(n = 4) or that of nisoldipine (n = 4) was administered
with infused volumes identical to those of the active
drugs. At the end of each 10-min infusion period, when
parameters had reached a stable level. heart rate (HR},
aortic blood flow, LV pressure and its first derivative
(LVdP/dr), and arterial BP were recorded. Some animals
were used for more than one protocol. In such animals.
infusion of the drugs or solvents was randomized and
separated by at least 2 days.

After completion of the experiments, the animals were
killed with an overdose of pentobarbital sodium. The
hearts were removed, and the infarcted (fibrotic) area and
the noninfarcted area of the left ventricle were excised
after fixation for 7 days in a 109z formaldehyde solution.
Infarct size was expressed as percentage (wi/wt) of the
left ventricle.

Drugs

Nisoldipine infusions (Bay XK 5552: Bayer AG. Wup-
pertal, F.R.G.) were prepared from a stock solution (0.5
mg/mi) dissolved in equal volumes of polyethylene glycol
(PEG) 400 and glycercl. The nisoldipine solution and the
solvent were diluted with a 0.9% wi/vel NaCl solution
immediately before use and administered while protected
from light. Pimobendan (UD-CG 115 BS: Dr. Karl
Thomae GmbH, Biberach an der Riss. F.R.G.) was dis-
solved in a mixture of PEG 200 and saline (1:1).

Statistical analysis

All data are mean = SEM. Significance of the effects of
the drugs or the solvents was evaluated by Duncan’s new
multiple-range test once an analysis of variance
{ANOVA) had revealed that the samples represented dif-
ferent populations: p < 0.05 was considered statistically
significant.

RESULTS

Arterial acid—base balance and blood gases

The arterial blood gases during the experiments
were pH = 7.41 = 0.04. PCo. = 44 = 4 mm Hg, Po.
= 87 % 6 mm Hg. and HbO,-saturation = 9]
* 2%.

Evaluation of the heart faifure model

Occlusion of the left circumflex coronary artery
resulted in a fibrotic arca weighing 14 * 2% of the
total LV mass. Baseline values of systemic hemo-
dynamic variables differed significantly from those
of animals in our laboratory that underwent identi-
cal surgical procedures, ¢xcept for the coronary ar-
tery occlusions (Table 1). CO in the animals with



TABLE 1. Systemic hemodynamics of conscious pigs
with and without chronic occlusion of the LCXCA

LCXCA
Control occlusion
Hemodynamics {n = 20} m = 10
CO (L/min} 273003 2.06 = 0.18¢
HR (beots/min) 124 =3 133 =7
SV (ml) 2.0 = 1.0 15,4 = 1,57
LVdPidi, ., (mm Ha/s) 3.180 = 180 2,800 = 170
LVEDP (mm Hg) 103+ 10 19.8 = 1.4
MAP {mm Hg) 105 = 4 106 = 3
SVR {mm Hg/L - min) B2 51 =5

LCXCA, left circumflex coronary artery: CO. cardiac output:
HR, heart rate; 5V, stroke volume; LVdP/dr, .. maximum rate
of rise of left ventricular pressure; LVEDP, keft ventricular end-
dinstolic pressure; MAP, mean arterial blood pressure; SVR,
SYSlEMmIC VasCular resisinee.

“p < 0.05 versus control.

heart fallure (2.06 = 0.18 I./min) was 25% lower
than in the nonligated animals (2.73 = (.13 L/min)
because the increase in HR in the infarcted animals
infarcted animals was insufficient 1o compensate for
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the decrease in stroke volume (8V). Mean arterial
BP (MAP) was maintained because of a 35% in-
crease in SVR, From the other determinants of car-
diac performance, LV end-diastolic BP (LVEDP)
was doubled. whereas the contractility index
LVdP/dr .. was 10% lower in the animals with
heart failure despite the slightly higher HR.

Stability of the model during the 50-min
observation period

After the adaptation sesslons were completed.
the systemic hemodynamic variables remained sta-
ble during administration of solvents for at least 50
min {Fig. 1).

Effects of nisoldipine in heart failure

Infusion at a rate of 0.05 wg/kg/min had no effect
on any of the hemodynamic variables, but when the
infusion rate was increased most parameters
changed gradually {Fig. 1). CO was restored to nor-
mal when nisoldipine was infused at a rate of 0.5
we/keg/min. This increase in CO was caused by in-

STROKE VOLUME

FIG. 1. Systemic hemodynamic ef-
fects of nisoldipine (NIS) and pi-
mobendan (FIM} in conscious pigs
with heart failure. Stability of the
rmodet was Investigated by infusion of
sclvents (SOL). LVEDP, left ventricuiar
end-diastclic pressure. Data are mean
= SEM; *p < 0.05, drug-induced
changes statistically significant versus
solvent-induced changes.
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Nigoldipine

FiG. 2. Vasodilatery actions of nisol-
dipine and pimobendan in conscious
pigs without {solid circles) and with
(solid squares) heart failure, Doses are
the total cumulatlve dose. SVR, sys-
temic vascular resistance. Responses
In the animals without heart fallure are
from earlier studies by our laberatory
{18,23). "Mean slope of the line for nor-
mal animals significantly different (p <
0.05) from the mean siope for animals
with heart failure. Statistical signifi-
cance was determined by calculating ‘
slopes of the regression lnes of indi- J
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creases in both HR (27%) and SV (20%). MAP did
not change as SVR was normalized. LVEDP de-
creased from 20 + 2 to 16 = 2 mm Hg (p < 0.09).
but was still elevated as compared with values of
the nermal control animals. while LVdP/dr,,,. in-
creased to levels above those usually measured in
conscious animals without coronary artery obstruc-
11oms.

Effects of pimcbendan in heart failure

The lowest infusion rate (2.5 pg/kg/min) had no
effect on any of the cardiovascular parameters, but
increasing the infusion rate 10 25 pg/kg/min normal-
ized CO. primarily owing to an increase in HR (Fig.
1). Except for a more pronounced increase (p <
0.05) in LVdP/dr,,, with pimobendan (85%) than
with nisoldipine (45%). the cardiovascular profile of
both drugs was very similar after CO was normal-
ized by both drugs.

DISCUSSICN

Evaluation of the model

In pigs, occlusion of the left circumflex coronary
artery (LCXCA) causes a less severe impairment of
cardiac pump function than a proximal occlusion of
the left anterior descending coropary artery
(LADCA). This correlates well with the observa-
tion that the arca affected by occlusion of the
LCXCA is much smaller (15%) than the area af-
fected by occlusion of the LADCA (40%%). The
smaller mass of infarcted myocardium probably
also accounts for the smaller loss of animals due to
sudden death (19). Nevertheless. the loss of pump
function (25%) and the increases in LV filling pres-
sure (100%) and SVR (35%) in the present study
compare well with what has been observed in other
models of heart failure such as rapid ventricular
pacing (20.21). The coatractility index LVdP/dr .
was only mildly affected {— 10%}. This probably re-
sults not only from the size of the infarcted area. but
also from a compensatory mechanism in the adja-
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cent myocardium. An mmportant feature is the sta-
bility of the model after adequate adaptation ses-
sions which. together with maintenance of periph-
erzl reflexes. is paramount for study of acute
interventions. Because of the chronic nature of cor-
onary artery occiusion, the cardiac effects in these
pigs, which do not possess coronary collaterals, are
confined to the myocardium perfused by the nonoc-
cluded vessels (22).

Effects of nisoldipine and pimobendan

Both compounds decreased SVR as well as LV
filling pressure. Because nisoldipine increased SV
and to a lesser extent HR and pimobendan primarily
increased HR. both compounds were able to nor-
malize CO. The vasodilatory properties of nisol-
dipin¢ have been well documented {9-16}. In the
present study. this occurred at doses slightly fower
than has been described for conscious pigs with a
normal coronary circulation and pump function
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FiG. 3. Effects of nisoldipine (solid line) and pimobendan
(dotted ling) on relation between left ventricular end-diastolic
pressure (LVEDP) and stroke volume (SV) in conscious plgs
with (solid squares} and without (solid circles) heart failure,
In animals with filling pressures in the normal range, a re-
duction In filling pressure was accompanied by a decrease in
$V. Responses of the anlmals without heart failure are from
eartier studies by our laboratory (18.23).
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(Fig. 2) (23). The systemic vasoconstriction may
have potentiated the vasodilatory action of nisol-
dipine. However, the vasodilatory actions of nisol-
dipine in the study of Duncker and colleagues (23)
was only marginally affected when SVR was -
creased by pretreatment with proprancloi. There-
fore. other factors such as humoral changes which
occur in this chrenic heart failure model (W. J. van
der Giessen, F. H. M, Derkx. F. Boomsma, P. D.
Verdouw, unpublished observations, [988) may
also contribute, More striking was the observation
that pimobendan, which exhibited only minimal va-
sodilatory actions in conscious pigs with normal
pump function (i8). was a potent vasodilator under
the conditions described in the present study
(Fig. 2).

The larger increase in LVdPidr,, in the pi-
mobendan-treated animals was not translated into a
larger increase in SV as compared with nisoldipine.
The slightly larger decrease in LV filling pressure in
the pimobendan-treated animals may be the factor
responsible for this observation. The impostance of
not lowering LV filling pressure too greatly was
also demonstrated in normal conscious pigs in

FIG. 5. Relationship between vasodila-

tory and positive chronotropic actions of 260
nisoidipine and pimobendan in con-
sclous pigs with heart failure (solld
squares) and [n pigs without heart failure
betere (solid circles) and atfter {sciid tri-
angles) g-adrenoceptor blockade with
propranciol. SVR, systemic vascular re-
sistance. Responses in the animals with-
out heart failure are tfrom earlier studies
by our laboratory (18,23). "Mean siope for
normal animais (solid ¢ircles) was signif-
icantly different (p < 0.05) from both the
slopes of normal animals after
B-adrenoceptor blockade and that of an-
imals with heart fallure. Statistical analy- 50"

sis Is described in the legend to Fig. 2. 20
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FiG. 4. Relationship between va-
sedilatory and positive inotropic ac-
tions of nisoldipine and pimobendan
in conscious pigs with heart failure
{solid squares) and in pigs without
heart failure before (solid cir¢les) and
after (solid triangles) B-adrenoceptor

\_ blockade with propranclol. SVR, sys-

temic vascular resistance: LVdP/dr,
maximum rate of rise in left ventricuiar
pressure. Responses in the animais
without heart failure are from eartler
studies by our laboratory (18,23).
'S *Mean siope for the normal animais
(solid circles) was significantly differ-
ent (p < 0.03) from both the slopes of
normal animals after B-adrenoceptor
bleckade and that of animals with
heart failure. Statistical analysis is de-
scribed in the legend to Fig. 2.
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which SV was aither unchanged or decreased after
administration of the compounds (Fig. 3).

The slope of the linear regression lines describing
the rclationship between vasodilatory and positive
cardlostimulatory properties was shifted in favor of
vasodilatory actions during heart failure, approach-
ing (LVdP/dt,,,,) or parallelling (HR) the slope of
normal conscious pigs pretreated with propranolol
(Figs. 4 and 5). In chronic heart failure, reflex-
mediated responses can be blunted (24), which may
be due to depletion of norepingphrine (NE) from
cardiac sympathetic nerve endings (25) and down-
regulation of B-adrenoceptors (26). Furthermore, in
heart failure sympathetic activity is often already
enhanced (27) which results, as in exercise, in at-
tenuated baroreceptor-mediated reflexes. Although
these mechanisms may be operative in the present
model, their contributions appear to be limited, as
basal HR was not significantly increased, and HR
and LVdP/dr,,. increased considerably (although
less than in normal animals) after niscldipine and
pimobendan-induced vasodilatation. However, we
used an acute administration of the drugs. With
chronic treatment, the baroreceptors reset, which
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could shift the response even further in the direc-
tion of vasodilation.

We conclude that in swine with chronic LV dys-
function pimobendan, despite its positive inotropic
properties. had no clear advaniage over nisoldipine.
Further studies are needsd to evaluate which or-
gans and tissues benefit most from the increase in
CO. In earlier studies in anesthetized ammals with
normal LV function, we showed that pimobendan
mcreased blood flow to the splanchnic circulation
rather than the skeletal muscles (28).
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Cardiovascular Effects of the Novel Potassinm Channel Opener Bimakalim
in Conscicus Pigs after Myocardial Infarction.
A Comparative Study with Nicorandil

Summary

In conscious pigs potassium channel opener bimakalim (37.5 - 300 ngkgl.min?) and
nicorandil (10-80 ugkg’.min') cardiac output increased from 2.7 = 0.1 to 3.8 = 02
lLmin? and from 2.7 £ 0.1 to 3.9 £ 0.3 Lmin® (both p<0.05), respectively due to
increases in heart rate. Mean arterial blood pressure (104 + 4 mmHg) decreased
gradually to 91 = 6 with bimakalim and to 84 = 5 mmhg with nicorandil (both
p<0.05), due to similar decreases in systemic vascular resistance. LVdP/dt_ . also
increased with both drugs (up t0 48 = 11% and 69 = 7%) but left ventricular end-
diastolic pressure remained unchanged with bimakalim, while it gradually decreased
from9 > 1t 5 = 1 mmhg (p<0.05) with nicorandil.

In the pigs with a 3 weeks old myocardial infarction, the vasodilator responses 1o
bimakalim and nicorandil were not affected, but the increases in heart rate and
LVdP/dt,, were attenuated compared to the effects in the normal animals. Non-
selective beta-adrenoceptor blockade did not affect the vasodilatory capacity, but
artermated the increases in heart rate and LVdP/dr,, of bimakalim. From the present
study we may conclude that in conscious pigs bimakalim was approximately 100 times
more potent as an arterial vasodilator than nicorandil. The potential negative inotropic
actions of bimakalim are negligible and the compound may therefore be of interest in

clinical situations which require a lowering of systemic vascular resistance.
Introduction

Potassinm channel activators open ATP-sensitive K* channels which leads to
hyperpolarisation of the smooth muscle cell membrane and thereby limits calcium
availability via voltage-dependent Ca®* channels (Cook, 1988, Buckingham et al. 1986
and Hamilton et al., 1986). The benzopyran-derivative bimakalim (EMD 52 692, SR
44866) is a novel potassium channel activator, which is 5 times more potent than
cromakalim (BRI 34915) and 100 times more potent than nicorandil (Findlay et al.
1985, De Peyer et al, 1989, Richer et al.,, 1990 and Gericke et al., 1989).

In anaesthetized pigs bimakalim decreased arterial blood pressure due to systemic
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vasodilatation, increased heart rate and had no effect on left ventricular filling pressure
and the inotropic state of the myocardium (Sassen et al, 1990). It has well been
established, however, that anesthetic agents may interfere with the cardiovascular
actions of pharmacological agents. In the present study we therefore describe the
cardiovascular effects of bimakalim in comscious animals. In view of the clinical
application of the drug we used two groups of animals: one group with a normal
myocardial function and another with a healed myocardial infarction because of a
coronary artery ligation 3 weeks before the measurements were made.

The cardiovascular profile. of bimakalim was also compared to that of nicorandil, a
compound which is structurally related to nitrates, but possesses also potassium channel
activator properties (Taira, et al., 1979, Sakai et al,, 1980, Taira, 1981, Taira, 1989,
Verdouw et al,, 1987 and Sassen et al., 1989).

Methods
Swrgical procedures

After an overnight fast, cross-bred Landrace x Yorkshire pigs (18-22 kg) were
instrumented under sterile conditions for the measurement of left ventricular pressure
(Konigsberg pressure transducer), left atrial- and aortic pressures and ascending aortic
blood flow (electromagnetic flow probe} as described earlier (Van der Giessen et al,,
1989, Van Woerkens et al. 1991 and Van Woerkens et al, in press).

In 12 animals the proximal segment of the left circumflex coronary artery (LCXCA)
was permanently ligated for the induction of a myocardial infarction. After 30 min,
during which period sericus ventricular arrhythmias (sustained ventricular tachycardia
or ventricular fibrillation) were treated with immediate DC countershock, the chest was
closed and the wires were tunnelled subcutaneously to the back, and the animals were
allowed to recover from surgery. During the first weeks of the post operative recovery
period the animals were adapted to the laboratory faciliies (8 10 10 sessioms of 1
hour), while hemodynamic parameters were monitored. The experimental protocols
were executed when systemic hemodynamics remained stable for at least one hour. All
experiments were carried out while the animals were quietly resting in a constraining
jacket.

Three of the 12 pigs with the coronary artery ligation died suddenly during the early
post-operative period, most likely secondary to ventricular arrhythmias.



Experimental protocols

Each animal received 4 consecutive ten min infusions of bimakalim (37.5, 75, 150 and
300 ngkglmin®) or nicorandil {10, 20, 40 and 80 wgkg'min') or 4 consecutive
infusions of the selvent. Volumes of the solvent corresponded with those administered
during the active drug infusions.

In both animal models the hemodynamic effects of bimakalim were also studied after
non-selective beta-adrenoceptor blockade with 0.5 mgkg! + 0.5 ug.kg.h* propranolol
(Duncker et al., 1987},

Data were obtained at baseline and at the end of each infusion step. Experiments in
the same animal were separated by at least 24 hours.

Ethical considerations

The study was performed according to the guidelines approved by the American
Physiological Society and approved by the Ethical Committee for Animal
Experimentation of the Erasmus University Rotierdam.

Statistical analysis

All data are expressed as mean = standard error of the mean (SEM). Staustical
significance of the drug-induced changes was calculated by comparing the drug-induced
changes from baseline with the solvent-induced changes after an analysis of variance
had revealed that the samples represented different populations. Statistical significance
was accepted at p<0.05. A Bonferroni-procedure was used because of multiple
COmparisons.

Drugs

The only drugs used during the experiments were bimakalim (EMD 32 692) (4-(1.2-
dihydro-2-oxo0- 1-pyridyl)2.2-dimethyl-2H- 1-benzopyran-6-carbonitrite, courtesy of Dr. P.
Schelling, E. Merck, Darmstadt, Germany), nicorandil (N-(2-hydroxyethyl)nicotinamide
pitrate, Rhone-Poulenc, Amstelveen, The Netherlands) and propranolol hydrochloride
(ICI Farma, Rotterdam, The Netherlands). Bimakalim was dissolved in saline
containing 4% (v/v) polyethylene glycol to obtain an infusion rate of 2 ml.min™ for
administration of the highest dose.. Nicorandil was dissolved in 1.5 ml ethyl aleohol and
further diluted with saline to infuse identical volumes during drug adminisiration.
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Table 1 Systemnic hemodynamics during infusion of solvent in conscious pigs with an intact coronary circilation (N n = G)and in conscious pigs with a

3 weeks old infarction (I n = 9)
Solvent (mi/min)

Baseline 0.25 0.5 1 2
HR N 116 + 8§ 118 + 10 118 + 10 115 = 10 116 = 10
H 117 + 8 117 + 8 117 + 7 118 = 8 122 = 8
co N 263 x 004 263 + 004 262 + 004 259 = 005 263 = 005
I 243 = 008 244 = 0.08 243 = 007 245 = 006 247 = 006
sV N 232 = 18 229 + 21 228 + 20 232 + 20 232 + 21
I 215 = 17 218 + 1.8 216 = L8 217+ 20 210 = 1.8
SAP N 126 = 5 125 + 4 125 = 3 i26 £ 3 127 + 4
I 16 = 4 115 + 4 117 + 4 1S + 4 114 = 4
MAP N 99 + 3 98 + 4 99 + 3 9 + 3 60 = 3
1 96 + 4 96 = 4 9 =+ 3 98 + 5 9% = 5
DAP N 73 0+ 4 /s £ 5 74 = 4 4 o+ 3 4 = 4
I 30 =+ 3¢ 80 = 4 8 = 5 81 = 4 81 =+ 4
SVR N 36 =+ 16 375 = 1.6 317 o+ 16 382 + 14 81 £ 14
I 395 = 1.2 393 = 14 406 = 17 398 = 45 90 = 1.8
LVdP/dt,,,. N 3540 + 230 3500 £ 260 3400 & 220 3450 = 280 3670 = 240
{ 2060 = 410 2050 + 380 2960 £ 350 2910 = 360 2970 = 410
LVEDP N 8§ = 1 g = 1 8§ =+ I 8 + 1 8 + 1
I 13 = 2 13 = 4 = 2 4 = 2 4 =

HR = heant rate (heats/min); CO = cardiac output {[/min); SV = stroke volume (ml); SAP = systolic arterial blood pressure (mmHg); MAP = mean arterial
blood pressure (mmHg); DAP = diastolic arterial blood pressure (mmHgl; SVR = systemic vascular resistance (mmHg/min/t); LVAP/dt,,. = mavimum rate
of rise of left veniricular pressure (mmilg/s); LVEDP = left ventricular end-diastolic pressure (mmHg); * P<0.05 I vs N.



Results
Baseline values and hemodynamic stabiity during sobvent infusion (Tabie I)

Baseline hemodynamic values showed that occlusion of the left circumflex coronary
artery 3 weeks earlier resulted in a 10% decrease in cardiac output, a 30% decrease
in LVdP/dt . and a 60-100% increase in left ventricular end-diastolic pressure (Table
1). These results are similar to those reported earlier (Van der Giessen et al., 1989,
Van Woerkens et al.,, 1991 and Van Woerkens et al, in press).

Intravenouns administration of incremental infusion rates of both vehicle solutions did
not affect any of the systemic hemodynamic parameters in either group of animals
during the 50 min duration of the study period (Table 1).

Systemic hemodynamic effects in normai conscious animals (Figure 1)

Bimakalim at dose higher than 75 ngkg'min’ increased cardiac output dose-
dependently up to 42 = 6% (p<0.05), due to an increase in heart rate (up to 62 +
14%, p<0.05). Mean arterial blood pressure decreased (from 104 = 4 t0 91 = 6
mmHg, p< 0.05), which was the consequence of a pronounced systemic vasedilation
(systemic vascular resistance decreased dose dependently from 39 = 3 mmHg.i .min
to 24 = 3 mmHgl min). dP/dt_, increased {up to 48 = 11%, p< 0.05), while left
veniricular end-diastolic pressure remained unchanged.

Nicorandil showed a cardiovascular profile comparable to that of bimakalim, the only
difference being that nicorandil decreased left ventricular end-diastolic pressure al ail
doses.

Hemodynamic effects in conscious animals with an infarct (Figure 2)

Bimakalim exerted in these animals similar hemodynamic actions as in pigs with the
intact coronary circulation, except for a smaller increase in heart rate (up to 37 £ 4%
versus 62 = 14% in the normal animals) and a small but significant decrease of left
ventricular end-diastolic pressure at the highest dose (18 = 6%. p<(.03).

Nicorandil again exhibited a similar cardiovascular profile as bimakalim. The decrease
in left ventricular end-diastolic pressure, however, was more pronounced after
nicorandil {up to 24 = 5%]).
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Figure 1. Systemic hemodynamic effects of bimakalim (n=0) and nicorandil (n=8)
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in normal conscious pigs. MAP = mean arerial blood pressure; LV
dP/dt,,.. = maximal rate of rise of left ventricular pressure; SVR = systemic
vascular resistance; LVEDP = left venrricular end-diastolic pressure; Data
are means = SEM; * Drug induced change from buaseline significantly
differenr (p<0.05) compared to the comparable solvent induced change from
baseline (see Table 1).
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Table 2  Hemodynamic effects of 10 min iv. infusion bimeakalim after beta-adrenocepior blockade with propranciol 0.5 mg.kg” + 0.5 mgkg"h'! in normal
conscious pigs (N) and in conscious pigs with a 3 weeks old infarction {IF)

bimakalim (ng.kg!.min")

Baseline Baseline
pre-propranolol
375 75 150 300

HR N 122 + 4 103 + S§* 106 = 3 110 = 4* 123 £ 3* 141 = 3*

IF 136 £ 6 95 = & 100 + 4 98 + 6 100 = 7 112 + 8
MAP N M4 + 4 95 = 4 93 =+ 4 91 = 5¢ 87 + 5§ 79 + 5*

IF 00 = 5 9% + 3 %% + 4 94 = 3 91 + 3 84 =+ 40
co N 273 0+ 008 229 =+ 006" 235 + 006 254 =+ 008 28 = Q.15+ 332 == 021*

F 245 = 009  Le6 = 005*° 169 = 006 184 + 0077 199 =+ 010 231 = 0.20*
SVR N 356 + 21 428 + 30 410 & 3.0 315 &£ 33+ 328 = 35 257 = 3.1

IF 408 + 2.6 578 =+ 18*° 569 =+ 19 51 = 08* 458 = 14* 372 = 3.1*
LVEDP N 67 = 09 101 = 07 97 + 06 94 + 09 21 + L1 96 = 1.2

IF 152 = 34 218 + 4.8%° 208 £ 49 208 £ 438 203 + 51 185 = 33
LVdP/dt,,, N 3660 £ 210 2360 = 180* 2500 =+ 200 2700 =+ 280* 2890 + 250 3230 + 270¢

IF 3260 = 310 2100 + S06Y 2120 £ 510 2250 = 560 2330 + 600 2590 = S60*
SV M 226 = 223 + 14 221 x 12 231 =+ 14 230 £ 18 240 * L7

IF 8.1 170 + 1.2 1720 = 09 197 = 1.5 20,1 = 16* 208 * 16*

HR = heari rate (beats/min); MAP = mean arterial blood pressure (mmHg); CO = cardiac output (I/min); SVR = systemic vascular resistance (mmHg/min/l);
LVEDP = left veniricular end-diastolic pressure (mnHg); LVAP/dL,,,, = maximum rate of rise of left ventricular pressure (mmflg/s); SV = stroke volume (mi).
Data are presented as mean = SEM. * p<0.03 versus Baseling; * Baseline significantly different (p<0.05) versus pre-propranolol; * propranolol induced clranges
at Baseline significantly different {p<0.05} from propranclol induced changes in normal animals.



Hemodynamic effects of bimakalim dafter beta-adrenoceptor blockade {Table 2)

Non-selective beta-adrencceptor blockade did not effects the vasodilator response to
bimakalim in either group of animals. Also the rise in cardiac output after bimakalim
was similar. However, in the normal conscious pigs, the increases in heart rate (39 =
8% at the highest dose) and LVdP/dt,,, (36 = 5%) were attenuated compared to the
increments without beta-adrenoceptor blockade. This blunting effect of beta-
adrenoceptor blockade on the responses of heart rate and LVdAP/dt,,, after bimakalim
infusion was more pronounced in the animals with impaired left ventricular function.
Due to this effect on heart rate the bimakalim-induced increase in cardiac output was
also attenuated. In contrast to the animals with a normal cardiac function, but similar
to the experimenis without propranolol in the same model, infusion of bimakalim after
betz-adrenoceptor blockade resulted in the animals after myocardial infarction in a
decrease of 16 = 6% (p<0.05) of the left ventricular end-diastolic pressure at the
highest dose.

Discussion

The present study, performed in conscious pigs, shows that bimakalim is a potent
vasodilator, both in normal pigs and in pigs with a three week old myocardial
infarction. The study alse indicates that the arterial vasodilator capacity of bimakalim
exceeds that of nicorandii by approximately a factor of 100. This confirms the earlier
observations with the two compounds in anaesthetized pigs (Sassen et al, 1990 and
Verdouw et al.,, 1987).

There are, however, also some distinct differences compared to the observations in
anaesthetized animals. For instance, in the same dose range as in the present study,
cardiac output and LVdP/dt, . did not change, While left ventricular end-diastolic
pressure and stroke volume decreased during infusion of bimakalim in anaesthetized
pigs {Sassen et al,, 1990). The major reason for the increase in cardiac output in the
present study is the maintained stroke volume, as the increases in heart rate were
similar in both studies. The finding that in the normal conscious animals left ventricular
end-diastolic pressure did not change is certainly an important factor that stroke
volume did not change in the present study, and most likely also contributed to the
modest increase in LVdP/dt, .
In the animals with myocardial infarction, we found a mild effect on left ventricular
end-diastolic pressure, but only with the highest dose. In this respect the actions of
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bimakalim resemble more closely those of the dihydropyridine calcium antagonists
nisoldipine and elgodipine (Van der Giessen et al., 1985, Duncker et al., 1987, Van
Woerkens et al., 1991 and Sassen et al., 1990) than nicorandil (Sakai et al, 1980 and
present study). The more pronounced effect of micorandil on left ventricular end-
diastolic pressure in the normal animals was only the only difference between the two
compounds and most likely reflects the nitrate-like properties of nicorandil.
Nonselective beta-adrenoceptor blockade attenuated, but did not abolish, the
bimakalim-induced increases in heart rate and LVdP/dt,. Modest increases in heart
rate after beta-adrenoceptor blockade have also been reported for dihydropyridine-
derivatives in pigs (Duncker et al, 1987), dogs (Warltier et al, 1984) and humans
(Silke et al, 1986) and are most likely due to withdrawal of parasympathetic tone
{Nakaya et al, 1983). However, in view of the chronotropic actions of bimakalim
during intracoronairy administration (Sassen et al., 1990), we cannot exclude a direct
effect of the drug on heart rate.

Potassium channel activators have potentially negative inotropic properties (Yanagisawa
et al., 1988), but the selectivity for vascular smooth muscle outweighs that for the
myocardium (Gotanda et al, 1988). Findlay et al. (1989) have indeed shown that
bimakalitn i5 capable to inhibit both the electrical and the mechanical activity of
cardiac muscle, but the required dose for cardiac muscle was much higher than for
vascular smooth muscle. In the present study we still found a moderate 47% increase
in LVdP/dt,,. in the animals with the infarctions, while the increase in heart rate was
only 37%, and arterial blood pressure decreased by 115 (Table 2). Since under this
condition systemic vascular resistance decreased by 38%, we may conclude that also in
conscious animals with even a impaired left ventricular function, the negative inotropic
effects of bimakalim are negligible.

From the present study we may conclude that in conscious pigs bimakalim was
considerably more potent as an arterial vasodilator than nicorandil. The potential
negative inotropic effects of bimakalim proved to be negligible, even when myocardial
function was impaired. The compound may therefore be of interest in a variety of
clinical situations which require a lowering of systemic vascular resisiance.
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Cardiovascular profile of 5 novel nitrate-esters: a comparative
study with nitroglycerin in pigs with and without left ventricular

dysfunction

L.J. van Woerkens, W.J. van der Giessen & 'P.D. Verdouw

Laboratery for Experimental Cardiology. Thoraxcentre, Erasmus University Rotterdam, Rotterdam, The Netherlands

1 Four cumulative 10min intravenous infusions of 0.05, 0.2, 0.5 and 2.0 mgmin ™' were used to compare
the cardiovascular profile of 5 novel nitrate-esters dissolved in Intralipid 10% to that of nitroglycerin
(GTN) in conscious pigs.

2 Infusion of Intralipid 10% alone bad no effect on any of the systemic haemodynamic parameters.
GTN infusions decrensed mean arterial blood pressure dose-dependently (rom 94 - ZmmHg to
79 + 3mmHg (P < 0.05) and raised cardiac output from 274 + ¢.091min~"' o 340+ 0.18 Imin™*
(P < 0.05) duc 1o 3n increass in beart rate (by up to 43 + 3%). as stroke volume decreased slightly.
Systemic vascular resistance decreased {by 32 + 3%) and left ventricular end-diastolic pressure fell lrom
5.2 4+ 0.4mmHg to 22 + 0.5mmHg (both P < 0.05).

3 The novel compounds CEDO 8811, CEDOQ 8834 and CEDO 8901 increased cardiac output only at
the highest dose {7%,. §% and 9%. respectively). There was no change in mean arterial blood pressure as
the increase in cardiac output was counterbalanced by arterial vasodilatation, Ali three compounds
reduced left ventricular end-diastolic pressure slightly.

4 CEDO 8816 was a more potent arterial and venodilator than the alorementioned CEDO compounds,
as the decreases 1n systemic lar resistance and left ventricular end-diastolic pressure were already
significant at lower doses. The fall in stroke volume was fully compensated by the increase in heart rate
and as a result cardiac output increased by 11 + 3% (P < 0.05) at the highest dose,

5 CEDO 8956 was the most potent vasodilator of the novel compeunds and exhibited a cardiovascular
profile similar to that of GTN. Left ventricular end-diastolic pressurc decreased significantly during infu-
sion of 02mgmin~". Mean arterial blood pressurc decreased by LI + 2% (P < 005 m spite of an
increase in cardiac output by up to 20 + 2% (P < (.05), duc to a decrease (by 27 4 1%, P < 0.03) in
systemic vascular resistance. The increases in heart rate (20 4+ 5%, P < 0.05) and LVdP/dt,,. (38 = 4%,
P < 0.03%) were, however, considerably less after CEDO 8956 than after GTN.

6 The potential of CEDO 8956 in the treatment of chronic feft ventricular dysfunction was evalvated
during administration to consciows pigs (21-23kg), m which the Jeft circumflex coronary artery was
ligated 4 weeks earfier. In these animals, baseling values for cardiac output and LYdP/dr, . were lower
and those of systemic vascular resistance and left ventricular end—diastolic pressure were higher than in
the first group of experiments,

7 Both GTN and CEDO 8956 in doses of 005 to 20mgmin~' increased cardiac output dose-
dependently (by up to 34% and 19%. tespectively). The decrease in systemic vascular resistance was lasger
with GTN {35%) than with CEDO 8956 (17%), which resulted in a 13% decrease in mean arterial pres-
sure during infusion of GTN, whereas there was no change in mean arterial pressure during infusion of
CEDO 8956, Both compounds increased LVdP/dr,,. (by 48% and 30%, respectively) and lowered left
ventricular cnd-diastolic pressure 10 normal levels.

8 Atadose of 1.0mgmin~*, both GTN and CEDQO 8956 increased 1eft ventricular blood flow paraliel to
the increase in myocardial oxygen demand. At this dose, GTN also caused vasodifatation in the vaseular
beds of the brain, kidneys and adrenals. With CEDO 8956 no significant changes were achieved,

% We conclude that the cardiovascular profile of CEDO 8956 in both normal animals and in animals
with chronic lelt ventricular dysfunction warrants further study on its uscfulness in the treatment of a
number of cardiovascular disorders.

Keywords: Nitrate-esters: nitroglycerin;, myocardial infarction; left ventricular dysfunction; systemic haemod yramics: coronary
blood flow; regional blood flows; conscious pigs.
Introduction magnitude of the responses obtained under path-

Nitroglycerin (glycerylurinitrate, GTN) has remained one of
the major drugs used in the acute treatment of ischaemic heart
disease. despite an attenuation of the therapeutic efects in a
substantial group of patients in the long term. In search of
new nitrate-like drugs a number of structurally different com-
pounds have been synthesized. In this study we evaluated the
systemic haemodynamic effects of these 5 novel nitrate-esters
in conscious instrumented pigs and compared the results o
those obtained with GTN, We have carlier shown that the

! Auther for correspondence,

ophysiological conditions, might be different from those
obtained under normal conditions (Van der Giessen ef al,
1989). We therefore selected the most potent of the novel com-
pounds for further study in conscious pigs with mild Jeft ven-
tricular dysfunction secondary to a chropic coronary artery
occlusien. The major characteristics of this model are a
depressed cardiac output and myocardial contractility, while
left ventricular filling pressure is elevated. Mean arterial blood
pressure is maintained by peripheral vasoconstriction. In this
model, in addition to the effects on systemic haemodynamics,
we also evaluated the effects on regional blood flows using
radioactive labelled microspheres,

77



Metheds

The experimental procedures were approved by the Com-
mittee on animal experiments of the Erasmus University Rot-
terdam, and complied to the guidelines for the use and care of
experimental animals as put forward by the council of the
American Physiological Society (DHEW Publication No.
(NTH) 80-23, 1980},

Surgical procedures

Alter an overnight fast, 25 cross-bred Landrace x Yorkshire
pigs of cither sex {19-21 kg at the tme of surgery). preweated
with 600mg of a mixture of procaine penicillin-G and benza-
thine penicillin-G intramuscularly (Duplocillin, Gist-Brocades
NV, Delft, The Netherlands), were sedated with 2n intramus-
cular injection of 30mgkg™" ketamine HCl (Aeskoket, Aescu-
laap BY, Boxtel, The Netherlands). Subsequently the animals
were intubated and mechanically ventilated with 2 mixture of
oxygen and nitrous oxide (1:2) to which 1-4% (v/v) enflurane
was added. Under sterile conditions, a jugular vein and a
common carotid artery were cannulated for infusion of drugs
or sofvent and measurement of arigrial blood pressure, respec-
tvely. The chest was opened via the third left intercostal space
and an clectromagnetic fiow probe (Skalar, Delit. The
Netherlands) was positioned around the ascending aortz for
the measurement of aortic blood flow. The beart was exposed
viz the fifth intercostal space and a pressure transducer
(Konigsberg Instrumenis Inc. Pasadena, CA, USA) was
mplanted into the left ventricle of the heart thzough s apex
for recording of left ventricular pressure. The left atrium was
cannulated for recording of left atrial pressure which, together
with the arterial blood pressure, was used for calibration of
the Konigsberg transducer signals.

In 16 of the 25 snimals, the proximal segment of the left
circumflex coromary artery {LCXCA) was permanently ligated
for the induction of a myecardial Infaretion. In these animals
the left atrial cannula was also used lor the injection of radio~
active microspheres to determine regional blood fiows. After
nstrumentation was completed, a period of 30min was
allowed before closure of the chest. During this period ven-
tricular tachycardia and ventricular fibnillation (occurting
exclusively in the group with coronary artery ligation) were
treated with d.c.countershock. The chest was then closed and
the wires tunnclled 1o the back, and the animals were allowed
to recover [rom surgery.

Post-surgical period

The animals received daily intravenous doses of 500 mg amox-
icillin (Clamoxil, Bescham Farma BY., Amstelveen. The
Netherlands) and. during the first week only, 500mg kana-
mycin (Xanymex. Gist Brocades NV, Dellt, The Netherlands)
to prevent infection. Catheters were flushed dally with an iso-
tonic saline soltion containing 500iami~" heparin. During
the first month of the post-operative recovery period the
animals were adapted to the laboratory [facilities (8 1o 10
sessions), while hasmodynamic parameters were monitored,
The experimental protocols were exgcuted when systemic hae-
modynamics remained stable for at least 1h, usually 4 weeks
alter instrumentation. All Tneasurements were done while the
animals were quietly resting in a constraining jacket.

Two animals with an intact coronary circulation were
exciuded from further study because of [atluze of the electrical
signals. From the 16 pigs in which the left cir¢cumflex coronary
artery was oceluded, 5 animals died suddenly during the early
post-operative period, most likely secondary to a ventricular
arrhythmia. One animal was killed because of an infection.

Experimental protocols

In the animals with the intact coronary circulaton 4 consecu-
tive 10 min intravenous infusions with increasing doses of 0,03,

78

02, 0.5 and 2.0mg min™* {22 + 0.1, 87 + 0.2, 2L.8 + 0.5 and
87 + 2upkeg”'min~', respectively) GTN, CEDO 8956,
CEDO 8811, CEDO 3815, CEDO $834 or CEDO 8901 dis-
solved in Intralipid 10% or equal volumes of Intralipid 10%
were administered during separate runs of the protocol. Heart
rate, arterial blood pressurs. mean aortic blood flow, left ven-
tricular pressure and its first derivative (LVdP/dt) were record-
ed at the end of cack infusion period. Stroke volume was
calculated by dividing mean aortic blood flow and heart rate,
while systemic vascular resistance was determined by dividing
mean anerial blood pressure and mean aortic blood flow. In
wl experiments infusions of different compounds or solvent in
the same znimals were separated by at least 24 h.

In the anmimals with the infarction 5 consecutive 10min
intravenous infusions with increasing doses of 0.05, 0.2, 0.5, 1.9
and 20mgmin~? (2.3 + 0.1, 9.2 403, 23.0 + 0.8, 461 + 1.5
and 92 + 3ugkg™ ! min "', respectively) were used to compare
the cardiovascular effects of CEDO 8956 to those of GTN. As
control, the Intralipid 10% solvent was infused with equal
volumes. In these animals regional organ blood flows were
also determined 2t baseline and after infusion of [ mgmin™!
of both compourds, by injection of a batch of 1-2 x 10° car-
bonized plastic microspheres (15 + 1m (s.d) in diameter)
labelied with either **Nb, '©*Ru, ***$n or '*Ce (NEN
Chemicals GmbH, Dreieich. Germany) into the left atrium. To
calculate regional blood flows & refevence blood sample was
withdrawn ftom the cannula in the carotid artery at a rale of
1020l min ™%, starting 15s before the injection of microspheres,
until 90s alter completion of the injection of the microspheres.
At the end of the experiments animals were killed with an
overdose of sodiurn pentobarbitone. From the animals
various organs (adrenals, liver, spleen, stomach, small intes-
tine., brain and kidneys) and representative aliquots of several
tissucs (abdominal skin, skeletal muscle) were excised, weighed
and put into vials, The hearts were fixed in formaldechyde
(10% v/v) and 48 h later the atria and right ventricle were cut
off the left ventricle, The normal myocardium of the left ven-
tricle was divided into three layers of equal thickness: sub-
epicardium, mid-myocardivm and scbendocardium, The
infarcted area of the left ventricle was separated from the
normal myocardium, and counted as a whole.

The radioactivity was counted and the amount of bloed
flow to the various tissues (Q,.) was calculated as:

Qua (mlmin™*) = {u/Ly) X Quure
where I, and I, are the radioactivity in a particular tissue
and that of the arterial blood sample respectively, and Q, ., is
the rate of withdrawal of the blood sample,

Drugs

The drugs used in this study were CEDO 8811 (3.3-diphenyl-
l-propanol nitrate), CEDO 8816 (l.6-hexanediol dinitrate),
CEDC 8834 (3-phenyl-3-(4-pyridyl)-1-propanol nitraze. 4-
methylbenzenesulphonate), CEDO 8901 (1-{¢-nitrophenoxy)-2,
3-propanediol dinitrate), and CEDC 8956 (1 4-{trams)-difhy-
droxymethyljcyclohexane dinitrate).

All CEDQ compounds were synthesized by Cedona Phar-
maceuticals, Haarlem, The Netherlands, by standard methods
as described elsewhere (European Patent Application EP 0 35
9335 A2) and dissolved in Intralipid 10% (Kabi Vitrum,
Stockholm, Sweden) in a concentration of 1mgml~!, The
compounds were made available by couvrtesy of Drs. J. Bron
and J.F. van der Werf. GTN (Nitro-POHL. G. Pohl-Boskamp
GmbH, Hobenlockstedt, Germany) was used in an aqueous
solution of Imgml™'.

Sratistical analysis

All data are presented as the mean + s.emean. The sigmifi-
cance of the effects of the drugs have been evaluated by com-
paring the changes from baseline induced by the drugs to the
changes [rom baseline during infusion of the solvent. using
anglysis of variznes. Signifieance was accepted for P < 0.05. A



Table 1 Cardiovarcular effects of solvent (Intralipid 10%) in 7 conscious pigs with a normal corenary circulation (contrel) and in 9
conscious pigs with left ventricular dysfunction (LVD) sccondary to a chronic occlusion of the left circumflex coronary artery

Baseling 695
o Control 271 611 269 4+ 0.10
1Lvp 227 4 0.15* 226 4 0.15
HR Control 2844 12945
LvD 115+ 6 114+ 7
sV Controi 213+909 1+ 12
LvD 201 +12 201 +1.3
SAP Control 114+ 4 114+4
LVD 118+ 4 1T +3
MAP Control 98 +3 99 +4
VD 95+3 94 +3
DAP Control C+4 Bi44
LvD L3 T6£2
SVR Coantrol L2 3Tt
LVD 43 4 2% 2+2
EVdP/de,,.  Ceatrol 3310 £ 310 3280 + 340
LVD 2800 + 230" 2690 + 230
LVEDP Control 45403 42405
LvDb 141 + 14" 144 £ 1.5

Intralipid {mlmin ~'} for 10 min

0.2 05 10 20
271011 271 +0a2 270 + 0.04
2274015 227#014 2254014 227+ 015
12743 131 + 4 2945
1345 136 11346 11446
212 +07 208 1.2 210 £ 1.3
02+12 203+ 11 202+12 200 1.1

14 +4 U5+ 4 11444
1T +£4 16+4 11744 11914
98 43 59+3 913
96 +3 9544 96+ 4 9814
%3 8244 8313
’E3 TTx4 943 Bl+4
37 +2 743 3743
4313 a3+2 a4 “F2
3380 £ 330 3470 + 360 3460 5 360
2810+ 220 28604260  2BA0+256 2850+ 230
43 104 42405 45404
140 % 1.5 139+ 16 138416 . 146+ 16

CO = cardiac output (lmin~!); HR = heart rtc (beatsmin™!); SV = stroke volume {ml); SAP = systolic arteriai blood pressure
(mmHg); MAP = mean artcrial bloed pressure (mmbig); DAP = diastolic arterial blood pressure (mmHg); SVR = systemic vascuiar
resistance (mmHgmin17™Y); LVdP/dr,,,, = maximum rate of rise of left ventricular pressure (mmHEgs™Y); LVEDP = left venuicular end-
diastolic pressure (mmHg); Data have been presented as mean + semean; * P <005 vs baselne datz of pigs with intact coronary

circulation (control).

Bonferroni correction was used because of comparison for
multiple measurements. Statistical significance of the regres-
sion lines was determined by calculating the slopes of the
regression lines of the individual animals and comparing the
mean slope of cach group of animals by unpaired Student’s t
test.
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Resalts

Systemic haemodynamics during infusion of Intralipid
{10%) in normal conscious pigs and in conscious pigs with
chronic left ventricular dysfunction

Table 1 illustrates that infusion of Intralipid 10% did not lead
to significant changes in any of the systemic hasmodynamic
parameters in the normal conscious pigs and in the animals
with chronic left ventricular dysfunction. The table aiso shows
that significant differences existed between the baseline values
of both groups of animals. Similar to caxlier reported findings
(Van der Giessen et al. 198%; Van Woerkens et al., 1991), we
observed that occlusion of the left cireumflex coronary artery
had no cffect on mean arterial blood pressure, because periph-
eral vasoconstricdon counterbalanced the 20% decrease in
cardiac output but that LVAP/dr, was 20% lower apd left
ventricular end-diastolic pressure had tripled in the animals
with the occludied left circumBex coronary artery.

Systemic haemodynamic effects of nitroglycerin and the 5
novel nitrate-esters i normal conscious pigs

Intravenous administration of GTIN caused 2 dose dependent
inerease in cardiac output (24 + 5%, P < 0.05, Figure [}, Since
the 43 4 3% increase in heart rate excesded the percentage
increase in cardiac output it is obvious that stroke volume
decreased (P < 0.05), In spite of the increase in cardiac output,
mean arterial blood pressure decreased graduzlly, The
changes in stroke volumc and mean arterial pressurs were
only significant during the highest two infusion rates, Systemic
vascular resistance had zalready decveased sighificantly after

Figure 1 Systemic hzemodynamic effects of nigroglycerin (GTN) (@}
and 5 novel nitrareesters CEDO 8811 (O), CEDO 8816 {A), CEDO
8834 (), CEIXD 891 (&) and CEDXD $956 (E) in conscious Digs
(23-25kg) with 2n intact coronary circulation. CO = cardise output;
HR = heart rare: MAP =mean arterial  blood  pressurc:
LVAP/dr,, = maoximal rate of rise of left ventriculsr pressurc:
SVR = systemic vascular resistance; LVEDP = left ventricular end-
diastolic pressure; SV = stroke volume, For reasons of clarity mest of
the bars for the semcan and the Iovels of significance have becn
omitted in the figure {for details see the texr), Data zre the mean of 7
obscrvations. The bars below the graphs depict the dose of the com-
pounds in mgmin !,
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infusion of the second dose. LVdAP/dr_ . increased dose-
dependently. At each dose the increase in LVdP/d:,,,
(5 + 3%. 23 + 4%. 49 + 7% and 63 + 4%, respectvely) was
larger than the increase i heart tate (1 £ 1%. % £2%.
26 + 2% and 43 £ 3%, respectively). Left ventncular end-
diastolic pressure decreased alter infusion of the second dose
and was [urther lowered during infusion of the highest dose.

No adverse reactions were observed after administration of
any of the CEDO compounds. From these novel compounds,
CEDOQ 3811, CEDO 8834 and CEDO 8901 were the least
active as cardiac output increased only at the highest dose (by
7+ 2%, 8+ 2% and 9+ 2%, respectively, all P < (.05).
Mean arterial blood pressure did not change during inlusion
of these compounds. Figure I also shows that the other hae.
modynamic parameters changed only moderately. With all
three compounds the increases in LVdP/dr,,, (21 % 7%,
20 + 5% and 25 + 3% after the highest dose. respectively, all
P« 0.05) were larger than those in hearr rate (I2 £ 4%.
10 + 2% and 6 + 4% after the highest dose, respecuvely). Lelt
ventricular end-diastolic pressure decreased slightly during the
last two infusion steps.

CEDO 8816 was a slightly more potent arterial and veno-
dilator than the three other CEDQ compounds as systemic
vascular resistance started to decrease (by 7 + 3%, P < 0.05)
during imfusion of 05mgmin~™! and had decreased by
16 + 4% (P < 0.05) after infusion of the highest dose. Left
ventricular end-djastolic pressurc had already decreased sig-
nificantly during infusion of 0.2mgmin~!. Stroke volume
decreased (8 4 2%, 12 £ 4% and 12 + 2% after 0.2, 0.5 and
2.0mgrmin~*, respectively, P < 0.05), despite the reduction in
afterload and the mederate positive inotropic eflfect of CEDO
8816 (reflected by a 46 + 8% increase in LVdP/dt,,, 2gainst
only a 27 + 5% increase in heart rate at the highest dose). The
fall in stroke volume was, however, fully compensated by the
increase in heart rate (9% 1%, 16+ 4% and 27 + 5%.
respectively). Consequently, cardiac output increased slightly
{11 £ 3%. P < 0.05) at the highest dose.

CEDQ 8956 caused dosedependent increases in cardisc
output of 9+ 2%. 16 +£2% and 20+ 2% (all P <0.05)
during mfusion of 0.2, 0.5 and 20mpmin~*, respectively
(Figure I). The increases in cardiac output were secondary to
the increases in heart rate, which were 9 & 5%, 14 £ 4% and
20 + 5%, respectively. At vaniance with the observations made
during infusion of GTN, therc were no decreases in stroke

volume. Mean arterial blood pressure decreased by 7 + 2%
and 11 + 2% during infusion of 0.5 and 20 mgmin~?, respec-
tively. Systemic vascular resistance had already decreased by
12 + 2% (P < 0.05) during infusion of 0.2mgmin~ . During
the highest infusion rate there was a further decrease
(27 + 1%, P < 0.05). Lelt ventricular end-disstolic pressure
started to decrease during infusion of 0.2mg min™* (19 + 5%,
P« 0.05) and further decreased by 33 + 5% (P < 0.05) during
infusion of 20mgmin~*. LVdP/dt, .. started to increase sig-
nificantly during infusion 0.2mgmm~" (17 + 1%. P < 0.05).
With the two higher infusion rates, the increments in
Lvdp/dr, . were 25+ 2% and 38 + 4%, respectively
(P = 0.05).

Effects of nitroglycerin and CEDQ 8956 on systemic
haemodynamics in conscious pigs with chronic left
ventricular dysfunction

In these animals cardiac output increased dose-dependently
during infusion of GTN (Table 2). Similar to the animals with
normal left ventricular function, the increase i cardiac output
was due 10 an increase in heart rate. The incyease in heart rate
(53 4 8%) exceeded the increase in cardize output (35 + 9%)
and stroke volume must therefore bave decreased. Mean
arterial blood pressure started to decrease during infusion of
05mgmin~! and had falien by 12+ ZmmHg (P < 0.05) at
the ¢end of the Righest infusion rate. Because cardiac output
increased, the decrease in arterial blood pressure must have
been caused by artenial vasodilatation. Systemic vascular
resistance was lowered by 8 & 2% (P < 0.05) during infusion
of 0.2mgmin~’, and had fallen by 35 + 3% alter the last dosc.
LVdP/dt,,, increased dosc-dependently by up to 48 £ 6%
(P < 0.05). while left ventricular end-diastolic pressure was
gradually lowered from 11.2 4 1.0mmHg to 5.6 + 1.2mmHg
(P < 0.05).

The most striking difference between CEDOQ 8956 and
GTN was that mean srtedal blood pressure was unaffected
during inlusion of the former, whereas it decreased with GTMN.
Since cardlac output increased dose-dependently by uwp to
18% after CEDO 8956, we can culculate that the decrease in
systemic vascular resistance (16%} was less than that observed
dunng mfusion of GTN (35%). As with GTN, an increase in
heart rate was responsible for the mdresse in cardiac output

Table 2 Cardiovascular effects of nitreglycerin (GTN) and CEDO 8956 (CED) in 10 constious pigs with left ventricular dysfunction

secondary to occlusion of the left circumflex coronary artery

Infusions of GI'N or CEDO 8956 for 10 min (mgmin " 1)

Buseline 0.95 0.2 05 10 20
co GTN 2124043 212+ 012 224+ 002" 245+ G.12* 261 £+ 0.12* 284 + 0.19*
CED 232+ 015 232+ 0.15 238 + 015 250 + 0.74% 261 £+ 0.16* 277 & 019
HR GTN 117+8 12018 127 7% 139 + 8 157+ 6" 174 + 6
CEP 116+ 7 118 £ 8 12448 1354 8 142+ 7 150 £+ &8~t
sV GTN 87413 182413 180+ 12 182+ 15 165 + 1.1 167+ 1.3
CED 205+ 13 201 1.4 196+ 13 183+ 12 185+ Lt 192 + L1
SAr GTN 112+4 112+ 4 109 +4 104 +3 101 + 2+ 99 4 3*
CED 12 +4 1N x4 106 + 3* 104 & 3* 106+ 4 107 + 4*t
MAP GTN 92+ 2+3 90+3 86 & 2* 822 80 + 3*
CED 93 +3 91 +3 0t+3 8843 90 + 3¢ 90 + 4t
DAP GTN 242 75+3 T443 N+t2 69 & 2% 68+2
CED 7+3 T5+3 73+3 %6t 3 76 & 3t T8 £ 4t
SVR GTN 4454+ 24 447+ 27 411 4 2.3+ 36.0 & 1.3* 319 %+ 1.3 287 4 L2
CED 410419 404 + L8 332 + 1.6* 359+ 15 3524 1.7*t 340 4 20t
LVAdP/dt e, GTN 2530 + 240 2600 + 240 2740 + 240 3080 + 290" 3300 L 320 3700 £ 350
CED 2620 + 260 2620 + 260 2050 + 290 2050 £ 290" 3310 + 380* 3440 4 410
LVED? GTN 112410 109+ 10 99+08 86+ 08" 63+ 1.0° 564 12%
CED 124 + 1.3 117+ 1.4° 109 + 1.5% 9.7+ 17" 8.5+ 1.7 7.6 + L7*

CO = cardiac oulput (lmin~'); HR = heart rate {(dcatsmin™"): SV = stroke volume (ml); SAP = systolic arterial blood pressure
(mmHg}; MAP = mean arterizl blood pressure (mmHg): DAP = diastolic arterial blood pressure (mmbEg); SVR = systerni¢ vascular
resistance (mmHgmin1™1); LVAP/dr,,, = maximal rate of nisc of lelt ventricular pressurs (mmHgs™'): LVEDP = left ventricular end-
diastolic pressure (mmHg); Data have been presented a3 mean 4+ sc.mean; * change from busehine statistically differeat (P < 0.03) [rom
solveni-treated animals. TCEDQ 8956-induced change {rom bascline statistically different (P < 0.05) from GTN-induced ¢hange.
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Figure 2 Rclation betwoen systemic vasgular resistance (SVR) and
Ieft ventricular end-Giastolic pressure (LVEDP) during incremental
infusion rates of mitroglyesrim (GTN) {@) and CEDO 3956 () in
normnal pigs and dunag incromental infusion rates of GTN () and
CEDXO 8956 () in conscious pigs with chronic lelt ventricular dys-
function, The slope of the CEDO B956 regressien line was signifi-
cantly steoper in the animals with left ventricular dysfunction than in
the normal arumals (* P < 0.05).

The increase in heart rate was significantly less with CEDO
8956 than with GTN. LVdP/dt,,,. also increased (up to 30%),
and like GTN. the increments were parallel 1o those in heart
rate. Left ventricular end~Giastolic pressure, however,
decreased to the same degree as with GTN during the infu-
sions of CEDO 8956,

Figure 2 illustrates the relation between the changes in sys-
temic vascular resistance and in left ventricular end-diastolic
pressure for the different experimental conditions, The figure
shows that the venodilator capacity of CEDQ 3956 was
inczeased in the pigs with chromic left ventricular dysfunction
as compared to the normal pigs.

Effects of nitroglycerin and CEDO 8956 on myocardial
blood flow in animals with chroric left ventricular
dysfunction

Because of the limited number of available isotopes, regional
flow data could only be obtained art baseline and after admin-
istration of a single dose of each of the two drugs. The infu-
sion rate of | mgmin~* was chosen for both GTN and CEDO
8956. There were no differences in the baseline values of the
two drugs (Figure 3). Myocardial O, demand. calculated as
the product of heart rate and left ventricular systolic pressure,
increased similarly during infusion of both GTN and CEDO
8956. Both GTN and CEDO 8956 increased transmural per-
lusion of the myocardium nourished by the non-occluded left
anterior descending coronary artery. There was a modest
trend towards a preferential increase of perfusion of the sub-
epicardial lxyers, but the decreases in the ratio of the normal-
ized endocardial and epicardial blood flows (cndo/epi-ratio)
did not reach levels of statistical significance with cither drug.
The decrease in the coronary vascular resistance was more
propounced with GTN than with CEDQ 8956 (Figure 3). The
perfasion of the eentral part of the myocardium in the dis-
tribution of the occluded lelt circumflex coronary artery
increased  significantly during infusion of GTN (from
25+ 4mimn~! 100g™! to 394+ Tmimin™! 100g i,
P <005, but not during that of CEDC 8956 (from
30+ 5mlmin~* 100g™" 1o 36 & 4mlmin~! 100g™1).

Right veatricular blood Sow increased more during admin-
istradon of CEDO 8956 (from 105 = 9mlmin~"' 100g7" to
153 4+ 17mimin~? 100g™}, P < (.05} than during infusion
of GTN (from 06+ 21mlmin~" to 136 % 13mlmin~*
100g™"). This difference was caused by the different effects

LV flow Endo/Epi
- . 2

GTN  CEDD 8956 "EIN  CEDO 8356

|
|

LV resistance 0z demand

2
S

o
in
Beats min~' mmHg

mmHg ml= min 160 g~

a

GTN CEDO 2956 O “GTN  cEposse
Figure 3 Tranzeaurgl dlood flow (LV flow! and its distribution
(Endo/Epi), the ¢coronary vascular resistance (LV resistance) remote
from the site of mfaretion and O, demand in conscious pigs with a 4
week ocelusion of the left circumflex coronary artery. Data were
obtamed at Bascline () and after a 10 min infesion of nitroglycerin
(GTN) and CEDO 8956 at a rate of 46.1 & L.5ugkg™ " min~* {@).
* P < 0.05 vs baseline.

of the drugs on arterial perfusion pressure as the decreases
in coronary vascular resistance were very similar with both
compounds (from 097 +0.1lmmHgminml™* 100g to
0.67 + 0.07mmHgminml ™! 100g for GTN and from 0.96 +
0.10mmHgminmi~! 100g to .67 + 0.09mmHg minm]~!
100 g for CEDQ 89356).

Effects of nitroglycerin and CEDO 8956 on peripheral
argan perfusion in conscipus pigs with chronic left
ventricular dygfunction

Infusion of lmgmin~! of GTN resulted in significant
increascs in blood flow to the adrenals and the kidneys (Tablke
3). Calculation of the regional vascular resistances revealed
that GTN induced vasodilatation in the vascular beds per-
fusing the brain, kidneys, adrenals and splesn but that with
this dose no effect was observed in skeletal muscle, skin and
liver (hepatic artery circulation only) (Table 4. CEDO 8955
was less potent at this dose in lowermg systemic vascular
resistance than GTN, which explains that with CEDO 8956
only & significant reduction i the resistance of the vascular
bed of the adrenals was observed and that the changes in the
cerebral and renal vascular resistances did not reach a level of
statistical significance.

Discussion

GTN is an effective therapeutic agent in the treatment of a
number of cardiovascular disorders including myocardial isch-
aemia, myocardial infarction and congestive heart fmlure
(Mason er al, 1971: Flaherty er al, 1975; Flaberty, 1983:
Packer, 1983), The principal mechantsm is a direct relaxation
of vascular smooth muscle and a number of investigators
believed that the effect on the venous capacitance vessels was
more pronounced than on the arterial resistance vessels, while
others have reported less marked differences. The present
study as far as performed in normal conscious pigs demon-
strates 2 marked reduction in both left ventricular end-
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Tzble 3 Effects of 10 min intravenous infusions ef nitroglycerin (GTN) and CEDO 8956 a1 a rate of 1 mgmin~* on regional blood flows
in 10 conscious pigs with left ventricular dysfunction secondary o chrenic occlusion of the left circumflex corenary artery

Baseline
Brain B4 s
Kidneys 421 4 32
Liver 22+ 5
Spleen 175+ 22
Adrenals 119+ 12
Stomach 47+ 6
Small mtestine S22+ 5
Skin (abdomen} 67+ 09
Mouscle {pluteus maximus) 49+ 13
Muscle (erector spinae) 38105

GTN Baseline  CEDOQ 89
B2 42 Mt2 B4
496+ 40"t 424+ 28 437128
%x6 244 2345
2993 32 WL W1
9% 17t 14418 166+13
2%7 5048 50%10
52%3 0%s 57T
644 11 69108  S55+06
44106 39203 49107
30404 33404 41L11

Blood flows are expressed in mimin™! 100%™ "' and arc shown as mean 4 s.crocan. * P < 0.05 vs baseline: T P < 0,05 for GTN-induced

change from baseline vs CEDO 8956-induced change from baseline,

Table 4 Effects of [0min intravenous infusions of nitroglvesrin (GTN} and CED §9S56 at 2 rate of l mgmin™' on regional vaseular
resistances in 10 conscious pigs with left ventricular dysfunction se¢ondary to a ¢hronic acclusion of the left circumflex coronary artery

Baseline
Bran 126 £ 009
Kidneys 023 +0.02
Liver 88 +31
Spleen 035+ 003
Adrenals 086 + 010
Stomach 22403
Small intestine 19 +02
Skin (abdomen) 1743
Muscle (crector spinac) 27+3

GTN Basefine CED) 895
101+ 003"t 1312005 117 2007
018+ 0:02% 0232002 021002

6921 65+17  1l1£62
03210051 0361003 043 005
040 £004%t 074+ 009 057 £ 0.05*

18102 22%03 21102

16% 0.1 21+03 19£03

173 1552 182
x4 Rt4 0t4

Vascular resistances are expressed in mmHgminmi™' 100g and are reported 45 mean + s.emean * P < 0.05 vs dascline: TP < 0.05 for
GTN-induced change from bascline vs CEDO 8956-induced change [rom baseline.

diastolic pressure and systemic vascular resisance during
infusion of GTN., When GTN was administered in amimals
with chrenie left veatricular dysfunction the effects on Jeft ven-
tricular ead-diastolic pressure and systemic vascular resistance
were not different [rom those in the normal animals {Figure 2).
Of the new compounds, CEDO 8956 demonstrated a car-
diovascular profile similar to that of GTN, although in the
normal tonscious pigs, the effect on Jeft veatricular filling
pressure was less pronounced than during GTN infusion, It
could be argued that the slightly smatler increase in heart rate
during infusion of CEDQ 8956 was a contributing (actor to
this observation, but carlier studics with & number of dihy-
dropyridine derivatives have shown that in the range of the
heart rates, reported in this study, the effect of beart rate on
left ventricular end-diastolic pressure is minmimal (Duncker et
al., 1988). Iz the animals with left ventricular dyslunction,
however. CEDC 8956 lowered left ventricular end-diastolic
pressure as effectively as GTN (Table 2). while the effect on
the systemic vascuiature remained comparable to that induced
in the normal animals (Figure 2). Both compounds increased
cardiac output by an increase in heart rate rather than in
stroke volume, which would be more desirable. One must
keep in mind, however, that the left ventrigular filling pres-
sures in the animals with leflt ventricular dysfunction, although
clevated were not extremely high It is very likely that
reduction of higher left ventricular filling pressure would
result in & more favourable effect on stroke volume. Neverthe-
less, an increase in heart rate, which is a common observation
with all vasodilators, ingreases the myocardial oxygen demand
and will, in particular in hypertrophied hearts, decrease coro-
nary flow reserve (Hofiman, 1990). Adjuvast treatment with a
specific bradycardic agent may then be attractive to unload
the heart without refiex-mediated tachycardia and 1o increase
stroke volume and coromary flow reserve (Verdouw er al.,
1981 ; Canty et al.,, 1990). The finding that CEDO 8956 did not
lower mean arterial blood pressure is not necessarily a dis-
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advantage as Cruickshank eof al (1987) have shown that
lowering high arterial blood pressure too much may be
harmful

Contrary to earlier reporied observations in dogs (Capurro
et al, 1977), nitroglycerin has no bencficial effect on total
coronary blood flow and its distribution within the myocard-
ium of the pig after an acute coronary artery occlusion {Most
et ai., 1978). In the present study GTN increased blood flow to
the myocardium remote from the distribution of the occluded
left circumflex coronary artery. The increase appeared to be
related to the increase in myocardial oxygen demand, esu-
mated by the heart rate-lefi vemtricular systolic pressure
product. In contrast 1o dogs, pigs ¢0 not usually bave a sig-
nificant coronary coliateral circulation, which may expiain the
differences in the observations made by Capurro et al. {1977)
and Most er ol (1978). After chronic occlusion a substantial
collaieral flow has been observed in the fibrotc tissue of the
porcine myocardium, the magnitude of which <an be aitered
by pharmacojogical interventions (Van der Giessen er al.
19%0a). In the present study GTN aiso increased the flow to
the fibrotic segment. It is questionable whether this increase in
flow has any clinical significance as we have not been able to
rccruit any function by inotropic stimulation (dobutamine
infusion) in this infarcted segment (unpublished observation).
CED{ 8956, albeit Jess, also showed an increase in fiow to the
normial segment A smaller increasc in the heart rate-lelt ven-
tricular systolic pressure product may be an index for myo-
cardial oxygen demand, the basis for this observation. The
present data cannot be used to speculate on the effects of
CEDCQ 8956 on myocardium which is perfused by partially
occluded coronary arteries. Several studies (Macho & Vatner,
1981; Hinwze & Vatner, 1983) have shown that the large epi-
cardial vessels dilaie in response to nitroglycerin. Dilatation of
the stenosis. which is independent of an increase in coronary
artery blood flow (Adachi et al. 1957) may be a major mecha-
nism in improving an impaired oxygen balance, The design of



the present study does not provide insight inte a possible
dilator eflect on the large epicardial vessels by CEDO 8956.

The effects of GTN on organ blood flows other than the
myocardium have only been addressed in a limited number off
studies. Most of these studies are in anacstherized animals in
which GTN was administered with the aim of producing
severe hypotension. Colley & Sivarajan (1983) observed that
during GTHN infusion in halothane-anaesthetized dogs, blood
flows to the brain, kidneys, liver, gastrointestinal tract and
skeletal muscle were maintained, despite a reduction of mean
arterial blood pressure from 82 + 4mmiHg to 45 + 3 mmHg,
due to a 50% decrease in systemic vascular resistance. Norlén
(1988) found in methomidate-anaesthetized pigs thatr doses of
GTN which decreased systemic vascular resistance by 28%
and mean arterial blood pressure by 33%, blood flows to the
heart, brain, kidneys, adremal glands, stomach and liver
{bepatic artery) were not affected, but that perfusion of the
spieen bad decreased by 25%. The present study differs con-
siderably from these studies, as the dose of GTN at which
regiona) blood flows and vascular resistances were deter-
mined, lowered mean arterial blood pressure by only
12mmHg from its baseline of 92mmHg, Furthermore the
studies were performed in conscious animals with a lowered
cardiac output due to impairmen? of left ventricuiar function.
In the present study cerebral blood flow was maintained and
renal blood Sow increased, due to local vasodilatation (Table
4). The same dose of CEDO 8956 (1 mgmin™*) had no effect
on mean arterial blood pressure and cardiac output increased
only by 12%. The effects on the regional vascular beds were
therefore less pronounced than with GTN and only the vascu-
lar resistance of the adrenals was significantly decreased.

Both GTN and CEDO 8956 lacked an effect on skeletal
muscle blood flow. Qur present results are in agreement with
an earlier report using isosorbide-dinitrate (Leier er al.. 1983).
Omn the other hand we have shown an acute improvement in
skeletzl muscle perfusion by the calcium chanmel blocker
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nisoldipine {Van der Giessen er al, 1990b), This may be
important as Creager ef al. (1985) showed in patients with
heart failure thet an improvement in exercise tolerance was
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haemodynamic parameters remiined stable, as was the case
with infusion of the solivent in this report {Table 1),

In conclusion, from the novel compounds only CEDC 8956
bad a cardiovascular profile similar to that of GTN and was
therefore selected for [urther study in the conscious amimals
with chronic left ventricular dysfunction. In this model,
CEDO 3956 normalized the depressed cardiac output by
lowering left ventricular filling pressure and systemic vascular
resistance, The radioactive labelled microsphere data showed
that CEDO 8956, similar to GTN, caused dilatation of the
coronary vascular bed remote [rom the infarcted area. The
observations that the preioad reduction by CEDQ 8956 was
more proncunced when left ventricular filling pressures were
clevated, and that for the same decreases in left ventricular
filling pressure the tncrease in heart rate by CEDQ 8956 was
less than with GTN may be attractive for cardiac patients.
The cardiovascular profile of CEDO 8956, therefore warrants
larther studies 1o imvestigate its potential usefulness in the
clinical setting. In further studies attention should be paid to
the duration of action and the development of tolerance which
could anenuate the therapeutic effects.
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The Selective Bradycardic Effects of UL-FS 49 Do Not Adversely
Affect Left Ventricular Function in Conscious Pigs
with Chronic Coronary Artery Occlusion

Summary

This study was designed to test whether the selective bradycardic effects of UL-FS 49
{zatebradine) were altered in the setting of chromnic muld left ventricular dysfunction
secondary to a myocardial infarction. We therefore administered four doses of UL-FS
49 (zatebradine) at 15 min intervals (cumulative doses of 10, 30, 100 and 300 ug kg™) to
8 normal conscious pigs and to 7 pigs in which the left circumflex coronary artery was
occluded 3 weeks previously. Left ventricular dysfunction in this second group of animals
was manifested by an increase in left ventricular end-diastolic pressure (LVEDP 11 =
2 mmHg vs 7 = 1 mmHg, respectively: p<0.05) and a decrease in LVdP/dt_,, (3020 =
210 mmHg vs 3720 = 210 mmHg, respectively; p<0.05). The results showed that UL-FS
49 (zatebradine) was equally effective in reducing heart rate in both groups of animals
(from 126 = 4 10 95 = 2 beats min™ and from 140 * 5 t0 98 = 6 beats min?! for the
normal animals and for the animals with a chronic myocardial infarction (MI}),
respectively). The duration of left ventricular systole was not affected, but the duration
of diastole was prolonged from 290 + 10 to 420 = 20 msec in the normal animals and
from 250 = 10 to 430 = 30 msec in the animals with MI (both p<0.05). Up 10 100 ug
kg! UL-FS 49 (zatebradine) did not affect arterial blood pressure, whereas LVdAP/dt,
and cardiac output decreased by less than 109% in either group. With the highest dose
there were decreases in cardiac output (209) and LVAP/di_, (15%) and a 5-6 mmkg
increase in left ventricular end-diastolic pressure, in both groups. The data suggest that
UL-FS 49 (zatebradine) in doses up to 100 pg kg™ may alse in the setting of chronic mild
left ventricular dysfunction be an attractive agent when heart rate has to be reduced

max

selectively.

Introduction
A reduction in heart rate will improve myocardial oxygen balance by both reducing
oxygen demand and improving oxygen supply, in particular of the subendocardial layers,

the most vulnerable area of the myocardium. The above are the most important reasons
for the anti-ischemic effects of selective bradycardic agents in the treatment of acute
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experimental myocardial ischemia (Schamhardt et al. 1981, Guth et al., 1987, Krumpi et
al, 1988 and Indolfi e: al, 1989). Hoffman (1990) and Canty et al. {1990) recently
pointed out that selective bradycardic agents may also be useful to reverse the adverse
effect of tachycardia on the lower limit of subendocardial autoregulation. The last group
of investigators observed that increasing the heart rate in dogs from 100 beats min™ to
200 beats min™ increased the minimal coronary perfusion pressure needed to ensure
normal subendocardial perfusion by 60% (Canty et ai, 1990). The mechanisms
responsible for this increase in minimal coronary perfusion pressure are believed to be
related to the tachycardia-induced myocardial oxygen consumption, which increases
autoregulated coronary flow (Drake-Holland et al., 1984) and the tachycardia-induced
reduction in diastolic time per minute, which decreases maximal coronary flow (Raff et
al., 1572). In normal hearts a tachycardia-induced reduction in coronary flow reserve will
not lead to subendocardial ischemia, but if coronary flow reserve is already impaired, for
instance due to hypertrophy, myocardial ischemia may ensue when heart rate increases.

CH,O OCHa
/
\\ | Nk(CHz)a—!\f—(CHz)z OCH,
CH.O \\O CH,_

UL-FS 49
zatebradine

Figure 1 The chemical structure of UL-FS 49.

88



UL-FS 49 (1,3,4,5-tetra-hydro-7.8-dimethoxy-3[3-[[2-(3,4-dimethoxyphenyl jethyl]-
methylimino]-propyl]-2H-3-benzazepin-2-on-hydro-chloride; Fig. 1) (zatebradine) is a so-
called specific bradycardic agent which lowers heart rate by a mechanism other than
beta-adrenoceptor or calcium channel blockade (Kobinger and Lillie, 1984 and Lillie and
Kobinger, 1986), although there are structural similarities with verapamil. Similar w0
alinidine, the mode of action of UL-FS 49 may be by an effect on anionic channels
(Millar et al., 1981) or on the I; channel (Bouman et al.,, 1985 and Snyders et al., 1985).
UL-FS 49 has been shown to reduce predomunantly heart rate (Kobinger and Lillie,
1984 and Lillie and Kebinger, 1986) and thereby improves perfusion and function of
acutely ischernic myocardium (Guth et al,. 1987, Krumpl et al., 1988 and Indolfi et al,,
198%). The effects of UL-FS 49 in animals with chronic left ventricular dysfunction have
not yet been studied. We have, however, shown that in conscious pigs chronic left
ventricular dysfunction may alter the quantitative as well as the qualitative effects of
cardiovascular drugs (Van der Giessen et al., 1989 and Van Woerkens et al., 1991.
Furthermore, when left ventricular function is chronically impaired, a reduction in heart
rate by beta-adrenoceptor blockade often leads to a further deterioration of
cardiovascular performance due to unwanted negative inotropy {Van Woerkens et al.,
1961). In the present study we therefore evaluated the cardiovascular effects of UL-FS
49 in conscious pigs with a 3 week old myocardial infarction and compared the results
to those obtained in a group of pigs with normal hearts, in order 1o establish whether the
cardiovascular effects of UL-FS 49, in partcular on diastolic perfusion tme, were
affected by the chronic left ventricular dysfunction.

Materizis and Methods
Surgical procedures

The experimental procedures were approved by the Commitiee on Animal Experiments
of the Erasmus University Rotterdam, and complied to the guidelines for the use and
care of experimental animals as put forward by the Council of the American
Physiological Society (DHEW Publication No. (NIH) 80-23, 1980).

After an overnight fast, 20 cross-bred Landrace x Yorkshire pigs of either sex (19-21 kg
at the time of surgery), pretreated with 600 mg of a mixture of procaine penicillin-G and
benzathine penicillin-G intramuscularly (Duplocillin, Gist-Brocades NV, Delft, The
Netherlands), were sedated with an intramuscular injection of 30 mg kg ketamine HCL
{Aeskoket, Aesculaap BV, Boxtel, The Netherlands). Subsequently the ammals were
intubated and mechanically ventilated with a mixture of oxygen and nitrous oxide (1:2)
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tc which 1-4% (v/v) enflurane was added. Under sterile conditions, a jugular vein and
a common carotid artery were cannulated for infusion of drugs or solvent and
measurement of arterial blood pressure, respectively. The chest was opened via the third
left intercostal space and an eleciromagnetic flow probe (Skalar, Delfi, The Netherlands)
was positioned around the ascending acria for the measurement of aortic blood flow.
The heart was exposed via the fifth intercostal space and a Konigsberg pressure
transducer (Konigsberg Instruments Inc., Pasadena, CA, U.8.A.) was implanted into the
left ventricle of the heart through its apex for recording of left ventricular pressure. The
left atrium was cannulated for recording of left atrial pressure which, together with the
arterial blood pressure, was used for calibration of the Konigsberg transducer signals.
In 12 animals the proximal segment of the left circumflex coronary artery (LCXCA) was
permanently ligated for the induction of a myocardial infarction. Serious ventricular
arrhythmias (sustained ventricular tachycardia or ventricular fibriilation) were treated
with immediate DC countershock. After 30 min the chest was closed and the wires were
tunmnelled subcutaneously to the back, and the animals were allowed to recover from
surgery.

The animals received daily intravenous doses of 560 mg amoxicilline (Clamoxil, Beecham
Farma B.V., Amstelveen, The Netherlands) and, during the first week only, kanamycin
500 mg (Kanymex, Gist Brocades N.V., Delft, The Netherlands) to prevent infection.
Catheters were flushed daily with an isotonic saline solution containing 500 TU mi?
heparin. During the first 3 weeks of the post operative recovery period the animals were
adapted to the laboratory facilities (8 to 10 sessions), while hemodynamic parameters
were monitored. The experimental protocols were executed when systemic hemodynamics
and arterial blood gases remained stabie for at least one hour, usuaily 3 weeks after
instrumentation. All measurements were done while the animals were quietly resting in
a constraining jacket.

Mortality

All eight animals with the intact coronary circulation could be used for the study. From
the 12 pigs in which the left circumflex coronary artery was occiuded, 4 animals died
suddenly during the post-operative pericd, most likely secondary to a ventricular
arrhythmia. One animal was excluded from the study because of failure of the electrical
transgucers.
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Experimerntal protocols

After baseline hemodynamic measurements were obtained, each animal received 4 bolus
infusions of UL-FS 49 of 10, 20, 70, and 200 ug kg (cumulative doses of 10, 30, 100 and
300 pg kg™) or the solvent of UL-FS 49 at 15 min intervals. At the end of each 15 min
period, all hemodynamic measurements were repeated before the nexi dose was
administered. The duration of systole and diastole were determined from the arterizl
blood pressure recordings. The nadir of diastolic arterial blood pressure was taken as the
onset and the occurrence of the incisura as the end of left ventricular ejection. The
experiments with the drug and the solvent were separated by at least 24 hours. Volumes
of the solvent correspended with those administered during the UL-FS 49 infusions.

Drugs

UL-FS 49 was supplied by Dr. Karl Thomae GmbH (Biberach an der Riss, Germany).
The drug was dissolved in saline (0.9% NaCl w/v) 10 a concentration of 10 ug kg ml™.

Statistical analysis

All data have been presented as mean + SEM. Differences between the baseline values
of the two groups of animals were evaluated using the unpaired student t test (two-
tailed). Statistical significance of drug-induced changes was determined by comparison
to the solvent-induced changed from the same group. A Bonferroni correction was used
because of multiple measurements. Statistical significance was accepted for a probability
less than 5%.

Results
Blood gases
Arterial blood gases of the normal animals and the animals with chronic left ventricular
dysfunction did not differ and were within the limits of those reporied before for

comscious pigs (Van Woerkens et al., 1991}, measured with an ABI-3 (Radiometer,
Copenhagen, Denmark): pH 742 = 0.02, pO, 75 = 3 mmHg and pCQO, 40 + 2 mmHg,
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Table 1. Stability of systemic hemodynamic parameters during solvent infusion in 8 normal conscious pigs (N} and in 7 conscious pigs with a 3 week old
myocardial infarction (MI)

saline (ml)
Baseline
1 2 7 20

HR N 12t = ¢ 123 =+ 11 121 = 11 120 = 12 122 = 11

MI 131 + 4 130 « 4 130 = 3 120 = 4 31 = 4
CcO N 264 + 003 263 £ 005 263 = 0.0S 259 = 007 261 & 004

MI 252 = 010 252 = (011 251 + 010 250 + 010 250 £ 010
SAP N 129 = 4 126 = 4 126 + 3 127 = 3 130 = 5

Ml 119 + 4 119 = 4 121 x4 120 = 4 119 =+ 5
MAP N 99 = 4 97T = 4 9% =+ 4 99 + 4 060 + 4

MI 97 = 4 97 + 4 99 = 4 97 =+ 4 98 = 5
DAP N 73 = 5 HmH = 6 72+ 5 73 0+ 4 T4 £ 5

MI 7% + 2 7o+ 2 B o= 3 77 0+ 2 7% £ 3
LVdP/dt,,, N 3640 = 270 3520 + 280 3420 = 250 3510 + 350 3680 =+ 310

Mi 2720 =  200° 2680 + 170 2820 £ 190 2720 = 200 2670 £ 220
LVEDP N 9 + 1 L | 9 + 1 9 + 1 g * 1

Ml 4 + 27 14 =+ 4 + 2 |5 = 4 =+ 2
SV N 222 = 19 20 £ 24 224 + 23 221 + 21 221 = 21

MI 192 = 08 195 * 038 193 = 09 95 = 09 9.1 = 09

HR = heart rate (beats min™); CO = cardiac output (1 min”); SAP, MAP and DAP are systolic, mean and diustolic arterigl blood pressire (mmHg), respectively.
LVdP/dt, .. = maximal rate of rise of left ventricular pressure (mmHg 51); LVEDP = left ventricular end-diastolic pressure (mimHg};
SV = stroke volume (ml). * P <0.05 vs normal pigs (for baseline measurements only); *P <0.05 vs Baseling; Data have been presented as mean * SEM.



Table 2. Systemic hemodynamic effects of UL-FS 49 in 8 normal conscious pigs (N) and in 7 conscious pigs with a 3 week old myocardial infarction (M1}

UL-FS 49 (ug k)

Baseline
10 20 70 200
Total dose 0 10 30 100 300
HR N 26 = 4 25 + 4 120 = 4* 14 + 4 95 + 2*
MI 49 =+ 4 13 =+ 5 133 = 6 117 + 5* 98 =+ o
CcO N 265 = (.11 255 = 012 249 = 0.12° 245 + 018 2,19 = 012
MI 258 = 011 254 + (.10 246 +  Q.10% 236 = Q.10¢ 202 = 020
SAP N 122 = 35 122 = 5 121 + 4 122 = 4 124 + 6
MI 114 =+ 5§ 113 = 5 14 + 5 117 + 5 115 = 4
MAP N 99 =+ 4 100 + 4 98 + 3 97 + 3 95 = 4
MI 93 = 4 93 = 4 94+ 4 M o+ 4 90 + 3
DAP N M x 06 77 0+ 5 73 + 5 0 0+ 5 66 + 7
MI 73 0+ 4 71 = 4 73 = 4 A 66 = 3
LVdP/di,, N 3720 = 210 3680 = 230 3510 = 230 3420 = 280* 3140 = 280
MI 020 + 2107 2740 +  250* 2790 = 2407 2720 = 220° 2570 +  290*
LVEDP N 7 0x 1 § = 1 8 + 1 9 + ¢ 2 = 1»
MI 1 o+ 2 12 = 2 1z 13 + 2 6 =+ 3¢
SV N 217 = 1.2 212 + L6 214 £ 15 225 + 1.8 236 + L3
MI 186 + 14 185 = 12 183 =+ 12 200 = 10 207 + 14

HR = heart rate (beats min'j; CO = cardiac output (I min); SAP, MAP and DAP are systolic, mean and diastolic arterial blood pressure (mmHg), respectively,
LVAP/dt,,., = masitnal rate of rise of left ventricular pressure (mmHg 5); LVEDP = left veniricular end-diastolic pressure (mmFg);
SV = stroke volunte (mf). *P<0.05 vs normal pigs (for baseline measurements only); *P <0.05 vs Baseline; Data have been presented as mean + SEM.



Baseline values of systemic hemodynamic of the normal pigs and
the pigs with the infarctions

The baseline values of the animals with the chronically occluded left circumiflex coronary
artery showed some significant differences compared to the normal conscious animals
(Tables 1 and 2). In the former, heart rate was 10% higher and LVdP/dt__ was 20%
lower than in the normal animals. The differences in mean arterial blood pressure and

max

stroke volume were not significantly different. Left ventricular filling pressure, however,
was significantly higher in the animals with chronic left circumilex coronary artery
occlusion (14 * 2 versus 9 = 1 mmHg, p<0.05). Table 1 aiso shows that the systemic
hemodynamic parameters remained stable in both groups of animals during the infusion
of the solvent.

Cardipvascular effects of UL-FS§ 46

Table 2 shows that UL-FS 49 was at least as effective in reducing heart rate in the
animals with the infarction as in the normal animals. As a martter of facy, after
administration of 100 g kg™ (total dose), the reduction in the animals with the infarction
was slightly larger (23 = 3 beats min™) than in the normal animals {12 = 2 beats min™,
p<0.05). At the other doses the reduction in heart rate was, however, very similar.
Cardiac output decreased by less than 109 in both groups until infusion of a cumulative
dose of 300 pg kg'!, which caused cardiac output to decrease by approximately 20% in
both groups. At any dose, the decrease in heart rate was larger than the decrease in
cardiac output, and it therefore follows that stroke volume increased (10-15% at the
highest dose). Mean arterial blood pressure was not affected in either group over the
entire dose range, which indicates that peripheral vasoconstriction counterbalanced the
effect of cardiac output on mean arterial blood pressure at the highest dose. LVdP/dy,,,
decreased in both groups by less than 10% until the last dose was administered.
During baseline conditions, the duration of systole was the same for both groups of
animals, but the duration of diastole was significantly reduced in the animals with the
infarction (Figure 2). The bradycardic action of UL-FS 49 had no effect on the duration
of systole in either group. The duraticn of diastole was, however, significantly prolonged
in a dose dependent manner in both groups of animals {up 1o 130 = 20 msec in the
normal animais and up to 180 + 30 msec in the animals with the infarctions).
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Figure 2 Effect of UL-FS 49 on the durarion of left ventricular systole and on the
duration of diastole in 8 normal conscious pigs ([_]) and in 7 pigs with a 3
week occlusion of the left circumflex coronary artery { B8 ). The figure
illustrates that UL-FS 49 had no effect on the duration of systole but
prolonged the duration of diastole to the same extent in both groups of
animals. * p<0.05 vs normal conscious pigs (only for pre-drug data (G)).
*n<0.05 vs pre-drug data. The bars indicate the SEM.

Discussion

In patients with stable angina pectoris and normal left ventricular function, selective
bradycardic agents offer only a limited advantage above beta-adrenoceptor antagonists
e.g. where effects on other organs (lungs, liver, thyroid) have to be avoided. However,
in patients with left ventricular dysfunction the direct effects on the heart may become
more important. After a myocardial infarction, the unaffected part of the left ventricle
has 1o compensate for the loss in contractile funciion of the infarcied segment. This may
lead to compensatory hypertrophy, which results in a decreased coronary flow reserve.
Both beta-adrenoceptor antagonists and selective bradycardic agents, by increasing
diastolic perfusion pericd may improve coronary perfusion. On the other hand, the
negative inotropic effects of beta-adrenoceptor antagonists may interfere with systolic
function, leading to the need for further adaptive mechanisms, such as ventricular
dilatation, which in itself decreases subendocardial perfusion (Bache, 1988).
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Occlusion of the left circumflex coronary artery in pigs leads to an infarct size of at least
15% of the left ventricle (Van der Giessen et al., 1989) and to hypertrophy of the left
ventricular anterior wall and septum. Therefore, it may serve as an appropriate model
to compare the effects of beta-adrenoceptor antagonists and selective bradycardic agents
on global left ventricular function,

The most important finding of the present study is that UL-FS 49 reduced heart rate in
conscious pigs with chronic mild left ventricular dysfunction to the same extent as in
normal pigs, without adversely affecting cardiac performance. This is important as we
have earlier shown that the effects of several drugs were modified when tested in the
same model. We have, for example, shown that the positive inotropic actions of the
phosphodiesterase inhibitor pimobendan were attenmated, and that the depressant effects
of propranelol become more apparent in animals with chrenic left ventricular dysfunciion
when compared to the effects in normal animals (Van der Giessen et al., 1989 and Van
Woerkens et al., 1991). On the other hand. the calcium channel blockers nisoldipine and
eigodipine, which had no effect on left ventricular end-diastolic pressure in the normal
conscious animals, caused a lowering of the elevated left ventricular pressures in the
animals with chronic left ventricular dysfunction {Van der Giessen et al., 1989 and Van
Woerkens et al., 1991).

UL-FS 49 had no effect on the duration of left ventricular systole, in either group of
amimals. The prolongation of the RR interval was therefore caused by a prolongation of
the duration of diastole. The finding that UL-FS 49, amongst others, had no effect on
the duration of systole, implies that the drug does not reduce the myocardial oxygen
demand per heart beat, although it will lower the myocardial oxygen demand per min
by reducing the number of systoles per min. The prolongation of the duration of diastole
per heart beat {47%) or per min {11%) is therefore probably the most important
mechanism for the anti-ischemic actions of UL-FS 49 {Guth et al.,, 1987, Krumpl et al.,
1988 and Indolifi et al., 1989).

The negative chronotropic properties of UL-FS 49 have also been studied in conscious
dogs (Guth et al., 1987, Krumpl et 21, 1988 and Indolfi et al., 1989). It is noteworthy that
In this last species three times higher doses than used in the pigs were needed to
accomplish similar reductions in heart rate, Furthermore, in these studies in dogs the
reductions in heart rate were accompanied by increases (significant or non-significant)
in LVdP/dt,, (Guth et al,, 1987, Krumpl et al., 1988 and Indolfi et al., 1989}, whereas
in the pigs we found a small but significant decrease in LVdAP/dt,,,. The reason for this
descrepancy between the two species can not be easily assessed. Nevertheless, in both
anesthetized and conscious pigs the relation between the reduction in heart rate and in
LvdP/dt,,, is more favorable for UL-FS 49 than for its congener falipamil (Verdouw
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L6

Systemic hemodynamic effects of UL-FS 49 in 3 normal anesthetized pigs during atriaf pacing at 110 beais min!

Table 3.

Baseline pacing off

pre-pacing

UL-FS 4¢ (ug kg™

Total dose 0 0 i06 30 10 300
HR 0+ 2 110 = 10 = 1 i1 £ i e = 1 110 = 1 o= 3t
CcO 20 = 02 21 = 02 21 = 02 20 = 02 20 £ 03 21+ 03 1.8 + 02
MAP 97 = 2 99 + 2 0w =+ 5 00 £ 5 100 = 7 1064 + ¢ B9 + 11
Lvdp/de,,, 2420 = 280 2220 = 330 2250 = 370 2200 = 340 2160 = 360 2210 £ 420 2300 £ 370
Y 20 = 2 19 = 2 19 += 2 18 = 2 18 = 2 19 = 2 24 0+ 2

HR = heart rate (beats min'); CO = cardiac owtput (I min'); MAP = mean arterial blood pressure (mmHg), respectively, LVAP/di . = maximal rate of rise
of left ventricular pressure {(mmHg s'); SV = stroke volume (ml). Data have been presented as mean + SEM. * p<0.05 vs Baseline pre-pacing,



et al., 1983) or alinidine (Verdouw et al., 1987 and Verdouw et al., 1980) , two other so-
called specific bradycardic agems. We also noticed that falipamil and alinidine both
decreased LVAP/d1,,, dose dependently when heart rate was fixed by atrial pacing and
that the magnitude of these changes were very simular during pacing and normal sinus
rhythm (Verdouw et al., 1983 and Verdouw et al,, 1987). This last observation is most
likely explained by the observation that, at least in anesthetized pigs, LVdP/dt,,,, is not
very sensitive to changes in heart rate in the range from 100 to 150 beats.min™ (Scheffer
and Verdouw, 1983). In three preliminary experiments in anesthetized pigs we have
cbserved that UL-FS 49 did not significantly decrease LVdP/dt,,,, when heart rate was
kept constant by atrial pacing at 110 bpm. (Tzable 3). It thus appears that UL-FS 49
exerts considerable Iess negative inotropic effects than for instance alinidine or falipamil,
when heart rate associated changes in myocardial contractility are excluded.

4000,

3000

LV dP/dtmax (MmHg sec™)

a

2000 45 100 150

HEART RATE (beats min™")

Figure 3. Relation between changes in heart rate and stroke volume in normal
conscious pigs and in conscious pigs with chronic left ventricular dysfunction
during administration of UL-FS 49 (Q and @ , respectively) and propranclol
(O and B , respectively). Notice thar propranolol and UL-FS 49 had
opposite effects on siroke volume. The data on propranclol have been
reported before (Van Woerkens et al, 1991).
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As was discussed above, beta-adrenoceptor antagonists may also ameliorate myocardial
ischemia by a reduction in heart rate. A disadvantage of this ¢lass of drugs is that they
can substantially decrease myocardial contractility. We have earlier shown that in animals
with a 4 week old myocardial infarction, propranclol at a dose (0.5 mg kg') which
lowered heart rate by 23%, reduced LVdP/dt,, by 32% (Van Woerkens et al. 1991).
With UL-FS 49 we found that a 30% lowering of heart rate reduced LVdP/dt by only
12% (Table 2). Taking into account that LVdP/dt, . not only depends on myocardial
contractility but also on heart rate and afterload, we like to conclude that the negative
inotropic effects of UL-FS 49 are negligible at doses up to 300 ug kg, which is most
likely the major reason that UL-FS 49 and propranolol have opposite effects on stroke
volume (Figure 3). As discussed by Indolfi et 2l. (1989), reduction of heart rate by UL-FS
49 has also the advantage over beta-adrenoceptor blockade because UL-FS 49 does not
cause unmasking of alpha-adrenergic constriction in the large coronary vessels Kobinger,
1985 and Riley et al 1987).

We conclude that in light of absence of a depression of cardiovascular performance, the
data presented in this study suggest that UL-FS 49 could be an attractive agent to
selectively reduce heart rate during chronic mild left veniricular dysfunction. Further
studies evaluating the effects of chronic treatment of UL-FS 49 therefore appears to be
the logical next approach.
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Evidence against a role for dopamine D, receptors in the

myocardium of the pig

L.J. Van Woerkens, D.J. Duncker, M.O. Den Boer, E.O. McFalls, LM.A. Sassen, P.R. Saxena &

P.D. Verdouw

Laboratory for Experimental Cardiclogy, Thoraxcentre and Department of Pharmacology, Erasmus University Rotterdam,

P.Q. Box 1738. 3000 DR Rotterdam, The Netherlands

1 We investigated the presence of dopamine D, receptors in the myocardium of anaesthetized pigs using
intravenous infusions of dopamine, alone and after - and f-adrenoceptor blockade and intragoronary
infusions of the selective D, receptor agonist, lenoldopam,

2 Intravenous infusion of dopamine (2.5. 5 and 1Gugkg™ 'min~' for 10min, n = 6) caused dose-
dependent changes in heart rate (from 94 + 6 10 132 + 10 beats min™*, P < 0.05), the maximal rate of risc
of left ventricular pressure (LVAP/dt, : from 2280 + 170 to 4800 + 410 mmHgs™!, P < 0.05), mean
arterial blood pressure (from 87 + 5 to 62 + SmmHg) and systemic vascular resistance (rom 40 + 4 to
28 + 2mmHg! ™ min. P < 0.05). The increases in heart rate and LVdP/dr, . were abolished when dopa-
mine was infused alter - and f-adrenoceptor blockade. The vasodilator respense was, however, only
minimaily affected,

3 Intravenous infusions of dopamine decreased coromary vascular resistance from 0.90 + .06 to
0.53 £ 0.07 mmHgm! ™ min 100 g (P < 0.05). This action of dopamine was not observed when dopamine
was infused alter blockade of the a- and f-adrenoceptors.

4 Pretreatment with o~ and f-adrenoceptor blockade had no effect or only slightly attenuated the
dopamine-induced decrease in vascular resistance of the brain, kidneys, adrenals and small intestine,

S In 7 animals, intracoronary doses of 0.04, 0.1, 0.2 and Odugkg™ ' min~?! of fenoldoparn had no effzer
on coronary venous oxygen ¢ontent, local myocardial oxygen consumption, coronary bliood flow or coro-
mary vascular resistance. However, systemic effects were observed at the highest two doses, as manifested
by a drop in mean arterial blood pressure rom $2 + 4 1o 72 + 4mmHg (P < 0.05) due 10 peripheral
vasodilatation (e.g. cercbral vascular bed). Heart rate. LVAFP/dr,,,, . regional myocardial segment length
shortening and left ventricular end-diastolic pressure were not affected at these doses. In 2 animals the
infusion rate was increased to 4xgkg™  min~'. but again there was no evidence for coronary vasodilata-
ton,

6 We conclude that the intravenous infusion of dopamine after - and f-adrenoceptor blockade and the
intracoronary infusion of fenoldopam provided no evidence for a major role of D, receptors in the coro-
nary circulation of pigs. The absence of any effect of the employed doses of [enoldopam on LVd4FP/dr, .
and on regional myocardial segment length shortening also indicates that fenoldopam does not exhibit

any inotropic action in this species.

Keywords: Dopamine; fenoldopam:; D, receptors; systemic haemodynamics: regional blood flows: coronary blood flow;

InOtropy; pig myocardium

Introduction

Dopamine D, receptors have been identified in a number of
vascular beds, including the renal. mesenteric and cerebral
vasculature (Ueda et af., 1982; Toda, 1983 Hughes & Sever,
1989). However, evidence for their presence in the coronary
circulation is limited. Kopia & Valocik (198%) demonstrated a
specific D, receptor-mediated vasodilatation in the coronary
vascular bed of pentobarbitone-anaesthetized dogs [ollowing
intracoronary infusion of the specific ©, receptor agonist,
fenoldopam. Hieble e al. (1987) showed that fenoldopam. in
both dogs and rats, increased blood Sow to various vascular
beds. but not to the heart. Recently, Zhao er al. (1950} con-
cluded from their experiments in  pentobarbitone.
anaesthetized dogs that coronmary vasodilatation after
intracoronary infusion of fenoldopam was duc to a positive
inotropic effeet of the drug rather than 1o a direct effect on the
coronary vasculature. Furthermore, lenoldopam has failed to
relax isolated conduit coronary arteries of humans precon-
tracted by noradrenaline (Hughes & Sever. 1989).

Zhao et al. (1990) reported an increased inotropic state
during infusion of fenoldopam in dogs, but Hieble ¢t af. (1987)
found that in the same specics the drug reduced the maximal
rate of rise of left vemricular pressure (LVAP/dr,,) and

! Author for ¢orrespondence.

ascribed the latter 1o a negative inotropic action of the drug.
Hopia & Valoctk (1989), however, could not confirm either
observation, when they infused fenoldopam directly into a
coronary artery.

In view of these discrepancies, we used two approaches 10
investigate the role of I, receptors in the myocardium of pigs,
a species (requently used in biomedical research. We first
determined the respomsivencss to intravenous infusions of
dopamine alone and after @+ and fradrenoceptor blockade.
We then used intracoronary infusions of fenoldopam to evalu-
ate the direct effects of lenoldopam on coronary blood flow
and myocardial contractility.

Methods
General

After an overnight fast, 25 cross-bred Landrace x Yorkshire
pigs (H.V.C., Hedel, The Netherlands) of either sex and weigh-
ing from 22-28 kg were sedated with intramuscular Smgkg™*
azaperone (Stresnil, Janssen Pharmaceutica, Beerse, Belgium),
anacsthetized  with  intravenous 6mgkg™! metomidate
(Hypnodil, Janssen Pharmaceutica, Beerse, Belgium), intu-
bated and connected to a respirater for intermittent positive
pressure ventilanon with a mixture of oxygen and nitrous
oxide {1:2). Respiratory rate and tidal volume were set to
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keep arterial blood gases within the normal range:
735 < pH < 7.45; 35mmiig < PCO, < 45mmkig and
120mmHg < Po, < 160mmHg. 7F catheters were placed in
the superior caval vein for administration of 150mgkg™" =
chloralose {E. Merck. Darmstadt, Germany) followed by an
infusion of a low dose (Smgkg™*h™") of sodium pentobarbi-
tone (Apharma, Arnbem, The Netherlands): for adminis-
tration of 4mg of the muscle relaxant pancuronium bromide
(Organon Teknika BV, Boxtel, The Netherlands) prior to tho-
racotomy: and for adminstration of haemaceel (Behringwerke
A.G.. Marburg, Germany) to compensate for loss of intra-
vascular volume. Catheters were also positioned in the
descending aorta for withdrawal of blood samples and mea-
surement of central aortic blood pressure. A Sensodyn
MTCP7 catheter (B. Braun, Medical BV, Uden, The
Netherlands) inserted via the left carotid artery was used to
measure Jelt ventricular pressurc and its first derivative
(LVdP/de). After thoracotomy, an clectromagnetic flow probe
(Skalar, Delft, The Netherlands) was placed around the
ascending aotta, and the great cardiac vein was carmulated for
subsequent collection of bivod for determining hacmoglobin
concentration and oxygen saturation (OSM2, Radiometer,
Copenhagen, Denmark;. In 14 of the animals the proximal left
anterior descending corenary artery was dissected free and a
small canauia inserted for intracoronary infusions of fenoldo-
pam or its solvent.

Regional biood flows

In order o determine regional biood fiows, the left atrial
appendage was cannulated for injection of a batch of
1-2 x 10* carbonized plastic microspheres [15 + 14m (s.d.) in
diameter] labelled with “*S¢, *>Nb, **Ru, 138n or #1(Ce.
Starting 15s before the injection of microsphercs, blood was
withdrawn [rom a femoral artery at a rate of 10mlmin~! unti)
60-655 after completion of the injection of the microspheres,
In the animals which received the intracoronary infusions of
fenoldopam, the area perfused by the left anterior descending
coronary artery {LADCA) was identified by an intracoronary
njection ol patent blue violet (Sigma, St Lowis. MO, US.A)
at the end of the experiment. Animals were killed with an
overdose of sodium pentobarbitone and the heart, the brain
{divided mto bemispheres, dienccphalon, cerebellum and
brainstem) adrenals, kidneys and aliquots of the skeletal
muscle. skin and smail intestine were excised. The heart was
fixed in formaldehyde (10% v/v) for 48h at which point of
time the left ventricle was divided into three layers of equal
thickness. From the radioactivity in the tissue, blood fows
were determined by standard procedures (Saxena et al- 1980).

Myocardial oxygen consumprion and contractile function

Myocardial oxygen consumption (MVO,) of the LADCA per-
fuse¢ area was calculated as the product of coronary blood
flow (microsphere measurements) and the difference in the
exygen contents of the arterial and coronary venous blood.

In the animals in which lenoldopam was infused. regional
myocardial segment Jength shortening was assessed by sono-
micrometry (Triton Technology Inc, San Diego. CA, USA)
with a pair of ultrasonic crystals implanted approximately
10mm apart in the subendocardial layers of the myocardium
perfused by the LADCA. From the tracings, systolic segment
length shortening (S5L5) was calculated as:

5L3 (%) = 100 x (EDL — ESL)/EDL,

in which EDL and ESL are the segment length at end-diastole
and end-systole, respectively.

Experimental protocols
Two series of experiments were performed. En the first series of

experiments the effects of dopamine on systemic haemo-
dynamics and regonal blood Jows were evaluated. To this
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end 6 pigs received three consecutive 10 min intravenous infu-
siens (2.5, 5 and 10ugkg™ *min~*') of dopamine and 5 other
animals received four conmsecutive 10mun intravenous info-
sions (2.5, 5. 10 and 20 ugkg™ ' min~?) of dopamine after o
and f-adremoceptor blockade with phentolamine (1 mgkg™?)
and propranolel (0.5mgkg™' + 0.5mgkg~1h~Y), respec-
tively. Systemic haemodynamics, arterial and coronary venous
oxygen contents and regional blood flows were detcrmined at
baseline and at the end of each infusion rate, In the second
series Of experiments, the direct cffects of fenoldopam on the
coronary circulation and the myocardium were evaluated.
Hitherto, four incremental doses of fenoldopam (0.04, 0.1, 0.2
and O4ugkg™'min~?') were infused directly into the left
anterior descending coromary artery for 1Qmin each in the
experimental group (r=7) and the results were compared
with those of a control group (r = 7), which received equal
volumes of the solvent, Systemic haemodynamics, regional
myocardial function, arterial and coronary venous oxygen
contents and coronary blood flow were determined again at
baseline and at the end of each infusion rate.

Drugs

Dopamine hydrochloride (Department of Pharmacy. Aca-
demic Hospital Dijkzigt, Rotterdam, The Netherlands),
propranolo]l  hydrochloride  (gift: ICI-Phormaccuticals,
Romerdamn. The  Netherlands) and  phentolamine
methane-sulphonide {gift: Ciba-Geigy B.V. Arnhem, The
Netherlands) were dissolved in  physiological saline.
Fenoldopam mesylate (gift: Dr F. Lippens, Soith, Kline and
Beecham. Rijswijk, The Netherlands) was dissolved In
physiological saline comtaiming 1% v/v ethanol and the
required doses were obtained by adjusting the infusion rate
{from 0.13mimin~" 1o 2mlmin~'}

Statistical evaluation

All data are presented as arithmetic mezn + semean. Sta-
tistical analysis was performed by use of a parametric
two-way of analysis of variance (random-block desigm). fol-
lowed by the Duncan new multiple range est. Statistical sig-
nificance was accepted lor P < 0.05.

Resuits

Intravenous infusions of dopamine withour and after «-
and f-adrenoceptor blockade

Systemic hgemodynamics Intravenous infusion of dopamine
caused an increase in heart rate [rom 94 + 6 to 132 4 10 beats
min~" (P < 0.05) and 3 deercase in mean arterial blood pres-
sure from 87 + 5 to 62 + 3mmHg (P < 0.05): both changes
were dose-dependent (Figure 1) Cardizc output did not
change, which implies that the hypotensive effect was caused
by a reduction of the systemic vascular resistance (P < 0.05).
LVdFP/de,,. increased by more than 100%, while left ventricu-
lar end-diastolic pressure showed 2 decrease rom 10+ 1 to
7 + 1 mmHg (P < 0.05).

The animals in which the z- and f-adrenoceptors were
blocked bad a 20% lower LVdP/dr,,, at baseline, but other
systemic baemodynamic parameters were not significantly dif-
ferent from the animals without adrenoceptor blockade
(Figure 1). When dopamine was infused in these animals, the
increases in heart rate and in LVAP/dr, were inhibited, but
the sysiemic vasodilator response was oaly minimally affected
(Figure 1).

Myocardial blood flow and oxygen consumption During infu.
sion of the lowest dose of dopamine (2.5 zgkg™* min~") there
was a 10% decrease in felt venuicular wansmural blood flow,
but during the infusion of 5 and 1¢pgkg™* min ™', transmural
blood flow wos, respectively, 20% and 50% higher than the
bascline fiow {Figure 2). The subepicardial layers benefitted
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Figurc 1 Systemic hacmodynamic cffects of dopamine alone (O.
n = 6) and after o- and Fadrenoccptor blockade (@, m = 5) in anacs-
thetized pigs. HR * beart rate (beats min™1); CO = cardiag output
(lmin~!); MAP =mean artcrial blood pressure (mmHg);
LVdP/dt,,, = maximum ratc of rise in left ventricular pressurc
{mmMgs™*); LYEDP =left ventricular end-diastolic pressure
(mmHg). SVR = systemnic vascular resistance {mmHg]™? mun), Note
that after o- and f-adremoceptor blockade the dopamune-induced
increascs in heart rate and LVdP/dr, . were slmost completely
abolished, but that dilatation of the systemic vaseular bed was much
less affected. *P < G.05 vs baseline.

more from the increase in blood flow than the subendocardial
layers as the ratio of the normalized subendocardial and sub-
epicardial blood flows decreased from 107 £ 004 10
0.97 £ 0.06 (P < 0.05). Calculation of the coronary vascular
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Figare 2 The cffect of dopamine on transmural left ventricular blood
fow {LV) and kit ventricular vasguiar resistance (LV resistance) and
left ventricular oxygen consumption (MVO,) in anaesthetized pigs.
Data were oblained without (Q, rm=6) and after o= and
B-adrenoceptor blockade (@, n = §). *F < 0.05 vs baseline.

resistance revealed no change at 25ugkg™'min~!, but
decreases of 30% and 50% were observed during the dopa-
mine infusions of 5 and I0ugkg™ ! min ™2, respectively. Myo-
cardial oxygen consumption decreased (by 20%} during
infusion of the lowest dose, was not differeat from baseline
during infusion of the middle dose and increased (by 30%)
during infusion of the highest dose. The let ventricular systol-
ic pressure-heart rate product, a measure of myocardial
oxygen demand. followed 2 similar pattern.

After blockade of the o and S-adrenoccptors, the
dopamine-induced increases in coronary blood flow were
abolished and the decrease in coronary vascular resistance
was attenuated. Myocardial oxygen consumption tended to
decrease slightly, but levels of statistical significance were not
reached. The decrease in myocardial efficiency did not reach
levels of statistical significance also.

Regional vascula beds Figure 3 demonstrates the existence
of peripheral dopzmine receptors in the pig as the decreases in
vascular resistancss of. in particular the kidneys, adrenals,
brain and small intestine, were only minimally affected when
dopamine was infused after o- and f-adrenoceptor blockade.
The regional differences in the brain were relatively small as
after - and f-adrenoceptor blockade the dopamine-induced
decreases in the vascular resistances of the diencephalon,
hemispheres, cerebeflum and brainstem were maximaily
16 + 4%, 16 £ 3%, 13 £ 3% and 11 £ 7%, respectively.

Inrracoronary infusions of fenoldopam

Systemic haemodynamics  As shown in Table 1, intracoronary
infusions of fenoldopam up to 0.4 ugkg™ ! min~? had no effect
on cardiac output, heart rate, LVdP/dt_,, and left ventricular
end-diastolic pressure, Mean arterial blood pressure decreased
from 82 + 4 to 72 £+ 4mmHg (12%. P < 0.05) with an associ-
ated reduction in systemic vascular resistance from 41 £+ 3 to
35 + 3mmHgl™® min (15%, P < 0.05). In 2 of the experi-
ments intracoromary infusions sp to 4ugkg 'min~' were
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Figure 3 The effect of dopamine on the regional vascular resistance
of regjonal vascular beds. Datz were obtained without (), » = 6) and
after - and f-ndrenoceptor blockade (@, n=15. *P <005 vs
baseline.
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Table 1 Systemic haemodynamics after continuous intracoronary 10min infusions of fenoldopam or its solvent in anaesthetized pigs

Fenoldopam (ug kg™ ! min ') or equal volumes of its solvent

¢ 04 01 0z 04
HR Solvent 127 110+ 6 nets 112+5 113+6
Fenoldopam 118+ 8 114+ 9 114+ 8 118+ 9 115+ 8
MAP Solvent 893 869 4+4 8544 8546
Fenoldopam 824 BO+5 794 T2+ 4% T34 6
Co Solvent 25+03 25403 25+03 2544903 24403
Fenoldopam 21 %02 20+02 21+02 21402 21401
SVR Solvent 7+3 36+3 3643 3643 B4
Fenoldopam 4113 41 +3 0 +3 3543 35+ 3"
Lvapjidr, . Solvent 2360 1 390 2330 £ 310 2260 + 330 2430 + 410 2400 £ 410
Feacldopam 2010 £ 320 1850 + 260 1850 + 270 1790 + 280 1880 + 280
LVEDP Sotvent 131l 64+ 1.1 65+ 1.1 644 1.1 64 4 L0
Fenoldopam 69 +08 71+08 71£08 68+08 75+ 1.0

Data are mean 4 s.eanean; 7 = 7 for the solvent-treated and n = 7 for the fenoldopam-ireated animals. HR = heart rate (beats min™*);
MAP = mean arterial blood pressure (mm¥ig); CO = cardiac cutput {1 min~!): SVR = systemic vascular resistance (mmHgl™* min);
LVdP/dr,,, = maximal rate of misc of left ventricular blood pressure (mmHgs™"): LYEDP = left ventricular end-diastolic blood pressure

(mmHg).
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Figure 4 Iutracoronary infusions of [znoldopam into the left anterior
descending coronary artery (LADCA) had oo effect on coronary
blood flow, coronary vascular resistance, regional systolic scgment
iength shortening (SLS) or rcgional myocardial O.-consumption
(MVQ,}; open columns, solvent infusion (n = 7); hatched columns,
fenoldopam infusion (r = 7). Columas represent means and vertical
‘bars represent the standard errors.
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used. In these animals there was a further decrcase in mean
arterial blood pressure by 12 and 18mmHg, respectively, with
a further reduction in systemic vascular resistance. Cardiac
output, heart rate and LVdP/dr, . were not affected {data not
shown iz Tabie 1),

Resistaace of the cerebral vascular bed decrcased dose
dependently  from 293033 1o 224+ 023mmHg
@mi~tmin100g {25%, P <0.05) durieg the fenoldopam
infusions. The resistance of the repal vascular bed was
045 4+ 0.10 mmHgml™ ' min 100g 2t bascline and decreased
gradually to 032+004 mmigml~'min 100g at
0.4 ugkg ™" min~* fenoldopam. This decrement, however, was
not significant compared to the changes in the solvent-treated
animals,

Myocardial blood flow, oxygen consumprion and conrractile
JSunction Intracoronary infusions of fenoldopam did not alter
transmuzal biood flow or vascular resistance in the LADCA-
perfused region (Figare 4). Since coronary venous oxygen
saturation {bascline value: 27 + 3%) was also not affected,
myocardial oxygen consumption was maintained (Figure 4).
This obscrvalion is pot surprising as global and regional
parameters of myocardial comtractile function, LV4P/dr, ..
(Table I} and scgment length shortening (Figure 4), respec-
tvely, did not change.

In the two animals in which fenoldopam was infesed at
4agkg™'min~®, coronary vemous oxygen saturation and
regional segment length shortening remained constant.

Discussion

The principal findings of this study are that intracoromary
infusions of fenoldopam (up to a dose of O4pugke™ ' min~Y)
neither afected myocardial blood flow nor myocardial func-
tion and exygen consumpiion in anaesthetized pigs. The doses
used were high enough to cause changes in the peripheral
vasculature as reflocted by decrcases in mean arterial blood
pressure and systemic vascular resistance. Furthermore, in
two azimals the rate of the intracoronary infusions of fenoldo-
pam was Increased to 4ppkg”'min~! without camsing any
changes in regional myocardial wall motion and coronary
venous oxygen saturation, which is 2 sensitive parameter to
detect coromary vasodilatation provided myocardial oxygen
consumption does not incrcase {Duncker et al, 1986
Verdouw ef af, 1937; Sassen et al., 1950a,b). These observa-
tions suggest that D, receptors are of minor importance in the
coronary circulation of the anaesthetized pig.

The presence of D recepiors in the renal, mesenteric and
cerebral vascular beds has mow bBeen well established in a



number of species mcluding man, dogs and pigs {Goldberg,
1972; Ueda ¢t af,, 1982: Gootman et al, 1983; Toda, 1983;
Hughes & Sever, 1989). In contrast, evidence for D, receptors
in the coronary circulation is inconclusive. In dogs pretreated
with - and f-adrenoceptor antagonists, dopamine has been
reported 1o elicit & D, receptor-mediated vasodilatation in
coronary conductance vessels (Toda & Hatane, 1979) as well
a3 in arterioles (Schuelke ¢t al. 1971: Kopia & Valocik, 1989).
However, in the present expenments in pigs, dopamine-
induced coronary vasodilatation was accompanied by
increases in heart rate and myocardial contractility, and these
effects were absent inm animals with - and f-adrenocspior
blockade. Similarly, fenoldopam-induced coronary vasodilata-
ton has not been consistentdy observed. While Kopia &
Valocik (1989} found coronmary vasodilatation after ntraco-
ronary administration of 1pgkg™! min~* lenoldopam in the
dog. no such effect was noticed with this drug after intra-
venous infusion in the same specics (Hicble et af., 1987) or
after intracoromary infusion in the pig (present experiments).
In human isolated coronary arteries precontracted with nor-
adrenaline, fenoldopam failed to elicit a vasodilator response
in 6 out of § artery segments (6 out of 7 patients) (Hughes &
Sever, 1989), implying that the human conduit coronary
vessels are devoid of I, receptors.

Another controversial point is the potential ¢ffects of lenol-
dopam on myocardial contractility. Hieble er al (1987) sug-
gested that fenoldopam exerts 2 negative inotTopic action as
shown by a 26% decrease in LVdP/dt,,, dunng intravenous
infusion of the drug. The authors did not take into account
that LV4P/dr, ., depends not only on myocardial contractility
but also on heart rate, kft ventricular filling pressure and
arterial blood pressure (afterload). Since in their study artenial
blood pressure decreased by approximately 25%, the effect on
dp/dt,,. cannot be assumed to be secondary 1o possible car-
diodepressant actions of the drug only, In contrast, Zbao et al.
(1990) observed that mtracoronary infusion of fencldopam at
concentrations up to S000nmM (equivalent to intracorenary
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Comparisen of the cardiovascular effects of epinine and dopamine

in comscious pigs
Summary

The effects of epinine or dopamine on systemic hemodynamics and plasma
concentrations of catecholamines and prolactin were studied in conscicus pigs before and
after combined non-selective alpha- and beta- adrenoceptor blockade. Epinine increased
cardiac output (CO, 24 = 6%), which for doses less than 10 ug.kg™.min™ was due to an
increase in heart rate (HR). At 10 pgkg’.min® HR decreased slightly (10 = 3%, as
compared to the value obtained at 5 ugkg’.min™) and stroke volume increased up to
15% (P <(0.05). Mean arterial pressure (MAP. 99 = 3 mmHg art baseline) decreased dose
dependently {14 = 2%, P<0.05) up to the infusion rate of 5 ug.kg . min", but increased
by 4.0 + 1.8 mmHg during infusion of 10 wg.kg’.min™. Systemic vascular resistance
(SVR) decreased up to 23 * 3% for doses less than 10 ug.kg’.min™. but did not further
change during infusion of the highest dose. LVdP/dt_, increased during the two highest
infusion rates up to 22 * 6% (P<0.05). After the infusion was stopped there was an
abrupt increase in HR (18 = 4%, P<0.05) and a further decrease in SVR before all
parameters retumed to baseline. Adrenoceptor blockade inhibited all epinine-induced
changes. Dopamine caused similar increases in CO (27 = 3%) as epinine, the only
difference being that HR continued to increase (32 = 5%) and MAP (13 = 3%) and
SVR continued to decrease (31 = 3%) over the entire dose range. The increase in
LvdP/dt_ . at the highest dose (48 = 4%, P<0.05) was more pronounced than with
epinine. Adrenoceptor blockade did not affect the dopamine-induced changes in CO,
SVR and MAP, but attenuated the increases in HR and LVdP/d1,,,. Norepinephrine
(NE) and epinephrine (E) concentrations did not change during infusion of epinine or
dopamine, but NE increased by 50% within 2.5 min after stopping the infusion of
epinine. After adrenoceptor blockade NE and E concentrations did not change during
infusion of dopamine, but NE decreased by 55 = 5 % of its baseline value (P<0.05)
during infusion of epinine. Prolactin concentrations decreased gradually from 480 = 40
pgml? w0 270 = 50 pg.ml? (P<0.05) during infusion of epinine, but did not change
significantly during dopamine infusion. The differential effects of epinine and dopamine
on MAP, SVR, plasma norepinephrine (before and after adrenoceptor blockade) and
prolactin, leads us to conclude that in conscious pigs, epinine is a more potent alpha,
beta-2 and dopamine-2-agonist, but a weaker dopamine-1-agonist than dopamine.



Introduction

Intravenous administration of dopamine has proved to be useful in some patients with
congestive heart failure, but poor absorption after oral administration seriously limits its
use in the chromnic treatment of this disorder (Goldberg et al., 1974). Therefore, there has
been a long-lasting search for dopaminergic drugs that are active after oral
administration {Casagrande, 1986). This has led to the development of ibopamine, the
di-iso-butyrylester of epinine (N-methyldopamine}, for the chronic iwreatment of
congestive heart failure. Ibopamine is a prodrug, which itself is devoid of
pharmacological activity. It is rapidly hydrolyzed by plasma esterases to the active moity
epinine (Randolph et al, 1983, Pocchiari et al.,, 1986 and Rajfer et al., 1986). The
cardiovascular actions of epinine have been studied and compared 1o those of dopamine,
but the investigations have exclusively been performed in anesthetized animals (Itoh et
al., 1985, Nichols et al, 19872,b, Shebuski et al.. 1987 and Kopia et al,, 1988). Epinine
stimulates non-selectively alpha-, beta- and dopamine (DA) receptors. Stimulation of
dopamine-2-receptors inhibits ganglionic and noradrenergic neurotransmission,
preferentially at high levels of sympathetic activity. Because during anesthesia there may
be high sympathetic activity, we studied the cardiovascular actions of epinine and
dopamine in conscious animals, thereby avoiding the possible interference of anesthetic
agents. The pig was chosen as the experimental animal, because of its increasing use in
the study of chronic left ventricular dysfunction (Van der Giessen et al., 1989 and Van
Woerkens et al., 1991b,c.d).

To elucidate its mechanisms of action, we studied the cardiovascular effects of infusions
of epinine and those of dopamine before and after non-selective blockade of the alpha-
and beta-adrenoceptors, in order to delineate the contribution of dopamine-1-, beta-2-
and alpha-adrenoceptor stimulation to the overall vasodilator response to these drugs.
We also determined arterial plasma concentrations of catecholamines, since dopamine
and epinine may inhibit noradrenergic neurotransmission and norepinephrine release by
presynaptic alpha-1- and dopamine-2- receptor stimulation. Furthermore, plasma
prolactin was measured as a specific dopamine-2-receptor mediated response, since
stimulation of dopamine-2 recepiors in the pituitary gland inhibits release of prolactin
{(Moore and Bloom, 1978).
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Magerials and Metheds

The experimental procedures were approved by the Committee on  Animal
Experimentation of the Erasmus University Rotterdam, and complied with the Guide for
the Care and Use of Laboratory Animals as adopted by the National Institutes of Health.

Surgical procedures.

After an overnight fast, cross-bred Landrace x Yorkshire pigs of either sex (19-21 kg at
the time of surgery), pretreated with 600 mg of a mixture of procaine penicillin-G and
benzathine penicillin-G intramuscularly (Duplocillin, Gist-Brocades NV, Delft, The
Netherlands), were sedated with an intramuscular injection of 30 mg.kg™ ketamine HCL
(Aeskoket, Aesculaap BV, Boxtel, The Netherlands). Subsequently the animals were
intubated and mechanically ventilated with a mixture of oxygen and nitrous oxide (1:2)
to which 1-4% (v/v) enflurane was added. Under sterile conditions, 2 jugular vein and
a common carotid artery were cannulated for infusion of drugs or solvent and
measurement of arterial blood pressure, respectively, The chest was opened via the third
left intercostal space and an electromagnetic flow probe {Skalar, Delft, The Netherlands)
was positioned around the ascending aorta for the measurement of aortic blood flow.
The heart was exposed via the fifth intercostal space and a pressure transducer
(Konigsberg Instruments Inc., Pasadena, CA, U.S.A)) was implanted into the left
ventricle of the heart through its apex for recording of left ventricular pressure. The left
atrium was cannulated for recording of left atrial pressure which, together with the
arterial blood pressure, was used for calibration of the Konigsberg transducer signals.
The wires were than tunnelled to the back, the chest was closed and the animals were
allowed to recover.

Post—swgical period

The animals received daily intravenous doses of 500 mg amoxicillin (Clamoxil, Beecham:
Farma B.V., Amstelveen, The Netherlands) and, during the first week only, 500 mg
kanamicine 10% (Alfasan, Woerden, The Netherlands) to prevent infection, Catheters
were flushed daily with an isotonic saline solution containing 500 IU ml™ heparin. During
the first weeks of the post-operative recovery period the animals were daily adapted to
the laboratory facilities (8 0 10 sessions), while hemodynamic parameters were
monitored. The experimental protocols were executed when systemic hemodynamics
remained stable for at least one hour, usually 2-3 weeks after instrumentation.
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Experimental protocol

On the day of the experiment 4 doses of either epinine or dopamine were infused at
incremental rates of 1, 2.5, 5 and 10 pug.kg™.min™ for 10 minutes each. At the end of each
infusion step and at 2.5, 5, 10 and 15 min of the posi-infusion period, systemic
hemodynamic parameters were recorded and 4 ml of arterial blood was withdrawn for
determination of plasma concentrations of catecholamines and prolactin. Experiments
were performed before and after combined blockades of alpha- adrenoceptors with
phentolamine (1 mg.kg") and of beta- adrenoceptors with propranolol (0.5 mg.kg? + 0.5
mg ke b, Duncker et al., 1987). The stability of the cardiovasealar condition of each
animal was evaluated by infusion of the solvent at identical volumes (0.2, 0.5, 1.0 and 2.0
mLmin™ for 10 min) as used during the infusion of the drugs. Infusions of the drugs or
solvent were in random order and experiments in the same animals were separated by
at least 24 hours. All measurements were done while the animals were quietly resting in
a constraining jacket.

Plasma catecholamine determination

Catecholamines (norepinephrine, epinephrine and dopamine) and epinine were
measured simultaneously by HPLC with gradient elution and with fluorimetric detection
(Van der Hoorn et al, 1989 and Boomsma et al, 1991). Arterial plasma porcine
prolactin concentrations were estimated by a specific, homologous double-antibody
radioimmunoassay (Bevers et al., 1978). The intra- and interassay coefficients of variation
were 1.8 % and 15.1 % respectively. The sensitivity of the assay was 0.2 pgl’

Drugs

Epinine was a gift from Dr. C. Casagrande {Zambon Research, Milan, Italy) and
prepared daily in physiological saline (0.9% NaCl) and infused in concemtrations of 5
pg.ml™. Epinine appeared to be contaminated with dopamine by 0.66%. Depamine,
propranolol and phentolamine were obtained from the Pharmacy of the Academic
Hospital Rotterdam "Dijkzigt".
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Statistical onalysis

All data are presented as the mean + SEM. The significance of the effects of the drugs
has been evaluated by comparing the changes from baseline induced by the drugs to the
changes from baseline during infusion of the solvent, using analysis of variance.
Significance was accepted for P<0.05. A Bonferroni correction was used because of
comparison for multiple measurements.

Results
Stability of animal preparation

Infusion of the solvent did not affect any of the cardiovascular parameters or arterial
plasma catecholamine levels (table 1).

Cardiovascular changes during infusion of epinine before and after adrenoceptor blockade

Infusion of epinine increased cardiac output (CO) dose dependently up 1o 22% (Figure
1). At the lower dose range (1-5 ug.kg'.min'), the increase was exclusively due to an
increase in heart rate (HR, up 10 17%, P<0.05), but during infusion of 10
ugkg'.min, HR decreased from 132 + 8 beats.min™ t0 125 = 5 beats.min™ (P<0.05)
and stroke volume increased from 23.7 = 1.7 ml to 27.6 = 2.5 ml (P<0.05). Mean
arterial blood pressure (MAP) decreased dose dependently dusing infusions up to 5
ugkgl.min?, but increased by 4.0 = 1.8 mmHg (P <0.05) during infusion of the highest
dose. Calculation of the arterial pulse pressure (difference between systolic and diastolic
arterial blood pressure) revealed no change for doses less than 5 ug.kg'.min™ (46 = 4
mmHg), but an increase to 51 = 3 mmHg (P <0.05) during infusion of 10 ug.kg'.min",
ag systolic arterial blood pressure increased (4.1 = 2.2 mmHg), but diastolic artenal
blood pressure did not change. In view of the changes in CO and MAP it can be
calculated that systemic vascular resistance (SVR) decreased up to approximately 25%
in the dose range of 1-5 ug.kg.min™, but did not further change during infusion of the
highest dose. LVdP/dt_,, increased slightly (6 + 2%, P <(.03) during infusion of 5 ug.kg
Lmin™ but rose markedly (22 = 6%, P<0.05) during infusion of the highest dose. Left
ventricular end-diastolic pressure was not influenced at any dose.

After alpha- and beta-adrenoceptor blockade, infusion of epinine had no significant effect
on any of the cardiovascular parameters {figure 1).
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Table 1, Effect of solvent on cardiovascular parameters and plasma catecholamines in 10 conscious pigs.

Solvent (mb.min' for 10 min)

Baseline 0.2 0.5 1 2
Systemic hemodynamics
CO (L.min™) 261 = 015 260 + 0.5 260 = 0.4 258 014 261 + 013
MAP (mmHg) 98 = 3 99 = 4 98 = 3 98 = 3 9% = 3
HR (beats.min™) 11+ 4 "t = S 1 = 4 09 = 4 1 o+ 4
Lvdp/dt,,,, (mmHgs™) 3140 = 120 3100 + 120 060 120 080 + 130 3150 = 150
LVEDP (mmHg.s™) 87 = 04 88 + 04 88 = 04 88 = 04 89 <+ 05
SVR (mmHg.min.I'!) 374+ 22 37 o+ 23 378 = 23 380 = 22 379 = 22
SV (ml) 240 = 17 237 0+ LS 239 + 15 42 =+ 16 239 = 15
Arterial plasma catecholamines
Dopamine (pg.ml™) 9 = 5 6 = 4 15 =+ 3 15 = 3 29 + 6
Norepinephrine (pg.ml™) 211 = 31 186 = 2t 19t = 20 182 + 17 268 = 69
Epinephrine {pg.mt") 130 =+ 41 123 =+ 24 147 = 24 115 £ 25 13t = 29

CO = cardiac output; MAP = mean arterial blood pressure; HR = heart rate; LVAP/d!,,... = maximal rate of rise in left ventricular pressure; LVEDP =
left ventricular end-diastolic pressure; SVR = systemic vascular resistance; SV = stroke volumie. Al data have been presented as mean + SEM.
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Dopamine exerted very similar cardiovascular effects as compared to epinine in the dose
range of 1-5 wgkglmin?, but during infusion of 10 pgkg’.min"! there were some
differences: HR continued to increase and SVR continued 1o decrease (figure 2). Finally,
at the highest dose the dopamine-induced increase in LVdAP/dt,.. (1440 = 110
mmHg.s™) was considerably larger than after epinine (680 = 210 mmHgs™, P<0.05).
Blockade of the alpha- and beta- adrenoceptors neither affected the dopamine-induced
increase in CO, nor the dopamine-induced decreases in MAP and SVR (Figure 2). HR
still increased, but this was significant only at the highest dose. LVAP/dt,,, increased,
but the effect (690 = 160 mmHg.s™) was attenuated compared to the increment without
blockade (1440 = 110 mmHg.s™?, P<0.05).

Cardiovascular effects of epinine and dopamine duwring the post-infusion period

Immediately after the epinine infusions were stopped there was an immediate increase
in HR of 45 + 5 beats.min™ (40 = 5%), which was accompanied by a further increase
of 680 = 170 mmHg.s? (18 = 5%) in LVdP/dz_,, (table 2). The tachycardia was most
likely due to a reflex mechanism which became operative 1o prevent severe hypertension,
because of a further fall in SVR. CO and HR remained elevated, but all other
parameters returned to baseline values in the subsequent recovery period. Adrenoceptor
blockade prevented the tachycardia in the post-infusion period.

After the dopamine infusions had been stopped, all parameters returned gradually
towards baseline values (table 2). HR was still elevated after 15 min. A similar pattern
of changes was observed when the dopamine infusions were performed after
adrenoceptor blockade (table 2).

Arterial plasma concentrations of catecholamines during infusion of
epinine before and after adrenoceptor blockade

After infusion of epinine plasma concentrations of epinine increased in a dose-dependent
way up to 6,2020 = 3,980 pg.ml” (figure 3). During the subsequent washout period there
was a very rapid decline in plasma levels to 3,690 = 410 pg.ml” after 2.5 min and 430
+ 90 pg.ml™ after 15 min (table 2). A very similar pattern, was found when the epinine
infusions were repeated after adrenoceptor blockade (figure 3).

Dopamine plasma concentrations increased dose dependently from 42 + 24 pe.ml™ to
620 = 225 pgml! with increasing infusion rates of epinine, and feil rapidly after the
infusions were stopped. These changes in dopamine can be fully accounted for by the
contamination of epinine with 0.66% of dopamine. A similar pattern of changes in
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Table 2.

CO

MAP

HR

LVaP/dt,,

Cardiovascular effects of epinine and dopamine during the post-infusion period
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oE
allD

aBE
afiD

aflE
allD

Baseline
277 = 011
269 = 011
235 = 016
200 + 012
99 = 3
% + 2
8 =+ 8
88 = 6
4 = 7
113 £ 5
107 = 5
109 = 6
3190 + 210
3120 = 200
2250 = 210
2020 = 250

Post-infusion period (min)

After
10 pg.kg'.min?! 2.5
338 * 025* 156 =
33 = 0.17* 302 +
247 = 017 240 £
267 + 026* 233 «
89 = 4* 8 t
& == 3 95 *
83 + 6 84 =
s = 4 88 =
125 += 5* 4 =+
145 + 8¢ 136 =
10 = 4 107 =
127+ 7* 6 =+
3930 +  300* 4620 +
4560 £ 250 4220 =
2250 + 170 2250 +
2710+ 330¢ 2370
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LVEDP E 9.0 = 07 0.1+ 1.0 9.1 = 09 84 =+ 09¢ 90 == 1.0 9.1 = L0
D 92 + 08 90 * 09 88 + 11 83 = 11 83 = 09 90 = 10
oBE 114 = 09 106 = L1 1.0 = 14 102 + 12 102 + 12 160 = 12
a8D 118 % 1O 168 = 12 108 = L3 16 = 12 114 £ 12 112 = 11
SVR E 355 £ 23 21t & 2.6* 243 = 23 280 = 26° 305 & 2.0 338 = 2¢¢
D 357 £ 18 249 * 15° 299 + 18" 350 = 08t 362 + 14° 370 = 15t
oE 377 = 07 45 = 27 365 = 26° 384 = 30¢ 401 = 28 407 =+ 24"
afiD 413 = 06 210 = 24t 363 = 22* 86 « 217 429 = 237 3.1 = 27
Y E 242 = 18 276 = 2.5* 214 = 19 215 = 187 221 = 1.3 219 = 14t
D 41 = 17 234 £ 14 231 + 20 228 =+ 21 231 + 23 226 = 24
«E 224 + 11 259 + 27 226 £ 0.6 234 = 19 244 = 28 241 £ 19
oD 191 + 07 220 = 04 22 + 13 24 + 16 212 = 05 218 = L0
Norepinephrine E 261 £ 64 235 + 22 345 = 38 290 = 24 247 £ 22 308 + 82
D 326 *+ 142 417 £ 46 278 £ 33 0l = 45t 253 = 38 251 = 497
oBE 1170 = 250 570 = 120* 650 + 120 570 = 110° 520 = 90¢ 550 = 120*
oD 1260 = 230 1230 = 240 340 + 2407 860 = 120¢* 800 = 170* 710 + 180!
Epinephrine E 109 = 19 103 = 8 118 + 19 24 + 13 139 + 23 159 = 38
D 92 + 12 80 = 15 117 = 21 98 + 29 103 = 28 121 = 17t
ofE 262 * 8i 457 = 195 497 = 172 441 = 152 s20 = 277 641 = 366
aD 279 = 59 218 = 52¢ 186 = 64* 220 = 52 194 + 63 224 = 85

CO = cardiac output (Lmin'); MAP = mean arterial blood pressure (mmbg); HR = heart rate (beats.unin”); SV = stroke volume (mi); Lvar/dt,,. =
maximum rate of rise of left ventricular end-diastolic pressure ?mmHgJ" )y LVEDP = left ventricular end-diastolic pressure (mmHg); SVR = systemic vascular
resistance (mmHg.l . min); SV = stroke volume (ml); Norepinephrine and epinine concentrations are in pg.ml”. Data have been presented as mean + SEM.*
P<0.05 versus Baseline; * P<0.05 versus 10 ug.kg .min’!



dopamine was seen when the epinine infusions were repeated after adremoceptor
blockade (not shown).

Plasma norepinephrine concentrations (NE) did not change during infusion of epinine
(Fig. 4), but increased from 235 = 22 pg.ml™ to 345 = 35 pg.ml™* (P<0.05) (table 2)
during the first 2.5 min of the post-infusion period and returned to baseline in the
following minutes. NE increased sharply from 160 + 30 pg.mi® to 1040 = 170 pgml?
(P <0.05) after alpha-adrenoceptor blockade, and rose further to 1360 + 230 ug.ml™ after
additonal betz-adrenoceptor blockade (figure 4). During the additional infusion of
epinine there was a decrease in NE which continued during the postinfusion period to
550 * 120 pg.ml™, P<0.05 versus baseline) (table 2). Now, the increase previously seen
in the early post-infusion period before adrenoceptor-blockade (from 570 = 120 pgml™
1o 650 + 120 pg.ml™) was not significant. Epinephrine (E) was not affected by infusion
of epinine, neither before nor after adrenoceptor blockade (table 2, figure 4).
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Fig. 3. Arterial plasma levels of epinine and dopamine during intravenous infusion

of epinine and of dopamine in conscious pigs, respectively. Infusions were
performed before (open symbols) and after (closed symbols) adrenoceptor
blockade.
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Arterial plasma concentrations of catecholamines during infusion of doparmine
before and after adrenoceptor blockade.

Dopamine concentrations increased up to 1080 = 150 pg.ml”’ during infusion of
dopamine. The same dopamine concentrations were observed when the infusions were
repeated after adrenoceptor blockade (figure 3).

During the post-infusion period the dopamine concentration gradually declined, but it
was still elevated after 15 min (tabie 2). During the dopamine infusions, both before and
after adrenoceptor blockade, NE and E were similar to the concentrations seen during
the epinine infusions. The same was true in the post-infusion period, however, in contrast
to what was cbserved after stopping epinine norepinephrine did not rise during the early
washout period (table 2).
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Fig. 4. Arterial plasma catecholamine concentrations during intravenous infusion of

epinine and of dopamine, respectively. Infusions were performed before (open
symbols, n = 10) and after (closed symbols, n = 3) combined non-selective
alpha- and beta- adrenoceptor blockade. All data have been presented as
mean = SEM. * P<0.05 versus pre-drug value (0 ugkg’ . min”). * P<0.05
versus value obtained after 5 ug.kg”*.min”.



Abrterial plasma concentrations of prolactin during infusion of epinine and dopamine

Figure 5 shows that the arterial concentrations of prolactin decreased gradually (p<0.05)
during the infusion of epinine, but did not change significantly during infusion of
dopamine (figure 5).
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Fig. 5. Changes in arterial plasma concentrations of prolactin during infusion of

epinine and of dopamine. All data have been presented as mean * SEM. *
P<0.05 versus pre-drug value (0 pgkg min™).

Discussion

In several studies the cardiovascular effects of epinine and dopamine have been
compared (Itoh et al., 1985, Nichols et al., 1987a,b, Shebuski et al., 1987 and Kopia et
al., 1988). All of these studies, however, have been performed in animals under
anesthesia and this condition may have influenced the results. For instance, Itoh et al.
{1985) reporied that heart rate decreased and Kopia et al. (1988) that heart rate
increased, when epinine was infused in anesthetized dogs in a dose range similar to that
used in the present study. In the present investigation the animals were conscious, thus
avoiding any possible interference of anesthetic agents with the hemodynamic effects of
the drugs under study. The animals had been carefully adapted to the laboratory
conditions, as reflected by the stability of the cardiovascular condition and arterial
plasma cathecholamines concentrations during infusion of the solvent. Moreover, the
plasma concentrations of norepinephrine and epinephrine in our instrumented animals
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were very similar to those reported by Barrand et al. (1981) for conscious, not-
instrumented pigs of the same age and weight. This strongly suggests that the stability of
the hemodynamic status and the catecholamine concentrations indeed reflects that the
animals were not disturbed.

Changes in I.VdP/dt,,. are frequently interpreted as changes in inotropy, but the
dependency of LVdP/dt,,.
LVdP/dt,,, as an index of myocardial contractility. In the range of 1-5 pg.kg.min?
epinine and dopamine cavsed similar changes in LVdP/dt_ ., heart rate, left ventricular
end-diastolic pressure and arterial blood pressure. Similar changes in LVJdP/dt, afier
both agents therefore suggests that epinine and dopamine had equal effects on
myocardial contractility. This positive inotropic effect was most likely also the reason that

on heart rate, pre- and afterload, limits the value of

stroke volume increased at this dose as systemic vascular resistance and left ventricular
end-diastolic pressure were not affected and mean arterial blood pressure even slightly
increased.

Infusion of epinine, after combined non-selective alpha- and beta-adrenoceptor blockade
did not change any of the cardiovascular parameters, which suggests that stimulation of
alpha- and beta-adrenoceptors was the cause of its cardiovascular effects. This conclusion
is premature, however, as both arterial prolactin and, norepinephrine concentrations after
alpha- and beta-adrenoceptor blockade progressively decreased during infusion of
epinine. Both effects can be explained by stimulation of dopamine-2-receptors. Prolactin
release from the pituitary gland is directly inhibited through stimulation of dopamine-2-
receptors (Moore and Bloom, 1978). Noradrenergic neurotransmission is inhibited by
dopamine-2-receptors located either on gangliomic cells or located prejunctionally on
post-ganglionic sympathetic nerve fibers, thus diminishing noradrenaline release and spill-
over into plasma. The latier process mainly comes into action at higher levels of
sympathetic nerve traffic as is the case during non-selective alpha-adrenoceptor blockade
{(Lokhandwala and Barratt, 1982). The unchanged systemic vascular resistance, during
epinine infusion, after non-selective adrenoceptor blockade, indicates that the vasodilator
capacity of epinine via dopamine-1- receptor activation is limited, Under the
experimental conditions of the current protocol a dopamine-2-receptor mediated
coniribution to the overall vasodilator effect of epinine is difficult to demonstrate for two
reasons: Firstly when sympathetic tone is not elevated, such a mechanism probably
contributes litile to the vasodilator effect. Secondly, effect of epinine during combined
alpha- and beta-adrenergic blockade a decreased alpha-adrencceptor mediated
vasoconstrictor tone, as witnessed by a fall in plasma noradrenaline after infusion of
epinine, would not have produced vasodilatation, since alpha-adrenoceptors were
blocked. Therefore, our data do not exclude the possibility that epinine exerts a
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vasodilator action through dopamine-2-receptors when, sympathetic tone is ¢levated, as
is the case in severe forms of congestive heart failure.

From the decrease in prolactin levels we may conclude that epinine. in the dose range
tested (1-10 pgkg’.min™), is a more potent dopamine-2-agonist, than dopamine. Since
the decrease in systemic vascular resistance by dopamine was not affected by combined
alpha- and beta-adrenoceptor blockade, and dopamine is a weaker dopamine-2-agonist
than epinine, it must follow that dopamine is a more potent dopamine-1-agonist than
epinine. Given the magnitude of the changes in LVAP/dt,,,, and heart rate after calcium
channel blockers in conscious pigs {Duncker et al., 1988), the bera-1-agonistic activity of
epinine and dopamine, if any, appears to be rather weak from a quantitative point of
view, in the dose-range tested. At 10 pgkg'.min' the alpha-adrenoceptor agonistic
activity of epinine appears 1o exceed that of dopamine, because during infusion of that
dose arterial blood pressure and vascular resistance started to increase and heart rate
decreased. Additional evidence here is the large increase in heart rate and the fall in
arterial blood pressure, due to a decrease in systemic vascular resistance, immediately
after the infusion of epinine had been stopped. The latter was, most likely, due to an
abrupt loss of its alpha-adrenoceptor agonistic activity at lower plasma concentrations of
epinine. With dopamine such a sudden increase in heart rate and decrease in arterial
blood pressure were not seen, providing evidence that a sudden loss of alpha-
adrenoceptor agonistic activity after stopping the infusion of dopamine did not occur.
Furthermore, plasma norepinephrine abruptly increased after stopping epinine and not
after cessation of the dopamine infusior, which is further evidence for the barorefiex-
mediated nature of the hemodynamic changes as seen after the former. Finally,
considering the facts thai 1) the observed vasodilation with epinine was due to beta-2-
adrenoceptor activation (alpha- and beta-adrenoceptor blockade inhibited the epinine-
induced vasodilation), 2) that alpha- and beta-adrenoceptor blockade did not affect the
vasodilator response to dopamine, and 3) that dopamine is the weaker alpha-
adrenoceptor agonist, it also follows that epinine is a more potent beta-2-adrenoceptor
agonist than doparmine.

These data lead us to conclude that in the conscicus pigs and in the dose-range tested
(1-10 wpgkg’.min?), epinine is a weaker dopamine-l-agonist, but a more potent
dopamine-2, beta-2- and alpha-agonist than dopamine, while the beta-1-agonistic potency
of both compounds is rather weak. if present at all. Further studies are required to
delineate the role of these receptors in the hemodynamic profile of epinine or its
prodrug ibopamine in healthy man and in patients with congestive heart failure.
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Effect of Epinine on Systemic Hemodynamics and Regional Blood Flows

in Conscious Pigs
Summary

Intravenous infusions (1, 2.5, 5 and 10 gg.kg".min for 10 min) were used to evaluate the
cardiovascular effects of epinine (N-methyl-dopamine) in 8 conscious pigs. Epinine is a
non-selective and non-specific dopamine (DA) agonist, that also stimulates alpha- and
beta-adrenoceptors. Epinine (1-5 pe.ke.min™) increased cardiac outputup to 15 = 5%
(P <0.05), due to an increase in heart rate (24 = 6%), but an increase in stroke volume
(16 = 49) caused the further increase in cardiac output at 10 ugkgl.min™. Mean
arterial biood pressure decreased graduvally from 100 = 5 mmHg to 84 + 4 mm Hg
during infusions up to 5 ug.kg 'min™, but increased to 89 + 4 mm Hg during infusion of
10 wgkg'.min” (p<0.05). Systemic vascular resistance had decreased from 36.5 = 2.8
mmHg.minl” to 27.5 * 3.0 mm Hg.min.I"* after infusion of 5 ug.kg”.min, but did not
change further during infusion of 10 pgkg'.min’. LV dP/dt,,, increased only at 10
pg/kg/min. Myocardial blood flow did not change at any dose, due to metabolically
regulated coronary vasodilatation {myocardial work did not change). Flow to the adrenals
{up to 110 = 379%) and the spleen (up to 95 = 13%) increased dose dependently.
Cerebral blood flow increased only at the highest dose (15 = 5%, P<0.05), while flow
to the kidneys, liver, small intestine and skeleral muscle did not change. Flow decreased
to the stomach (21 = 5%) and skin (for doses less than 2.5 ug kg .min™"). Further studies
are needed to evaluate the contribution of aciivation of DA receptors and beta,-
adrenoceptors to the epinine-induced vasodilation of the various regional vascular beds.

Introduction

Ibopamine is 2 novel orally active drug for the treatment of chronic congestive heart
faiture (Casagrande et al., 1985, Rajfer et al., 1986 and Taylor and Cicchetti, 1950).
Ibopamine is a prodrug which is pharmacologically inactive, but it is rapidly hydrolyzed
to the active compound epinine {Randolpb et al.. 1983, Pocchiari et al.. 1986 and Lodola
et al, 19386). Epinine is a non-selective and non-specific dopamine (DA) agonist, that
also stimulates alpha- and beta-adrenoceptors. The cardiovascular effects of epinine,
however, have only been characterized in anesthetized animals (Itoh et al, 1985,
Shebuski et al., 1986 and Nichols and Ruffolo, 1987) and the data are inconglusive. For
instance, Ttoh et al. (1985) reported a decrease in heart raie, while Kopia et al. (1988)
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reported an increase in heart rate, when epinine was administered to anesthetized dogs
in the range of 1-10 wgkgl.min™. Furthermore, only one study, also performed in
anesthetized dogs, has addressed the effects of epinine on the coronary circulation, but
due to the small number of animals no conclusive data were obtained (Kopia et al.,
1988). Lpinine is active at DA- as well as at DA,-receprors. Stimulation of DA,-
receptors inhibits ganglionic and noradrenergic neurotransmission, preferentially a1 high
levels of sympathetic activity. Since sympathetic activity may be high during anesthesia
the hemodynamic profile of epinine may be affected by this procedure. In order to avoid
any possibie interference of anesthetic agents with the actions of epinine, we now
describe the effects of epinine on cardiovascular dynamics in healthy conscious pigs,
which had been instrumented 2-3 weeks before the studies and which were adapted to
the laboratory conditions. In addition we report on the distribution of cardiac output
during infusion of epinine, by measuring regional blood flows using radioactive labelled
microspheres.

Material and methods

The experimental procedures were approved by the Committee on animal experiments
of the Erasmus University Rotterdam, and complied to the guidelines for the use and
care of experimental animals as put forward by the council of the American Physiological
Society (DHEW Publication No. (NIH) 80-23, 1980).

Surgical procedures

After an overnight fast, § cross-bred Landrace x Yorkshire pigs of either sex (19-21 kg
at the time of surgery), pretreated with 600 mg of 4 mixture of procaine penicillin-G and
benzathine penicillin-G intramuscularly (Duplocillin, Gist-Brocades NV, Delft, The
Netherlands), were sedated with an intramuscular injection of 30 mg.kg™! ketamine HCL
{Aeskoket, Aesculaap BV, Boxtel, The Netherlands). Subsequently the animals were
intubated and mechanically ventilated with a mixture of oxygen and nitrous oxide (1:2)
to which 1-49% (v/v) enflurane was added. Under steriie conditions, a jugular vein and
a common carotid artery were cannulated for infusion of drugs or solvent and
measurement of arterial bicod pressure, respectively. The chest was opened via the third
left intercostal space and an electromagnetic flow probe (Skalar, Delft. The Netherlands)
was positoned around the ascending aorta for the measurement of aortic blood flow.
The heart was exposed via the fifth intercostal space and a pressure transducer
(Konigsberg Instruments Inc. Pasadena. CA. U.S.A) was impianted into the left
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ventricle of the heart through its apex for recording of left veniricular pressure. The left
atrium was cannulated for recording of left atrial pressure which, together with the
arterial blood pressure. was used for calibration of the Konigsberg transducer signals. In
addition the left atrial canula was used for the injection of radioactive microspheres to
determine regional blood flows. After instrumentation was compleied, and the wires
tunnelled to the back, the chest was closed and the animals were allowed to recover
from surgery.

Post-surgical period

The znimals received daily intravenous doses of 500 mg amoxicillin (Clamoxil, Beecham
Farma B.V., Amstelveen, The Netherlands) and, during the first week only, 500 mg
kanamyein {Kanamicine 109, Alfason, Woerden, The Netherlands) to prevent infection.
Catheters were flushed daily with an isotonic saline solution containing 500 IU/ml
heparin. During the first weeks of the post operative recovery period the animals were
adapted to the laboratory faciliies (8 to 10 daily sessions), while hemodynamic
parameters were monitored. The experimental protocols were executed when systemic
hemodynamics remzined stable for at least one hour, usually 2-3 weeks after
instrumentation.

Experimental protocol

On the day of the experiment 4 doses of epinine were infused at incremental rates of 1,
2.5, 5 and 10 gg.kg " .min” for 10 min or solvent (0.2, 0.5, 1 and 2 ml.min™ for 10 min).
Atbaseline and at the end of each infusion step, systemic hemodynamic parameters were
recorded. Experiments with epinine or solvent were performed in random order and
consecutive experiments in the same animal were separated by at least 24 hours. All
measurements were done while the animals were quietly resting in a constraining jacket.
Regional organ blood flows were also determined at baseline and after each infusion rate
of epinine, by injecting a batch of 1-2x10° carbonized plastic microspheres [15 = 1 pm
(SD) in diameter] labelled with either *Sc, *Nb, ®Ru, *Sn or ¥'Ce (NEN Chemicals
GmbH, Dreieich, Germany) into the left awium. To calculate regional blood flows a
reference blood sample was withdrawn from the cannula in the carotid artery at a raie
of 10 ml.min, starting 15 s before the injection of microspheres, until 90 s after
completion of the injection of the microspheres. At the end of the experiments animals
were killed with an overdose of sodium pentobarbitone. From the animals various organs
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(adrenals, liver. spleen. stomach, small intestine, brain and kidneys) and representative
aliquots of abdominal skin and skeletal muscle {(gluteus) were excised, weighed and put
into vials. The hearts were fixed in formaldehyde (10% v/v) and 48 hours later the atria
and right ventricle were cut off the left ventricle. The myocardium of the left ventricle
was divided into three layers of equal thickness: subepicardium, mid-myocardium and
subendocardinm.

The radioactivity was counted and the amount of blood flow to the various tissues (Qtis)
was calculated as:

c-21'15 (ml/mln) = (Itis/lart) X éum

where I, and I, are the radioactivity in a particular tissue and that of the arterial blood
sample, while Qm is the rate of withdrawal of the blood sample, respectively (Saxena and
Verdouw, 1985).

Drugs

Epinine (N-methyldopamine} was a gift from Dr. C. Casagrande (Zambon Research
Laboratories, Milan, Italy) and prepared daily in physiological saline (0.9% NaCl) in a
concentration of 3 pgkg™.ml” which allowed infusion of volumes of 0.2, 0.5, 1.0 and 2.0
ml.min™, respectively.

Data presentation and statistical analysis

Arterial pulse pressure was taken &s the difference between the systolic and the diastolic
arterial blood pressures. Cardiac output was taken as the sum of the ascending zortic
blood flow (electromagnetic flow meter) and myocardial blood flow (radioactive
microspheres). Systemic vascular resistance was calculated as the ratio of mean arterial
blood pressure and cardiac output, while the regional vascular resistances were calculated
by dividing the mean arterial blood pressure by the respective regional blood flows.
Finally left ventricular work was calculated as the product of cardiac output and mean
arterial blood pressure.

All data are presented as the means = S.E.M. The significance of the effects of epinine
have been evaluated by comparing the epinine-induced changes from baseline to the
solvent-induced changes from baseline of the solvent. using analysis of variance.
Significance was accepted for p<0.05 (two tailed}. A Bonferroni correction was used
because of comparison for multiple measurements.



Results
Effect of solvent on systemic hemodynamics

Infusion of the solvent had no effect on any of the systemic hemodynamic parameters
(Fig. 1).

Effect of epinine on systernic hemodynarnics

In doses up to 5 pg.kg .min”, cardiac output increased dose dependently (up to 15 +
5%, p<0.05), but mean arterial blood pressure fell bv as much as 16 = 29%. The
hypotensive action of epinine was therefore due to systemic vasodilatation, as systemic
vascular resistance decreased by as much as 26 = 4% (p<0.05) after infusion of 3
ugkgl.min epinine (Fig. 1). An increase in heart rate (up 10 24 = 5%) was responsible
for the increase in cardiac output as stoke volume did not change (Fig. 1). LV dP/dt,
increased only minimally (7 = 3%. p<0.05). while arterial pulse pressure and left
ventricular end-diastolic blood pressure were not affected.

During infusion of 10 ug.kg™.min" epinine, there was a further increase in cardiac output
(25 = 7%), but heart rate decreased from 141 + § beats.min™ to 124 + 5 beats.min’!
(p<0.05). The latter implies that an increase in stroke volume from 23.0 + 1.9 ml 10 283
+ 2.7 ml (p<0.05) was now responsible for the increase in cardiac outpur. Mean arterial
blood pressure increased by 5 = 2 mm Hg {p<0.05) over the value measured after 5
ugkgl.min”, due to an increase in systolic arterial blood pressure as diastolic arterial
blood pressure did not change (Fig. 1). Consequently arterial pulse pressure increased
from 45 = 3 mm Hg t0 53 = 3 mm Hg (p<0.05) during infusion of 10 pgkg .min™
Systemic vascular resistance remained unchanged compared to the value determined at
5 pgkglmin?, but LV dP/dt,,, increased to 24 = 7% (p <0.05) above its baseline value.

Effect of epinine on regional blood flows

Myocardial blood flow. Ir: the dose range tested, epinine had no effect on left ventricular
transmural blood flow or its distribution over the subendocardiom and subepicardium
(Fig. 2). Since mean arterial blood pressure had decreased, it follows that coronary
vascular resistance had decreased. At variance with the observations on the systemic
vascular resistance, coronary vascular resistance continued to decrease (26 = 3%,
p<0.05) during infusion of the highest dose. Myocardial work was not affected at any
dose {Fig. 2). Right ventricular blood fiow tended 0 increase from 124 = 11
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Figure 2. Effect of cumulative 10 min intravenous infusions of epinine on transmural
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mlL.min™.100g? at baseline to 155 = 19 ml.min".mg™ after infusion of 10 pg kg .min™, but
levels of statistical significance were not achieved (not shown). The decrease in coronary
vascular resistance of the right ventricle from 0.87 = 0.08 mm Hg(mlmin™.100g™)? at
baseline became already significant during infusion of 1 ugkg .min™ (0.7¢ = 0.08 mm
Hg(mlmin™.100g7)?, p<0.05). With the higher doses there was only a small additional
effect (0.65 mm Hg(ml.min™.100g?)" after 10 pgkg  min'y".

Cerebral blood flow

Except for the cerebellum, none of the other parts of the brain showed any increase in
flow at doses less than 10 pgkgl.min!. With the highes: dose, all parts of the brain
showed an increase of 109 to 20%. Except for the hemispheres, the decreases in
vascular resistances became in all parts already significant during infusion of 2.5
pgkglmin? of epinine (Fig. 3).

Renal blood flows

Flow remained unaffected at all doses. In view of the decrease in arterial blood pressure
it follows that vasodilatation had occurred (in both the cortex and medulla) during
infusion of 5 and 10 ugkg'.min™ (Fig. 4).

Other regional blood flows

Table 1 shows that flow increased dose dependently in the adrenals (110 = 37%,
p<0.05) and spleen (95 = 13%, p<0.05), did not change in the small intestine, skeletal
muscle and liver, but decreased in the stomach (by 29 * 4% at 5 pgkg’.min™) and in
the skin (abdomen) at doses less than 2.5 pgkg’.min™. Vasodilatation had therefore
occurred in the adrenals and spleen and in the liver (30% at 10 pg.kg’.min™, p<0.03),
while vasoconstriction was observed in the skin (15% at 1 pgkg'.min", p<0.05) and
stomnach (19% and 20% at 2.5 and 5 pg.kg”.min™, respectively, p<0.03).
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Table 1 Regional blood flows and vascular resistances at baseline and during cumulative 10 min intravenous infusions of epinine in 8 conscious pigs.

Baseline Epinine (ug/kg/min for 10 min)
1 2.5 5 10

Flows
Adrenals 161 * 64 171+ 59 184 + 71 239 o« 92? 319+ 148
Stomach 49 = 5 446 = 9 3 = 4 ¥ o+ 3 I/ = ¥
Small intestine 69 =+ 7 68 + 9 59 =+ 5 60 + 7 68 = 5
Skin (abdomenr) 92 + 11 74+ QB 13 = 09° 82 = 09 81 + 09
Skeletal muscle (gluteus) 3.7 =+ 03 38 = 04 43 = Lt 33 = 05 41 = 06
Spleen 220 = 40 241 = 42 274 517 31z x40 405 = 63°
Liver 13 9+ 3 3 = 3 4 = 3 15 + 3 17 = 4
Veascular resistances
Adrenals L0 = 030 082 + (014 075 = 012 0356 =+ 009 048 = 0.08°
Stemach 221+ 022 262 = 047 2,68 + 035 265 = 029 253 + 032
Small intestine 1.67 + 02 1711 = 031 173 £ 023 1.57 = Q.19 139 = .15
Skin (abdomen) 123 £ 13 143 + 15° 138 + 1.2 113 = L1 120 = 14
Sketetal muscle (gluteus) 295 = 235 285 = 27 296 = 50 290 = 41 252 + 38
Spleen 059 = 009 049 = 0.07 042 = 0.06° 032 + 005 025 + 0.0%
Liver 146 £ 46 128 + 38 132 = 4.2 109 + 32 92 =+ 3.1°

Units are mi/min/100g for flows and mm Hg/(mi/min/100g) for resistances; data are means = S.EM. 7 p<0.05 compared with buaseline



Driscussion

This is the first study that presents a detailed description of the effects of epinine on
cardiovascular dynamics and regional organ and tissue perfusion in conscious animals.
In the dose range tested (1-10 pgkg?min™) epinine increased cardiac output dose
dependently but lowered mean arterial blood pressure, although the latter started to
return to predrug levels during infusion of 10 ugkg'.min™. The hypotensive action of
epinine was the consequence of arterial vasodilatation, which was most pronounced
during infusion of 5 wg.kg .min™. Qur results differ from those reported for anesthetized
dogs by Itoh et al. (1985) and Kopia et al. (1988), as both groups of investigators
described a pressor response due to arterial vasoconstriction, when epinine was infused
in the same dose range as used in the present study. The reason for the absence of an
increase in arterial blood pressure in our pigs is most likely caused by the dominance of
vasodilation either through beta,-adrenoceptor or DA-receptor stimulation over the
alpha-adrenoceptor-induced vasoconstriction in pigs. Only at the highest dose, we noticed
that arterial blood pressure and especially the systolic arterial blood pressure staried to
increase and that systemic vascular resistance did not further decrease, which is most
likely due to an increased alpha-adrenoceptor stimulation. In view of the discrepancy
between the observation in the animal studies it is of interest that in man an infusion of
1 ug kg min™ decreases arterial blood pressure due 1o systemic vasodilation (Rousseau
et al., 1991).

In both the study of Kopiz et al. (1988) and ours. LV dP/dt,,,, increased during infusion
of 10 pg/kg/min, but the four fold increase in the anesthetized dogs (Kopia et 2l., 1988)
was much larger than the 24% increase in the conscious pigs. Because heart rate and
arterial blood pressure {from 106 mm Hg to 181 mm Hg) also increased, the contribution
of a positive inotropic effect to the increase in LV dP/dt,,, in the anesthetized dogs is
difficuit to assess. Based on these data, it is tempting to argue that the inotropic reserve
in the pig is much less than in the dog. However, in earlier studies we have shown that
LV dP/dt,,, can, at similar heart rates. reach values as high as those reported for the
dog (14.15). In view of the finding that LV dP/dt . increased during infusion of 10
ugkg”’.min", while heart rate decreased and mean arterial blood pressure increased, we
may assume that the increase in LV dP/dt,,, at this dose represented a weak positive
inotropic effect of epinine, probably caused by stimulation of the beta,-adrenoceptors
(Kopia et al., 1988). Our findings are consistent with the observations by Holubarsch et
al. {1991}, who showed that in clinically relevant concentrations the positive inotropic
properties of epinine in {sometrically contracting papillary muscle from guinea pigs are

negligible. Infusion of 1 pg.kg".min™ epinine did also not lead to changes in LV dP/d1,,
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in patients with ischemic heart failure {Rousseau et al., 1991).

Because of the limited number of radioactive microspheres which can be used, we have
no data on regional blood flow during infusion of the solvent. However, we have earlier
shown that under conditions in which systemic hemodynamics are not affected by the
solvent, regionat blood flows do also not change (Van der Giessen et al, 1990). In the
present study, coronary blood flow was maintained in spite of the hypotensive effect of
epinine due to corenary vasodilatation. Since left ventricular work did not change, it may
be concluded that the epinine-induced vasodilatation was not a specific property of the
drug. but was metabolically regulated. In view of the changes in heart rate and mean
arterial blood pressure, it is also important to note that the transmural distribution of the
coronary blood flow was not adversely affected (Domenech and Goich, 1975). Kopia et
al. (1988) observed an increase in coronary blood flow of approximately 2509, which was
related to the increase in left ventricular work. However, due to the small number of
observations, the changes in coronary vascular resistance did not reach levels of statistical
significance.

The presence of dopamine receptors in the human cerebral arteries has been
demonstrated (Toda, 1983) and we have shown that in pigs during infusion of the
selective DA, agonist, fenoldopam, vasodilation persisied after alpha- and beta-
adrenoceptor blockade (Van Woerkens et al., 1991). Further studies are, however,
needed to determine whether the epinine-induced increase in cerebral blood is related
to stimulation of DA, receptors.

Renal blood flow did not change in our experiments, which is in agreement with the
observation by Itoh et al. (1985), who used doses of 3 and 6 ug.kg”.min™ in anesthetized
dogs. It should be pointed out, however, that, while Itoh et al. found a 15% increase in
renal vascular resistance, we found a 15% decrease at doses of 5 ugkg'.min™. Itoh et
al. {1985) concluded that a consistent increase in renal blood flow was prevented because
the DA, activity of epinine was offset by the alpha-adrenergic activity. On the other
hand, Nichols et al. (1987) showed that in anesthetized dogs, pretreated with
phenoxybenzamine and propranolol, epinine was still capable of reducing renal vascular
resistance, an action which was antagonized after pretreatment with the DA, antagomist
SK&F R-83566. We have demonstrated the presence of DA, receptors in the kidneys of
the pig, using infusions with the selective DA, agonist fenoldopam (Van Woerkens ¢t al.,
1991). Further studies are needed to evaluate the contribution of activation of DA
receptors and beta,-adrenoceptors to the epinine-induced vasodilation of the various
regional vascular beds.
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Cardiovascular effects of dopamine and dobutamine in

conscious pigs with chronic heart failure
Summary

The hemodynamic effects of dopamine and dobutamine (1-25 pg.kg”.min™) were studied
in conscious pigs with chronic left ventricular dysfunction and compared to those of
dopamine (1-10 ugkg'.min™) in normal conscious pigs. Left ventricular dysfunction
induced by occluding a coronary artery 3-4 weeks before measurements were taken, was
characterized by a lower cardiac output (23%), stroke volume (34%) and LVdP/dt_,,
(153%) and a higher heart rate (16%), peripheral resistance (41%) and left ventricular
end-diastelic pressure (969%). In the failing animals, dopamine increased cardiac output
similarly as in the normal animals, but only in the failing animals stroke volume
increased. The vasodilatory response was also not affected but the increase in
LVdP/dt,,, was attenuated compared to normal animals. In the animals with heart
failure, dobutamine showed similar cardiovascular effects as dopamine. Left veniricular
work, depressed at baseline, increased more rapidly during infusion of dopamine (or
dobutamine} in the animals with heart failure than in normal animals, Thus, in contrast
to in normal pigs, stroke volume increases in pigs with chronic heart failure during
infusion of dopamine or dobutamine, in spite of an atienuated response of LVdP/dr,,,..

Introduction

The cardiovascular effects of dopamine in normal pigs have been characterized
extensively (Vane et al., 1982, Gootman et al, 1983, Buckley et al., 1983, Fiser et al,,
1988 and Van Woerkens et al,, 1991a). It has been well established, however, that the
cardiovascular responses to pharmacological agents in animals with a failing
cardiovascular system might be different from those in healthy normal animals, We have,
for instance, shown that in conscious pigs with chronic left veniricular dysfunction the
positive inotropic response of the phosphodiesterase inhibitor pimobendan is attenuated
(Van der Giessen et al., 1989), the dihydropyridine calcium antagonists nisoldipine and
elgodipine, in contrast to their actions in normal animais, lowered left ventricular filling
pressure (Van der Giessen et al., 1989 and Van Woerkens er al, 1991b) and that the
depression of cardiac function by propranolol was more pronounced (Van Woerkens et
al., 1991b). For this reason we swdied the cardiovascular effects of dopamine and
dobutamine in young pigs with chronic left ventricular heart failure, induced by a
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permanent occlusion of the left circumflex coronary artery 3-4 weeks before the
measurements were taken. Although the cardiovascular effects of dopamine an
dobutamine in conscious pigs have been well described {Fiser et al, 1988), we have
included our own data in normal conscious pigs for comparison. All measurements were
performed after the animals had been adapted to the laboratory facilities, while solvent
infusions were used to evaluate the stability of the hemodynamic condition of the animals
at the time of the measurements.

Material and methods

The experimental procedures were approved by the Committee on animal experiments
of the Erasmus University Rotterdam, and complied to the guidelines for the use and
care of experimental animals as put forward by the council of the American Physiological
Society (DHEW Publication No. (NIH) §0-23, 1980).

Surgical procedures

After an overnight fast, cross-bred Landrace x Yorkshire pigs of either sex (18-20 kg at
the time of surgery), pretreated with 600 mg of a mixture of procaine penicillin-G and
benzathine penicillin-G intramuscularly (Duplocillin, Gist-Brocades NV, Delft, The
Netherlands), were sedated with an intramuscular injection of 30 mg kg™’ ketamine HCL
(Aeskoket, Aesculaap BV, Boxtel, The Netherlands). Subsequently the animals were
intubated and mechanically ventilated with a mixture of oxygen and nitrous oxide (1:2)
to which 1-4% (v/v} enflurane was added. Under sterile conditons, a jugular vein and
a common carotid artery were cannulated for infusion of drugs or solvent and
measurement of arterial blood pressure, respectively. The chest was opened via the third
left intercostal space and an electromagnetic flow probe (Skalar, Delft, The Netherlands)
was positioned around the ascending aorta for the measurement of aortic blood flow.
The heart was exposed via the fifth intercostal space and a pressure transducer
(Konigsberg Instruments Inc., Pasadena, CA, U.S.A.) was implanted into the left
ventricle of the heart through its apex for recording of left ventricular pressure. The left
atrium was cannulated for recording of left atrial pressure which. together with the
arterial blood pressure, was used for calibration of the Konigsberg transducer signals.

In 12 of the 24 animals, the proximal segment of the left circumflex coronary artery
(LCXCA) was permanently ligated. Causing approximately 14 + 2% of the left ventricle
weight become fibrotic within 3-4 weeks (Van der Giessen et al. 1989). After
instrumentation was completed, a period of 30 min was allowed before closure of the
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chest. During this period ventricular 1achycardia and ventricular fibrillation (occurring
exclusively in the group with coronary artery ligation) were treated with DC-
countershock. The chest was then closed and the wires tunnelled to the back, and the
animals were allowed to recover from surgery.

Post-surgical period

The animals received daily intravenous doses of 500 mg amoxicillin (Clamoxil, Beecham
Farma B.V., Amstelveen, The Netherlands) and, during the first week only, 500 mg
kanamycin (Kanamycine 109, Alfasan, Woerden, The Netherlands) o prevent infection.
Catheters were flushed daily with an isotonic saline solution containing 500 U ml”?
heparin. During the first month of the post operative recovery period the animals were
adapted to the laboratery facilities (8 to 10 sessions), while hemodynamic parameters
were monitored.

Two animals with an intact coronary circulation and one animal with a ligated circumflex
coronary artery were excluded from further study because of failure of the electrical
signals. From the 12 pigs in which the left circumflex coronary artery was occluded, 3
animals died suddenly during the early post-operative period, most likely due to a
ventricular arrhythmia.

Experimental protocols

The experimental protocols were executed when systemic hemodynamics remained stable
for at least one hour, usually 3-4 weeks after instrumentation. All measurements were
done while the animals were quietly resting in a constraining jacket,

In the animals with the intact coronary circulation 4 consecutive 10 min intravenous
infusions with increasing doses of dopamine (1, 2.5, 5 and 10 ug.kg'.min” or equal
volumes of solvent were administered during separate runs of the protocol. Heart rate,
arterial blood pressure, mean aortic blood flow, left ventricular pressure and its first
derivative (LVdP/dt) were recorded at the end of each infusion period. In all
experiments infusions dopamine or solvent in the same animals were separated by at
ieast 24 hours.

In the animals with the infarction 5 consecutive 10 min intravenous infusions of
dopamine or dobutamine increasing doses of 1, 2.5, 3. 10 and 235 pg kg’ .min™ were used.
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Drugs

Dopamine was obtained from the Pharmacy Department of the Academic Hospital
Rotterdam "Dijkzigt", while dobutamine (Dobutex) was bought from Eli Lilly,
Amsterdam, The Netherlands. Both compounds were dissolved in physiological saline
(0.9% NaCl) until concentrations were reached which allowed infusion in volumes of 0.1,
0.25, 0.5, 1 and 2 ml.min™,

Data presentation and statistical analysis

Stroke volume was calculated by dividing mean aortic blood flow and heart rate, while
systemic vascular resistance was determined by dividing mean arterial blood pressure and
mean aortic blood flow. Left ventricular work was calculated as the product of cardiac
output and mean arierial blood pressure, while left ventricular stroke work was obtained
by dividing Ieft ventricular work and heart rate.

All data are presented as the means * s.e. mean. The significance of the effects of the
drugs have been evaluated by comparing the changes from baseline induced by the drugs
to the changes from baseline during infusion of the solvent, using analysis of variance.
Significance was accepted for P<0.05. A Bonferroni correction was used because of
comparison for muliiple measurements.

Results
Cardiovasculiar effects of solvent

Baseline values of the two groups of animals are shown in Table 1. In the animals with
the permanent left circumflex coronary artery occlusion left ventricular dysfunciion was
characterized by a lowering of cardiac output {23%) and LVdP/d:,,, {15%) and an
elevation of heart rate (16%5), systemic vascular resistance (41%) and left ventricular
end-diastolic pressure (96%), which is in concord with earlier observations (Van der
Giessen et al., 1989 and Van Woerkens et al., 1991b). Left ventricular strcke work was
lowered by 30%, but left ventricular work was less affected (19%) due to the tachycardia
in the animals with heart failure (Table 1).

All systemic hemodynamic parameters remained unchanged in either group of animals
during infusion of the solvent. indicating that the animals were well adapted to the
laboratory conditions for the duration of the experiment (Table 1).
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LST

Table 1. Cardiovascular effects of solvent in conscious pigs without and with chronic left ventricular heart failure

Solvent (ml.min)

Baseline
0.2 0.5 1 2
cO N 270+ (.19 271 = (.19 269 = 017 268 = 017 269 = 0.16
LYH 207 + 012 1,99 = (.13 199 + 013 201 = Q13 212+ 012
HR N 112 = 4 113 = s 113+ 4 110 = 5 112 = 4
LVH 1360 = 6* 124 = 6 127 = 6 127 £ 6 127 + 6
MAP N 9% = 4 99 = 5 98 + 4 98 =+ 3 39 =+ 3
LVH 101 + 4 W = 3 60 = 3 103 + 3 103 + 3
LVAP/di N 3220 + 140 3156 = 140 350 = 130 3160 = 150 3220 170
LVH 2720 = 70° 2730 = 70 2830 =+ 90 2870 + 70 2000 = 99
LVEDP N 920 + 05 91 = 05 93 + 04 91 = 04 93 =+ 0S5
LVH 176 + 1.9* 173 + 13 171+ 23 179 = 17 183 £ 1.8
SVR N 359 = 27 359 = 25 360 =+ 25 364 + 25 365 + 26
LVH 507 = 49* 524 50 534 = 53 534 + 53 488 =+ 43
sV N 243 20 241 1.9 242 =+ 18 248 20 244 1.9
LVH 16.1 * 1.1* 16.1 + 1.2 158 = 1.2 6.1 = 1.3 169 + f.1
LV N 255 + 19 257 = 20 256 + 18 288 + 16 258 15
LVH 206 = g 198 = 1 199+ 11 204+ 10 215 = 10
LVSW N 230 = 021 228 += 019 229 =+ 018 236 t 018 234+ 017
LVH 160 = 0.07* .60 * 0.09 158 + 008 163 = 009 1711 £ 009

N = nonnal animals (n = 10); LVH = animals with chronic left ventricular heart failure (n = 8); CO = cardiac output {Lmin'); HR = heart rate
(beatsanin’’); MAP = mean arterial blood pressure (mmHg); LVAP/dt,,. = maimum rate of rise of left ventricular pressure (mmhg.s™);

LVEDP = left ventricular end-diastelic pressure (mmfg); SVR = systemic vascular resistance (mmHg.min ! ); SV = stroke volume (ml); LV = left ventricular
work (MAP x CO, mmHglmin''); LVSW = left ventricular stroke work {LVW/HR, mmHg "), Data are means * S.EM. * P<0.05 compared to N {presented
for Baseline only).
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Figure I. Cardiovascular effects of dopamine in normal conscious pigs (O, n = 10)

and in conscious pigs with chronic left ventricular heart failure (@, n = 8).
CO = cardiac owtput; HR = heart rate; MAP = mean arterial blood
pressure; LVdP/dt,, .

= systemic vascular resistance; LVEDP = lefr vemtricular end-diastolic
pressure; SV = stroke volwme. Data are means = S.E.M. * P<0.05 compared
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Systemic hemodynamic gffects of dopamine in normel pigs

Dopamine caused a dose dependent increase in cardiac output (up to 27%), due to a
similar increase in heart rate (up to 28%), while stroke volume remained unchanged
(Fig. 1). Arterial blood pressure decreased (by 139), as the decrease In systemic vascular
resistance (by 31%) was more pronounced than the in¢rease inm cardiac output.
LVdP/dt,,,, increased (up 1o 48%), but left ventricular end-diastolic pressure did not
change.

Systernic remodynamic effects of dopamine in pigs with chronic heart foilure

Fig. 1 shows that the increase in cardiac cutput was not affected in the animals with
chronic heart failure. However. in contrast 10 the normal animals, in the animals with
heart failure, for doses higher than 5 pgkel.min? also an increase in stroke volume (up
10 18%, P<0.05) contributed to the increase in cardiac output. The vasodilatory capacity
of dopamine was not affected, which resuited in similar decreases in arterial blood
pressure as in the normals. LVdP/dt,,,, increased, but the response was significantly
attenuated (690 = 170 mmHg.s™ after 10 pg.kgl.min™ compared to 1500 = 290
mmHgs? in the normal animals, P<0.05). Left ventricular end-diastolic pressure
remained again unchanged.

Systernic hemodynamic effects of dobutamine in pigs with chronic heart failure

Dcbutaming increased cardiac output dose dependently (up to 819 during infusion of
the highest dose) both due to an increase in heart rate (up 10 48%) and stroke volume
(up to 25%}). The increases in cardiac output were slightly but consistently larger than
during administration of the same doses of dopamine. Mean arterial blood pressure
decreased only at the two highest doses. The decrease in systemic vascular resistance at
these doses was. however, more pronounced than at the same doses of dopamine,
LVdP/dr, . increased gradually 1o values well beyond those measured during baseline
condizions of normal animals, but left ventricular end-diastolic pressure was not affected
(Fig. 2).
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Figure 2. Cardiovascular effects of dobutamine (B) in 8 conscious pigs with chronic

left ventricular heart failure. See legends io figure 1 for details.
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Effects of dopamine and dobutamine on left ventricular work and left ventricular stroke work

Figure 3 shows that dopamine caused only a minor increase in left ventricular work in
the normal pigs, while left ventricular stroke work decreased. In the animals with heart
failure the left ventricular work was depressed at baseline, but increased more rapidly
than in the normal animals during infusion of dopamine. Left ventricular stroke work,
which was also depressed at baseline in these animals did not change and was not
different from that of the normal animals after infusion of 10 ug.kg™.min". Dobutamine
tended to decrease left ventricular work during infusion of 1 xg.kg™.min in the animals
with heart failure, but with the higher doses there was a more proncunced increase than
with dopamine (fig. 3), left ventricular siroke work did not change.
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Figure 3. Effect of dopamine on left ventricular work {a) and stroke work (b) in normal

conscious pigs (O, n = 10} and in conscious pigs with chronic heart failure
(@ . n = 8. In panels ¢ and d the effects of dobutamine in conscious pigs
with chronic heart failure have depicted. Data are means * S.E.M. *P<0.05
compared to baseline (10 ug.kg”.min’).
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Discussion

This is the first study that has evaluated the effects of dopamine and dobutamine on
systemic hemodynamics in conscious pigs with chronic left ventricular heart failure,
induced by a permanent occlusion of the left circumflex 3-4 weeks before the
measurements were taken. The changes in cardiovascular performance induced by the
permanent coronary artery occlusion in the present study are in good agreement with
those reported earlier {Van der Giessen et al., 1989 and Van Woerkens et al., 1991b).
In this model, arterial blood pressure is maintained in spite of the decrease in cardiac
output by a compensating increase in peripheral resistance. The decreases in myocardial
contractility, reflected by the decrease in LVdAP/dt_,, stroke volume and left ventricular
siroke work and the doubling of left ventricular end-diastolic pressure and are other
indications of left ventricular dysfunction and the chronic presence of these changes
make the model very suitable for the evaluation of the effects of pharmacological agents
in a setting often encountered clinical practice. The observation that, after adaptation to
the laboratory facilities. the animals are in a stable hemodynamic condition for the
duration of the measurements is an additional aitractive (Table 1).

The systemic hemodynamic effects of dopamine and dobutamine in normal conscious
animals, both pigs (Fiser et al.. 1988) and dogs (Vatner et al., 1974 and Liang and Hood,
1979) have been studied are in good agreement. We therefore studied only the effects
of dopamine in conscious normal pigs as a reference for the study in the animals with
chronic heart failure. Indeed. in the normal animals dopamine increased cardiac output
due to an increase in heart rate as stroke volume did not change. Similar to the results
described by Fiser et al. (1988). arteriai blood pressure decreased by approximately 10%,
because of systemic vasodilation and left ventricular end-diastolic pressure was not
affected. LVdP/du,,, is often used as an index of myocardial contractility, but its value
is limited by its dependerncy on heart rate and arterial blood pressure. The latier changes
in the present experiments, but the magnitude of these changes suggest that a positive
inotropic effect must have at least contributed to the increase in LVdP/dt, (Scheffer
and Verdouw, 1983).

The cardiovascular effects of dopamine and dobutamine in the animals with heart failure

mMax

proved also to be very similar and at first glance they compare to the effects in the
normal animals, There are, however. some remarkable differences. Although the
magnitude of the increase in cardiac output was very similar. there was a marked
difference in the mechanism. In the normal animals. tachycardia was the only factor
responsible for the increase in cardiac output, but in the animals with heart failure an
increase in stroke volume also contributed significantly. As a matter of fact, the increase
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in heart rate during dopamine infusion was slightly less than in the norma! animals.
Although stroke volume increased, baseline values of the normal animals were not
which
most likely reflects a smaller positive inotropic effect, due to down regulation of beta-

achieved. A major factor may have been the attenuated increase in LVdP/dt,,,
adrenoceptors. This explanation is consistent with our earlier observations that in pigs
the positive inotropic effects of dopamine are almost exclusively due to beta-
adrenoceptor stimulation (Van Woerkens et al, 1991a). As also shown for the
dibydropyridine calcium antagonists nisoldipine and elgodipine (Van Woerkens et zl,
1991c) the vasodilatory response of dopamine was not affected in this model. In contrast
to these last drugs, we did not observe a lowering of left ventricular filling pressure in
the animals with heart failure.

In the dose range of 10-25 ug.kg’.min™ the increments in cardiac output were larger with
dobutamine than with dopamine, probably because dobutamine unlike dopamine acts
exclusively on alpha- and beta-adrenoceptors, which allows for larger increases in cardiac
output than dopamine receptors (Horwitz et al., 1962).

The lack of effects of both drugs to lower left ventricular filling pressure lends further
support to a combination with agents which act primarily on left ventricular preload. The
design of the study does not allow any conclusions on the superiority of one drug over
the other in the treatment of patients. In order to arrive at such a conclusion it would
be necessary to determine regional biood flows and to what extent the drugs activate the
neurohumoral systemm.
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REDISTRIBUTION OF CARDIAC OUTPUT CAUSED BY
OPENING OF ARTERIOVENOUS ANASTOMOSES BY A
COMBINATION OF AZAPERONE AND METOMIDATE

L.]J. VAN WOERKENS, D. J. DUNCKER, R. ]. HUIGEN,
W.]. VAN DER GIESSEN AND P. D. VERDOUW

SUMPMARY

The effects of the butyrophenone, azaperone
Smgkg™'im. alone and after addition of the
imidazole derivative metomidate 6mg kg iv.
were studied in eight conscious pigs. Fifteen
minutes after administration of azaperone, sys-
temic arterial pressure was reduced by 35% as 2
result of & 45% increase in systemic vascular
conductance and 10 % decrease in cardiac output
(Q,j. After azaperone, 23% of the radicactive
fabelled microspheres (15 (3D 7} um) injected
into the feft atrium were detected in the lungs as
a result of apening of arteriovenous anastomoses
(baseline 3%). The increase in arteriovenous
anastomotic biood flow was at the expense of
the nutritional (= capillary) channels. Flow to
the brain was maintained, but that to the left
ventricle decreased in paralfel with the reduction
in arterial pressure. Vascular conductance of
most other organs, except the skin, increased or
was maintained. The addition of metomidate had
no effect on Q because an increase in stroke
volume (by 30%,) compensated for the decrease
in heart rate. Systemic vascular conductance
decreased, most noticeably in the brain. left
vemtricie and skeletal muscle. We conclude that
azaperone alone and in combination with
metomidate had onfy a moderate effect on Q. but
caused a redistribution in favour of arteriovenous
anastomoses.

KEY WORDS

Heart: cardise outpuf, circulatory effects.
butyrophenanes, araperone, metomidate.

Hypnoties:

Butyrophenone compounds are used both in
humarn {droperidol) and animal (azaperone) prac-
tice. Azaperone (4'-fluoro-4(2-pyridyl-1-piper-
azinyl)-butyrophenone) is used widely in pigsasa
sedative when physical restraint or diagnostic
procedures are required [1—4]. In additdon, this
drug is used frequently in combination with
the veterinary analogue of ecromidate, the
imidazole derivative metomidate (methyl-1-{o-
raethylbenzy!himidazel-5-carboxyl-hydro-
chloride), to provide anaesthesia for short-
term surgical procedures in pigs [5]. In recent
years several investigators have used this com-
bination for both induction and maintenance of
anacsthesia (with or withour the addition of
nitrous oxide)} for physiological studies [6-8].
Although it has been demonstrated that the
combination reduces systemic arterial pressure
and cardiac output () [5, 9] detailed knowledge
of regional cardiovascular responses is lacking. In
the present study we investigated changes in
central haemodynamics and regional blood fiow
(measured with radicactive microspheres) occur-
ring in conscious pigs after sedation with
azaperone and addidonal administration of
metomidate. It is known that, in anaesthetized,
but not conscious, animals a large fraction of the
microspheres is wapped in the lungs because of
shunting by arteriovencus anastomoses [7,
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10-13]. We therefore paid special attention to the
occurrence of this phenomenon.

MATERIALS AND METHODS

After an overnight fast, cross-bred Landrace x
Yorkshire pigs (20-25 kg, n = 8) pretreated with a
mixmre of procaine peniciflin-G 300000 u. i.m.
and  benzathine-penicillin-G 300000 u. i.m.
(Duplocillin, Gist-Brocades N.V., Delft, The
Netherlands) were znaesthetized with ketamine
30mgkgim. (Aescoker, Aesculaap BV,
Boxtel, The Netherlands) [3]. The trachea was
intubated and the lungs venrtilated with a mixture
of 66% nitrous oxide and [9% halothane in
oxygen. A jugular vein and common carotud
artery were cannulated for administration of
drugs and measurement of systemic arterial
pressure, acid-base state and blood-gas tensions
(ABL-3 and OSM,, Radiometer, Copenhagen,
Denmark).

The chest was opened through the lefr fifth
intercostal space to expose the heart. The left
arrium was cannulated for injection of radioactive
microspheres (15 (s 1} pm diameter), labelled
with cerium-141, ruthenium-103 or niobium-95
(NEN Chemicals GmbH, Dreieich, West
Germany) and suspended in saline containing one
drop of Tween 80. Via the third intercostal space,
an electromagnetic flowprobe (Skalar, Delft, The
Netherlands) was positioned around the ascend-
ing aorta. ) was calculated by adding myocardial
blood flow (determined with radioacrive
microspheres) 10 the electromagnetic flow
readings. Catheters and wires were tunneiled
subcuraneously 10 the back, the chest was closed
and the animals allowed 1o recover. After op-
cration, the animals received bolus injections of
amoxicillin 500 mg i.v. daily {Clamoxil, Beecham
Farma B.V., Amstelveen, The Netherlands)
and, during the first week, kanamycin 500 mg
{Kamynex, Gist-Brocades N.V., Delfr, The
Netherlands) to prevent infection. The catheters
were flushed daily with an isotonic saline solution
containing heparin 500 ju ml-?. After 1 week of
post-surgical recovery, at least eight o 10 sessions
were held 1o adapt the animals o the laboratory
faciliies and experimental conditions; when
animals are adapted to experimental conditions,
systemic haemodynarnic parameters and regional
blood flows change less than 5%, over 1 h [14, and
unpublished data from our laboratery]. The
experimental study was performed 3—4 weeks
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after instrumentation. Antibiotics were withheld
at least 24h before the experiment. Neuro-
muscular blocking agents were not administered.

Experimental procedure

After baseline systemic haemodynamic and
arterial blood-gas datz had been recorded,
1-2 x 10* microspheres were injected i.v. while an
arterial reference sample was withdrawn (10 ml
min™) for calibration of regional blood fiow
measurements [10]. Subsequently, the animals
received azaperone Smgkeg~lim. and 15 min
later, after all measurements had been repeated,
metomidate 6 mg kg™ i.v. was administered. Im-
mediately thereafter, the tachea was inmubated
and the lungs ventilated with 66 9% nitrogen in
OXYgen 10 maintain arterial blood-gas values at
baseline. The last set of values was obtained
10 min after i.v, injection of metomidate, while
the animals were in a stable haemodynamic
condition.

At the end of each experiment the animal was
killed with an overdose of pentobarbitone sodium.
Tissue was dissected, weighed and placed in vials,
The brain was divided into left and right cerebral
hemispheres, diencephalon, brain stem and cere-
bellum. The heart was stwored in 109, form-
aldehyde for 48h and subsequently the left
ventricle was dissected into three layers of equzl
thickness. The radicactivity in the vials was
counted for I0min in a gamma-scintillation
counter (Packard Minaxi Autogamma 5000) with
a multichannel pulse height analyser using suit-
able windows for discriminartion of the different
isotopes. The amount of blood distributed o the
various tissues (Qtis) was calculated as:

Qtis (m] min™) = (Itis/ Jart) x Qart

Where Itis and Jart are, respectively, the radio-
activity (¢.p.m.} in a particular tissue and that of
the arterial blood sample, while Qart is the rate
of withdrawa] of the blood sample. Vascular
conductances were calculated by dividing blood
flow by mean arterial pressure.

Staristical analysis and data presentarion

Statistical analysis was performed using the
Duncan New Multiple Range test after parametric
two-way analysis had revealed that the samples
represented  different  populations.  Statistical
significance was accepted at P < 0.05. All values
are presented as mean (SEM).



RESULTS
Arterial acid-base and blood-gas state

Arterial blood-gas values did not change from
respective baseling values (pH 7.46 (0.03); Pago,
4.9(0.1)kPa; Pa, 10.1(0.5) kPa; oxygen satu-
ration 95 (1)%; haemogiobin 5.0 (0.2} mmol
litre™), either during spontancous ventilation
after azaperone or during controlled mechanical
ventilation after metomidare.

Systemic haemodynamics

Administration of azaperone decreased Q by
10% and mean arterial pressure (MAP) by 35%
(fig. 1). Because the decrease in MAP considerably
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Fic. 1. Effects of azaperone 5 mgkg ! i.m. alone and after

addition of metomidate &Smgkgli.v. on  systemic

haemodynamics in eight pigs {mean {sgm)). MAP = Mean

arterial pressure; HR = heart rate; O = cardiac outpur;

SV = stroke volume; $VC = systemic vascular conductance,
*P < 0.05 zs baseline; 1P < 0.05 vs azaperone,

exceeded the decrease in (, calculated systemic
vascular conductance increased by 459%,. The
decrease in () was secondary 10 a reducrion in
stroke volume by 139, as heart rate remained
unaffected. After the iv. administration of
metomidate, {0 was maintained, as the increase in
stroke volume of 30 % counterbalanced the drug-
induced bradycardia. In view of the shight increase
in arterial pressure and unchanged cardiac output,
systemic vascular conductance was attenuated.

Distribution of cardiac ourput 1o arreriovenous
anastomotic and nutritional channels

During baselme conditions only 3% of
the microspheres were trapped by the lungs
(mainly bronchial arterial blood fiow {15]). After
administration of azaperone, blood flow was
redisributed im favour of arteriovenous
anastomoses, as 23 % of the microspheres were
trapped in the lungs, while the nutritional ca-
pillary blood flow decreased in parallel with
arterial pressure (fig. 2). Consequently the vas-
cular conductance of the nurtritional vasculature
was not affected. After administration of met-
omidate there were no significant changes in
nutritional and arteriovencus blood flows.
Arteriovenous conductance was not affected, burt
nutritional vascular conductance decreased and
was responsible, therefore, for the attenuartion of
systemic vascular conduciance.

Distribution of nutritional blood flow

Azaperone decreased left ventricular myocar-
dial blood flow (fig. 3), which was dismributed
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Fi16. 2. Effects of azaperone 5 mg kg™? i.m. alone {A) and after
addition of metomidare 6 mg kg™! i.v. (A+M) on the contri-
bution of the arteriovenous =znastorneses {EB) and the
nutritional vascular bed ({1) 1o cardiac output ({2) and sys-
temic vascular conductance (SVC). The contribution of the
nutritional vessels has been superimposed on that of the
arteriovenous anastemoses such that the sum reflects  and
SVC. The symbols for statistically significant changes and the
SEM bars are those for the two fractions. *P < 0.05 vs baseline
(B); TP < 0.05 ws azaperone {A).
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F16. 3, Effect of azaperone 5 mg kg™! i.m. alone and after ad-

didon of metomidate 6mgkg™iv. on transmural left

ventricular bloed flow (LVBF), ieft ventricular oxygen

demand estimated by the rate—pressure product (RPP) and

left ventricular vascular conductance (LVVC) {mean {3EMm)).
*P < 0.05 us baseline; +# < .05 vs azaperone.

homogeneously over the myocardial layers, as the
endocardial : epicardial ratio did not change from
its baseline value (1.39 (0.05}; not shown). A 27 %,
decrease In transmurzal blood flow accompanied a
229, decrease in oxygen demand (estimated by
the rate-pressure product). As the decrease in left
ventricular blood flow was of 2 magnitude similar

to the decrease in mean arterial pressure, there
was no change in left ventricular vascular conduc-
tance. Addition of metomidate decreased further
left ventricular biood flow bur, as the oxygen
demand changed sirnilarly, there was no detrimen-
tal effect on myocardial oxygen supply:dernand
ratio. Whereas there was no change in left
ventricutar conductance with azaperone, there
was a marked decrease in conductance after
metomidate was added.

In the comscious animals, the brain stem
received 30-35 %, less blood than cther parts of
the brain {(table I). Azaperone caused marked
vasodilatation, as blood flows to all cerebral
regions were maintained despite the 35 %, decrease
in arterial pressure. However, after addition of
metomidate, blood flows to all parts were reduced
by 40-55 %,, despite the slighrt increase in arterial
pressure. From the changes in arterial pressure
and flow it follows that the conductance of all
regions of the brain decreased to 60-809% of
baseline values.

TFollowing azaperone, blood flow to some organs
was maintained (liver, spleen, right ventricle and
skeietal muscle) or even increased {adrenals).
Blood flow to the kidneys, stomach, smal} intestine
and skin were reduced (table II). Vascular
conductance was diminished in the skin, did not
change in kidneys and skeletal muscle, stomach
and small intestine, and increased in liver, spleen
and adrenals, The addition of metomidate had no
effect on blood flow to some organs (liver, spleen,
small intestine, stomach and kKidneys), burt largely
abolished the azaperone-induced increase in blood
flow 10 the adrenals, while it reduced fow 1o the

TaBLE 1. Regional ccrebral hacmodynamics after azaperonc 5 mg kg™ im. and addition of metomidare 6 mg kg™ im. in cight
pis (mean (SEM)). *P < 0.05 vs baseline; TP < 0.05 vs azaperonc; §P < 0.05 vs all orher brain regions

Azaperone +
Baseline  Azaperone mertomidate
Blood fiows (m! min~* 100 g™
Right hemisphere 77 (5) 79 (6) 35080t
Left hermisphere 76 (0) 76 (4} 36 (2T
Diencephalon 717 81 (%) 38 (2%t
Cerebellum 81 (5) 80 (5 49 (3" 1%
Brain stem 53 (5§ 56 (3§ 33 (31"
Total brain 74(9) 74 () 35 (3)=+
Conductances (1072 ml min™' 100 g~ mm Hg™")
Right hemisphere G (9) 154 (29)* 53 (5%
Left hemisphere 92 (6) 146 (14y* 54 (3"t
Diencephalon 95 (7) 158 (23)* 57 (8¢
Cerebellum 100 (5} 162 (27)" 73 (7t
Brain stem 65(5) 113 (18)*§ 51 (7t
Toral brain 86 (7) 141 (200* 54 (5)*t
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TaBLE 1. Regional hacmodynamics after azaperone 5mg he ' im. and addition of motomidate 6 mg kg™t im. i cight pigs
(mean (SEM)). *TP < 0.05 vs basciine; TP < 0.05 vs asaperone

Azaperone -+
Baseline Azaperone metornidate
Blood fiows (ml min=' 100 g~}
Liver 19 (&) 18(3) 14 (3)
Spleen 160 (10) 144 (17 123 (18)
Kidneys 366 (36) 244 (40)* 252 (3=
Adrenals 127(5) 276 (40)* 191 (27)*t
Stomach 42 (11) 19 (5)* 21 (5
Small intestine 50 (6) 32 (4 36 (6)
Right ventricle 38 (5) 80 (13) 51 (6)*t
Skeletal muscle (liopsoas) 13.6 (4.7) 8.3(2.6) 32003~
Skin 68 (1.0) 2.0 (0.3 1.1(0.3)*
Conductances (1077 ml min—* 100 g~ muom Hg™")

Liver 2203 37 (1% 22 (5)t
Spleen 185 (14) 261 (28)* 179 (20)t
Kidneys 424 (48) 434 (63) 366 (36)
Adrenals 146 (9 494 (58)* 301 (5Tt
Stornach 51 (14 36 (10) 29 (6%
Small intestine 59 (8) 65 (14) 52 (7
Right ventricle 102 (9) 143 (20)* T O
Skeleral muscle (iliopsoas) 15.3 (4.8) 15.3(4.5) 4.8 (0.4t
Skin 7.6 (0.8} 3.6 (0.6)* 1.7 (0.3t

right ventricle, skeletal muscle and skin. Conse-
quently, metomidate abolished (adrenals) or
artenuated (liver, spleen, right ventricle) the
azaperone-nduced vasodilatation in some organs,
while in others the reduction in vascular con-
ductance was enhanced (skin) or became apparent
(stomach, skeletal muscle).

DISCUSSION
Azaperone

Azaperone-induced hypotension has been
reported by others {4, 5, 16]. Lees and Serrano
[16] alse found that this was caused by systemic
vasodilatation rather than a decrease in Q.
Although Q was affected only minimaily, there
was profound redistributon of blood flow,
implying an opening of arteriovenous 4nastomoses
[7,10~13]. In the pig, these anastomoses are
abundantly present in the skin [7] and play a
major role in the regulation of body temperature.
The opening of these anastomoses by azaperone
may, therefore, explain the decrease in body
temperature described by others [1,2]. The
increase in conductance of the arteriovenous
anastomoses was responsible also for the increase
inn systemic vascular conductance, as the changes
in conductance of the nutritional vessels
counterbalanced each other. These results suggest

that the mechanism responsible for opening of the
arteriovenous anasiomoses is the same as the
mechanism for the hypotensive action. However,
both the mechanisms for opening of the
arteriovenous anastomoses in general and that by
which azaperone decreases arterial pressure are
largely unknown. It has been suggested that
azaperone possesses a~adrenoceptor antagonistic
activities [17-19]. As the physiological regulation
of asteriovencus anastomotic blood flow is
mediated in part by the sympathetic nervous
system [20], it may be amenable to «-adrenoceptor
antagonism. However, other mechanisms such as
active peurogenic vasodilatation, for which no
neurotransmitter has yet been identified (18], may
be involved in the conmtrol of arteriovenous
anastomotic blood flow. Also, as with nor-
adrenaline, the arteriovenous anastomoses are
constricted by S5-hydroxytrypramine [21]. In
addidon, buryrophenones possess antidopamin-
ergic properties and dopamine is believed to play
a role in cenrral regulation of body temperature
[221, so thart the opening of arteriovenous anasto-
moses by azaperone could conceivably be caused
by 2 mechanism not related o x-adrenoceptor
antzgonism. The clinical analogue of azaperone,
the buryrophenone droperidol, induces hypo-
tension in man by systemic vasodijatation, which
is probably secondary to the combination of
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central nervous effects and block of vascular
a-adrenoceptors [23]. The opening of arterio-
venous anastomoses could zlse be involved, but
this may be difficult to zssess in man.

Left ventricular blood flow decreased in accord
with the reduction in myocardial oxygen demand.
As the reduced arterial pressure was responsible
for the reduced oxygen demand, left ventricular
blood flow was reduced without affecting coronary
vascular conductance. On the other hand, cerebral
flow was well maintained in spite of the
hypotensive action of azaperone. Consequently,
there was a marked Increase in the vascular
conductance of all regions of the brain. From the
present studies, it cannot be concluded whether
cerebral vasedilatation was caused by a metabolic
regulation or by a direct action of the drug.

zaperone and metomidale

In the present study, the addigon of
metomidate attenuated the azaperone-induced
decrease in arterial pressure, by decreasing the
systernic vascular conductance. From figure 2 itis
clear that the decrease in vascular conductance
was restricted to the nutridonal channels, as
conductance of the arteriovenous anastomoses
remained unchanged. The decreases in vascular
conductance were most noticeable in the brain,
left ventricie and skeletal muscle. In the brain this
was probably secondary to 2 decrease in cerebral
metabolism similar 1o that shown for its clinical
znalogue etomidate [24, 25]. From the present
study we cannot conclude if cerebral metabolism
decreased. In order to measure oXygen consump-
zion, knowledge of the oxygen content of
cerebral venous blood is necessary, bur this cannot
be readily obtained. Sampling from the internal
jugular vein does not provide reliable information
because in pigs it does not selectively drain blood
from the cerebral circulation [26].

The addigon of metomidate caused further
reduction in left ventricular oxygen demand. In
contrast with azaperone, this occurred by decrease
in heart rate rather than decrease in arterial
pressure, The reduced metbolic needs were
accompanied by vasoconstriction, as arterial per-
fusion pressure was not significamtly affected.
These resules are in agreement with those reporied
for etomidate in animals [24] and in man [25, 27].

Lees and Serrano [16] have shown that the
actions of azaperone in ponies persist for at least
4060 min. Our observations with metomidate
were made within 30 min of administraton of

azaperone. Nevertheless, it could be argued that,
because of differences in kinetics, our observations
in pigs could be explained by washout of
azaperone. However, the nature of the changes
does not support such a hypothesis.

Clinical tmplications

Azaperone is used widely in veterinary pracrice,
alone or in combmnadon with metomidate. It has
been claimed to have minor effects on cardio-
vascular function, despite reports of its
hypotensive action [2, 3]. In view of our findings,
such a claim is not warranted. Furthermore,
although cardiac outpur was well maintained,
large changes occurred in distribuzion. Opening
of arteriovenous anastomoeses shown in the present
study and the earlier reports on  severe
hypothermia [1], suggest that the drug interferes
with thermoregulation and that care must be
taken to maintaim body temperature, both in
veterinary  practice and in  physiological
preparations. To our knowledge, no reports on
effects of droperidol on body temperature of man
are available.

Azaperone and metomidate are not used in
human practice, but their clinical analogues,
droperidol and etomidate, respectively, have been
shown 1o exert similar central haemodynamic
actions [28). This may also be true for regional
blood flow.
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Epierisis . .- - ..

" ‘Chronic effects of permanent Jeft circumflex ceronary artery occlusion in pigs. - -

- Mortality R
During the instrumentation for our conscious pig model in preparation for ;He several
studies, coronary artery occlusion-resulted in ventricular fi‘br‘illatior-l- approximately.25 %%
of the animals within the first 30 minutes after the occlusion. Electrical deﬁb'rillation was
successful .in all animals. . Mortality, most likely due to ventricular arrhythmias, varied
between 10 and 30 % during the first 7-postoperative days. After that time no sudden
deaths occurred, but sorié diimals were sacrificed because of aninfection; or-failure of-
the. eltrical -catheters. e - o

Infarct size
Brooks et al. (1977) have shown that the left circumflex coronary artery in normal pigs.
perfuses approximately 22 % of the left ventricle. Post mortem examination 'dﬁr}n; oﬁrv
studies revealed a fibrotic area weighing 13 * 2 % of the total left ventricular mass:-The
major reasouns for the small value are the development of scar tissue, the growth of young:
animals and the development of left ventricular hypertrophy during the postoperauve
period. T

- ) Systemnic hemodynamics

ot

Systemic hemodynamic parameters reached a steady state and differed significantly
(p<0.05) compared t0 conscious pigs with amnon-occluded coronary-circulation-2-3 weeks
after infarction, when the actual experiments were performed (see also-table.1l;.chapter-
3). During this period a total pumber of 6 to 8 sessions were held, for adapzanon of the
animal to the.laboratory facilities.. Lo

Compared to conscious animais without LCX-occlusion there was z slight increase in
heart rate but-this never reached lévels of statistical significance. Mean arterial blood'
pressire-was not affected, but the decrease in.cardiac output varied between 5-and 25
% Calculated systemic vascular resistamee was only slightly affected in'some. groups: but
increased significantly up to 34 % in others. The decrease in stroke volume varied
between 5 and 30-%. but was only significant in'the study with niseldipine (chapter 2 and’
4). Left ventricular end-diastolic pressure. increzsed. in all studies after coronary artery-
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occlusion (50-110 %, p < 0.03). Left ventricular dP/dt,,,, showed a decrease, which ranged
between 12 and 30 %. These hemodynamic changes after coronary occlusion are
comparable to those published for other species (Leddy et al., 1983, Tikkanen et al., 1987
and Sabbah et al., 1991).

The growth of the animals during the study period tended 1o be less compared 10
chronically instrumented pigs without a myocardial infarction, but this did not reach
levels of statistical significance, probably because of the wide range of severity of left
ventricular dysfunction and the occurrence of organomegaly.

Table 1. Systemic hemodynarnic effects in normal conscious pigs at a decrease in
systemic vascular resistance by 25%.

HR CO EDP MAP  LvdP/dt

nisoldipine 1 f ! l 1
elgodipine T T - ! i
pimobendan 11 T b1l l P11
bimakalim 11 1 - { 1
nicorandil 11 T 11 i T
elyceryl trinitrate Tt T b1l 11 [}
CEDO 8956 i T i i i

HR = heart rate; CO = cardiac output; EDP = left ventricular end-diastolic pressure; MAP
= mean arterial blood pressure; LVAP/dt = meximu rate of rise of left ventricular pressure.

Effects of dihydropyridine caicium antagonist in conscious pigs.

In normal conscious animals nisoidipine and elgodipine exerted a similar cardiovascular
prefile but nisoldipine proved to be more potent. Nisoldipine decreased, however, left
ventricular end-diastolic pressure. which did not occur after infusion of elgodipine
(table 1).

In the animals with a 3-4 weeks old infarction both compounds increased cardiac output
more after a similar decrease in systemic vascular resistance, than occurred in the normal
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animals (tabie 2), Nisoldipine decreased left ventricular end-diastolic pressure to the
same extent as in the normal animals, but elgodipine now decreased left ventricular end-
diastolic pressure more compared to the effects in normal animals. These responses were
however only obtained at higher infusion rates. The overall cardiovascular hemodynamic
response after administration of the calcium antagonists nisoldipine and elgodipine in
this model for mild heart failure is systemic vasodilatation, resulting in a enhanced
cardiac output. This increase in cardiac output serves mainly for improvement of the
skeletal muscle flow, as there were no changes in flow to kidneys, brain, liver or skin
(chapter 2).

Effects of the phosphodiesterase-inhibiter pimobendan.

In normal animals pimobendan , while inducing the same decrease in systemic vascular
resistance increases heart rate and left ventricular dP/dt,,, and decreases left ventricular
end-diastolic pressure more than nisoldipine or elgodipine (table 1).

After myocardial infarction a similar decrease in systemic vascular resistance produced
a larger rise in cardiac output, while there was less effect on left ventricular end-diastolic
pressure, mean arterial blood pressure and left ventricular dP/dt . compared to the
normal animals (table 2). We concluded from these data that pimobendan which behaves
as an "inodilator” in normal animals, becomes more of a vasodilator during left
ventricular dysfunction (chapter 4).

Effects of the potassium chanmnel activator bimakalim

Although bimakalim is more potent than nicorandil, both showed a similar cardiovascular
pattern in normal conscious pigs, except for a decrease in left ventricular end-diastolic
pressure after the infusion of nicorandil (table 1).

Not surprisingly, reflex mediated tachycardia was increased in this group with myocardial
infarction at the same extent of systemic vasodilatation after bimakalim. All other
cardiovascular responses were similar to these in the normal group of animals (table 2).
This was also true for nicorandil. However, the distinct lowering of left ventricular end-
diastolic pressure after nicorandil in the normal animals was less in the animals with
coronary artery occlusion.

Also in this class of drugs, therefore, it is concluded that both bimakalim and nicorandil
behave more like systemic vasodilator drugs in animals with a myocardial infarction. In
this condition, the nitrate-like actions of nicorandil could hardly be observed.
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- Table 25 = = Changes:im: hemodynamic . effects in_conscious pigs. wﬂh [ej—ct‘ veﬁfﬁéul}zr

TTwA el dysfunction by a-3-4-weeks old . infarction. compared. to. the. e_ffecrs in m
YL LT ninomal CoNSCIOus Pigs. < L Tl e -
SELTLOL L rD el e sris CHR e 0 CCs 2 -EDP - MAP. - 'V-;]-:VdP./dI‘t;

isoldiping T T e L et e T ke e
elgodipine - T> > - S
pimobendan” =i U L e s i D LT P -

bimakalim, ., .o I< 0 - - e

nidorandil - R e L 1<

alycer 1ftri.n.itr-.ate; i B el T e T
4.{?.}..{“.?;-:, LIl AT die D ae e e B e L LR -

CEDO"8956 e T> PN ' i> = , _ - ;

:"“HR“— Fzart rate; COF = cardiac output: EDP = Icff venmcular eud—dzasrolzc pressure; MAP
= mean arterial blood pressure; LVAP/dt =-maximun rate of rise of left ventricular pressure.
- ; no changes in effect in conscious animals with.-a 3-4 weeks old myocardial -infaction
compafed to the systemic haemodynamzc effects in normal conscious pigs at a decrease in
sytemic vascular résistance By 25%. 10T i o s sl oy
> or L > ; more effect compared to normal conscious pigs

RES Or [ <% less effect compared 10 riormal conscious. ngs,

- e Effects"’ 'of ﬁitrate'-estefs-"an-d;gfycen:yl trinitrate. - -

' Of the"S nitrate-esiers CEDO 8956 was the most potent vasodﬂator exhlbmng a sumlar
" cafdiovascular profile as nitroglycerin. except for a lesser increase in heart rate and left
ventricular dP/dt

(Table 1, chapter 6). In normal animals: for the same decrease n
- systemic vascular Tesistancé there-were larger decreases-in left-ventricular end-diastolic

athiay
- pressure and -mean arterial blood pressure after administration-of.glyceryl trinitrate.

Probably related: the increase in heart raté after glyceryl trinitrate was more pronounced.
In the animals with left ventricular dysfunction for the same decrease in systemic vascular
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resistance CEDO 8956 decreased left ventricular end-diastolic pressure more compared
to normal animals, while: the decrease in left ventricular .end-diastolic pressure after
glyceryl trinitrate was less pronounced compared to normal animals.

The resporises after both drugs, therefore, becamé more uniform during left ventricular:
dysfuncuon in' this condition; both drugs lower left-ventricular filling pressure -and.
dilatate- penpheral resistarice vessels: The inerease in cardiac-output were, however, less
compared tothe calczum antagoriists. I an-attermnptio combine-the effects of nitrates and,
the dlhydropyndmes we Have also studied hybrid-«irugs.of bath-classes: In a preliminary
study we investigated at the effects of 8 compounds which. structurally: possessed one 1o,
three “hitrite ‘groups and oné-diliydropyridinesgroup. i normal ~conscious- pigs. In.all
experiments, the ‘compounds-caused: tachycardia' without increases in left :ventricular
dP/dty,, or decrease in left ventricular end-diastolic pressure (unpublished data from our
Izboratory). These studies suggests that these compounds in fact possessed negative
inotropic propemes ‘iostlikely because in-the uséd dose range (0.5-2.0 mg.min™ (20-23
kg animals}, which is indeed rather high for calcium antagonist) the negative inotropic
éffeété' of thie dihydfopyridin'e' parz‘ -'of the';éompoundz pre'yail'ed-. ST s e e

.': Lwiltio. s olta L u T “Effects of UL-FS 49.. Lo Limgieet ree o L

L '.,- B RN < D R -
- P = [P Rt

Thére was 10 différence in’ thie ability of UI-FS 49 o reduce: heart- Tate in - the control
animals ‘and ‘the- infarcted animals: (table: I and 2' - chapier 7). In a_dosage up- to 100
ugkg UL-FS 49-had 16 effect on arterial blood pressure while cardiac output -and-left
ventricular’dP/dt_ ;. decreaséd by less than .10 9%in:either.groups: - JL-ES$-49 had no
effect on the” duTation of- systole, but prolonged the duration of diastole. which is_in
favourof myocardial perfusion.” Because of ihie bsence. of depression of cardiovascular
"performance by UL-FS'49, this drug might be of imérest for selective reduction of heart
‘rate in patients with-mild left ventricilardysfunction due to:coronary artery: dllSﬁa:S_Q.JUL
Fs 49-while inducing a Similar decrease .inheart rate. caused: less: decrease.in. left
ventricular - dP/dt,  compared: ‘to” the:.non-selective : beta-adrenoceptor  antagonist
"prc-)'p"rénoid! “and ‘may therefore, prove to.be useful in those: patients with compromised
left ventricular funétion, which- have.unwanted tachycardia; due to:other medmamon It
“rhust be remarked however, that in man the spamﬁc bradycardlc agents are usually less
“effective in’ 10wer1n0 heart fate. " :




DA, receptors in the porcine coronary circulation

Intracoronary infusion of the specific DA, agonist fencldopam in anaesthetized pigs had
neither an effect on coronary blood flow and coronary vascular resistance, nor on
coronary venous oxygen content and local myocardial oxygen consumption. The dosages
studied were high enough, as reflected by the occurrence of systemic effects (decrease
in mean arterial blood pressure and systemic vascular resistance). Infusion of dopamine
after alpha- and beta-adrenoceptor blockade induced no changes in left ventricular blood
flow, coronary vascular resistance or myocardial oxygen consumption. These data suggest
that DA,-receptors are of minor importance in the coronary circulation of anesthetized
pigs.

Effects of epinine, dopamine and dobutamine in conscious pigs

Epinine stimulates dopaminergic as well as alpha- and beta-adrenoceptors in the cardiac
and vascular tissues (Chapter 9 and 10). In normal conscious pigs epinine caused a dose
dependent increase in cardiac output and left ventricular dP/dt, . and a decrease in

systemic vascular resistance, while there were no changes in left ventricular end-diastolic

max

pressure. In dosages up to 5 pg.kg .min” epinine decreased mean arterial blood pressure
and increased heart rate, but during infusion of 10 pg.kg”.min™ these parameters started
to return to predrug values. There were no changes in left ventricular and renal blood
flow, but flow to some parts of the brain was increased during the highest dose. Vascular
resistance decreased in brain, renal and myocardial vasculature. After alpha- and beta-
adrenoceptor blockade, there was no significant decrease in systemic vascular resistance
during the infusion of epinine. This does not necessarily imply that dopaminergic
receptors do not play a role in the epinine induced vasodilatation, as it is feasible that
a decrease in vascular resistance in a particular regional vascular bed {renal, cerebral or
mesenteric) does not lead 1o significant decrease in the systemic vascular resistance, due
10 limitation of the used measurement technigques. For {nstance, kidney flow in conscious
pigs without alpha- and beta-adrenoceptor blockade was 450 ml.min"' at baseline , which
is 16 % of the cardiac output. If an increase in flow by 20 % in the kidney flow was the
only effect, this would result in a flow of 540 mlmin™, which is an increase in cardiac
output by only 2.8 %.

Compared to dopamine, dobutamine caused for the same increase in heart rate a larger
increase in cardiac output and left ventricular dP/dt,, . Both drugs had no effect on left
ventricular end-diastolic pressure in the infarcted animals.

In summary, dopaminergic drugs may be useful in the lower dose range in experimental
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heart fajlure, although they lack an effect on filling pressure. The absence of DA,
receptors in the coronary circulation of pigs, may make this animal less suited for the
study of the myocardial and coronary effects of dopaminergic compounds.

In this conscious animal model we have not systematically followed the time course of
the changes post operatively as we feel that adaptation of the animals would be a
confounding factor, which would make a explanation speculative. We feel that when one
wants to study the hemodynamic changes and also the neurohumoral changes during the
early infarction period, the occlusions should be performed in conscious animals as
described by Skinner et al. (1975a and 1975b). This last group of investigators first
adapted the animais to the laboratory facilities before occluding the left anterior
descending coronary artery in order to study the effect of adaptation on the incidence
of ventricular fibrillation. The finding that ventricular fibrillation occurred much less in
the adapted animals, also implies that the loss of animals due to sudden death wili be
relatively low.

References

Brooks H. Holland R and Al-Sadir. Right ventricular performance during ischemia: An
anatomic and hemodynamic analysis. Am J Physiol 233 (Hearr Circ Physiol 2);
H=00-513, 1977.

Leddy CL, Willen M and Franciosa JA. Effects of a new angiotensin converting enzyme
inhibitor, enalapril. in acute and chronic left venwricular failure in dogs. J Clin
Pharmacol 23: 189-198, 1983.

Sabbah HN, Stein PD, Kono T, Gheorghiada M, Levine TB, Jafri §, Hawkins ET and
Goldstein S. A canine model of chronic heart failure produced by multiple
sequentizal coronary microembolizations. Am J Physiol 260 (Heart Circ Physiol 29);
H1379-1384, 1991.

Skinner JE, Lie JT and Entman ML. Modification of ventricular fibrillation latency
following coronmary artery acclusion in the conscious pig: The effect of
psychological stress and beta-adrenergic blackade. Circulation 51; 656-667, 1975.

Tikkanen T. Svartstrém-Fraser M, Tikkanen I, Sariola H. Fyhrquist F. Haemodynamic
effects of atrial natriuretic peptide in rats with heart failure. EurJ Pharmacol 140;
187-193. 1987.






RET Jsamehvattiﬁg A TR X

' Harzfalen komt voor bij onveveer 1°% van de mensen boverde 50jaar en-dit percentage
‘neemt toe tot'10 ‘%% bij mensen ouder-dan 807 jaat. Hartfalen wordt vaak gedefinieérd als
een toes*and waarin de pom—pcapaateu van et hart niet groot gendeg -is om aan de
metabole behoeftcn van de dlverse oroanen en wéefsels te voldoen. Menkan ook steilen
“dat “hartfalen - een toestand is- waarb1J “het" systeem - van- - hart-en-bloedvdten
compensatxemechamsmen nodig heeeft om de-bloeddruk in’de aorta op-peit te-houden
“zodat de ¥itale organen zoals harten hersenen voldoende doorbloed worden. Indien deze
compensatiemechanismen tekort gaan schieten worden de klinische symptomen— van
hartfalen duidelijk.
In dit proefschrift wordt de cardiovasculaire werking beschreven‘van een aantal soorten
farmaca in wakkere (niet-genarcotiseerde) chronisch geinstrumenteerde varkens waarbij
"hartfalen was verkregen door het afsluiten van een ‘coronairarterie dxe 3-4'wekell voordat
'de expenmenten plaatsvonden werd ultoevoerd e e : BRI

- Chronische effecten van permanente afsluztmg van de-ramus cm:umﬂex
van de linker corongir arterie bij varkens -~ - - - -

Moraliteit Gae T P L

Gedurende de instrumentatie van de varkens voor de diverse studies van het wakkere
varkensmodel resulteerde het afsluiten van de coronairarterié in ofgeveer 25 % van de
dieren in een ventrikelfibrillatie in-de eersie 30 minuten. na de afsluiting. Alle dieren
konden met succes oedefibrzlleerd worden. De mOI’ta.lltC]t gedurende de eerste week na
de operatie bedroeg 10101 30 96~ 7 e T T
Infarctgroorte S L
“In varkens voorz1et de rarnm circumflex van de linker cororairarterie ongeveer 22 %van
‘de linker ventrikel van bloed: In onze-swdie werd post morteny een -fibrotisch gebied
gevonden van 13 = 3 % van het totale gewicht van de linker vertrikel. '

Chronisch effect van myceardinfarct op-de circalatie ™

De hemodynamische parameters van de varkens met een infarct bereikien na 2 tot 3
weken een stabiel stadium en-verschilden dan s_imificam'-(p{() 03) met de chronisch
'oemstrumenteerde varkens die geen afsluumo van een coronair arterle hadden (21e ook

tabel 1 hoofdstuk 1). ~ = o e en T T
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De dieren met een afgesloten coronairarterie hadden in vergelijking met dieren zonder
een infarct een iets hogere hartfrequentie, maar dit verschil was in geen van de studies
significant. Er was geen verschil in de gemiddelde bloeddruk, maar het
hartminuutvolume was tussen de 5 en 25 % lager bij de dieren met een infarct. De
berekende systernische vaatweerstand was in sommige studies maar nauwelijk veranderd,
maar in andere significant toegenomen met 34 %. De vermindering van het slagvolume
varieerde tussen de 5 en 30 %o, maar was slechts significant in de studie met nisoldipine
(hoofdstuk 2 en 4). De eind-diastolische druk van de linker ventrikel steeg na coronair
afsluiting in alle studies (30-110 2, p<0.05). De linker ventrikel dP/dt_, was tussen de
12 en 30 %e.

De efffecten van dirydropyridine celciven-antagonisten in varkens

De cardiovasculaire hemodynamische effecien van de calcitm-antagonisten nisoldipine
en elgodipine in dit model voor matig hartfalen zijn : systemische vaatverwijding,
resulterend in een ioegenomen hartminuutvolume {(hoofsdtuk 2-4). De toename in
haruminuutvolume zorgt vooral voor een toename van de doorbloeding van de
skeletspieren, terwijl er geen veranderingen waren in de doorbloeding van de nieren,
hersenen, lever en huid (hoofdstuk 2).

De effecten van de phosphodiesterase-remmer pimobendan

Pimobendan gedraagt zich in normale biggen als een "inodilator”. Bij toediening aan
dieren met linker ventrikeldysfunctie konden wij geen inotrope werking meer aantonen.

De effecten van de kalium-konaal opener bimakalin

Met betrekking tot kalium-kanaal openers kan geconcludeerd worden dat bimakalim en
nicorandil in dieren met een infarct werken als een systemische vaatverwijder. De
nitraat-achtige eigenschappen van nicorandil werden in de dieren met een infarct in veel
mindere mate waargenomen dan bij de normale dieren.

De effecten van nitraat-esters en glyceryl trinitraat

De effecten van de nitraat-esters CEDO 8956 en glyceryl winitraat waren in de dieren
met linker ventrike! dysfunctie meer uniform dan in de normale biggen. Beide farmaca
verlagen de eind-diastolische druk van de linker ventrikel en dilateren de perifere vaten.
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Deze toename van het hartminuutvolume was echter minder dan de toename na
toediening van calciumantagonisten.

De effecten van UL-FS 49

Er was geen verschil in de effecten van UL-FS 49 op de hartfrequentie bij normale
dieren en de varkens met een infarct (1abel 1 en 2, hoofdstuk 7). UL-FS 49 had geen
effect op de tijdsduur van de systole, maar verlengde de tijdsduur van de diasiole .
hetgeen positief is voor de myocarddoorbloeding. Vanwege de afwezigheid van depressie
van de cardiovasculaire prestatie door UL-FS 49, is het gebruik van deze stof mogelijk
bruikbaar voor het selectief verlagen van de hartfrequentie bij patiénten met matig linker
ventrikelfalen ten gevolge van coronaire hart ziekten.

DA, receptoren in de corondgire circulatie van het varken

Intracoronaire infusie van de specifieke DA; agonist fenoldopam in varkens onder
narcose had noch effect op de coronaire doorbloeding en coronaire vaatweerstand, noch
op het coronairveneuze zuurstofgehalte en het locale zuurstofverbruik van het myocard.
De doseringen die gebruikt werden in deze studie waren hoog genoeg. daar systemische
effecten optraden {daling gemiddelde bloeddruk en systemische vaarweerstand). Ook
infusie van dopamine na alpha- en beta-receptor blokkade gaf geen veranderingen in de
doorbloeding van de linker ventrikel. de coronaire vaatweerstand en het zuurstof
verbruik van het myocard. Deze gegevens gevel wel aan dat DA -recepioren van
minimaal belang zijn in de coronaire circulatie van het genarcotiseerde varken.

De effecter van epinine, dopamine en dobutamine in wakkere varkers

Met betrekking tot dopaminerge farmaca kan gesteld worden, dat ze effectief zijn in lage
doseringen bij experimenteel hartfalen, alhoewel effecten op vullingsdruk ontbreken. De
afwezigheid van DA -recptoren in de coronaire circulatie van biggen maken dit dier
minder geschikt voor onderzoek naar effecten van dopaminerge stoffen op het myocard
en het coronaire vaatbed.
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