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Systemic, pulmonary and coronary haemodynamic actions of the
novel dopamine receptor agonist in awake pigs at rest and during
treadmill exercise Z1046
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1 In view of the potential therapeutic application of specific dopamine receptor agonists in the
treatment of hypertension and left ventricular dysfunction, we investigated the cardiovascular actions of
the novel mixed D,/D, dopamine receptor agonist Z1046 in awake pigs at rest and during treadmill
exercise.

2 Thirteen swine were chronically instrumented under sterile conditions for measurement of systemic,
pulmonary, and coronary haemodynamics. Regional blood flows were determined with the radioactive
microsphere technique.

3 71046 (1, 10, 100 ug kg~', i.v.) produced dose-dependent reductions in central aortic blood pressure
(up to 27+3%, P<0.05) in awake resting pigs which was accompanied by only minimal reflex activation
of the sympathetic nervous system. The hypotensive response was principally the result of peripheral
vasodilatation (system vascular resistance decreased up to 35+4%, P<0.05), which was located in the
cerebral, coronary, renal, mesenteric, adrenal, splenic and skeletal muscular vascular beds (vascular
resistance decreased up to 30-40% after the highest dose in these beds). Only in the cerebral and
mesenteric bed was the vasodilatation sufficiently large to overcome the decrease in blood pressure and
result in an increased blood flow; the vasodilatation in the coronary bed was most likely due to
autoregulation as neither coronary blood flow nor myocardial oxygen demand were changed significantly
by Z1046. The systemic vasodilatation that was caused by the highest i.v. dose (100 ug kg~') was
accompanied by transient and minor increases in heart rate (15+5%, P<0.05) and cardiac output
(154 5%, P<0.05) whereas after 10 ug kg~', i.v., a slight decrease in cardiac output also contributed to
the hypotension. Z1046 had no effect on pulmonary vascular resistance.

4 The systemic vasodilator responses to Z1046 (100 ug kg=', i.v.) were sustained during treadmill
exercise (2—4 km h™' which produced heart rates of up to 233410 beats min~"), but with increasing
treadmill speed attenuation of the exercise-induced increase in heart rate (— 11 +3%, P<0.05) and hence
cardiac output (—10+3%, P<0.05) (as stroke volume was not altered by Z1046) contributed
significantly to a lower aortic blood pressure (—20+3%, P<0.05). Z1046 had no effect on pulmonary
vascular resistance during exercise.

5 Oral administration of Z1046 (0.5, 1.5 mg kg~') produced a fall in central aortic blood pressure (up
to 154+3%, P<0.05), which developed gradually during the first 90 min and lasted up to 4 h after
administration, again with negligible changes in heart rate and LVdP/dt,,,,.

6 Neither non-selective ¢- and f-adrenoceptor blockade, nor selective a,-adrenoceptor blockade altered
the vasodilator actions of Z1046, but non-selective - and f-adrenoceptor blockade abolished the cardiac
responses to dopamine receptor stimulation, suggesting that its cardiac actions were principally caused
by Dj-receptor-mediated inhibition of catecholamine release, whereas the vasodilator response was
probably the result of vascular D;-receptor stimulation.

7 1In conclusion, the novel dopamine receptor agonist Z1046 is an effective blood pressure lowering
agent that elicits minimal reflex activation of the sympathetic nervous system in awake resting pigs.
Systemic vasodilatation was not affected by combined «- and f-adrenoceptor blockade, which is
consistent with a predominantly D, receptor-dependent vasodilator mechanism. The hypotensive effect is
maintained during treadmill exercise during which systemic vasodilatation and a lower cardiac output
both contribute to the blood pressure lowering actions of Z1046. The cardiovascular profile of this orally
active compound warrants further investigation of this class of drugs in experimental and clinical
hypertension.
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exercise

Introduction

In the early seventies it was shown that dopamine produced
vasodilatation by a mechanism independent from p-adreno-
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ceptors (Goldberg, 1972). Since then, two functionally separate
dopamine (D-) receptor subtypes have been identified. D,-re-
ceptors are located on arterial smooth muscle cells in the
kidney and mesenteric vascular bed and in some species in
coronary and cerebral vessels (Ueda et al., 1982; Kopia &
Valocik, 1989; Zhao et al., 1990; Van Woerkens et al., 1991),
where their stimulation causes vasorelaxation. D-receptors are
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also located on renal tubular cells and juxtaglomerular cells
where they promote natriuresis and diuresis, respectively. D,-
receptors are situated on sympathetic nerve endings (inhibition
of noradrenaline release), in the zona glomerulosa cells of the
adrenal cortex (inhibition of angiotensin II-stimulated aldos-
terone release) and in sympathetic ganglia (inhibition of
ganglionic transmission). Experimental and clinical evidence is
accumulating that specific dopamine agonists may be of use in
the treatment of hypertension and heart failure (Goldberg,
1972; Van Woerkens et al., 1991; 1992¢; Rousseau et al., 1994).
In particular, combined D,;-/D,-receptor agonists could be of
benefit in hypertension as they are likely to minimize barore-
flex-mediated activation of the sympathetic nervous system.
71046 is an experimental dopamine receptor agonist which,
compared to dopamine, exerts equipotent D;-receptor and 30
times more potent D,-receptor agonistic activity in rabbit
splenic artery and isolated ear preparations, respectively
(Pocchiari et al., 1994). Z1046 does not exhibit significant f3,-or
fr-agonistic properties in the guinea-pig atrium and trachea,
respectively. However, the drug may have weak o,-antagonistic
properties (rabbit aorta), while its a,-agonistic activity in the
guinea-pig atrium may be similar to that of dopamine (Poc-
chiari et al., 1994). In the present study we investigated the
systemic-, pulmonary- and coronary haemodynamic responses
to i.v. and oral administration of Z1046 in awake resting pigs.
In subsets of animals we also studied the responses to Z1046
after selective a,-adrenoceptor blockade or combined non-se-
lective o- and f-adrenoceptor blockade in order to determine
whether adrenoceptor stimulation directly, or indirectly via
presynaptic inhibition of catecholamine release, contributes to
the haemodynamic effects of Z1046. Finally, in view of ob-
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servations that D,-receptor-mediated inhibition of catechola-
mine release may constitute a major component of the actions
of Z1046 (Pocchiari et al., 1994; Marchini et al., 1994), we also
studied its haemodynamic effects during sympathetic stimula-
tion produced by graded treadmill exercise.

Methods

Thirteen pigs were used in the present study. All experi-
ments were performed in accordance with the ‘Guiding
Principles in the Care and Use of Laboratory Animals’ as
approved by the Council of the American Physiological
Society and after approval of the Animal Care Committee
of the Erasmus University Rotterdam. Adaptation of ani-
mals to the laboratory conditions started approximately 1
week before the day of surgery and continued until 1 week
post-surgically.

Surgical procedures

After an overnight fast, crossbred Landrace x Yorkshire
pigs of either sex (20—-28 kg) were sedated with
ketamine (30 mg kg~!, i.m.) anaesthetized with thiopental
(20 mg kg~', i.v.) intubated and mechanically ventilated
with a mixture of oxygen and nitrous oxide (1:2) to which
0.2-2% (v/v) isoflurane was added. Anaesthesia was main-
tained with midazolam (1 mg kg=' h™', i.v.) and fentanye
(1 pg kg=' h™', iv.). Under sterile conditions, the chest
was opened via the fourth left intercostal space and an
8French (F) fluid-filled polyvinylchloride (PVC) catheter was
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Figure 1 Systemic haemodynamic effects of Z1046 i.v. in awake resting swine. The four treatment groups were saline (control n=7,
@), and three doses of Z1046: 1 ug kg™"' (n=9, O), 10 ug kg™"' (n=9, ) and 100 ug kg~' (n=10, A). The variables measured
were (a) heart rate, (b) mean aortic pressure, (¢) LVdP/dt,,.x and (d) systemic vascular resistance. Data are presented as mean and
reflect % changes from pre-drug baseline; vertical lines show s.e.mean. Solid dot inside a symbol indicates a significant change

(P<0.05) from baseline (0 min).
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inserted into the aortic arch for measurement of blood
pressure and secured with a purse string suture. After the
pericardium was opened, an electromagnetic flow probe
(Skalar, Delft, The Netherlands) was positioned around the
ascending aorta for measurement of aortic blood flow (car-
diac output). A high fidelity pressure transducer (Konigsberg
Instruments Inc., Pasadena, CA, U.S.A.) was inserted into
the left ventricle via the apical dimple for recording of left
ventricular pressure and its first derivative (LVdP/dt; ob-
tained via electrical differentiation). An 8F PVC catheter
was also inserted into the left ventricle for calibration of the
Konigsberg transducer signal. Similar catheters were in-
troduced into the left atrium for measurement of pressure
and injection of radioactive microspheres to determine re-
gional blood flows (see below) and in the pulmonary artery
for measurement of pulmonary artery pressure and admin-
istration of drugs. A Doppler flow probe (2.0 or 2.5 mm in
diameter, emitting frequency (f;)=20 MHz) was placed
around the proximal part of the left anterior descending
coronary artery to measure local coronary blood flow.
Electrical wires and catheters were tunnelled subcutaneously
to the back, the chest was closed and the animals were al-
lowed to recover. All electrical wires and catheters were
protected with a vest.

Post-surgical period

During the first week after surgery animals received amox-
icillin, 25 mg kg=', iv. (Clamoxil, Beecham Farma B.V.,
Amstelveen, The Netherlands) and gentamycin, 5 mg kg™',

i.v. (Alfasan, Woerden, The Netherlands) each day. Every day

cathethers were flushed with physiological saline containing
2,000 iu ml~" heparin.

Regional myocardial blood flow measurements

For the determination of regional blood flows, a batch of 1—
2 x 10° carbonized plastic microspheres (15+1 uMm (s.d.) in
diameter) labelled with either “*Sc, *>Nb, '%*Ru, ''3Sn or “'Ce
was injected into the left atrium. Starting 5 s before and con-
tinuing until 60 s after completion of the injection, a reference
sample was withdrawn from the aorta at a rate of
10 ml min~". After all experimental protocols had been com-
pleted (11+ 3 days after injection of all five isotopes), animals
were killed with an overdose of sodium pentobarbitone and
various organs (heart, adrenals, liver, spleen, stomach, small
intestine, brains and kidneys) and tissues (abdominal skin,
various skeletal muscle groups) were excised, weighed and put
into vials. The heart was divided into atria, right and left
ventricle and fixed on formaldehyde (3.7% v/v). Two days
later approximately 10 g of myocardium of the left ventricular
free wall was divided into three layers of equal thickness:
subepicardium, mesocardium and subendocardium. The
radioactivity was counted and the amount of blood flow to the
various tissue (Qy;,) calculated as:

Qtis = (Itis Iartil) X Qart

where I;; and I, are the radioactivity (c.p.m.) in a particular
tissue and the arterial blood sample, respectively, while Q. is
the rate of withdrawal of the blood sample. Blood flows were

Table 3 Myocardial blood flow and vascular resistance responses to intravenous administration of Z1046 in awake resting pigs

Z1046
(ug kg Baseline
Blood flows
(ml min' 100 g
Right atrium 10 30+3
100 33+5
Left atrium 10 39+6
100 4747
Right ventricle 10 88+ 11
100 108+ 14
LVmean 10 141420
100 161+18
LVepi 10 116 +18
100 137+17
LVmeso 10 155+22
100 178 +21
LVendo 10 167421
100 183421
endo/epi 10 1.4940.09
100 1.35+0.08
Vascular resistances
(mmHg min ml™" 100g)
Right atrium 10 3.484+0.39
100 3.4840.42
Left atrium 10 3.394+0.94
100 2.3240.29
Right ventricle 10 1.2240.12
100 1.01+0.10
LVmean 10 0.81+0.13
100 0.65+0.05
LVepi 10 1.00+0.17
100 0.78£0.07
LVmeso 10 0.744+0.13
100 0.5940.04
LVendo 10 0.67+0.11
100 0.584+0.05

5 min 30 min
38+5 -
46+10 35+8
68 +25 -
81427 60+ 15
114418 -
125+25 104+ 16
161+21 -
173431 152425
142+20 -
150427 132423
174422 -
190+ 36 167+29
178+23 -
191+ 34 174+ 26

1.284+0.06 -
1.284+0.10 1.354+0.05
2.6240.54* -
2.154+0.39* 3.124+0.62
1.854+0.34* -
1.3140.24* 1.83+0.43
0.87+0.15* -
0.714+0.09* 0.90+0.12
0.584+0.08* -
0.50+0.06* 0.61+0.07
0.67+0.10* -
0.5740.06* 0.714+0.09
0.53+0.07* -
0.464+0.06* 0.56+0.07
0.52+0.07 -
0.46+0.06* 0.534+0.05

LV=Ileft ventricle; mean=mean transmural, epi=subepicardium, meso=midmyocardium, endo=subendocardium. Data are

mean+s.e.mean; n=238; *P<0.05 vs baseline.
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expressed as ml min~' 100 g~' tissue. Full details of the pro-
cedures and the calculation of flow data by this technique have
been described previously (Van Woerkens et al., 1991; 1992b).

Experimental protocols

Studies were performed between 1 and 5 weeks after sur-
gery with animals either resting unrestrained and quietly in
a cage or with animals exercising on a motor driven
treadmill. The average weight of the thirteen animals in-
creased from 28.5+1.4kg to 354+1.0 kg over the four
week period.

Haemodyamic responses to increasing doses of intravenous
Z1046 under resting conditions Systemic, pulmonary and
coronary haemodynamic responses to three doses of Z1046
were studied in resting pigs. After baseline haemodynamic
measurements had been obtained, animals received i.v. injec-
tions, administered over a period of 1 min, of either 10 ml
saline (vehicle, n=7), 1 ug kg=' n=9), 10 ug kg=' n=9) or
100 ug kg=' (n=10) of Z1046 dissolved in 10 ml saline. Fol-
lowing administration of saline or Z1046 the animals were
studied for a 90 min period. Doses were administered in ran-
dom order and each animal received only one dose daily.
Consecutive experiments in the same animals were performed
at a minimum interval of 48 h. Because of the limited number

of radioisotopes that are available, regional blood flow mea-
surements were made before and 5 min after administration of
71046 in a dose of 10 ug kg=" and before and 5 and 30 min
after administration of Z1046 in a dose of 100 ug kg~ ".

Effects of intravenous Z1046 on the haemodynamic responses to
treadmill exercise In nine pigs we studied the effects of Z1046
(100 pug kg=', i.v.) during graded treadmill exercise. With
swine resting on the treadmill (both lying and standing) mea-
surements were made of systemic, pulmonary and coronary
haemodynamics. Then, animals underwent a 3-stage exercise
protocol (2, 3 and 4 km h™!) with each level lasting 2—3 min
in duration. Measurements were made during the last 30 s of
each level of exercise when haemodynamics had reached a
stable level. Following completion of the exercise protocol,
animals were allowed to rest. Sixty minutes later, when all
variables had returned to baseline, animals received either
saline (10 ml, i.v.) or Z1046 (100 ug kg~', in 10 ml saline, i.v.).
Five min later resting measurements were obtained and the
exercise protocol was repeated.

Haemodynamic responses to orally administered Z1046 1In se-
ven pigs we studied the haemodynamic responses to orally ad-
ministered Z1046. After baseline measurements had been
recorded swine received either placebo (empty gel caps) (n = 6) or
71046 in a dose of 0.5 mg kg™' (n=7) or 1.5 mg kg™ (n=7),

Table 4 Regional blood flow and vascular resistance response to intravenous administration of Z1046 in awake resting pigs

Z1046
(ug kg Baseline 5 min 30 min

Blood flows
(ml min™" 100 g
Brain 10 81+4 92+10 -

100 8745 98 +5* 82+4
Kidneys 10 321430 368 +31 -

100 339426 381426 350427
Adrenals 10 11448 134411 -

100 129412 143417 158423
Small intestine 10 116+ 18 136423 —

100 120+ 18 147+27* 95+13
Stomach 10 76+ 14 85+17 -

100 85418 67+11 56+6
Liver 10 23+6 19410 -

100 20+7 1345 21+10
Spleen 10 155+25 162+25 -

100 160+22 202+26 171419
Skeletal muscle 10 6.7+1.3 98+23 -

100 9.74+2.5 12.1+1.9 6.7+1.5
Skin 10 72414 7.140.8 -

100 7.240.9 8.6+1.5 7.5+1.1
Vascular resistances
(mmHg min ml"' 100 g)
Brain 10 1.2940.09 0.9440.09* -

100 1.2440.08 0.8140.06* 1.0340.07
Kidneys 10 0.3540.04 0.234+0.03* -

100 0.3240.03 0.2140.02* 0.254+0.03*
Adrenals 10 0.9340.07 0.634+0.06* -

100 0.8640.08 0.61+0.10* 0.64+40.14*
Small intestine 10 1.064+0.16 0.76+0.15 -

100 1.0740.17 0.67+0.12* 1.014+0.16
Stomach 10 1.84+0.40 1.2740.27 -

100 1.6840.30 1.4340.28 1.6740.26
Liver 10 9.24+3.2 18.3+5.3 -

100 10.842.7 10.542.2 11.542.8
Spleen 10 0.8340.16 0.6240.13* -

100 0.8240.17 0.46+0.10* 0.53+0.07
Skeletal muscle 10 18.6+3.4 11.6+2.4* -

100 15.543.8 724+1.1% 15.0+2.5
Skin 10 18.5+3.3 12.5+1.6 -

100 159414 19.1+10.4 12.5+1.5

Data are mean+s.e.mean; n=9; *P<0.05 vs baseline.
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p.o., and were studied over a four hour period. Protocols were
performed in random order at a minimum interval of 48 h.

Modulation of adrenergic activity by Z1046 In three resting
pigs we studied the effects of Z1046 (10 and 100 ug kg=", i.v.)
in the presence of combined «- and f-adrenoceptor blockade,
1.0 mg kg~' of the non-selective a-adrenoceptor blocker
phentolamine was administered followed by 1.0 mg kg=' h~',
i.v. (Verdouw er al., 1984) and 0.5 mg kg~' of the non-selec-
tive f-adrenoceptor blocker propranolol followed by
0.5 mg kg=' h™',i.v. (Duncker et al., 1988). Ten minutes after
administration of the blockers, when haemodynamics had
reached a new steady state, Z1046 was administered in a dose
of either 10 or (on a different day) 100 ug kg~', i.v., and
haemodynamic measurements were made during the following
90 min.

In seven resting pigs we studied the effects of Z1046
(100 ug kg™, i.v.) in the presence of the a,-adrenoceptor an-
tagonist yohimbine. Yohimbine was administered in a dose of
30 ug kg~ ', iv., followed by a continuous infusion of
3 pug kg=! min~', i.v. After ten minutes, when haemodynamics
had reached a steady state, Z1046 was administered and hae-
modynamic variables were recorded during the following
90 min.

Haemodynamic responses to repeated administration of an
identical dose of intravenous Z1046 On a different day we
studied the systemic, pulmonary and coronary haemodynamic
responses to two consecutive doses of Z1046 10 ug kg™, i.v.,
in 7 resting swine. The two doses of Z1046 were administered
in 10 ml saline over 1 min separated by a 90 min interval.

Data acquisition and analysis

Data were recorded and digitized with an eight channel data-
acquisition programme ATCODAS (Dataq Instruments, Inc.,
Akron, Ohio, U.S.A.) and stored on a computer for later post-
acquisition analysis with a programme written in MatLab (The
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Mathworks Inc., Mass, U.S.A.). Coronary blood flow was
computed from the Doppler shift by use of the equation
Q=125xAfxd? where Q is the coronary blood flow
(ml min~"), Af is the Doppler shift (KHz), d is the internal
diameter of the coronary artery (mm) within the flow probe
(Ishida er al., 1983). The factor 1.25 is a constant derived from
the speed of sound in tissue (C= 1.5 x 10° cm™"), the frequency
of the omitted sound beam (f,=20 mHz), the cosine of the
angle at which the sound beam is emitted (45°), and unit
conversion factors: (C x0.757)/(2f, x cos 45°). Since in
chronically instrumented animals the flow probe is tightly
adherent to the coronary artery, the internal diameter of the
flow probe is equal to the external diameter of the artery. To
obtain the inner diameter of the coronary artery we subtracted
the arterial wall thickness which is approximately 10% of the
external diameter of the coronary artery. In this way any error
in computation of the coronary internal diameter would affect
control and intervention conditions equally. Systemic vascular
resistance was calculated as the ratio of mean aortic pressure
and cardiac output, pulmonary vascular resistance as the ratio
of (mean pulmonary artery pressure —mean left atrial pres-
sure) and cardiac output and regional vascular resistances as
the ratio of mean aortic pressure and local blood flows. Sta-
tistical analysis was performed by analysis of variance for re-
peated measures. When a significant effect was observed post-
hoc testing was done with Wilcoxon signed rank or paired ¢
test. A P value of less than or equal to 0.05 was considered
statistically significant (two-tailed). All data are presented as
mean + s.e.mean.

Drugs

71046  ((S)-6-[[6-[[2-(2-methoxyphenoxy)ethyllamino]hexyl]-
propylamino]-5,6,7,8-tetrahydro-1,2-naphtalenediol dihydro-
chloride (courtesy of Dr F. Marchini, Zambon Group
S.p.A., Italy), yohimbine and propranolol were dissolved
in warm saline (30°C) to produce concentrations of
3 ug kg7' ml~!' (yohimbine) and 0.05 mg kg=' ml~' (pro-
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Figure 2 Systemic haemodynamic variables during two consecutive periods of graded treadmill exercise in 9 pigs. (¢) LV eq = left
ventricular peak systolic pressure (M, [J), AOmean = mean aortic pressure (@, O); (d) PAean=mean pulmonary artery pressure (@,
0), LA can=mean left atrial pressure (M, [J). L=1ying down, S=standing. Animals were studied during control conditions (open
symbols) and following administration of saline (10 ml, solid symbols). Data are presented as mean; vertical lines show s.e.mean.

*P<0.05 versus lying down; *P<0.05 saline vs control.
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pranolol), respectively. Phentolamine was dissolved in water
containing glucose (35 mg ml~') and further diluted in sal-
ine to produce a final concentration of 0.1 mg kg=' ml—".
Fresh drug solutions were prepared on the day of each
experiment.

Results

Haemodynamic responses to increasing doses of
intravenous Z1046 in awake resting pigs

Saline  Administration of saline did not lead to significant
changes in any of the systemic, pulmonary or coronary hae-
modynamic variables, demonstrating good cardiovascular
stability over the 90 min observation period (Figure 1, Tables 1
and 2).

Z1046

Systemic and pulmonary haemodynamics 71046 in doses of 1,
10 and 100 ug kg=' produced dose-dependent decreases in
mean aortic blood pressure which reach their peak values of
8+2%, 254+3% and 27+3%, respectively, within the first
10 min after administration (Figure 1; Table 1). Thereafter,
aortic pressure gradually recovered over the remainder of the
90 min period; the recovery was complete after 1 ug kg=' and
10 pug kg™' but not after 100 ug kg™'. Similar decreases were
observed in systolic and diastolic aortic pressure, so that ar-
terial pulse pressure did not change. The Z1046-induced fall in
blood pressure was caused by systemic vasodilatation as car-
diac output (and its two determinants heart rate and stroke
volume) was virtually unchanged. Only after administration of
10 pug kg=' did cardiac output and stroke volume decrease
slightly, whereas after 100 ug kg~!, cardiac output and heart
rate transiently increased, probably due to reflex-mediated
sympathetic activation (see below). Mean pulmonary artery
and left atrial pressures were not affected except for a transient

increase in pulmonary pressure during the first 2.5 min fol-
lowing administration of 100 ug kg~—', which paralleled the
increase in cardiac output. Consequently, pulmonary vascular
resistance was not significantly altered by any dose of Z1046
(Tables 1 and 2). LVdP/dt,,., and LVdP/dt,,, decreased dose-
dependently by up to 23+3 and 21+ 3%, respectively, after
100 pg kg™' (both P<0.05) which may in part have been re-
lated to the decreases in diastolic aortic pressure and left
ventricular systolic pressure, respectively.

Coronary and myocardial haemodynamics Coronary artery
blood flow measured with the Doppler flow probe was not
affected by any of the doses of Z1046, although coronary flow
tended to increase during the first 7.5 min after administration
of the highest dose, and tended to decrease thereafter, in par-
allel with the changes in myocardial oxygen demand, reflected
by heart rate or the ‘double product’ (heart rate x left ven-
tricular systolic blood pressure) (Table 2). Consequently, the
decreases in computed coronary vascular resistance that oc-
curred with the highest two doses were the result of auto-
regulation to compensate for the decrease in mean aortic blood
pressure. Z1046 had no effect on the distribution of myocardial
blood flow across the left ventricular wall, measured with
radioactive microspheres, 5 min after administration of
10 ugkg™ or 5 and 30 min after administration of
100 pug kg~' (Table 3).

Distribution of regional blood flows and vascular re-
sistances 71046 in doses of 10 and 100 ug kg™', i.v., pro-
duced vasodilatation in the brain (up to 35+4% decrease in
vascular resistance 5 min after administration of 100 ug kg="),
small intestine (40+7%), kidneys (30+6%), adrenals
(31+£6%), spleen (33+7%) and skeletal muscle (43+14%)
(Table 4). Only in the brain and small intestine was the vaso-
dilatation sufficiently large to overcome the decrease in aortic
blood pressure so that blood flow to these organs increased.
Neither dose of Z1046 produced significant changes in vascular
resistance in the stomach, liver or skin.
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Figure 3 Systemic haemodynamic effects of Z1046 100 ug kg~ ", i.v., in 9 pigs during graded treadmill exercise. (c) LV cax = left
ventricular peak systolic pressure (I, []), Ao=mean aortic pressure (@, O); (d) PAean=mean pulmonary artery pressure (@, O),
LA can=mean left atrial pressure (ll, []); L=1ying down, S=standing. Animals were studied during control conditions (open
symbols) and in the presence of Z1046 (solid symbols). Data are presented as mean and vertical lines show s.e.mean. *P<0.05

versus lying down; *P<0.05 Z1046 vs control.
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Effects of intravenous Z1046 on the responses to
treadmill exercise

Saline Exercise produced increases in heart rate from
124+ 5 beats min~! at rest to 224+8 beats min~! at the
highest level of exercise (4 km h™"), left ventricular systolic
pressure from 116+4 to 140+4 mmHg, LVdP/dt,,, from
29604170 to 55104280 mmHg s~ and cardiac output from
3.240.2 to 6.940.5 1 min~" (Figure 2). While mean aortic
pressure increased only slightly from 91 + 3 (quietly standing)
to 100+3 mmHg at the highest level of exercise, mean pul-
monary artery pressure almost doubled from 15+1 to
27+3 mmHg. These responses reflect the intense systemic
vasodilatation versus the unaltered pulmonary vascular re-
sistance. Coronary blood flow increased from 27+ 3 ml min~'
at rest to 4845 ml min~' during the highest level of exercise.
Two consecutive exercise periods separated by 60 min of rest,
resulted in highly reproducible systemic, pulmonary and cor-
onary haemodynamic responses.

Z1046 During resting conditions, Z1046 in a dose of
100 ug kg, i.v., produced a fall in aortic pressure which was
entirely the result of systemic vasodilatation (35% decrease in
systemic vascular resistance), as it was accompanied by tran-
sient increases in heart rate and cardiac output (both 15%). In
contrast, Z1046 markedly attenuated the exercise-induced in-
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Figure 4 Systemic haemodynamic effects (a) heart rate and (b) mean
aortic pressure of Z1046, p.o., in awake resting pigs. The three
treatment groups were placebo (control n=6, @), and two doses of
7Z1046: 0.5mgkg ' (n=7, O) and 1.5mgkg ' (n=7, ). Data
(mean +s.e.mean) are presented as percentage changes from pre-drug
baseline. Baseline values of heart rate were 121+6, 10945, and
118+ 6 beats min~!, in the placebo, 0.5 mg kg~ ! and 1.5 mg kg™!
groups, respectively; baseline values of mean aortic blood pressure
were 100+ 6, 104+4, and 101 +4 mmHg in the placebo, 0.5 mg kg~
and 1.5 mg kg~ groups, respectively. *P<0.05 vs baseline (0 min).

creases in cardiac output (Figure 3), so that both a decrease in
cardiac output (10%) and vascular resistance (15%) con-
tributed to the hypotensive effects of the compound during
exercise. The blunted increase in cardiac output was principally
the result of an attenuation of the exercise-induced tachy-
cardia, as the response of stroke volume to exercise was not
altered. Stroke volume was maintained compared to control
exercise, despite a slight elevation in preload (LV end-diastolic
pressure, not shown) and a reduction in afterload (LV systolic
pressure), suggesting an attenuation by Z1046 of the increase
in contractility produced by exercise, which is consistent with a
D,-receptor-mediated inhibition of catecholamine release from
sympathetic nerve endings. This is also suggested by the at-
tenuation of the exercise-induced increase in LVdP/dt,,.,, al-
though underestimation of contractility may have occurred
because of the lower aortic blood pressure. The effects of
71046 on the exercise-induced coronary hyperaemia paralleled
its effects on heart rate and the double product resulting in a
slightly lower coronary blood flow at the highest level of ex-
ercise, compared to control. The exercise-induced increase in
pulmonary artery pressure was blunted by Z1046 in a fashion
parallel to its effect on cardiac output. Consequently, pul-
monary artery resistance was not affected by Z1046 either at
rest or during exercise.

Haemodynamic responses to oral Z1046

Placebo Administration of placebo did not result in sig-
nificant changes in heart rate (baseline value 121+ 6 beats -
min~"), mean aortic pressure (baseline value 100+ 6 mmHg)
(Figure 4), or any of the other systemic haemodynamic vari-
ables (not shown) over the 4 h observation period.

Z1046 Oral administration of Z1046 in doses of 0.5 mg kg™!

and 1.5 mg kg~' resulted in similar decreases in mean aortic
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Figure 5 Systemic haemodynamic peak effects of Z1046, i.v., in
awake resting pigs. Z1046 was administered in a dose of 100 ug kg ™!
under control conditions (n=10, O), in the presence of selective o5-
adrenoceptor blockade (n=7, @), and in the presence of combined o-
and f-adrenoceptor blockade (n=3, Hl). Data are presented as mean
% of predrug (i.e. pre-adrenoceptor blockade) baseline; vertical lines
show s.e.mean. Baseline (BL) values for Z1046, 100 ug kg~ ', i.v.,
under control conditions (QO) are presented in Table 1. Respective
baseline values for the selective a,-adrenoceptor blockade group and
the combined o- and f-adrenoceptor blockade group were: (a) heart
rate, 12448 and 13243 beats min~'; (b) cardiac output, 4.2+0.3
and 3.940.51 min~}; (c) stroke volume, 34+3 and 30+5 ml; (d)
LVdP/dtim,y, 33204160 and 33704210 mmHg s~ '; (e) mean aortic
pressure, 102+4 and 88 +5 mmHg; (f) systemic vascular resistance,
2542 and 23+ 3 mmHg min 17!, *P<0.05 vs baseline, ¥ P<0.05 vs
change in the non-blocked animals.
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Figure 6 Systemic haemodynamic peak effects of Z1046, i.v., in
awake resting pigs. Z1046 was administered in a dose of 10 ug kg~!
under control conditions (=9, Q) and in the presence of combined
o- and f-adrenoceptor blockade (n=3, @) or during two consecutive
administrations of 10 ug kg~ ' under control conditions (7=7). The
second dose (M) was administered 90 min after the first dose ([J).
Data (mean4s.e.mean) are presented as percentage of predrug
baseline (i.e. pre-adrenoceptor blockade or pre-first dose). Baseline
values for 21046, 10 ug kg~ ", i.v., under control conditions (Q) are
presented in Table 1. Respective baseline values for the combined o-
and f-adrenoceptor blockade group and the two consecutive
10 ug kg~ " group were: (a) heart rate, 105+ 14 and 120+ 6 beats -
min~'; (d) cardiac output, 3.240.6 and 3.9+0.5  min~'; (e) stroke
volume, 3145 and 34+2ml; (c) LVdP/dtn., 2700+90 and
30604190 mmHg s~ '; (b) mean aortic pressure, 101+6 and
98+4 mmHg; (f) systemic vascular resistance, 33+5 and
23+3 mmHg min 17", *P<0.05 vs baseline, ¥ P<0.05 vs change in
the non-blocked animals or vs change produced by first dose.

blood pressure (baseline values 104+4 and 101 +£4 mmHg,
respectively), which developed gradually over the first 90 min,
reached a peak at 120 min (up to 15+2% and 154+3% after
0.5 and 1.5 mg kg™, respectively) and remained virtually un-
changed during the remainder of the 4 h observation period
(Figure 4). The decrease in mean aortic pressure was produced
by a decrease in systemic vascular resistance (up to 11+3%
and 14+4% after 0.5 and 1.5 mg kg™', respectively) whereas
the slight decrease in cardiac output was not significant (not
shown). LVdP/dt,,., decreased by up to 15% with either dose,
while left ventricular end-diastolic pressure did not change (not
shown). Neither 0.5 nor 1.5 mg kg~ had a significant effect on
heart rate (baseline values 109+5 and 11846 beats min ',
respectively).

Modulation of adrenergic activity by Z1046

Non-selective a- and f-adrenoceptor blockade Non-selective o-
and f-adrenoceptor blockade in three pigs resulted in de-
creases in heart rate and LVdP/dt,,, by approximately 20%
and 35%, respectively, and a small increase in left ventricular
end-diastolic pressure; mean aortic pressure fell by 15% due to
the 18% decrease in cardiac output (Figure 5). Coronary blood
flow decreased in parallel to the decrease in double product
(not shown). Z1046 100 ug kg=', i.v., produced similar de-
creases in aortic pressure and systemic vascular resistance
compared to animals with unblocked adrenoceptors, but with

resting pigs. Data are presented as absolute changes in heart rate vs
absolute changes in aortic pressure. For the sake of clarity we have
only shown mean data. Note that Z1046 lowered aortic blood
pressure with minimal reflex-tachycardia.

no change in heart rate. Thus, combined non-selective o- and
p-adrenoceptor blockade did not modify the vasodilator ac-
tivity of Z1046, but prevented the mild reflex-tachycardia
produced by the high dose of Z1046.

When Z1046 in a dose of 10 ug kg~!, i.v., was administered
in the presence of combined adrenoceptor blockade it pro-
duced considerably smaller (17 mmHg) decreases in aortic
pressure compared to animals with unblocked adrenoceptors
(26 mmHg, Figure 6). The decrease in pressure was produced
solely by a decrease in systemic vascular resistance whereas the
decreases in cardiac output and LVdP/dt,,.,, that was observed
when adrenoceptors were unblocked, were absent in the pre-
sence of non-selective - and f-adrenoceptor blockade. These
findings suggest that the cardiac effects of Z1046 but not the
systemic vasodilator response were the result of inhibition of
sympathetic activity.

Selective oy-adrenoceptor blockade Pretreatment with the se-
lective o,-adrenoceptor antagonist yohimbine (30 ug kg~! and
3 mg kg~! min~', i.v.) resulted in slightly higher levels of heart
rate, LVdP/dt,.. (Figure 5) and the double product (not
shown), which was probably the result of increased nora-
drenaline release produced by presynaptic o,-adrenoceptor
blockade. However, yohimbine did not alter the haemody-
namic response to 21046 (100 ug kg~', i.v.), indicating that
71046 did not inhibit catecholamine release via presynaptic o,-
adrenoceptor stimulation and that Z1046 was devoid of post-
synaptic oy-adrenoceptor-mediated vasoconstrictor actions in
awake swine.

Haemodynamic responses to repeated administration of
an identical dose of intravenous Z1046

Ninety minutes following administration of Z1046
(10 pug kg™ ', i.v.), at a time when all haemodynamic variables
had returned to baseline except for LVdP/dt,,.. which was still
slightly (14 +4%, P<0.05) below baseline levels, a second dose
of 10 ug kg~' resulted in a markedly smaller decrease of aortic
pressure (9+2 mmHg versus 23+6 mmHg, P<0.05). This
attenuated hypotensive effect was not due to mitigation of the
systemic vasodilator response but was the result of a main-
tained stroke volume and hence cardiac output following the
second administration of 10 ug kg~' (Figure 6).
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Discussion

The most important findings of the present study were that (i)
i.v. or oral administration of the non-selective dopamine re-
ceptor agonist Z1046 produced dose-dependent reductions in
central aortic blood pressure in awake resting pigs which were
accompanied by only minimal reflex activation of the sympa-
thetic nervous system; (ii) the hypotensive response was prin-
cipally the result of peripheral vasodilatation, in particular of
the cerebral, coronary, renal, mesenteric, adrenal, splenic and
skeletal muscular vascular beds; (iii) the vasodilatation that
was caused by the highest i.v. dose (100 ug kg™') was ac-
companied by transient and minor, reflex-mediated, increases
in heart rate and cardiac output, whereas after an i.v. dose of
10 pug kg~ " a slight decrease in cardiac output also contributed
to the hypotension; (iv) the systemic vasodilator response to
dopamine receptor stimulation was sustained during treadmill
exercise, but with increasing intensity of exercise, attenuation
of the increase in cardiac output contributed significantly to
the fall in pressure. (v) Non-selective a- and f-adrenoceptor
blockade did not alter the vasodilator actions of Z1046, but
abolished the cardiac responses to dopamine receptor stimu-
lation, suggesting that its cardiac actions were principally
caused by D,-receptor mediated inhibition of catecholamine
release, whereas the vasodilator response was probably the
result of vascular D,-receptor stimulation.

Haemodynamic effects of D-receptor stimulation in
awake resting swine

71046 in doses of 1, 10 and 100 ug kg~', i.v., produced dose-
dependent decreases in systemic vascular resistance of 10%,
20% and 35%, respectively. The response of cardiac output to
71046 differed with each dose. Thus, while 1 ug kg~' had no
effect, 10 ug kg~! produced a decrease and 100 ug kg=' pro-
duced a transient increase in cardiac output. The decrease in
cardiac output produced by 10 ug kg~' was due to a decrease
in stroke volume with no change in heart rate. A decrease in
stroke volume in the face of a decrease in left ventricular sys-
tolic pressure indicates a negative inotropic effect, which is
supported by the moderate decrease in LVdP/dt,,,. Inter-
pretation of changes in LVdP/dt,,,, as changes in contractility
in the presence of changes in aortic blood pressure is compli-
cated by the dependency of LVdP/dt,., on diastolic aortic
pressure. Nonetheless, LVdP/dt,,., was still depressed 90 min
after administration of 10 ug kg~' at a time when diastolic
aortic pressure had returned to baseline levels. Furthermore,
when 10 pg kg=' was administered after adrenoceptor block-
ade, no decrease in LVdP/dt,,., occurred despite a significant
decrease in aortic pressure. In awake resting pigs, non-selective
f-adrenoceptor blockade produced by propranolol results in a
decrease in LVdP/dt,,,, of 25% (Duncker et al., 1987; 1988),
indicating that even under quiet resting conditions there is
some degree of sympathetic activity. The observation that
71046 decreased contractility in the present study is therefore
consistent with inhibition of noradrenaline release from the
sympathetic nerve endings produced by presynaptic D,-like
receptor stimulation. Z1046 in a dose of 100 ug kg~ produced
a dramatic decrease in mean aortic pressure which was entirely
due to a decrease in systemic vascular resistance. The minimal
effect of the highest dose on cardiac output was somewhat
surprising. If 10 ug kg~' produced a decrease in cardiac out-
put via D,-like receptor-mediated inhibition of sympathetic
activity to the heart (which is suggested by the mild decreases
in cardiac output and LVdP/dt,,.,), it would be expected that a
higher dose would produce an even greater D,-receptor-
mediated depression of cardiac output. However, the greater
peripheral vasodilatation, resulting in a slightly greater blood
pressure reduction at 2.5 min after administration produced by
the high dose may have resulted in reflex-mediated activation
of sympathetic nervous system and withdrawal of cardiac va-
gal tone thereby counteracting the direct effects of D,-like re-
ceptor stimulation on sympathetic activity. This hypothesis is

—1

supported by the observation that 100 ug kg~' resulted in
transient (<5 min) increases in heart rate and cardiac output,
that were absent when animals were pretreated with combined
o- and f-adrenoceptor blockade. It is important to note that in
our awake swine model, Z1046 produced severe hypotension
with considerably less reflex-tachycardia than produced by
pure vasodilators such as the dihydropyridine calcium channel
blockers (Duncker et al., 1988) or K™ orp channel activators
like nicorandil (Verdouw et al., 1987) and bimakalim (Van
Woerkens et al., 1992a) that we have studied in the same model
(Figure 7). The dopamine receptor agonist epinine, which also
had some f,-adrenoceptor agonistic properties in this model,
produces slightly greater increases in heart rate at a given re-
duction in mean aortic blood pressure (Van Woerkens et al.,
1992b).

The observation that the decrease in aortic blood pressure
produced by Z1046 was blunted following repeated adminis-
tration of the same dose (10 ug kg™', i.v.) deserves some
comment. The smaller decrease in aortic blood pressure was
not due to mitigation of the systemic vasodilator response but
was the result of a maintained LVdP/dt,,,,, stroke volume and
hence cardiac output following the second administration of
10 pug kg='. Although the baseline conditions were different,
the response to Z1046 in the presence of - and S-adrenoceptor
blockade resembled the second 10 ug kg~' administration of
71046 (Figure 6). This could suggest that the altered responses
to the second repeated administration of Z1046 (10 ug kg~
may have been the result of persistent inhibition of catecho-
lamine release to the heart. The finding that 90 min after ad-
ministration of the first dose all haemodynamic variables had
returned to the baseline value with the exception of LVdP/
dt.x (Which was still depressed) is also consistent with a per-
sisting myocardial D,-receptor stimulation.

71046 has previously been shown to exhibit weak o;-adre-
noceptor antagonistic properties in rabbit aorta and o,-ago-
nistic properties in guinea-pig atria (Pocchiari et al., 1994). In
the present study, the systemic vasodilator response to Z1046
was not altered by combined a- and f-adrenoceptor blockade,
suggesting that vasodilatation to Z1046 does not involve a- or
p-adrenoceptors. However, balanced o;-antagonistic and o,-
agonistic activities could have obscured an effect of non-se-
lective a-adrenoceptor blockade with phentolamine. That this
is unlikely is suggested by the observation that the selective o,-
adrenoceptor blocker yohimbine, had no effect on the systemic
dilatation produced by Z1046. The vasodilatation produced by
71046 was located in the brain, small intestine, kidneys,
adrenals, spleen and skeletal muscle, with regional vascular
resistances decreasing by 30-40%. Vasodilatation in the
brain, kidneys, small intestine and adrenals was most probably
the result of stimulation of D;-like receptors which are abun-
dant in these vascular beds. In support of this hypothesis, we
have previously observed in the identical swine model that
dopamine (in the absence or presence of non-selective «- and f3-
adrenoceptor blockade) or the selective D,-like receptor ago-
nist fenoldopam, produced vasodilatation in these beds (Van
Woerkens et al., 1991). Conversely, pretreatment with the se-
lective D;-like receptor antagonist SCH23390 abolished the
renal vasodilatation produced by Z1046 administrated in a
dose of 30 ug kg~ ', i.v. (Pradella et al., 1995).

We previously observed that non-selective «- and f-adre-
noceptor blockade abolished the vasodilator response to do-
pamine in the spleen while the vasodilatation in the kidneys
and small intestine persisted (Van Woerkens et al., 1991),
suggesting that the vasodilator response to Z1046 in the spleen
could be due to D,-like mediated withdrawal of a-adrenergic
tone. It is possible that the splenic D--like vasodilatation is
species-specific for pigs, since vasodilatation produced by
71046 in the rabbit isolated splenic artery is antagonized by
the D;-like receptor antagonist SCH23390 (Pocchiari et al.,
1994). That the skeletal muscle vasodilatation is most probably
due to D,-like receptor stimulation is suggested by a previous
study in anaesthetized dogs, in which Z1046 (30 ug kg=', i.v.)
caused a 47% decrease in resistance of the femoral bed (which
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represents mainly skeletal muscle resistance) that was blocked
by the selective D,-like receptor antagonist domperidone
(Pradella et al., 1995). In contrast, in anaesthetized pigs we
recently failed to observe vasodilatation in skeletal muscle
tissue in response to Z1046 administered in doses of 10 and
100 ug kg=' (Duncker et al., unpublished observations). Si-
milarly, we previously found that dopamine either in the ab-
sence or presence of a- or f-adrenoceptor blockade failed to
elicit a vasodilator response in skeletal muscle of anaesthetized
pigs (Van Woerkens et al., 1991). In pentobarbitone anaes-
thetized dogs sympathetic activity is higher than in pento-
barbitone anaesthetized pigs, due to pentobarbitone-induced
vagal withdrawal which is prominent in dogs (Vatner, 1978).
This would allow D,-like receptor stimulation to produce va-
sodilatation via inhibition of ¢-adrenoceptor-mediated con-
striction in dogs. In awake pigs sympathetic activity is higher
than in anaesthetized animals (Van Woerkens et al., 1991;
present study); this may be due to the inhibitory effects of
barbiturates on sympathetic outflow (Roberts, 1980).

In the present study Z1046 had no effect on coronary artery
blood flow or its distribution across the left ventricular myo-
cardial wall. Since the double product was also minimally af-
fected it is most likely that the decrease in coronary vascular
resistance was principally the result of autoregulation. D,-like
receptor stimulation has been shown to produce coronary
vasodilatation in anaesthetized dogs (Schuelke et al., 1971;
Toda & Hatano, 1979; Kopia & Valocik, 1989) although one
study in dogs was negative (Hieble et al., 1987). In the pig, we
failed to observe D;-like mediated coronary vasodilatation
after intracoronary infusions of fenoldopam or i.v. infusions of
dopamine in the presence of adrenoceptor blockade (Van
Woerkens et al., 1991). Those findings suggest that the pre-
sence of D,-like receptors in the coronary circulation could be
species-dependent. In human isolated coronary arteries pre-
contracted with noradrenaline, fenoldopam failed to elicit a
vasodilator response in 6 out of 7 patients (Hughes & Sever,
1989), suggesting that human conduit coronary arteries do not
possess a significant number of D;-like receptors.

Haemodynamic effects of D-receptor stimulation during
treadmill exercise

In the present study we observed that 21046 (100 ug kg™,
i.v.) produced markedly different haemodynamic responses
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