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Pharmacological reactivity of human epicardial coronary

arteries: phasic and tonic responses to vasoconstrictor agents
differentiated by nifedipine
Andrew P. Stork & 'Thomas M. Cocks

Baker Medical Research Institute, Commercial Road, Prahran, Victoria 3181, Australia

1 Human epicardial coronary artery rings, freshly obtained from cardiac transplantation patients,
commonly exhibited phasic contractile activity in vitro. This activity occurred either spontaneously or in
response to vasoconstrictor stimulation.
2 Nifedipine pretreatment (1 nM-0.1 ;LM) reduced both types of phasic contractions in a concentration-
dependent manner. At 0.1 StM nifedipine, spontaneous contractions were completely abolished, as were

phasic contractions induced by U46619, endothelin-1 or 5-hydroxytryptamine (5-HT).
3 For U46619 (0.1-100nM), the largest phasic contractions (amplitude peak to trough) occurred over

the mid-range of concentrations used (1-10 nM). At higher concentrations (30-100 nM), phasic activity
was reduced as the response reached a maximum. Estimated pEC50 values for the upper phasic and
lower phasic curves were significantly different (8.71 ± 0.13 versus 7.90 ± 0.11; P<0.05; n = 10). In the
presence of nifedipine (0.1 gM), the purely tonic contraction curve to U46619 was similar to the lower
phasic curve in the absence of nifedipine (pECm = 8.14 ± 0.06, n = 10). Similar results were obtained for
endothelin-1 (0.1-100 nM).
4 Responses to 5-HT (1 nM-3 gLM) were more variable. The largest phasic contractions were spread
unevenly throughout the concentration-response curve. In the presence of nifedipine (0.1 gM), the curve

to 5-HT was significantly depressed in range but not sensitivity (pECm) when compared with the phasic
curves.

5 In conclusion, activation of dihydropyridine-sensitive voltage-operated Ca2l channels mediated the
phasic contractions commonly observed in human epicardial coronary arteries. These contractions
amplified the contractile responses to low concentrations of vasoconstrictors. Inhibition of phasic
activity by the Ca2" channel antagonist, nifedipine, allowed the tonic vasoconstrictor profile of human
isolated coronary artery to be determined which is important information for the accurate quantitative
assessment of vasodilator responses in this tissue in vitro.
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Introduction

Spontaneous phasic contractile activity in human isolated
coronary artery has been reported by many researchers over
the past fifteen years (Golenhofen, 1978; Ross et al., 1980;
Kalsner, 1985; Kimura et al., 1989). Phasic activity is present
in tissues of both cadaver and transplantation origin (Gins-
burg et al., 1980, 1984; Godfraind et al., 1984; Verdernikov,
1986).
Whilst the mechanisms controlling tone in the human cor-

onary artery are complex (see Ginsburg, 1984 for an over-
view), the phasic contractions are known to be dependent on
Ca2" entry (Ginsburg et al., 1984). They are sensitive to
various Ca2" channel antagonists, including nifedipine,
verapamil and diltiazem (Weinheimer et al., 1983; Sjogren et
al., 1986; Kimura et al., 1989) which abolish the phasic
activity.
The occurrence of phasic activity, however, makes quan-

titative analysis of concentration-response curves to both
vasoconstrictor and vasodilator agents in human isolated
coronary arteries difficult (Verdernikov, 1986; Sjogren et al.,
1986). Therefore, the aim of this study was to use nifedipine
to remove spontaneous phasic activity and to determine for
the first time the tonic vasoconstrictor profile of human
isolated coronary artery to the thromboxane A2-mimetic
U46619, endothelin-l and 5-hydroxytryptamine (5-HT). A
preliminary account of this study was presented at the 25th

annual meeting of the Australian Society of Clinical and
Experimental Pharmacologists and Toxicologists (Stork et
al., 1991).

Methods

Human coronary arteries

Epicardial coronary arteries were obtained from the ex-
planted hearts of 15 patients (12 male, 3 female) involved in
the Alfred Hospital Heart & Lung Transplant Service who
signed consent forms prior to surgery. Patients were diag-
nosed as having dilated cardiomyopathy (n = 7), ischaemic
heart disease (n = 5), congenital heart disease (n = 1) or mit-
ral valve disease (n = 1). One donor heart, unsuitable for
transplantation, was also used. Average age was 45 years
with a median age of 48 years (range 15-61).

Epicardial coronary arteries were dissected from hearts
within 20 min of excision and taken to the laboratory in cold
Krebs solution (4°C, see below for composition). Arteries
were then further dissected free of any surrounding myocar-
dium and fatty tissue and cut into 3 mm long ring segments.
Only rings of arteries without gross macroscopic evidence of
atherosclerosis were included. In total, 86 rings from 5 cir-
cumflex, 9 left anterior descending and 5 right coronary
arteries, 2 primary circumflex and 3 primary left anterior
descending coronary artery branches were used. Endothelium
was left intact in all cases.

' Author for correspondence at present address: Department of Phar-
macology, University of Melbourne, Parkville, Victoria 3052,
Australia.
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The vessel segments were set up in 30 ml organ baths
containing Krebs solution [consisting of (in mM): Na+ 144,
K 5.9, Ca2+ 2.5, Mg2+ 1.2, Cl- 128.7, HCO3- 25, H2PO4-
1.2, SO42- 1.2 and glucose 11] at 37°C and aerated with a
95% 02/5% CO2 gas mixture. Two L-shaped wire hooks
(355 Jim in diameter) were passed through the vessel lumen.
One wire was attached to a stationary support leg attached
to a manually-driven micrometer, while the other wire was
attached to an isometric force transducer (Grass Instruments,
model FT03C) to measure force development. Force was
recorded on either single (Rikadenki) or dual (W&W
Scientific Instruments) flat bed pen recorders.
The arterial rings were allowed to equilibrate for 60 min

before being subjected to two passive stretches to 5 g force at
30 min intervals (as per Chester et al., 1990), which gives an
resting tension optimal for contraction responses. Test drugs
were then added and allowed to equilibrate for 30 min before
cumulative concentration-response curves to the various
vasoconstrictor agents were constructed at half-log unit inter-
vals. Only one protocol and curve per ring per patient was
performed.
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Figure 1 Traces of representative chart recordings of phasic con-
tractile activity in human coronary artery; (a) irregular phasic con-
tractions; (b) phasic activity with a regular rhythm; (c) quiescent
arterial ring and (d) regular contractions abolished by nifedipine
(Nifed, in - log M). Arrows indicate 5 g passive stretches.

Drugs

The following drugs were used: 5-hydroxytryptamine
creatinine sulphate (5-HT), NG-nitro-L-arginine (L-NOARG)
(Sigma); U46619 [1,5,5-hydroxy-1 la,9cs (epoxymethano)
prosta-E 2,13-dienoic acid] (Upjohn); endothelin-l (Peninsula
Laboratories, U.S.A.), (-)-nifedipine (Bayer) and cro-
makalim (Beecham).

Nifedipine (10mM) was made up in 100% ethanol, and
5-HT (10mM) in distilled water on the day of the experi-
ment. L-NOARG-stock solution (0.1 M) was made up in 1 M
NaHCO3. All other drugs were from stock solutions made up
in distilled water. All dilutions were in distilled water.

Statistics and data analysis

Contractile responses were measured and expressed in g
force. In control vessels, where phasic activity occurred, both
the top and bottom of the phasic contraction were measured
separately for each agonist concentration (upper phasic and
lower phasic, respectively). The individual concentration-
response curves were computer-fitted to the sigmoidal logistic
equation

Y = PI + P2/[1 + eP3(I0g X -P4)

where X = agonist concentration, PI = lower plateau res-
ponse, P2 = range between the lower and the maximal
plateau of the concentration response curve, P3 = a negative
curvature index indicating the slope independently of the
range and P4 = log dose required to produce a half-maximal
response (EC50) (Elghozi & Head, 1990). These calculations
were used to determine pEC50 values. All values are presented
as the mean ± standard error of the mean (s.e.mean) for the
given number of experiments (n).
One-way analysis of variance with Scheffe's test was used

to make comparisons between the three individual groups
(upper phasic, lower phasic and nifedipine-treated; Wallen-
stein et al., 1980). The level of significance was set at
P 0.05.
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Figure 2 Effect of increasing concentrations of nifedipine on phasic
activity and the concentration-response curve to U46619 in human
coronary artery. Arterial rings were treated with concentrations (in
- log M) of (a) nil; (b) 9; (c) 8 and (d) 7 nifedipine (Nifed). Traces
are of chart recordings from 4 consecutive rings of a circumflex
coronary artery from a 42 year old male. The recordings are
representative of 4 separate experiments.

Results

Spontaneous phasic activity

Human isolated epicardial coronary artery ring segments
commonly exhibited phasic contractile activity. These con-

tractions occurred in nearly all ring segments, either spon-
taneously after the vessel was stretched or in response to
vasoconstrictor stimulation (Figures 1, 2). The incidence,

rhythm and amplitude of the spontaneous phasic contrac-
tions varied considerably, even between consecutive ring
segments taken from the same artery. The amplitude of
phasic contraction ranged between 1 and 7 g force and was
observed to be independent of the level of passive force.
Phasic activity was readily and rapidly removed by the addi-
tion of nifedipine (0.1 AM, Figures 1, 2).

u9400 ,
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Vasoconstrictor profiles

U46619 Tonic contractions to U46619 were masked by
phasic contractile activity which was induced in quiescent
arterial rings and enhanced in those which were already
phasically active (Figure 2). Increasing concentrations of
U46619 increased both the frequency (see Figure 2) and
amplitude (see Figure 3) of the phasic contractions. At the
higher concentrations (30-100 nM, U46619), the amplitude
of the phasic contractions was reduced as the tonic contrac-
tion approached an apparent maximal response, but the fre-
quency of phasic activity was increased to seconds per cycle
(Figure 2). These U46619-induced phasic contractions were
greatest in amplitide range (peak to trough) at 1-10 nM
concentration (Figures 2a, 3b) and were blocked in a
concentration-dependent manner by nifedipine (Figure 2).

In four separate experiments, consecutive arterial rings
were exposed to either zero, 1, 10 or 100 nM nifedipine after
which a cumulative concentration-response curve to the
thromboxane A2-mimetic U46619 was constructed (Figure 2).
At zero and 1 nM nifedipine, phasic activity was seen in the
U46619 curve on all occasions. In two experiments, 1O nM
nifedipine completely abolished the phasic contractions,
whilst in the other two experiments, the appearance of the
phasic contractions was substantially delayed. In all four
experiments, however, only tonic contractions were observed
to U46619 stimulation in the presence of 0.1 j1M nifedipine
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Figure 3 Response of human coronary artery to U46619,
endothelin-l and 5-hydroxytryptamine (5-HT). Mean cumulative
concentration-response curves and the mean range of phasic contrac-
tions for each concentration were determined for (a) and (b) U46619;
(c) and (d) endothelin-l and (e) and (f) 5-HT in control [upper (0)
and lower (0) levels of phasic contraction] and nifedipine-treated
(0.1 tM, A) arterial rings. Mean pEC5 values for the curves are given
in Table 1. Results are the mean ± s.e.mean of 10, 7 and 10 separate
experiments for U46619, endothelin-l and 5-HT, respectively

(Figure 2). Thus the amount of tonic contraction to U46619
was revealed in the presence of nifedipine (0.1 gM, Figure
3a). The tonic contraction curve for U46619 was superim-
posed on the curve for the lower level of the phasic contrac-
tions compared with the upper level curve, with all three
curves (upper phasic, lower phasic and nifedipine-treated)
converging at the highest concentration used (maximum res-
ponse = 8.88 ± 1.16 g, 8.49 ± 1.28 g and 10.27 ± 1.54 g re-
spectively, Figure 3a). Calculated pEC50 values for the lower
phasic and nifedipine-treated curves were similar. The
estimated value for the upper phasic curve, however, was
significantly less (P <0.05, Table 1).

Sensitivity to U46619 did not differ between the main
coronary vessels (circumflex and left anterior descending
artery pEC50s = 8.24 ± 0.10 and 8.15 + 0.06; n = 3 and 6,
respectively) and their primary branches (pEC50 = 8.16 ±
0.17, n = 6). Differences in maximum contractile force
between the two groups of arteries were observed, but these
could be attributed to differences in muscle mass (data not
shown).

Endothelin-J Results for endothelin-1 closely resembled
those for U46619. Endothelin-1 induced phasic contractions
in arterial rings not treated with nifedipine, which again
made determination of the tonic contraction curve difficult
(Figure 3c). Again, the amplitude of the phasic activity was
greatest in the mid-range of concentrations; 1-10 nM (Figure
3d). Nifedipine (0.1 lM)-treated tissues contracted only
tonically to endothelin-1. The concentration-tonic contrac-
tion curve in the presence of nifedipine closely followed the
lower phasic curve in the phasically active tissues. There was
a small but significant reduction in the maximal response
between the upper phasic and nifedipine-treated curves
(7.90 ± 1.08 g vs. 5.70 ± 1.12 g, P< 0.05). There was also a
significant difference between the pEC50 estimates for the
upper phasic and lower phasic curves (P<0.05, Table 1).

S-HT Responses to 5-HT were the most variable. In the
absence of nifedipine, phasic contractions reached a peak
amplitude of 7.69 ± 1.08 g at 3 gM 5-HT (Figure 3e). The
maximum contraction in the presence of nifedipine (0.1 gM)
was significantly less (3.10 ± 0.69 g, P <0.05). The range in
amplitude of the phasic contractions did not follow the pat-
tern seen with U46619 and endothelin-1 where the greatest
responses occurred in the mid-range concentrations. Rather,
they were spread throughout the 5-HT concentration-
response curve (Figure 3f). There was no significant
difference between the pEC50 values for the three groups
(upper phasic, lower phasic and nifedipine-treated) (P <0.05,
Table 1).

Other drugs The ability of the ATP-sensitive K+ channel
opener, cromakalim and the L-arginine analogue NG-nitro-L-
arginine (L-NOARG) to abolish the phasic contractile
activity was also examined.

Cromakalim (0.3 riM, in preliminary studies found to be
a submaximal concentration for relaxation) initially removed
any spontaneous phasic activity from the arterial ring
segments but failed to stop induction of phasic contractions
by vasoconstrictor stimulation with U46619 (n = 4).

Table 1 Calculated pEC5o values for three vasoconstrictor
drugs in human coronary artery

Upper phasic Lower phasic Nifedipine

U46619
Endothelin-l
5-HT

8.71±0.13* (9) 7.90±0.11 (10) 8.14±0.06 (10)
8.75 ± 0.16 (7)t 8.34 ±+0.14 (7)t 8.45 ± 0.10 (7)
7.31 ± 0.27 (8) 7.16 ± 0.18 (9) 6.80 ± 0.11 (9)

Values are mean ± s.e.mean for (n) experiments. *Indicates
values significantly different from all others; tindicates
values significantly different from each other (P<0.05,
ANOVA).
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Cromakalim pretreatment did not significantly affect the
U46619 concentration-response curve (data not shown).
L-NOARG (0.1 mM) had no effect on either phasic con-

tractile activity or U46619-induced tone (n = 4, data not
shown).

Discussion

Human isolated epicardial coronary arteries commonly
exhibited phasic contractile activity either spontaneously
upon stretch or with vasoconstrictor stimulation. These con-

tractions were abolished by nifedipine in a concentration-
dependent manner but were not removed by cromakalim or

the L-arginine analogue N0-nitro-L-arginine (L-NOARG).
Thus nifedipine (0.1 jLM) allowed the determination of the
vasoconstrictor profile of the thromboxane A2-mimetic
U46619, endothelin-1 and 5-HT in this tissue.

It could be argued that the phasic contractions observed in
this and previous studies (see Introduction for references) are

indicative of diseased hearts. However, in this study and
others we have performed (Cocks et al., 1993) vessels
obtained from unused donor hearts have also been observed
to display phasic contractile activity. The observation of a

wide variation in phasic contractions amongst arterial rings,
even within the same artery, has been previously reported by
both Ross et al. (1980) and Verdernikov (1986). The reason

for the variability in phasic activity, however, remains un-

known.
Nifedipine, a dihydropyridine, voltage-operated Ca2" chan-

nel antagonist, which acts by preventing the opening of the
ion channel in response to depolarization of the smooth
muscle membrane, removed phasic activity and unmasked
stable, tonic' contractions to vasoconstrictor stimulation.
Golenhofen (1978) and Weinheimer et al. (1983) have
previously reported that spontaneous activity in human
isolated coronary artery was reduced and rhythmic fluctua-
tions abolished by nifedipine in the range of 1 nM-I1lM.
Similar results have been reported for two other Ca2" chan-
nel antagonists, verapamil (Ross et al., 1980; Verdernikov,
1986; Sjogren et al., 1986) and diltiazem (Ginsburg et al.,
1980; Kimura et al., 1989). All three Ca2+ antagonists are

also effective against rhythmic contractions in monkey
isolated coronary arteries (Ishii et al., 1985), in concentra-
tions similar to those required in human tissue.

Sjogren et al. (1986) noted that '. . . rhythmic activity in
the human coronary arteries in vitro to some extent renders
pharmacological experiments impossible'. In the present
study we were able to determine the vasoconstrictor profile of
U46619, endothelim-1 and 5-HT in the presence and absence
of nifedipine (0.1 gM). In the absence of nifedipine, the
phasic contractions appeared to be added on top of the tonic
contractions for all three agonists. This was previously
noticed by Godfraind et al. (1984) for 5-HT, but seemingly
not followed up. Addition of the phasic contractions on the
tonic contractions was confirmed by the fact that in the
presence of nifedipine, the tonic contraction curves to
U46619 and endothelin-1, at least, were superimposed on the
curves for the lower level of phasic activity.
The results for U46619 closely matched those for the stable

analogue carbocyclic thromboxane A2 in similar preparations
(Toda, 1984). The reason for the difference in pECm values
for U46619 between the upper phasic curves and the lower
phasic and nifedipine-treated curves is unclear but may
indicate that the phasic contractions are more sensitive than
tonic contractions to this vasoconstrictor stimulus.

Endothelin-l also caused contraction of human coronary
artery, possibly via receptors located predominantly on the
adventitial side of the tunica media (Chester et al., 1989),
with a maximal contraction of 0.1 gM. The maximal contrac-
tion to endothelin-l was 6.56 ± 0.77 g (64.35 ± 7.55mN,
n = 14, combining our results for the lower phasic and
nifedipine-treated curves), approximately double that of

Chester et al. (1989; 38.7 ± 6.4mN, n = 34). Estimates for
pECso values for endothelin-1 also differ between the two
studies. Whilst not documented, the data of Chester et al.
(1989) indicates a pEC50 value of approximately 7.7, -about
an order of magnitude lower than that found here (8.45 in
the presence of nifedipine, 0.1 LM). Our pEC50 value for
endothelin-1 in the human coronary artery is similar to
pECm estimates in human internal mammary artery (8.60,
Luscher et al., 1990; 8.01, Costello et al., 1990), human
saphaneous vein (8.40, LUscher et al., 1990; 8.12, Costello et
al., 1990) and porcine coronary artery (approximately 9.3,
Yanagisawa et al., 1988). As with U46619, the difference in
pECm values for endothelin-1 between the phasic curves
probably reflects the relative sensitivity of phasic activity to
vasoconstrictors.
The reduction of the maximal contraction to endothelin-1

by nifedipine (and nicardipine, see Chester et al., 1989) may
be due to a decrease in Ca2" entry via voltage-operated Ca2"
channels, since Yanagisawa et al. (1988) showed the res-
ponses to endothelin-1 are sensitive to Ca2+ channel
antagonists. Endothelin-1, however, also activates the phos-
phatidylinositol second messenger system which has also
been implicated in the contraction responses to this peptide
(Pang et al., 1989; Kasuya et al., 1989).
5-HT stimulates both 5-HT1-like and 5-HT2 receptors to

contract the human coronary artery and is the most
efficacious of a range of 5-HT receptor antagonists in this
tissue (Connor et al., 1989; Chester et al., 1990; Angus, 1990;
Cocks et al., 1993; Bax et al., 1993). Both receptor subtypes
appear to be important in mediating the hyperreactivity to
5-HT associated with coronary artery disease (Chester et al.,
1990; Cocks et al., 1993; McFadden et al., 1991). The 5-HT
responses in the presence of nifedipine (3.10 ± 0.69 g at 3 tM)
were generally equal to, or greater in contractile strength
than those seen in previous studies (Chester et al., 1990;
Kalsner & Richards, 1984; Kalsner, 1985).

In the absence of nifedipine, the maximum force developed
was significantly greater than the maximum contractile res-
ponse in the presence of nifedipine. This may indicate that
the response to 5-HT was not only augmented by the phasic
activity, but also that part of the tonic contraction of 5-HT
was blocked by nifedipine. Angus & Brazenor (1983) have
shown that nifedipine is a more selective relaxant of submaxi-
mal 5-HT- then U46619-induced tone in dog large coronary
artery, while in rabbit basilar artery, the contractile but not
the depolarization response to 5-HT is sensitive to voltage-
operated Ca2' antagonists (Clark & Garland, 1993).

Phasic contractions of a similar magnitude developed to
5-HT over the whole range of the concentration-response
curve. This contrasts with the pattern of the phasic contract-
ions seen to U46619 and endothelin-1, where there was a
bell-shaped distribution of the amplitude of phasic contract-
ions and the phasic activity was added on top of the tonic
contractions. Such amplification of the contractile responses
to vasoconstrictor agonists by phasic activity may be import-
ant clinically in cases of arterial spasm. Maseri et al. (1990)
suggested that segmental arterial spasm is caused by local
hyperresponsiveness to a range of vasoconstrictors, including
ergonovine (a 5-HT receptor agonist). Functional synergy
may also be involved as we have previously demonstrated
that in human epicardial coronary arteries in vitro, low con-
centrations of U46619 increase the contractile response to
5-HT and other 5-HT agonists (sumatriptan, ergometrine
and methysergide) but do not affect the sensitivity to these
agonists (Cocks et al., 1993, see also Chester et al., 1993).
The synergistic interaction also occurs with noradrenaline
(Cocks and Kemp, unpublished data) and for both
noradrenaline and 5-HT with threshold concentrations of
endothelin-1 (Yang et al., 1990).
Our results in this study indicate that phasic activity can

also augment the contractile response to a range of vasocon-

strictors, particularly at low and medium concentrations. The
mechanism behind this synergy remains to be elucidated,
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although it would appear to be at a second messenger level,
rather than the receptor level, since a range of agonists, and
therefore receptor mechanisms, are implicated. In the case of
amplification by phase activity, it is likely that the changing
intracellular Ca2" levels 'prime' the contractile processes to
respond, hence increasing responsiveness, particularly to low
vasoconstrictor concentrations. Clinically, our results im-
plicate phasic activity in arterial spasm and indicate the use
of nifedipine or other voltage-operated Ca2" channel anta-
gonists in both prophylactic and acute treatment.

In summary, phasic contractile activity was commonly seen
in human coronary arterial rings in vitro. This activity
involved activation of voltage-operated Ca2" channels.
Nifedipine removed the phasic contractions in a
concentration-dependent manner and allowed determination
of tonic vasoconstrictor profiles in the human coronary
arteries for the thromboxane A2-mimetic U46619, endothelin-

1 and 5-HT. These results suggest that, under appropriate in
vivo conditions, phasic activity could amplify contractile res-
ponses to low concentrations of vasoconstrictor drugs, such
as 5-HT and thromboxane A2, which are implicated in cor-
onary artery spasm (see Kalsner, 1982; Maseri et al., 1990;
McFadden et al., 1991; Cocks et al., 1993; Chester et al.,
1993). This study has also established conditions under which
vasodilator responses can be studied optimally (see Stork &
Cocks, 1994).

We gratefully acknowledge the assistance of Mr Don Esmore, Mr
Robin McEgan, Mr Arthur Preovolos and all the team of the Alfred
Hospital Heart & Lung Transplant Service. Cromakalim was a gift
from Beecham and Dr Grant McPherson. This work was supported
by institute grants from the National Health and Medical Research
Council of Australia and Glaxo Australia.

References

ANGUS, J.A. (1990). 5-HT receptors in the coronary circulation.
Trends Pharmacol. Sci., 10, 89-90.

ANGUS, J.A. & BRAZENOR, R.M. (1983). Relaxation of large cor-
onary artery by verapamil, D600, and nifedipine is constrictor
selective: comparison with glyceryl trinitrate. J. Cardiovasc. Phar-
macol., 5, 321-328.

BAX, W.A., RENZENBRINK, G.J., VAN HEUVEN-NOLSEN, D., THIJS-
SEN, E.J.M., BOS, E. & SAXENA, P.R. (1993). 5-HT receptors
mediating contractions of the isolated human coronary artery.
Eur. J. Pharmacol., 239, 203-210.

CHESTER, A.H., ALLEN, S.P., TADJKARIMI, S. & YACOUB, M.H.
(1993). Interaction between thromboxane A2 and 5-hyd-
roxytryptamine receptor subtypes in human coronary arteries.
Circulation, 87, 874-880.

CHESTER, A.H., DASHWOOD, M.R., CLARKE, J.G., LARKIN, S.W.,
DAVIES, G.J., TADJKARIMI, S., MASERI, A. & YACOUB, M.H.
(1989). Influence of endothelin on human coronary arteries and
localisation of its binding sites. Am. J. Cardiol., 63, 1395-1398.

CHESTER, A.H., MARTIN, G.R., BODELSSON, M., ARNEKLO-NOBIN,
B., TADJKARIMI, S., TORNEBRANDT, K. & YACOUB, M.H.
(1990). 5-Hydroxytryptamine receptor profile in healthy and
diseased human epicardial coronary arteries. Cardiovasc. Res., 24,
932-937.

CLARK, A.H. & GARLAND, C.J. (1993). Ca2l channel antagonists
and inhibition of protein kinase C each block contraction but not
depolarization to 5-hydroxytryptamine in the rabbit basilar
artery. Eur. J. Pharmacol., 235, 113-116.

COCKS, T.M., KEMP, B.K., PRUNEAU, D. & ANGUS, J.A. (1993).
Comparison of contractile responses to 5-hydroxytryptamine and
sumatriptan in human isolated coronary artery: synergy with the
thromboxane A2-receptor agonist, U46619. Br. J. Pharmacol.,
110, 360-368.

CONNOR, H.E., FENIUK, W. & HUMPHREY, P.P.A. (1989). 5-hyd-
roxytryptamine contracts human coronary arteries predominantly
via 5-HT2 receptor activation. Eur. J. Pharmacol., 161, 91-94.

COSTELLO, K.B., STEWART, D.J. & BAFFOUR, R. (1990). Endothelin
is a potent constrictor of human vessels used in coronary revas-
cularization surgery. Eur. J. Pharmacol., 186, 311-314.

ELGHOZI, J.-L. & HEAD, G.A. (1990). Spinal noradrenergic pathways
and pressor responses to central angiotensin II. Am. J. Physiol.,
258, H240-H246.

GINSBURG, R.C. (1984). Myogenic tone of the isolated human
epicardial artery: regulatory controls. Acta Med. Scand., 694,
Suppl. 29-37.

GINSBURG, R., BRISTOW, M.R., HARRISON, D.G. & STINSON, E.B.
(1980). Studies with isolated human coronary arteries - some
general observations, potential mediators of spasm, role of cal-
cium antagonists. Chest, 78, Suppl. 180-186.

GINSBURG, R., BRISTOW, M.R., DAVIS, K., DIBIASE, A. & BILLING-
HAM, M.E. (1984). Quantitative pharmacologic responses of nor-
mal and atherosclerotic isolated human epicardial coronary
arteries. Circulation, 69, 430-440.

GODFRAIND, T., FINET, M., LIMA, J.S. & MILLER, R.C. (1984).
Contractile activity of human coronary arteries and human
myocardium in vitro and their sensitivity to calcium entry
blockade by nifedipine. J. Pharmacol. Exp. Ther., 230, 514-518.

GOLENHOFEN, K. (1978). Activation mechanisms in smooth muscle
of human coronary arteries and their selective inhibition.
Naunyn-Schmied. Arch. Pharmacol., 302, Suppl. R36.

ISHII, K., YANAGISAWA, T., SATOH, K. & TAIRA, N. (1985). Aboli-
tion of spontaneous rhythmic contractions of isolated monkey
coronary arteries by diltiazem, nifedipine, verapamil and nicoran-
dil but not by nitroglycerine. Tohoku J. Exp. Med., 145, 85-90.

KALSNER, S. (1982). Vasoconstrictors, spasm and acute myocardial
events. In The Coronary Artery. ed. Kalsner, S. pp. 551-595.
London: Croom Helm.

KALSNER, S. (1985). Coronary artery reactivity in human vessels:
some questions and answers. Fed. Proc., 44, 321-325.

KALSNER, S. & RICHARDS, R. (1984). Coronary arteries of cardiac
patients are hyperreactive and contain stores of amines: a
mechanism for coronary spasm. Science, 223, 1435-1437.

KASUYA, Y., TAKUWA, Y., YANAGISAWA, M., KIMURA, S., GOTO,
K. & MASAKI, T. (1989). Endothelin-1 induces vasoconstriction
through two functionally distinct pathways in porcine coronary
artery: contribution of phosphoinositide turnover. Biochem.
Biophys. Res. Commun., 161, 1049-1055.

KIMURI, T., YASUE, H., SAKAINO, N., ROKUTANDA, M.
JOUGASAKI, M. & ARAKI, H. (1989). Effects of magnesium on
the tone of isolated human coronary arteries - comparison with
diltiazem and nitroglycerin. Circulation, 79, 1118-1124.

LUSCHER, T.F., YANG, Z., TSCHUDI, M., VON SEGESSER, L., STULZ,
P., BOULANGER, C., SIEBENMANN, R., TURINA, M. & BOHLER,
F.R. (1990). Interaction between endothelin-1 and endothelium-
derived relaxing factor in human arteries and veins. Circ. Res.,
66, 1088-1094.

MCFADDEN, E.P., CLARKE, J.G.. DAVIES, G.J., KASKI, J.C., HAIDER,
A.W. & MASERI, A. (1991). Effect of intracoronary serotinin on
coronary vessels in patients with stable angina and patients with
variant angina. N. Engl. J. Med., 324, 648-654.

MASERI, A., DAVIES, G., HACKETT, D. & KASKI, J.C. (1990). Cor-
onary artery spasm and vasoconstriction: the case for a distinc-
tion. Circulation, 81, 1983-1991.

PANG, D.C., JOHNS, A., PATTERSON, K., BOTELHO, L.H.P. &
RUBANYI, G. (1989). Endothelin-l stimulates phos-
phatidylinositol hydrolysis and calcium uptake in isolated canine
coronary arteries. J. Cardiovasc. Pharmacol., 13, Suppl. 5
S75-S79.

ROSS, G., STINSON, E., SCHROEDER, J. & GINSBURG, R. (1980).
Spontaneous phasic activity of isolated human coronary arteries.
Cardiovasc. Res., 14, 613-618.

SJOGREN, A., EDVISSON, L. & OTTOSEN, A. (1986). Vasomotor re-
sponses of isolated human coronary arteries to magnesium, nitro-
glycerin and verapamil: a comparison with coronary arteries from
cat and rat. Acta Pharmacol. Toxicol., 59, 195-203.

STORK, A.P. & COCKS, T.M. (1994). Pharmacological reactivity of
human epicardial coronary arteries: characterization of relaxation
responses to endothelium-derived relaxing factor. Br. J. Phar-
macol., 113, 1099-1104.

STORK, A.P., KEMP, B.K. & COCKS, T.M. (1991). Nifedipine abolishes
spontaneous phasic contractile activity in human coronary artery.
Clin. Exp. Pharmacol. Physiol., Suppl. 18, 59.



1098 A.P. STORK & T.M. COCKS

TODA, N. (1984). Responses of human, monkey and dog coronary
arteries in vitro to carbocyclic thromboxane A2 and vasodilators.
Br. J. Pharmacol., 83, 399-408.

VERDERNIKOV, Y.P. (1986). Mechanisms of coronary spasm of
isolated human epicardial coronary segments excised 3 to 5 hours
after sudden death. J. Am. Coll. Cardiol., 8, Suppl. 42A-49A.

WALLENSTEIN, S., ZUCKER, C.L. & FLEISS, J.L. (1980). Some stati-
stical methods useful in circulation research. Circ. Res., 47, 1-9.

WEINHEIMER, G., GOLENHOFEN, K. & MANDREK, K. (1983). Com-
parison of the inhibitory effects of nifedipine, nitroglycerin and
nitroprusside sodium on different types of activation in canine
coronary arteries, with comparative studies in human coronary
arteries. J. Cardiol. Pharmacol., 5, 989-997.

YANAGISAWA, M., KURIHARA, H., KIMURA, S., TOMOBE, Y.,
KOBAYASHI, M., MITSUI, Y., YAZAKI, Y., GOTO, K. & MASAKI,
T. (1988). A novel potent vasoconstrictor peptide produced by
vascular endothelial cells. Nature, 332, 411-415.

YANG, Z., RICHARD, V., VON SEGESSER, L., BAUER, E., STULZ, P.,
TURINA, M. & LOSCHER, T.F. (1990). Threshold concentrations
of endothelin-1 potentiate contractions to norepinephrine and
serotonin in human arteries. Circulation, 82, 188-195.

(Received September 20, 1993
Revised February 16, 1994

Accepted February 17, 1994)


