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Pressor responses induced by Bay K 8644 involve both
release of adrenal catecholamines and calcium channel
activation
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1 The dihydropyridine calcium channel activator, Bay K 8644, is believed to increase mean

arterial blood pressure in several animal models, as a result of direct activation of vascular smooth
muscle cells by increasing calcium influx through the voltage-dependent calcium channels. The
purpose of the current study was to elucidate further the mechanism of action of Bay K 8644, by
examining the possibility that the pressor response to Bay K 8644 may also be the result of indirect
activation of the vascular smooth muscle cells by release of adrenal catecholamines.
2 Intravenous administration of Bay K 8644 increased mean arterial pressure in a dose-dependent
manner in conscious, normotensive rats. This pressor response was blocked by calcium channel
blockers (nifedipine, verapamil, and diltiazem) at doses lower than were necessary to decrease
resting mean arterial pressure.

3 a-Adrenoceptor antagonists (phentolamine, yohimbine, and prazosin) completely blocked the
Bay K 8644-induced pressor responses and converted them to depressor responses. Adrenalectomy
did not alter the inhibitory effect of phentolamine on the pressor response to Bay K 8644. However,
adrenalectomy or adrenal demedullectomy prevented the phentolamine-induced reversal of the Bay
K 8644 pressor response to a depressor response. In addition, adrenalectomy did not affect the
ability of phentolamine to reverse the pressor response to exogenous adrenaline administration to a

depressor response.

4 These data suggest that the pressor response to Bay K 8644 may involve both direct activation
of vascular smooth muscle cells and indirect activation of the muscle cells by release of adrenal
catecholamines.

Introduction

The importance of calcium in the regulation of car-
diovascular function is well established. Calcium is
necessary for contraction of both cardiac and vascu-
lar smooth muscle as well as for neural control of the
heart and vasculature through its role in neurotrans-
mitter release (for reviews see Kirpekar, 1975; Fleck-
enstein, 1977; Bolton, 1980). Although these
calcium-dependent processes have been actively
studied for several decades, the advent of organic
compounds that specifically block the influx of
calcium across cellular membranes has greatly
enhanced these investigations (Fleckenstein, 1983).

1 Author for correspondence.

The dihydropyridine class of calcium channel
blockers has been especially useful in the study of
calcium and cardiovascular function (Kirpekar,
1975; Fleckenstein, 1983). In contrast to the dihy-
dropyridine calcium channel blockers, Bay K 8644 is
a dihydropyridine which activates calcium channels
and thus results in an increase in calcium influx
(Schramm et al., 1983; Freedman & Miller, 1984).
Bay K 8644 has been shown to increase 45Ca

influx in rabbit aorta (Hwang & van Breemen, 1985;
Dong & Wadsworth, 1986), guinea-pig trachealis
(Allen et al., 1985), and guinea-pig isolated ileum
smooth muscle cells (Droogmans & Callewaert,
1986). Additionally, Bay K 8644 has been found to
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potentiate myocardial slow action potentials (Wahler
& Sperelakis, 1984) and to increase the activity of
cardiac sarcolemmal calcium channels incorporated
into planar lipid bilayers (Ehrlich et al., 1986). These
facilitative actions of Bay K 8644 on calcium influx
may be explained either by a Bay K 8644-induced
increase in the probability that a single calcium
channel will open more than once during a single
membrane depolarization (Brown et al., 1984), or
that the channel will remain open for a longer period
of time (Hess et al., 1984).

Exposure of isolated strips of rabbit aorta
(Schramm et al., 1983), guinea-pig trachealis (Allen et
al., 1985), or swine carotid artery (Moreland &
Moreland, 1987) to Bay K 8644 results in a
concentration-dependent increase in force develop-
ment. Furthermore, perfusion of guinea-pig isolated
heart with Bay K 8644 increases left ventricular pres-
sure (Schramm et al., 1983). These effects of Bay K
8644 on isolated tissue preparations are presumably
due to its calcium channel activating properties
which increase the free intracellular calcium ion con-
centration. Intravenous injection of Bay K 8644 has
been shown to increase mean arterial blood pressure
and cardiac contractility (assessed by left ventricular
dP/dt) in anaesthetized (Schramm et al., 1983) and
conscious (Gross et al., 1985) dogs. Arterial pressure
in anaesthetized rats has also been shown to increase
following intravenous injection of Bay K 8644 (Lefer
et al., 1986).
The increase in arterial pressure in vivo following

intravenous administration of Bay K 8644 is pre-
sumed to be the result of direct activation of either
cardiac or vascular smooth muscle cells due to the
calcium channel activating properties of this com-
pound (Freedman & Miller, 1984). This premise is
based on the evidence that exposure to Bay K 8644
results in an increase in cellular calcium and
increased contractile activity in isolated cardiac and
smooth muscle. The effects of Bay K 8644 on iso-
lated tissues can be competitively antagonized by
nifedipine by direct binding to the same receptor
sites and can be non-competitively antagonized by
verapamil and diltiazem via a generalized inhibition
of calcium influx (Schramm et al., 1983). However,
the effects of Bay K 8644 are not limited to muscle
cells. Bay K 8644 has also been shown to potentiate
the release of catecholamines from adrenal glands
(Montiel et al., 1984) and nerve terminals (Cena et
al., 1985). The demonstration that catecholamine
activation of vascular smooth muscle does not
depend solely on the influx of extracellular calcium
(Somlyo & Somlyo, 1968) may account for the
incomplete inhibition of the pressor response to Bay
K 8644 by calcium channel blockers demonstrated
by Lefer et al. (1986). The purpose of the present
study was to examine further the mechanism(s) by

which administration of Bay K 8644 results in an
increase in mean arterial blood pressure. Specifically,
this study was designed to assess the relative contri-
butions of direct (increased calcium influx) and indi-
rect (catecholamine release) activation of the
vasculature in the pressor response to Bay K 8644 in
conscious, normotensive rats.

Methods

Conscious rats

Male Sprague-Dawley rats (150-250g) were anaes-
thetized with sodium pentobarbitone and cannulated
with indwelling aortic and vena caval catheters using
a minor modification of the method described by
Weeks & Jones (1960). The animals were allowed to
recover from the surgery for at least two weeks
before experimentation, during which time standard
laboratory chow and water were provided ad libitum.
The animals that were to be used for catecholamine
depletion studies were adrenalectomized or adrenal
demedullectomized one day before experimentation.
On the day of the experiment, the animals were con-
nected by their arterial catheters to Gould P23 ID
pressure transducers and a Grass Model 7 polygraph
for measurement of arterial pressure. Mean arterial
blood pressure was determined by decreasing the
high frequency response of the Grass driver amplifier
used to monitor arterial pressure from 60 Hz to
0.1 Hz. Heart rates were determined by using a Grass
model 7P4 tachograph interfaced to the driver
amplifier of the Grass channel used to monitor
arterial pressure. After the arterial pressure readings
stabilized (approximately 1 h), control responses to
Bay K 8644 (100 nmol kg- , i.v.) and adrenaline
(3nmolkg-1, i.v.) were obtained. Test compounds
(calcium channel blockers or adrenoceptor
antagonists) were administered orally or intra-
venously to the appropriate groups of animals.
Intravenous doses of Bay K 8644 and adrenaline
were then administered at 5-20min intervals until
the pressor responses induced by Bay K 8644 or
adrenaline returned to at least 80% of control before
the administration of a higher dose of test com-
pound. Data are presented as the mean + s.e. mean
for pressor responses from at least 4 rats.
The dihydropyridines, Bay K 8644 and nifedipine,

were dissolved in polyethylene glycol (PEG) 400.
Vehicle controls were performed at all doses of PEG
400 administered. The intravenous administration of
these small amounts of PEG 400 had no effect on
mean arterial blood pressure or heart rate. Adrena-
line, diltiazem, verapamil, and all adrenoceptor
antagonists were dissolved in water.
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Aortic strips

For determination of the in vitro effect of test com-
pounds on vascular smooth muscle, circumferential
strips of rabbit thoracic aortae were used. New
Zealand white rabbits were killed by an overdose of
sodium pentobarbitone (50mgkg- 1) injected into
the marginal ear vein. The thoracic aorta was
excised and cleaned of excess fat and connective
tissue. Circumferential strips (2 mm) were cut from
the cleaned aorta and suspended by gold clips
between a stationary support and a Grass FT.03
force transducer mounted to a micrometer. The
strips were bathed in physiological salt solution
(PSS) of the following composition (in mM): NaCl
111.0, KCI 5.0, MgSO4 1.2, CaCl2 1.25, NaHCO3
25.0, KH2PO4 1.0 and D-glucose, 11.5. The strips
were maintained at 370C and aerated with 95% 02
and 5% CO2 to produce a pH of 7.4. The strips were
equilibrated in this solution for 1-2h, during which
time they were slowly stretched to 4g resting force.
Contractions of the smooth muscle cells were elicited
by stimulation with 100mM KCI (equimolar substi-
tution for NaCl). When force reached a steady state
value, the solution was changed to one containing
100mm KCl plus an appropriate concentration of
verapamil, diltiazem, or nifedipine and the strips
were allowed to relax to a new steady-state force.
The % relaxation was calculated by comparing the
forces measured in the presence and absence of the
calcium channel blocker. The concentration of
calcium channel blocker necessary to produce a 50%
inhibition of response (IC50) was determined using
logit analysis. IC50 values for the calcium channel
blockers in isolated aortic strips are presented as the
mean + 95% confidence interval for at least 4 aortic
strips from different animals.

Nifedipine was dissolved in 95% ethanol to
produce a stock solution such that the final concen-
tration of ethanol in the muscle bath never exceeded
0.01%. The addition of ethanol alone to a final con-
centration of 0.01% had no effect on contractions
elicited by 100mM KCI. Verapamil and diltiazem
were dissolved in water to produce a stock solution
such that the change in muscle bath volume never
exceeded 1%.

Statistical analysis

Data obtained from the conscious rats were normal-
ized as a % of the maximal pressor response to
either Bay K 8644 or adrenaline. Statistical analysis
of these data was performed by subjecting the nor-
malized data to an arcsine transformation before
conducting a repeated measures ANOVA. Data
obtained using isolated strips of rabbit thoracic
aortae were normalized as a % relaxation of the

Bay K 8644
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Figure 1 Representative tracing of the effect of an
intravenous injection of Bay K 8644 (100 mmol kg-) on
(a) arterial blood pressure and (b) heart rate in a con-
scious, normotensive rat. Administration of Bay K 8644
resulted in a transient pressor response which lasted
approximately 1 min. Arterial blood pressure and heart
rate returned to control levels within 3 min after admin-
istration of Bay K 8644. Mean arterial blood pressure
was derived by decreasing the high frequency response
of the Grass driver amplifier used to monitor arterial
pressure from 60Hz to 0.1 Hz. This smoothed the signal
giving a value representative of the mean.

response to 100mm KCl. These data were arcsine
transformed and submitted to an ANOVA. A P
value <0.05 was taken as significant. Any significant
interactions identified by the ANOVA were analysed
further by a Simple Effects Test. Alpha was adjusted
by the number of tests conducted.

Results

Figure 1 shows a tracing of a typical experiment to
test the effect of one concentration of Bay K 8644
(100nmolkg-1, i.v.) on the arterial blood pressure
and heart rate of a conscious rat. The administration
of Bay K 8644 resulted in a transient increase in
arterial blood pressure and decrease in heart rate,
both of which returned to baseline levels within
3min after injection. This concentration of Bay K
8644 resulted in an increase in mean arterial blood
pressure of 54 + 5mmHg above control
(control = 104 + lommHg) and a decrease in heart
rate to 81 + 7% of control (control = 377
+ 26 beats min 1).
Complete dose-response curves for the pressor

effect of Bay K 8644 were generated in a manner
similar to that shown in Figure 1. Conscious rats
were injected with incremental doses of Bay K 8644,
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Figure 2 Three cumulative dose-response curves to
intravenous injections of Bay K 8644 (0.3-100
nmol kg-1) in conscious rats were performed consecu-
tively to ensure that the pressor response to Bay K 8644
was both reversible and reproducible. The pressor
responses are plotted as the maximal increase in mean
arterial blood pressure above control resting pressure
levels at each dose of Bay K 8644. Administration of
Bay K 8644 resulted in a dose-dependent increase in
mean arterial blood pressure that was reproducible with
respect to time and prior exposure to the drug. The
responses to administration of Bay K 8644 are shown
as first (0), second (U), and third (A). There were no
significant differences between the second and third
responses at any dose of Bay K 8644 administered.
Values shown are means of n = 4 rats; vertical lines
indicate s.e. mean. Control mean arterial blood pressure
was 106 + 5mmHg.

from 0.3 to lOOnmolkg-1 at 10min intervals. The
peak pressor response at each dose was determined.
Figure 2 shows the results of these experiments. The
threshold dose for an increase in mean blood pres-
sure was greater than 1nmolkg-'. Increasing the
dose between 1 and 100nmolkg-' resulted in a
dose-dependent increase in the pressor response to
Bay K 8644. Doses of Bay K 8644 greater than
100nmolkg-1 were not administered, therefore the
maximal effect of Bay K 8644 could not be deter-
mined. After administration of the highest dose, the
rats were allowed a 15min recovery period, then a
second complete dose-response curve to Bay K 8644
was generated. A third dose-response curve was then
generated in a similar manner. The effect of prior
exposure to Bay K 8644 was observed only at the
highest dose tested (100nmolkg-1) and only with
the first administration of Bay K 8644 when com-
pared to the second and third administration. There
were no significant differences between any of the
doses of Bay K 8644 administered during the second
and third dose-response curves. This dose effect was
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Figure 3 Time course of the change in the pressor
response to intravenous injections of Bay K 8644
(100unmol kg-1) in conscious rats before (@) and after
intravenous injections of nifedipine at 0.1 (A), 0.3 (M),
and 1.0 (*) u*mol kg-1. Administration of nifedipine
resulted in a dose-dependent decrease in the pressor
response to Bay K 8644. The maximal effect of the
calcium channel blocker was measured 2min after
injection. Within 40min the pressor responses to Bay K
8644 had returned to control levels. Values shown are
means of n = 4 rats; vertical lines indicate s.e. mean.
Normalized values were arcsine transformed before sta-
tistical analysis. t Significantly different as compared to
the control response to 100nmolkg' Bay K 8644 in
the absence of nifedipine.

alleviated in all subsequent studies by beginning
each experiment with two equilibration doses of
100nmolkg-1 Bay K 8644 before the start of the
experimental procedure. These curves are also shown
in Figure 2 which demonstrates that the rats reco-
vered quickly from the effects of Bay K 8644 and
that the response to Bay K 8644 could be repro-
ducibly tested with respect to time and prior expo-
sure to Bay K 8644.
The time course of the effect of the dihydropyri-

dine calcium channel blocker, nifedipine, on the
pressor response to Bay K 8644 was examined and
the results are shown in Figure 3. Nifedipine was
administered intravenously in doses of 0.1, 0.3, or
lymolkg- . Two min after the injection of each
dose of nifedipine, the pressor response to
100nmolkg-' Bay K 8644 was significantly dimin-
ished. This depression of the pressor response
remained relatively unchanged for 20min after injec-
tion of nifedipine. By 40min, however, the pressor
response to Bay K 8644 had returned to control
levels. Qualitatively similar results were obtained
with two other calcium channel blockers, verapamil
and diltiazem. Additionally, oral administration of
the calcium channel blockers produced results quali-
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Table 1 Effects of intravenous doses of calcium channel blockers on pressor responses to Bay IK 8644
(100 nmol kg- 1) and on resting mean arterial blood pressure

Pressor response
Dose to Bay K 8644

(pmol kg- 1) (% of control)

0.03
0.1
0.3
1.0
3.0
0.3
1.0
3.0

30.0
0.3
1.0
3.0

10.0

71 + 7*
44+ 7*
38 + 7*
15 + 15*
0 + 10*
57 + 14*
17 + 10*
0+ 13*
0+ 0*
65 + 10*
63+ 8*
8+ 6*
0+ 0*

Resting mean arterial
blood pressure
(% of control)

99 + 1
86 ± 6
78 ± 8
88 + 3
36 + 7*
94 + 3
71 +4*
25 ± 8*
13 + 2*
100±2
95 + 2
79 + 4*
20 + 7*

Control pressor responses to 100 nmol kg-1 Bay K 8644 (in mmHg) were: 37 ± 2 (nifedipine), 30 ± 2 (verapamil),
and 33 + 1 (diltiazem). Resting mean arterial blood pressures (in mmHg) were: 103 ± 5 (nifedipine), 89 ± 6
(verapamil), and 101 + 4 (diltiazem). Values shown are means ± s.e. mean for 4-12 rats. Normalized values were

arcsine transformed before statistical analysis. * Significantly different as compared to control.

tatively similar to intravenous administration of the
same channel blocker.

Experiments similar to the one shown in Figure 3
were conducted using intravenous injection of
several different doses of each of the three calcium
channel blockers (nifedipine, verapamil, and
diltiazem). The maximal inhibition of the pressor
response to 100nmolkg-' Bay K 8644 at each con-

centration of the channel blockers was recorded and
complete dose-response inhibition curves were gen-
erated (Figure 4). The results of these studies are
shown in Table 1. Intravenous administration of the
calcium channel blockers was associated with a

dose-dependent depression of the maximal pressor
effect of 100nmol kg-' Bay K 8644. The doses of
calcium channel blocker necessary to produce a 50%
depression of the pressor effect (IC50) were:

0.075 pmol kg-1 nifedipine, 0.37 pmol kg-1 verapa-
mil, and 1.3 pmol kg-1 diltiazem. Interestingly,
Table 1 shows that inhibition of the pressor response
to Bay K 8644 by the calcium channel blockers was

evident at doses that did not significantly depress
resting mean blood pressure.

Table 2 shows data from experiments identical to
those described above except that the calcium
channel blockers were administered orally rather
than intravenously. Bay K 8644 was injected at
15 min intervals after oral administration of the
channel blockers. All three calcium channel blockers
produced a dose-dependent inhibition of the pressor
response to 100nmolkg` Bay K 8644. The IC50
values for oral administration of the calcium chan-
nel blockers were: 1.3 pmol kg-1 nifedipine,

5.3 ymol kg-' verapamil, and 10.9 pmol kg-l diltia-
zem. In addition, as was the case with intravenous
administration, oral administration of the calcium
channel blockers inhibited the pressor response to
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Figure 4 Maximum change in the pressor response to
lOOnmolkg-' Bay K 8644 in conscious rats following
intravenous injections of nifedipine (-), verapamil (-)
and diltiazem (A). Pressor responses are plotted as a %
of the peak pressor response in the absence of calcium
channel blocker. Administration of each calcium
channel blocker resulted in a dose-dependent decrease
in the pressor response to Bay K 8644. Control
responses to l00nmolkg-' Bay K 8644 and resting
mean arterial blood pressures are listed in Table 1.
Values shown are means of n = 4-12 rats; vertical lines
indicate s.e. mean.

Drug

Nifedipine

Verapamil

Diltiazem
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Bay K 8644 at doses lower than those which signifi-
cantly lowered resting mean blood pressure. As
would be expected, the dose of each calcium channel
blocker required to produce a given level of inhibi-
tion of the pressor response to Bay K 8644 was
greater with oral than with intravenous adminis-
tration.

In an attempt to equate the effects of the calcium
channel blockers in the conscious rat with effects on
arterial muscle, a series of experiments was per-
formed using circumferential strips of rabbit thoracic
aortae. The three calcium channel blockers,
nifedipine, verapamil, and diltiazem, were tested for
their ability to relax KCI-stimulated strips as an
indication of calcium channel blockade (Brittain &
Moreland, 1985). The responses of rabbit thoracic
aortic strips to 100mM KCI are primarily the result
of membrane depolarization and the influx of extra-
cellular calcium. Release of noradrenaline from nerve
terminals during KCl stimulation does not represent
a major portion of these contractions as 1 giM phen-
tolamine or yohimbine produces only a 10% depres-
sion of the KCI responses and 1 gM prazosin has no
effect (Brittain & Moreland, 1985). Non-cumulative
concentration-response curves for relaxation of KCl-
stimulated aortic strips were generated and are
shown in Figure 5. Each of the calcium channel
blockers relaxed the KCI stimulated aortic strips in a
concentration-dependent fashion. The concentra-
tions of the calcium channel blockers necessary to
relax a KCl-stimulated aortic strips by 50% (IC50)
were: 1.8 + 0.2 nM nifedipine, 0.19 + 0.02Mm verapa-
mil, and 0.69 + 0.07 uM diltiazem.
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Figure 5 Non-cumulative concentration-response
curves for relaxation of KCl-stimulated contractions by
calcium channel blockers in rabbit thoracic aortic
strips. The calcium channel blockers studied were:
nifedipine (0), verapamil (0) and diltiazem (A). The %
relaxation of a contraction elicited by 100mM KCI is
plotted for each concentration of calcium channel
blocker tested. Each calcium channel blocker resulted
in a dose-dependent decrease in the force. Values shown
are means of n = 4-11 strips, each from different
rabbits; vertical lines indicate s.e. mean.

3

To determine if a mechanism of action other than
the direct activation of vascular smooth muscle is
involved in the pressor response to Bay K 8644, a
series of experiments was performed investigating
the possible role of the adrenergic system in this

Table 2 Effects of oral doses of calcium channel blockers on pressor responses to Bay K 8644(100 nmol kg- 1) and
on resting mean arterial blood pressure

Pressor response
Dose to Bay K 8644

(pmol kg- 1) (% of control)

1
5

15
45
5

15
45
1
5
15
45
135

405

57 + 9*
10+ 6*
0+ 0*
0+ 0*

51 + 10*
34 + 10*
19± 5*
73± 5
56 ± 10*
48+ 4*
51 ± 12*
7+ 7*
8+ 8*

Resting mean arterial
blood pressure
(% of control)

100± 3
74+ 5
73+ 4
60+ 6*
97+ 1
84+ 4
64± 2*
80+ 7
94+ 2
89+ 1
79± 4*
61 + 12*
60+ 4*

Control pressor responses to 100nmol kg-' Bay K 8644 (in mmHg) were: 36 ± 2 (nifedipine), 33 ± 5 (verapamil),
and 31 + 2 (diltiazem). Resting mean arterial blood pressures (in mmHg) were: 100 ± 5 (nifedipine), 102 ± 5
(verapamil), and 98 ± 3 (diltiazem). Values shown are means ± s.e. mean for 3-8 rats. Normalized values were
arcsine transformed before statistical analysis. * Significantly different as compared to control.

Drug

Nifedipine

Verapamil

Diltiazem

999
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pressor response. One group of rats was given an
oral dose of the non-selective a-adrenoceptor
antagonist phentolamine (160 pmol kg 1), then chal-
lenged with 100nmol kg-1 Bay K 8644 or
3 nmol kg 1 adrenaline at various times after admin-
istration of phentolamine. This dose of adrenaline
resulted in a pressor response with a magnitude
similar to that caused by 100 nmol kg-1 Bay K 8644.
The results of these experiments are shown in Figure
6. Phentolamine, given orally, produced a time-
dependent inhibition of the pressor responses to
both Bay K 8644 and adrenaline. This inhibition was
evident by 10min in response to Bay K 8644 and by
30min for adrenaline (earliest time measured). The
slow onset of the inhibition is presumably due to the
time required for absorption of phentolamine follow-
ing oral administration. However, within 40-60min
after the oral administration of phentolamine, intra-
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Figure 6 Time course of the change in the maximal
pressor response to Bay K 8644 (l00nmol kg-',
*- 0) or adrenaline (3 nmol kg-', --- ) follow-
ing oral dosing of conscious rats with phentolamine
(160.umol kg 1). Pressor responses to the vasoactive
compounds are plotted as a % of the control response
of the appropriate compound in the absence of phentol-
amine. Pressor responses to both Bay K 8644 and
adrenaline were time-dependently depressed and then
converted to depressor responses during the first hour
after phentolamine dosing. The control response to
l00nmolkg-' Bay K 8644 was 51 ± 4mmHg, whereas
the control response to 3 nmol kg-1 adrenaline was

62 + 4mmHg. The two pressor responses were not sig-
nificantly different. Resting mean arterial blood pres-
sure was 79 + 8mmHg and did not significantly change
after the administration of phentolamine. Values shown
are means of n = 4 rats; vertical lines indicate s.e. mean.

Normalized values were scored from 0 to 1, such that
-100% control pressor response was 0 and 100%
control pressor response was 1, and arcsine transformed
before statistical analysis. t Significantly different as
compared to control responses in the absence of phen-
tolamine.

venous administration of either Bay K 8644
(100nmolkg-1) or adrenaline (3nmolkg-1) resulted
in a depressor response in contrast to the pressor
response elicited in the absence of phentolamine.-
The inhibitory effect of adrenoceptor antagonists

on the pressor response to Bay K 8644 in the con-
scious rat was further examined with selective a,
(prazosin)- and selective Oe2 (yohimbine)-
adrenoceptor antagonists and with a non-selective fi-
adrenoceptor antagonist (propranolol). The results of
these experiments are shown in Figure 7. Conscious
rats were given two different doses of either yohim-
bine (1 and 3 pmol kg- 1, i.v.), prazosin (40 and

100

80

c) 60
c
0
Q. 40
0
0

20
0
Cl 0
0D
CL -20

c -40
0
0
1--60

-80

-100

Control Yoh Phen Praz Prop

1 3 30 120 40 110 30 110

Dose of drug (pmol kg-1)
Figure 7 Maximum change in the pressor response to
100nmolkg-1 Bay K 8644 following the intravenous
administration of yohimbine (Yoh) or the oral adminis-
tration of propranolol (Prop), prazosin (Praz), or phen-
tolamine (Phen) in conscious rats. Pressor responses are
plotted as a % of the control response to Bay K 8644 in
the absence of the appropriate adrenergic intervention.
Administration of a-adrenoceptor antagonists inhibited
the pressor response to Bay K 8644 and converted it to
a depressor response. The f-adrenoceptor antagonist
did not significantly affect the pressor response to Bay
K 8644. Values shown are means of n = 3-6 rats; verti-
cal lines indicate s.e. mean. Control responses to
lOOnmolkg-' Bay K 8644 ranged from 32 ± 8 to
51 + 4mmHg and control mean arterial blood pres-
sures ranged from 79 + 8 to 113 ± 2mmHg in the dif-
ferent experimental groups of rats. Mean arterial blood
pressure was not significantly affected by the addition of
any of the adrenoceptor antagonists used in this study.
Normalized values were scored from 0 to 1, such that
-100% control pressor response was 0 and 100%
control pressor response was 1, and arcsine transformed
before statistical analysis. t Significantly different as
compared to control responses to Bay K 8644.
* Significantly different as compared to the lower dose
of adrenoceptor antagonist.
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1lOymolkg-1, p.o.), phentolamine (30 and
120.umolkg-1, p.o.), or propranolol (30 and
1lOymolkg-1, p.o.) and then challenged with
100 nmol kg'- Bay K 8644. All three a-adrenoceptor
antagonists inhibited the pressor response to Bay K
8644 and, in fact, reversed it to a depressor response.
Time-dependent changes in the response to Bay K
8644 in the presence of prazosin or yohimbine were
similar to that with phentolamine shown in Figure 6
(data not shown). The non-selective f-adrenoceptor
antagonist, propranolol, had no effect on the pressor
response to Bay K 8644 at the doses tested.
The possible role of endogenous catecholamine

release in the pressor and depressor responses to Bay
K 8644 in the conscious rat was examined by
adrenal catecholamine depletion studies. These
studies were performed with rats that were either
adrenalectomized or adrenal demedullectomized as
described in the methods. Adrenalectomy or adrenal
demedullectomy did not significantly reduce resting
mean arterial blood pressure, although a non-
significant decrease from control was noted. Mean
arterial blood pressures for the experimental groups
of animals ranged from 73 + 3 mmHg to
85 + 5 mmHg, whereas the mean arterial blood pres-
sures for control groups of animals ranged from
79 + 8mmHg to 113 ± 2mmHg. The catecholamine
depleted rats were administered an oral dose of
phentolamine (160 molkg-1) and then challenged
with either Bay K 8644 (100nmolkg1 i.v.) or
adrenaline (3 nmol kg- 1, i.v.). the time-dependent
changes in mean arterial blood pressure were moni-
tored. The results of such experiments using adrena-
lectomized rats are shown in Figure 8. Similar to the
results shown in Figure 6 (intact rats), phentolamine
inhibited the pressor responses to both Bay K 8644
and adrenaline within approximately 20-30min.
However, in contrast to the experiments utilizing
intact rats, adrenalectomy prevented the
phentolamine-induced reversal of the pressor
response to Bay K 8644 to a depressor response.
Adrenalectomy did not affect the phentolamine-
induced reversal of the pressor response to exoge-
nous adrenaline. Qualitatively similar results were
obtained with adrenal demedullectomized rats (data
not shown).

Discussion

The dihydropyridine calcium channel activator, Bay
K 8644, has been shown to enhance calcium influx
through voltage-dependent calcium channels in
several tissues, both muscle and non-muscle
(Schramm et al., 1983; Freedman & Miller, 1984;
Hwang & van Breemen, 1985; Dong & Wadsworth,
1986; Droogmans & Callewaert, 1986; Ehrlich et al.,
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Figure 8 Time course of the change in the pressor
response to Bay K 8644 (lOOnmolkg-1, * *) or
adrenaline (3 nmol kg- 1, *---E) following oral
dosing with phentolamine (160,umol kg-1) in conscious
adrenalectomized rats. Pressor responses are plotted as
a % of the control response to the appropriate vaso-
active compound in the absence of phentolamine. Adre-
nalectomy prevented the phentolamine-induced reversal
of the pressor response to Bay K 8644 to a depressor
response, but did not affect the ability of phentolamine
to inhibit the pressor responses to Bay K 8644 or
adrenaline. Adrenalectomy did not prevent the
phentolamine-induced reversal of the pressor response
of adrenaline to a depressor response. The control
response to 100 nmol kg-1 Bay K 8644 was
37 ± 3 mmHg and the control response to 3 nmol kg-'
adrenaline was 40± 1 mmHg. Control mean arterial
blood pressure in the adrenalectomized rats was
85 ± 5 mmHg. Phentolamine did not significantly affect
the resting mean arterial blood pressure. Values shown
are means of n = 4 rats; vertical lines indicate s.e. mean.
Normalized values were scored from 0 to 1, such that
-100% control pressor response was 0 and 100%
control pressor response was 1, and arcsine transformed
before statistical analysis. Differences in pressor
response to Bay K 8644 and adrenaline were analysed
within blocks of time: 30-40min, 60-70min, and 90-
100 min. t Significantly different as compared to control
response. * Significantly different as compared to the
response elicited by 100nmol kg-' Bay K 8644 within
the same 10min interval after phentolamine adminis-
tration.

1986). This action of Bay K 8644 has been demon-
strated by its ability to activate an inward calcium
current (Brown et al., 1984; Hess et al., 1984; Wahler
& Sperelakis, 1984; Droogmans & Callewaert, 1986)
and increase the influx of 45Ca (Hwang & van
Breemen, 1985; Dong & Wadsworth, 1986). The car-
diovascular ramifications of exposure to this com-
pound are an increase in cardiac contractility and
vascular constriction with a resultant increase in
arterial blood pressure (Schramm et al., 1983; Gross
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et al., 1985; Preuss et al., 1985). The results of the
present study also demonstrate that administration
of Bay K 8644 to a conscious normotensive rat
increases mean arterial blood pressure. The precise
mechanism(s) by which this increase in mean arterial
blood pressure occurs, however, have not been delin-
eated. Several studies have suggested that the pressor
response is strictly the result of activation of calcium
channels in either cardiac or vascular smooth muscle
and, therefore, due to a direct increase in calcium-
mediated contractile force development (Schramm et
al., 1983; Preuss et al., 1985; Lefer et al., 1986). Con-
versely, other investigators have presented evidence
that Bay K 8644 potentiates the release of adrenal
catecholamines (Montiel et al., 1984) and stimulates
the release of noradrenaline from nerve terminals
(Cena et al., 1985). These latter mechanisms would
increase contractile activity indirectly by release of
vasoactive compounds rather than by a direct acti-
vation of the muscle cells. The present study was
designed to investigate the relative contributions of
these mechanisms (both indirect and direct activa-
tion of the muscle cells) in the pressor response to
Bay K 8644 in the conscious rat.
The results of this study demonstrate that admin-

istration of Bay K 8644 produces a pressor response
in the conscious rat and that this response is dose-
dependently depressed by calcium channel blockers.
Nifedipine was the most potent blocker of the
pressor response to Bay K 8644. Verapamil and dil-
tiazem were less potent than nifedipine but, nonethe-
less, completely inhibited the response to Bay K
8644. This difference in potency between dihydropy-
ridine (nifedipine) and non-dihydropyridine
(verapamil and diltiazem) calcium channel blockers
is in accord with their potency in other studies of
calcium channel blocker activity and probably a
result of the different sites of action of the different
classes of blockers. The inhibition of the pressor
response to Bay K 8644 by the calcium channel
blockers is not an indirect effect through a decrease
in resting mean arterial blood pressure, as shown in
Tables 1 and 2. The calcium channel blockers
resulted in a 50% or greater reduction in the pressor
response to Bay K 8644 at doses that did not affect
resting mean arterial blood pressure.
The inhibition of the pressor response to Bay K

8644 by addition of the calcium channel blockers is
consistent with the hypothesis that Bay K 8644
increases mean arterial blood pressure by a direct
activation of the vascular smooth muscle cells (Gross
et al., 1985; Preuss et al., 1985; Lefer et al., 1986).
However, further examination of the response to Bay
K 8644 suggests a role of the adrenal catechol-
amines. The non-specific a-adrenoceptor antagonist
phentolamine depressed the pressor response to Bay
K 8644 as did both the specific al- and

a2-adrenoceptor antagonists. This suggests that Bay
K 8644 may produce vasoconstriction by an a-
adrenoceptor-mediated event. At least two possible
mechanisms could be responsible for these results.
The first is a direct activation of a-adrenoceptors by
Bay K 8644. We know of no evidence to suggest this
and, because Bay K 8644 does not fulfil any of the
structural criteria for a-adrenoceptor agonists, this
mechanism does not seem likely. The second possi-
bility is that Bay K 8644 induced release of catechol-
amines from the adrenal glands and/or other stores
in the rat. This suggestion is supported by work of
other investigators demonstrating that Bay K 8644
potentiates the release of catecholamines from nerve
terminals (Cena et al., 1985) and adrenal glands
(Montiel et al., 1984).

In the present study, addition of phentolamine not
only completely blocked the pressor responses to
both Bay K 8644 and adrenaline, but also converted
them to depressor responses. After adrenalectomy or
adrenal demedullectomy, phentolamine blocked the
pressor response to Bay K 8644 but did not reverse
it to a depressor response. In the presence of phen-
tolamine, administration of exogenous adrenaline
continued to induce a depressor response after adre-
nalectomy, demonstrating that the release of adrenal
catecholamines by Bay K 8644 is at least partially
responsible for the depressor response. Bay K 8644
may also release noradrenaline from nerve terminals,
but the present study did not address this question.
An additional factor that may be important in these
studies is adrenal cortical function. We have no
information concerning the functional status of the
adrenal cortex in the adrenal demedullectomized
animals. However, because similar effects of phentol-
amine administration on the pressor responses to
adrenaline were observed with intact and experimen-
tal groups of animals, we assume the adrenal cortex
does not play an important role in these experi-
ments. We believe that adrenaline released by
administration of Bay K 8644 is the most likely
mechanism for the depressor response and probably
plays a significant role in the pressor response.

Contraction of vascular smooth muscle by adre-
noceptor agonists has been shown to be due to phar-
macomechanical coupling and is primarily
independent of extracellular calcium (Somlyo &
Somlyo, 1968). If the release of catecholamines from
adrenals and other stores is involved in the pressor
response to Bay K 8644, the calcium channel
blockers should not be able to inhibit completely the
pressor response to Bay K 8644. This is because the
calcium channel blockers should not significantly
inhibit contractions brought about by phar-
macomechanical coupling. However, the release of
catecholamines is calcium-dependent (Kirpekar,
1975). Therefore, Bay K 8644 may induce catechol-
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amine release by enhancing calcium influx into the
adrenal glands. In the presence of calcium channel
blockers, this influx, and therefore the catecholamine
release, would be inhibited. Thus, the role of adrenal
catecholamines in the pressor response to Bay K
8644 can only be determined by indirect methods
such as were used in this study.

In a similar study, Lefer et al. (1986) found no
effect of phentolamine on the pressor response to
Bay K 8644. We know of no obvious reason for the
discrepancy in these results. Possibly differences in
the doses of phentolamine used by Lefer et al. (1986)
(100 pg kg- ', i.v.) as compared to this study
(50mg kg- , p.o.) may explain these findings.
However, in both studies the dose of phentolamine
was adequate to inhibit the effects of exogenously
administered catecholamines. Another interesting
difference between these studies is that Lefer et al.
(1986) demonstrated only a 62-84% inhibition of the
pressor response to Bay K 8644 by calcium channel
blockers, whereas we were able to show complete
blockade of the pressor response to Bay K 8644 in
the present study. Additionally, Gross et al. (1985)
demonstrated that phenoxybenzamine did not affect
the pressor response to Bay K 8644 in the conscious
dog. Again, we have no simple explanation for this
difference in results, except possibly the kinetics of
catecholamine release from the adrenals of rats and
dogs may differ.
The pressor response to Bay K 8644 is not medi-

ated by j3-adrenoceptor activation, as shown by the
complete lack of effect of 13-adrenoceptor antago-

nists. The inability of P-adrenoceptor antagonists to
inhibit the cardiovascular responses to Bay K 8644
has been previously demonstrated in anaesthetized
(Schramm et al., 1983) and conscious (Preuss et al.,
1985) dogs. However, fi-adrenoceptor activation
most likely plays a role in the depressor response to
Bay K 8644.

In summary, this study has shown that the pressor
response to Bay K 8644 may be the result of
two separate mechanism-s. Firstly, Bay K 8644
may directly activate cardiac and vascular smooth
muscle cells by activation of calcium influx
through dihydropyridine-sensitive, voltage-dependent
calcium channels, as demonstrated by several labor-
atories (Schramm et al., 1983; Hwang & van
Breemen, 1985; Dong & Wadsworth, 1986; Droog-
mans & Callewaert, 1986). Secondly, Bay K 8644 rel-
eases adrenal catecholamines and thereby indirectly
results in vasoconstriction and an increase in cardiac
contractility. Both mechanisms would result in
increases in cardiac output, total peripheral resist-
ance and hence mean arterial blood pressure. More-
over, both direct activation of the muscle cells by
Bay K 8644 itself and indirect activation of the
muscle cells by Bay K 8644-induced release of
adrenal catecholamines are inhibited by calcium
channel blockers.
The authors are grateful to Mr Russell J. Brittain for pro-
viding the data on the effects of calcium channel blockers in
isolated strips of rabbit thoracic aortae and to Mr John P.
High for cannulation of the rats. We also thank Dr George
C. Rovnyak for synthesizing our sample of Bay K 8644.
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