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Abstract

The purpose of the study was to investigate the influence of preactivation, wall tension and geometry on the reactivity of porcine
coronary arteries to nifedipine and extracellular Ca2* in vitro. Porcine large coronary arteries were mounted as ring and cylindrical
preparations and studied by wire- and balloon-based techniques. The sensitivity and maxima responses to nifedipine were more
pronounced in 25 mM K* compared to 10 wM prostaglandin F,-contracted preparations. Vascular sensitivity to nifedipine and Ca?*
was enhanced under isometric compared to isobaric conditions. Under isometric conditions in the presence of 25 mM K™, coronary rings
were more sensitive to nifedipine, but less sensitive to Ca?" compared to cylindrical segments. In cylindrical segments, circumferential
and axial tension increases augmented the extracellular Ca? " -dependent spontaneous resting tone and the sensitivity to extracellular Ca2™.
Coronary rings showed no resting tone at various resting tensions. These results suggest that preactivation, wall tension and vessel
geometry are important determinants of Ca2*-influxes via nifedipine-sensitive voltage-gated Ca?* channels. Furthermore, axial wall
tension appears to be a modulator of nifedipine-insensitive transmembrane Ca2*-influx that may play a role for the tone and reactivity in

large coronary arteries. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The fact that vasoconstriction of large coronary arteries
may cause angina pectoris and contribute to myocardial
infarct and sudden death, draws attention to the mecha
nisms involved in regulation of the tone and reactivity in
these vessels (Hellstrom, 1979; Velican, 1980). Previous
studies have indicated that neural, humoral as well as
mechanical factors are important determinants of vascular
tone and may play a role in the coronary flow-regulation
(Bassenge and Heusch, 1990; Osol, 1995). The role of
mechanical factors in large coronary arteries is emphasized
by the large circumferential and axial deformations these
vessels are exposed to in vivo (Osol, 1995).

* Corresponding author. Tel.: +45-89-42-17-24; fax: +45-86-12-88-
04.
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Johnson (1980) proposed that wall tension is an impor-
tant regulator of the tone and vascular reactivity. When a
vessel is contracted, wall tension changes are opposed
under isobaric and isometric conditions. Thus, it decreases
under isobaric and increases under isometric conditions.
The changing wall tension accompanying the contraction
will have a feedback effect on the actual vascular reactiv-
ity. This feedback effect is negative under isobaric and
positive under isometric conditions. Therefore, techniques
allowing studies in isolated blood vessels under both iso-
baric and isometric conditions may give insights into the
role of wall tension in the regulation of the vascular
reactivity.

In a previous study using a bimodal balloon-based
technique, we have demonstrated that at the same initial
load the vascular sensitivity of cylindrical segments from
porcine large coronary arteries to K™ and various agonists
was enhanced under isometric compared to isobaric condi-
tions (Tanko et al., 1998b). These findings are in agree-

0014-2999,/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.

Pll: S0014-2999(99)00825-0



304 L.B. Tanko et al. / European Journal of Pharmacology 387 (2000) 303—-312

ment with results on small mesenteric arteries (Van Bavel
and Mulvany, 1994). Moreover, Buus et a. (1994) re-
ported that the presence of D600 (methoxy-verapamil), a
voltage-gated Ca?* channel blocker, caused a 50% inhibi-
tion of maximal contractile responses to noradrenaline in
vessel rings under isometric conditions. No inhibition,
however, was seen in cannulated segments under isobaric
conditions. A similar low efficiency of nifedipine was
observed in an in vivo setup (Liu et da., 1994). These
observations suggest that differences in vascular reactivity
under isobaric and isometric conditions could be due to
differences in Ca?*-influx via L-type voltage-gated Ca?*
channels.

Studies on cannulated segments from various vascular
beds have demonstrated that increasing resting tension
induces membrane depolarization with concomitant in-
creases in transmembrane Ca?*-influxes via voltage-gated
Ca2" channels (Schubert and Mulvany, 1999). In contrast,
change in resting tension was not associated with alter-
ations in the resting membrane potential in wire-mounted
rings (Harder et al., 1983; Halpern and Kelley, 1991).
Moreover, the vascular sensitivity of wire-mounted rings
to Ca?* does not change with increasing resting wall
tension (Price et al., 1981; Herlihy and Berardo, 1986).
Thus, geometry of the preparation may have important
implications for membrane potential and thereby the Ca2*
influx via L-type voltage-gated Ca?* channels.

The purpose of the present study was to investigate how
preactivation, wall tension and geometry of the preparation
influence the nifedipine-sensitive transmembrane C&2* in-
flux in porcine coronary arteries in vitro. This was ad-
dressed by the following experimental approaches: (1) The
influence of preactivation was studied by comparing the
action of nifedipine in preparations activated either directly
by 25 mM K™ or via receptors by prostaglandin F,_. (2)
The influence of wall tension was addressed by comparing
the concentration—response relationship for nifedipine and
Ca?* under isobaric and isometric conditions. (3) The
influence of geometry was studied by comparing the action
of nifedipine and Ca?* in cylindrical and ring prepara-
tions. In addition, it was studied whether changes in
resting tension in cylindrical (circumferential and axial)
and in ring (circumferential) preparations influence the
transmembrane Ca’*-influx under resting and K*-de-
polarized conditions.

2. Materials and methods

Hearts from Danish Landrace-Y orkshire pigs (70-90
kg) were obtained at a loca abattoir. The left anterior
descending coronary artery was dissected and trimmed of
the adherent fat and connective tissue under a stereo
microscope while submerged in ice-cold (4°C) physiologic
saline solution (PSS). To reduce intertissue variation, two
30 mm long cylindrical segments and a 3-mm long ring

cut from the same coronary artery were used for balloon-
based and wire-based investigations, respectively.

In a previous study, we have demonstrated that, provid-
ing careful matching of vessel and probe size and carrying
out the probe insertion with precaution, endothelial cell
function can be preserved in porcine coronary artery seg-
ments mounted in the normal vessel configuration (Tanko
et al., 1999). However, the presence or absence of endothe-
lium cannot be verified functionally by adventitially ad-
ministered endothelium-dependent relaxant agents due to
presence of an effective diffusion barrier in the vessel wall
for these substances (Tankd et al., 1999). Consequently,
evaluation of the role of endothelium was carried out on
everted (endothelial cell layer outside the vessel lumen)
preparations with and without endothelium. The endothe-
lial cell layer was removed by gently rubbing on the
surface of the everted preparation using moistened cotton
wool. The presence or absence of endothelial cell layer
was evaluated by inducing a contraction with prosta
glandin F,, and then adding 0.3 wM bradykinin to the
organ bath. Relaxation greater than 50% was taken as
evidence of endothelia integrity, while total inhibition of
the relaxation to bradykinin was indicative of successful
mechanical removal of the endothelial cells.

2.1. Impedance planimetry

The arterial segments were mounted on the cannulas of
vessel holders and fastened with 4—-0 ligatures. Experi-
ments took place in 50 ml organ baths filled with PSS and
continuously bubbled with 5% CO, in 95% O, at 37°C to
give a pH of 7.4. After a 60-min equilibration period, the
impedance planimetry probes were gently inserted into the
vessel lumen. The probe applied in the present study has
earlier been described (Tanko et al.,1998b). In brief, it
consists of a four-electrode impedance measuring system
located inside a ~ 25-mm long, thin-walled (50 pwm),
non-conducting polyurethane balloon (diameter 6 mm)
mounted on a 70-mm long 3 F probe. The vessel segment
was axisymmetrically loaded by distending the cylindrical
balloon with electrically conducting fluid (0.09% NaCl)
from a level container through an infusion channel (diame-
ter ~ 0.5 mm) of the probe. Previousinvestigations showed
that resting tensions corresponding to alumina pressure of
60 mm Hg ensure optimal contractile responses in porcine
coronary artery segments under both isobaric and isometric
conditions (Tanko et al., 1998b). Therefore, all investiga-
tions with the impedance planimetry technique, if not
otherwise indicated, were carried out at 60 mm Hg.

The bimodal (isobaric and isometric) applicability of
the impedance planimetry technique lies in its ability to
measure luminal cross-sectional area and pressure simulta-
neously. When the vessel is subjected to a constant luminal
pressure and vascular responses are measured as changes
in luminal cross-sectiona area, the system mode is iso-
baric. Wheress, if the cross-sectional area of the balloon is
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kept constant, by closing the outlet from the balloon by a
stop cock, and vascular responses are measured as changes
in luminal pressure, the system mode is isometric.

The balloon and thereby vessel cross-sectiona area was
estimated by measuring the electrical impedance of the
saline inside the balloon using two electrodes for excita-
tion and two interposed electrodes for detection as earlier
described (Harris et al., 1971; Gregersen et al., 1988;
Tankd et al., 1998b). Pressure inside the balloon and
thereby in the vessel lumen was estimated by a low
compliance external pressure transducer (Uniflow™, Bax-
ter, USA) coupled to the infusion channel of the probe.
Pressure transducers were set at the fluid level of the organ
bath.

2.2. Wire-based isometric tension technique

The arterial rings were suspended vertically in a 30-ml
organ bath on two stainless steel hooks. The organ bath
was filled with PSS and continuously bubbled with 5%
CO, in 95% O, at 37°C to give a pH of 7.4. The upper
hook was connected to a manipulator and a force trans-
ducer (model Ft 0.3, Grass Instrument). After 60 min of
equilibration, the ring was progressively stretched by the
manipulator over a period of 30—40 min to 20 mN where
contractile responses to 125 mM K™ are optimal (Tanko et
al., 1998a). Vascular responses were measured as changes
in isometric force and recorded on a R611 Beckman

polygraph.
2.3. Experimental protocols

2.3.1. Vascular sensitivity to nifedipine

The effect of cumulatively (0.1 nM-1 pM) adminis-
tered nifedipine was studied in coronary artery prepara-
tions contracted either with 10 wM prostaglandin F,, or
25 mM K™, It is difficult to wash out nifedipine from the
arterial wall during the experimental period (Mikkelsen
and Lederballe Pedersen, 1982). Therefore, the influence
of recording mode was evaluated in segments from the
same coronary artery (one segment for isobaric and one for
isometric testing). In parallel, a ring preparation, cut from
in between the segments used for balloon-based studies,
was studied by the wire-based isometric technique.

After testing for viability and obtaining a reproducible
contractile response to 125 mM K* under isometric condi-
tions, the vessel was contracted either with 10 WM prosta-
glandin F,, or 25 mM K™. When the contractile response
reached steady state, nifedipine was added cumulatively
into the organ bath awaiting steady state responses. Stabil-
ity of contractile responses was evaluated in paralel time
control experiments.

The role of endothelium in the determination of vascu-
lar sensitivity to cumulatively (0.1 nM—-1 wM) adminis-
tered nifedipine was assessed in 10 wM prostaglandin
F,-contracted everted coronary preparations with and

without endothelium according to the above described
protocol.

2.3.2. Vascular sensitivity to extracellular Ca?* in the
presence of 25 mM K *

The vascular sensitivity to cumulatively administered
(0.05-4 mM) Ca?* was studied in 25 mM K™ activated
preparations. To remove Ca?* from the organ bath, the
preparations were repeatedly rinsed with 0.1 and 0.01 mM
EGTA containing Ca?*-free PSS. Then, the segments were
exposed to 0.01 mM EGTA-containing Ca?*-free K *-PSS
(25 mM K*) and Ca2* was administered cumulatively
awaiting steady state responses at each concentration.

2.3.3. Effect of extracellular Ca?* removal and 0.3 um
nifedipine on resting tone

After testing for viability, the rings and the cylindrical
segments were allowed to equilibrate in 1.5 mM Ca&™*
containing PSS for 30—40 min at resting conditions corre-
sponding to 20 mN and 60 mm Hg, respectively. Then,
Ca?* was removed by repeatedly changing the solution in
the organ bath with 0.1 mM EGTA-containing Ca?*-free
PSS. When the vascular response reached steady state, the
tone was restored by the readdition of Ca2*. Subsequently,
the effect of 0.3 wM nifedipine was evaluated.

To investigate whether the magnitude of the extracellu-
lar Ca?*-dependent spontaneous resting tone is influenced
by resting circumferential wall tension, the protocol was
carried out in groups of cylindrical coronary segments
subjected to 20, 60 or 100 mm Hg and in groups of
wire-mounted rings subjected to 10, 20, or 30 mN.

To address the role of axial tension, the extracellular
Ca’"-dependent resting tone was studied under isometric
conditions at 60 mm Hg in cylindrical segments mounted
either at non-stretched (L,) or 1.2 L, axia length. Pilot
studies indicated that midwall strain shows no significant
differences at L, or 1.2 L, axia lengths when the cylin-
drical segments are distended by pressures equal or higher
than 60 mm Hg.

2.3.4. Vascular sensitivity to extracellular Ca2* at differ-
ent resting tensions

Pilot studies indicated that repeated concentration—re-
sponse curves for Ca®* constructed in the presence of 125
mM K™ exhibited significant rightward shifts and this
desensitisation of the preparation could not be eliminated
by several hours of equilibration before a second concen-
tration—-response curve. Therefore, only one concentra-
tion—response curve for Ca?* was constructed in each
preparation.

To evaluate the influence of circumferential resting
tension on the vascular sensitivity of cylindrical coronary
artery segments to extracellular Ca?*, concentration—re-
sponse curves for Ca?* were constructed in three groups
of preparations subjected to 20, 60, or 100 mm Hg. To
investigate the role of axial tension, concentration—re-
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sponse curves for Ca?* were constructed at 60 mm Hg in
two groups of cylindrical segments mounted either at L,
or 1.2 L, axia length. Both types of investigations were
carried out under isometric conditions in the presence of
125 mM K*, similarly to the protocol described under
Section 2.3.3.

2.4. Solutions and drugs

The composition of the PSS was (in mM) 100 NaCl, 15
NaHCO,, 4.7 KCI, 10 MgCl,, 1.2 NaPO,, 2H,0, 15
CaCl, and 11.1 glucose and 0.027 EDTA. In experiments
where K *-PSS was used, NaCl was substituted by KCI on
an equimolar basis. Solutions were prepared using analyti-
cal grade chemicals and twice distilled water.

Drugs and substances used in the study were: nifedipine
(Bayer, Denmark), prostaglandin F,, (Dinoprost, Upjohn,
Germany) and bradykinin HCI (Sigma, St. Louis, USA).
Nifedipine was protected from light, and all experiments
with nifedipine were carried out in a darkened room (light
intensity < 10 Ix). Nifedipine was dissolved in 96%
ethanol. The final vol.% of acohol was under 0.01% and
had no direct effect on active vessel tone.

2.5. Data analysis

The concentration—response curves were expressed as
percentage of the respective maximal contractile response
and computer-fitted using the Graphpad Prism 2.0 software
(Ingtitute for Scientific Information, CA, USA). The con-
centration—response curves were fitted to the classical Hill
equation: R/Ry ., = AIM)"( AM)" + EC,(M)™ 1, where
R/R...x is the relative response to the effective concentra-
tion of the substance, A(M), and EC,(M) is the concen-
tration of the substance required to give half-maximal
response (R,,) When A(M) and EC.,(M) are given in
molar concentration. n is the curve fitting parameter or
Hill coefficient. In the nifedipine experiments, maximal
responses (R,.,) refer to responses evoked by the highest
concentration applied of the drug.

The results are expressed as means+ S.E.M, and the
concentration—response curves presented on a semi-loga-
rithmic scale. Differences between pD, values were anal-
ysed by unpaired or paired t-test. If more than two groups
of data were compared, the analysis was performed by
one-way analysis of variance (ANOVA) followed by New-
man—Keuls multiple comparison test. Data from the in-
vestigations addressing resting tone were analysed by two-
way ANOVA. Probability levels under 5% were consid-
ered as significant.

3. Results
3.1. Vascular sensitivity to nifedipine

Prostaglandin F,, (10 wM) and 25 mM K ™-induced
contractions of comparable amplitude in the porcine coro-

nary artery preparations. These contractile responses were
stable during the experimental periods. Under isometric
conditions, contractile responses of ring and cylindrical
preparations to 10 wM prostaglandin F,, showed no sig-
nificant differences. Thus, contractile responses expressed
as percentage of the corresponding 125 mM K * responses
in rings and cylindrical preparations were 52 + 4% (n=5)
and 59 + 6% (n=5), respectively. In contrast, under iso-
metric conditions, contractile responses to 25 mM K™
were significantly larger in cylindrical segments 64 + 3%
(n=5) compared to wire-mounted rings 45 + 3% (n =5,
p < 0.05, paired t-test). Time-course of precontractile re-
sponses induced by 10 wM prostaglandin F,, was similar
under isobaric and isometric conditions, whereas 25 mM
K *-induced responses were markedly longer under iso-
baric compared to isometric conditions (Fig. 1).

Cumulatively administered (0.1 nM—1 wM) nifedipine
caused concentration-dependent inhibition of contractile
responses both to 25 mM K* and 10 .M prostaglandin
F,.. The vascular sengitivity and the maximal inhibitory
response to nifedipine were consistently enhanced in 25
mM K* as compared to 10 uM prostaglandin F,_-con-
tracted preparations (Table 1).

The vascular sensitivity of cylindrical coronary seg-
ments to nifedipine was significantly enhanced under iso-

(a) NIFEDIPINE

25 mM K*

2 mm?
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25 mMK*

—
20 min

Fig. 1. Origina trace recordings of the effect of cumulatively adminis-
tered nifedipine (0.1 nM—1 wM) under isobaric (2) and isometric (b)
conditions in 25 mM K *-contracted segments from the same porcine
coronary artery. Note the longer duration of the contractile response to 25
mM K* and completion of the concentration—response curve for nifedip-
ine under isobaric compared to isometric conditions.
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Table 1

pD, values and maximal inhibitory responses to the highest concentration (1 #M) of nifedipine applied either in 10 uM prostaglandin F,, or 25 mM
K *-contracted preparations from the same porcine coronary artery under various experimental conditions
Data are expressed as means + S.E.M. of five left anterior descending coronary arteries from different animals. p < 0.05, significantly different (one-way

ANOVA followed by Newman—Keuls' test).

Nifedipine  Cylindrical segment Ring

Isometric, prostaglandin F,,  Isometric, K*  Isobaric, prostaglandin F,,  Isobaric, K*  Isometric, prostaglandin F,,  Isometric, K*
pD, 7.54 + 0.07° 8.34 + 0.14*" 6.81+0.08 7.63+0.15° 7.36+0.10° 8.68 + 0.04"4
% Inhibition 79+ 2 125 + 404 73+2 111 4+ 5° 75+ 3 96 + 2°

Versus isobaric cylindrical segment precontracted with the same agent (K* or prostaglandin F,, ).
®Versus the same type of preparation (cylindrical segment or ring) precontracted under the same condition (isometric or isobaric) with prostaglandin

F

“Versus isobaric cylindrical segment precontracted with the same agent (K * or prostaglandin F,, ).

9V ersus isometric ring precontracted with the same agent (K* or prostaglandin Foo)-

metric as compared to isobaric conditions both in 25 mM
K* and 10 M prostaglandin F,_-contracted preparations
(Fig. 2a,b and Table 1). The vascular sensitivity to nifedip-
ine in wire-mounted rings under isometric conditions was
also enhanced compared to cylindrical segments studied
under isobaric conditions (Fig. 2a,b and Table 1).

When comparing the two isometric preparations, 25
mM K *-contracted wire-mounted rings were more sensi-
tive to the inhibitory effect of nifedipine as compared to
cylindrical segments (Fig. 2b, Table 1). Furthermore, the
maximal responses to nifedipine also showed marked dif-
ferences between cylindrical and the wire-mounted prepa-
rations (Fig. 2b). Nifedipine decreased the resting tone of
cylindrical segments both under isometric and isobaric
conditions, but not in the paralely investigated wire-
mounted rings (Fig. 2b).

The role of endothelium in the vascular sensitivity to
nifedipine under the different experimental conditions was
evaluated in 10 wM prostaglandin F, -contracted everted
coronary segments with or without endothelium. Presence
or absence of endothelial cell layer was indicated by the

@ (b)

04 01
20 20
404

60

% inhibition
% inhibition

80 80

1009 o ring (im) 1004 _o ring (im)

—O cylindrical (im) —&— cylindrical (im)
120 —O~ cylindrical (ib) 1204 —e—cylindrical (ib)
T T T T T T T T T T
-10 -9 -8 -7 -6 -10 -9 -8 -7 )

Log [nifedipine] (M) Log [nifedipine] (M)

Fig. 2. (a) Concentration—response relationship for nifedipine in 10 M
prostaglandin F, -contracted wire-stretched rings (im, isometric) and
cylindrical segments (im, isometric; ib, isobaric) from the same coronary
artery. (b) Concentration—response relationship for nifedipine in 25 mM
K *-activated wire-stretched rings (im, isometric) cylindrical segments
(im, isometric; ib, isobaric) from the same coronary artery. Data are
expressed as means+S.E.M of five coronary arteries from different
animals.

vascular response to 0.3 wM bradykinin (Table 2).
Nifedipine induced comparable inhibitions of the prosta-
glandin F, -induced contractile responses in endothelium-
intact and endothelium-denuded preparations under both
isobaric and isometric conditions, but in both type of
preparations the vascular sensitivity to nifedipine was con-
sistently enhanced under isometric compared to isobaric
conditions (Table 2).

3.2. Vascular sensitivity to extracellular Ca?* in the
presence of 25 MM K *

Cumulatively administered Ca?* induced concentra-
tion-dependent contractions in the presence of 25 mM K*
both under isobaric and isometric conditions (Fig. 3). The
vascular sensitivity of cylindrical segments to Ca?* was
significantly enhanced under isometric compared to iso-
baric conditions (Fig. 3) with pD, vaues of 3.35+ 0.06
and 2.92 + 0.06 (P < 0.05, one-way ANOVA followed by
Newman—Keuls' test, n=5), respectively. Furthermore,
under isometric conditions, the vascular sensitivity to Ca?*
was enhanced in cylindrical segments compared to wire-
mounted rings with pD,, values of 3.35 + 0.06 and 3.15 +
0.05 (P < 0.05, one-way ANOVA followed by Newman—
Keuls' test, n=5), respectively.

3.3. Effect of extracellular Ca?* removal and 0.3 uM
nifedipine on resting tone

Cylindrical segments studied at 60 mm Hg exhibited
spontaneous resting tone that was abolished upon removal
of extracellular Ca®* and the addition of 0.3 wM nifedip-
ine to the organ bath. In contrast, Ca?* removal or nifedip-
ine addition revealed no spontaneous resting tone in the
wire-mounted rings stretched to 20 mN.

The spontaneous resting tone in cylindrical segments
was related to the degree of resting tension in the vessel
wall. At aresting tension corresponding to 20 mm Hg, no
tone was present. The tone became considerable at 60 mm
Hg with further increase at 100 mm Hg. In five experi-
ments, resting tone in wire-mounted rings subjected to
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Table 2

pD, values and maximal inhibitory responses to the highest concentration (1 .M) of nifedipine applied in 10 .M prostaglandin F, ,-contracted everted

coronary segments with and without endothelium

Data are expressed as means + S.E.M. of five left anterior descending coronary arteries from different animals.

Nifedipine (0.1 nM—1 p.M) Bradykinin (0.3 M)
pD, % Maximal inhibition % Maximal relaxation
Cylindrical segment isobaric endothelium (+) 6.90 + 0.12 67+2 102 + 4% 2
endothelium (—) 6.96 + 0.15 68+ 3 1+1
isometric endothelium (+) 7.70 + 0.11* P 73+3 100 + 5% 2
endothelium (—) 7.78 + 0.09* b 75+3 3+1
Ring isometric endothelium (+) 7.53 4+ 0.11* P 70+2 93+ 4% 2
endothelium (—) 7.60 + 0.10% P 71+3 2+1

*p < 0.05, significantly different.

#Versus corresponding endothelium (—) preparation (unpaired t-test).

®Versus corresponding isobaric value (one-way ANOVA followed by Newman—Keuls' test).

resting tensions of 10, 20 and 30 mN could not be
revealed. Fig. 4 shows the effect of Ca?* removal and 0.3
M nifedipine on a porcine coronary artery when studied
as a cylindrical segment at 100 mm Hg or as a wire-
mounted ring a 30 mN. Fig. 5a shows the magnitude of
the spontaneous tone in cylindrical segments at 20, 60 and
100 mm Hg. The corresponding vessel dimensions and
resting tensions are indicated in Table 3.

The spontaneous resting tone at 60 mm Hg was signifi-
cantly more prominent in cylindrical segments mounted at
1.2 L, compared to L, (Fig. 5b). Resting circumferential
tension at 60 mm Hg in segments mounted at L, (16 + 1
Nm* n=10and 1.2 L, (15+ 1N m™*; n=10) were
not different.

3.4. Vascular sensitivity to extracellular Ca?* at different
resting tensions

Concentration—response curves for Ca2* (0.05-4 mM)
exhibited significant leftward shifts with increasing resting
tension in the vessel wall (Fig. 6a, Table 2). The pD,
value obtained at 60 mm Hg (3.95 + 0.03, n=10) was

1007 —@—ring (im)
71 - cylindrical (im)
4 —@—cylindrical (ib)

% of maximum response

45 40 35 30 25 -20
Log [calcium] (M)

Fig. 3. Concentration—response relationship for C&2™ in the presence of
25mM K™ studied in wire-mounted rings (im, isometric) and in cylindri-
cal segments (im, isometric; ib, isobaric) from the same coronary artery.
Data are expressed as means+SE.M of five coronary arteries from
different animals.

significantly higher compared to that obtained at 20 mm
Hg (3.68 + 0.03, n= 10, p < 0.05, one-way ANOVA fol-
lowed by Newman—Keuls' test). The pD, value obtained
a 100 mm Hg (4.18 + 0.03, n=10) was significantly
higher than those obtained a 20 mm Hg (3.68 + 0.03,
n = 10) and 60 mm Hg (3.95 + 0.03, n = 10), respectively
(p<0.05 oneway ANOVA followed by Newman-Ke-
uls' test). Active tensions induced by cumulatively added
Ca?* were smaller at 20 mm Hg (22+ 2N m™%, n=10)
compared to at 100 mm Hg (32+3 N m™1, n=10,

(a)
120
Ca?-free
1 P S S O::h;f.lM
a 00 PSS
T 80
E
~ 60
g Cylindrical segment
» 40
o
o 20
0-
10 min
(b)
60
~~
=
= 45
8 Ca?*-free 0.3 uM
'5 PSI:S P§S Nllf
W2 30 o e e e
L
=
g 15 Wire-mounted ring
o
£
0 .
10 min

Fig. 4. Origina trace recordings showing the effect of remova of
extracellular Ca2* and 0.3 wM nifedipine (Nif) on the resting tone of a
porcine coronary artery when studied in a cylindrical segment (a) and a
wire-mounted ring (b).
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120 mmHg (Ca?*-free)
m— 20 mmHg (0.3 uM Nif)

£ 60 mmHg (Ca?*-free)
60 mmHg (0.3 LM Nif)

110 100 mmHg (Ca?*-free)
(a) D100 mmHg (0.3 M Nif) (b)

6
5 *
4 | -
| i
3 |
: '
1
T L 12

Fig. 5. (a) The effect of extracellular C&" remova and 0.3 wM
nifedipine (Nif) on the resting tone of porcine coronary arteries developed
at 20, 60 or 100 mm Hg. Corresponding inner radii and resting tensions
are indicated in Table 2. (b) The effect of extracellular Ce2* removal or
0.3 uM nifedipine (Nif) on the resting tone at 60 mm Hg in porcine
coronary arteries mounted either at L, or 1.2 L,. Data are expressed as
means+ SE.M of eight to ten coronary arteries from different pigs.
(*p < 0.05, two-way ANOVA). (a) Compared to corresponding type of
experiments a 20 mm Hg, (b) compared to corresponding type of
experiments at 60 mm Hg.
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p < 0.05, one-way ANOVA followed by Newman—Keuls
test). Active tension induced by Ca®* a 60 mm Hg
(28 + 3N m™%, n=10) was not different from those at 20
and 100 mm Hg.

Vascular sensitivity to extracellular Ca2* was enhanced
a 60 mm Hg when studied in cylindrical coronary seg-
ments mounted at 1.2 L, compared to L, (Fig. 6b). Thus,
the pD, for Ca?* in cylindrical segments studied at 1.2 L,
and L, were 4.12 + 0.04 (n=10) and 3.95+ 0.03 (n=
10), respectively (p < 0.05, unpaired t-test). Circumferen-
tial resting tension in segments mounted at L, (15+ 1 N
m% n=10) and 1.2 L, (14+ 1 N m™*; n=10) were
not different. Axia stretch of 20% did not influence the
maximal contractile responses of coronary segments to

Table 3

Inner radius and resting tension in cylindrical segments from porcine
coronary arteries at different transmural pressures

Resting tension was calculated as T = Pr;, where P is the transmural
pressure and r; under the assumptions related to Laplace’s law for
cylindrical segments. Results shown in the table correspond to Fig. 4a (1)
and Fig. 6a (I1). Data are expressed as means+SEM. (p<0.05,
one-way ANOVA followed by Newman—Keuls' test).

n Inner radius Resting wall tension
(mm) (Nm™1)
I (mm Hg)
20 8 17401 5+1
60 8 2.04+0.12 16+12
100 8 2.1+0.12 28+1®
11
20 10 1.6+0.1 4+1
60 10 2.04+0.12 16+12
100 10 2.1+0.12 27+2%®

&Compared to corresponding value obtained at 20 mm Hg.
bCompared to corresponding value obtained at 60 mm Hg.
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Fig. 6. (a) Vascular sensitivity to extracellular Ca®* studied in cylindrical
coronary segments mounted at in situ axia length (L,) and subjected to
20 (n=10), 60 (n=10), or 100 mm Hg (n=10). Concentration—re-
sponse curves were constructed under isometric conditions in the pres-
ence of 125 mM K*. Corresponding inner radii and resting tensions are
indicated in Table 2. (b) Vascular sensitivity to extracellular C&2* in
cylindrical coronary segments mounted either at L, or 1.2 L, axia
length and subjected to 60 mm Hg. Data shown are means+ S.E.M of 10
coronary arteries from different animals.

Ca" (Lyp: 2942 N m*; n=10vs 12 Ly 26+ 2N
m~*; n=10).

4. Discussion

Our results suggest that preactivation, wall tension as
well as geometry of the preparation influence the activity
of voltage-gated Ca?* channels on vascular smooth mus-
cle cels, thereby modulating the sensitivity of porcine
coronary arteries to both nifedipine and extracellular Ca2*.
Furthermore, axial wall tension present in cylindrical but
not in ring preparations seems to be an important regul ator
of nifedipine-insensitive transmembrane Ca2*-influx that
may play a role for the tone and the vascular reactivity in
large coronary arteries.

4.1. The influence of preactivation

The observed partial inhibition of prostaglandin F, -in-
duced contractions by high concentrations of L-type volt-
age-gated Ca?* channel blocker indicates that the contrac-
tile action of prostaglandin F,,, in porcine coronary arteries
involves mechanisms other than the activation of voltage-
gated Ca?* channels. Previous investigations have indi-
cated that the action of prostaglandin F,, is mediated
predominantly by the release of Ca?* from intracellular
stores (Uski and Andersson, 1984) and Ca®*-sensitization
via protein kinase C (Kurata et al., 1993). In contrast, the
effect of increasing the extracellular K* concentration is
mediated by Ca?*-influx via voltage-gated Ca?" channels
secondary to membrane depolarization (Somlyo and Som-
lyo, 1994). In addition to differences in transmembrane
Ca?*-influx via voltage-gated Ca?* channels, the binding
affinity for dihydropyridine-type Ca?* antagonists has been
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shown to be enhanced by membrane depolarization (Morel
and Godfraind, 1987). The latter is more pronounced in
prostaglandin F,, compared to K™*-contracted arteries
(Turner and Kozlowski, 1997). Therefore, the enhanced
vascular sensitivity and the larger maximal inhibitory re-
sponses to nifedipine seen in K* compared to prosta-
glandin F,_-contracted preparations can be ascribed to the
more pronounced membrane depolarization and concomi-
tant activation of voltage-gated Ca?* channels in K*-
activated preparations.

To avoid alteration of the release or action of endothe-
lium-derived relaxing factors by K™ depolarization
(Kilpatrick and Cocks, 1994), the role of the endothelial
cell layer in the determination of vascular sensitivity to
nifedipine was investigated in prostaglandin F, -contracted
everted preparations. However, there are no L-type volt-
age-gated Ca?" channels on vascular endothelial cells
(Adams, 1994), and in the present study, we also found
that the inhibitory effect of nifedipine was endothelium-in-
dependent.

Contractile responses induced by 25 mM K* showed a
longer duration under isobaric compared to isometric con-
ditions (Fig. 1). Membrane depolarization increases the
affinity of voltage-gated Ca2* channels to dihydro-
pyridine-type Ca?* antagonists in a time-dependent man-
ner (Morel and Godfraind, 1987). Therefore, differencesin
the time-course of precontractile responses induced by
partial depolarization could play a role for the differences
in vascular sensitivity to nifedipine. However, if time
effects had played a mgjor role, vascular sensitivity to
nifedipine should have been reduced under isometric com-
pared to isobaric conditions, rather than enhanced as in the
present study. In addition, the enhanced sensitivity of
isometric preparations to nifedipine was also found in
prostaglandin F, -contracted segments, where there were
no differences in the duration of precontractile responses.
Thus, these observations suggest that differences in the
time-course of K*-induced precontractile responses in
themselves cannot explain the differences in vascular sen-
sitivity to nifedipine under isometric and isobaric condi-
tions.

4.2. The influence of equilibrium wall tension

It has been suggested that wall tension influence the
function of L-type voltage-gated Ca?* channels in vascu-
lar smooth muscle (Schubert and Mulvany, 1999). In the
present study, aa 60 mm Hg, the vascular sensitivity to
nifedipine as well as to Ca®" was enhanced both in K*
and prostaglandin F,, when studied under isometric com-
pared to isobaric conditions. Furthermore, an increase in
resting wall tension increased the extracellular Ca?*-de-
pendent spontaneous resting tone as well as the vascular
sensitivity to extracellular Ca?*. These results suggest that
differences in vascular sensitivity to nifedipine and extra-
cellular Ca?* under isobaric and isometric conditions can

be explained by opposing changes of circumferential wall
tension accompanying the vascular responses.

Mechanical stimuli were proposed to be involved in the
regulation of the release of various endothelium-derived
relaxant and contractile factors that may modulate vascular
reactivity and sensitivity (Rubanyi et al., 1990). Our com-
parative investigations on everted coronary segments with
and without endothelium indicated that differences in vas-
cular sensitivity to cumulatively administered nifedipine
under isometric and isobaric conditions were independent
of the presence of endothelium. Thus, these results suggest
that changes in circumferential wall tension affects the
opening of L-type voltage-gated Ca?* channels in the
vascular smooth muscle cells.

4.3. The influence of vessel geometry

When the vascular sensitivity to nifedipine was com-
pared in 25 mM K*-contracted isometric preparations,
wire-mounted rings were more sensitive to the inhibitory
effect of the L-type voltage-gated Ca?* channel blocker
than cylindrical segments. In agreement with previous
findings (Tanko et al., 1998a,b), the contractile response of
coronary arteriesto 25 mM K* was significantly larger in
cylindrical segments compared to wire-mounted rings.
Moreover, the vascular sensitivity to extracellular Ca2*
under the same experimental conditions was enhanced in
cylindrical compared to ring preparations. Previous investi-
gations have emphasized that the level of agonist-induced
tone in the preparation is an important determinant of
vascular sensitivity to a given relaxant agent (John et al.,
1992). Accordingly, the decreased sensitivity to nifedipine
in cylindrical compared to ring preparations could be
ascribed to alarger transmembrane Ca2*-influx in cylindri-
cal segments.

Previous studies have indicated that geometry and
thereby wall tension distribution is qualitatively different
in wiremounted rings and pressurized cylindrical seg-
ments (Dobrin, 1978; Cox, 1983; Lew and Angus, 1992;
Falloon et al., 1995). While distending pressure acts in all
directions, including axialy, the axia length of aring is
independent of the distension applied by the uniaxialy
loading wires. Thus, these observations emphasize that
wall tension in wire-mounted rings, in contrast to pressur-
ized cylindrical segments, does not have an axial compo-
nent.

The enhanced membrane excitability to depolarizing
agents and the more prominent contractions to extracellu-
lar Ca?* observed in cylindrical segments compared to
wire-mounted rings could be due to differences in axia
wall tension. An earlier study on small mesenteric arteries
demonstrated that even when subjected to equivalent cir-
cumferential wall tensions, the resting membrane potential
of vascular smooth muscle cells is significantly less nega-
tive in pressurized cylindrical segments compared to wire-
mounted rings (Schubert et a., 1996). The authors sug-
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gested that the differences in resting membrane potential
could be due to a greater axia tension in the vessel wall of
the pressurized cylindrical as compared to the ring prepara-
tions. This was also supported by the demonstration in the
rat saphenous vein in situ that axial stretch of the vesse
wall induces membrane depolarization resulting in an en-
hanced vascular sensitivity to contractile stimuli (Monos et
al., 1993). Furthermore, the present study, in agreement
with earlier findings by Garcia-Roldan et al. (1997) on
rabbit epicardia coronary arteries, demonstrates that the
extracellular Ca?*-dependent spontaneous tone is modu-
lated by the degree of axial extension in the vessel wall.
Therefore, the involvement of an axial stretch-induced
enhancement of membrane excitability and a consequent
increase in transmembrane Ca?" influxes may explain the
enhanced reactivity to depolarizing agents in cylindrical
segments compared to wire-mounted rings.

The vascular sensitivity was decreased to nifedipine but
increased to extracellular Ca?* in cylindrical segments as
compared to wire-mounted rings. This discrepancy could
be explained by the presence of transmembrane Ca®*-in-
fluxes involving pathways other than the L-type voltage-
gated Ca®" channels. In support of this, the vascular
sensitivity to Ca2* studied in the presence of 125 mM K *
increased with increasing resting circumferential or axial
tension. In high K™ solution, membrane potential of vascu-
lar smooth muscle cells is clamped and allow no modula
tion by stretch. Although a direct modulation of voltage-
gated Ca?" currents by stretch has been proposed in rat
cerebral arteries (McCarron et al., 1997), this mechanism
has not been confirmed in porcine coronary arteries (Davis
et d., 1992a). However, Davis et a. (1992a) have de-
scribed the existence of Ca?* currents resistant to blockers
of voltage-gated Ca?* channels (Davis et al., 1992ab).
Moreover, in a previous report from our laboratory (Frabert
et a., 1996), we found that a 20% increase in axial length
decreased the sensitivity of the porcine coronary artery to
nifedipine. This finding, together with results of the pre-
sent study suggest that 20% axial stretch enhances trans-
membrane Ca®*-influx through nifedipine-insensitive
channels. Therefore, the decreased sensitivity of cylindri-
cal segments to nifedipine as compared to wire-mounted
rings could also involve an increased activation of nifedip-
ine-insensitive Ca?* currents.

Pressure/ stretch-induced membrane depolarization and
consequent opening of voltage-gated Ca?* channels are
important determinants of the myogenic activity (Schubert
and Mulvany, 1999). While pressure-induced membrane
depolarization has been described in cylindrical prepara-
tions from various vascular beds, this phenomenon could
not be demonstrated when rings were stretched over wires
(Harder et a., 1983; Dunn et al., 1994). The extracellular
Ca?* and resting tension-dependent spontaneous tone of
porcine coronary arteries seen in cylindrical segments could
not be revealed when the vessels were studied as wire-
mounted rings. Several explanations such as the lack of

axial extension and radial compression as well as damage
occurring to smooth muscle when stretched over wires has
been proposed (Harder, 1984; Osol, 1995). Nifedipine-in-
sensitive stretch-activated cation channels are important
initiators of pressure/stretch-induced membrane-depolari-
zation (Davis et al., 1992a; Setoguchi et a., 1997; Take-
naka et al., 1998). Therefore, the lacking resting tone in
wire-mounted rings could be explained by a reduced acti-
vation of nifedipine-insensitive stretch-activated cation
channels in these preparations.

To provide direct experimental evidence for the appar-
ent involvement of nifedipine-insensitive stretch-activated
cation channels, a specific blocker of these channels is
needed (Cadwell et al., 1998). Gadolinium has been shown
to block these channels in the concentration range of
10-20 M (Yang and Sachs, 1989). However, single cell
studies on porcine coronary arteries have shown that
gadolinium completely blocks voltage-gated Ca®* chan-
nels already in the nanomolar range (Song et al., 1992) and
therefore cannot be applied as a specific blocker of
stretch-activated channels in porcine coronary arteries.

4.4. Conclusions

The results of the present study suggest that the vascu-
lar sensitivity of porcine coronary arteries to nifedipine
and extracellular Ca2* in vitro is influenced by preactiva-
tion, wall tension as well as the geometry of the prepara-
tion. Furthermore, axial wall tension present in cylindrical
but not in ring preparations seems to be an important
regulator of nifedipine-insensitive transmembrane Ca?*-in-
flux. The Ca?*-influx via the aforementioned channels
appears to be a prerequisite for the tone and a determinant
of vascular reactivity in large coronary arteries.

Acknowledgements

Dr. Dolores Prieto is gratefully acknowledged for con-
structive criticism, Ingelise Lorentzen is thanked for excel-
lent technical assistance, and the staff of Danish Crown in
Horsens for providing the experimental material. The study
was supported by the Faculty of Health Sciences and the
Research Foundation of the University of Aarhus.

References

Adams, D.J,, 1994. lonic channels in vascular endothelia cells. Trends
Cardiovasc. Med. 4, 18-26.

Bassenge, E., Heusch, G., 1990. Endothelial and neuro-humoral control
of coronary blood flow in health and disease. Rev. Physiol., Biochem.
Pharmacol. 63, 1-205.

Buus, N.H., VanBavel, E., Mulvany, M.J., 1994. Differences in sensitiv-
ity of rat mesenteric small arteries to agonists when studied as ring
preparations or as cannulated preparations. Br. J. Pharmacol. 112,
579-587.



312 L.B. Tanko et al. / European Journal of Pharmacology 387 (2000) 303—-312

Caldwell, R.A., Clemo, H.F., Baumgarten, C.M., 1998. Using gadolinium
to identify stretch-activated channels: technical considerations. Am. J.
Physiol. 275, C619-C621.

Cox, R.H., 1983. Comparison of arterial wall mechanics using ring and
cylindrical segments. Am. J. Physiol. 244, H298—H303.

Davis, M.J,, Donovitz, JA., Hood, J.D., 1992a. Stretch-activated single
channel and whole cell currents in vascular smooth cells. Am. J.
Physiol. 262, C1083-C1088.

Davis, M.J,, Meininger, G.A., Zawiga, D.C., 1992b. Stretch-induced
increases in intracellular calcium of isolated vascular smooth muscle
cells. Am. J. Physiol. 263, H1292—H1299.

Dobrin, P.D., 1978. Mechanical properties of arteries. Physiol. Rev. 58,
397-460.

Dunn, W.R., Welmann, G.C., Bevan, JA., 1994. Enhanced resistance
artery sensitivity to agonists under isobaric compared with isometric
conditions. Am. J. Physiol. 266, H147—H155.

Falloon, B.J., Stephens, N., Tulip, J.R., Heagerthy, A.M., 1995. Compari-
son of small artery sensitivity and morphology in pressurized and
wire-mounted preparations. Am. J. Physiol. 268, H670—H680.

Frabert, O., Mikkelsen, E.O., Bagger, J.P., Nyborg, N.C.B., Gregersen,
H., 1996. Porcine coronary artery pharmacodynamics in vitro evalu-
ated by a new intravascular technique: relation to axia stretch. J.
Pharmacol. Toxicol. Methods 36, 13—19.

Garcia-Roldan, J.L., Alonso, M.J.,, Marin, J.,, 1997. Pressure modulates
the reactivity of isolated rabbit epicardia arteries. J. Auton. Pharma-
col. 17, 311-317.

Gregersen, H., Stedkilde-Jergensen, C.S., Djurhuus, J.C., Mortensen,
S.0., 1988. The four-electrode impedance technique: a method for
investigation of compliance in luminal organs. Clin. Phys. Physiol.
Meas. 9 (Suppl. A), 61-64.

Halpern, W., Kelley, M., 1991. In vitro methodology for resistance
arteries. Blood Vessels 28, 245—-251.

Harder, D.R., 1984. Pressure-dependent membrane-depolarization in cat
middle cerebral artery. Circ. Res. 55, 197-202.

Harder, D.R., Brann, L., Halpern, W., 1983. Altered membrane electrical
properties of smooth muscle cells from small cerebral arteries of
hypertensive rats. Blood Vessels 20, 1238—-1242.

Harris, JH., Therkelsen, E.E., Zinner, N.R., 1971. Electrica measure-
ments of ureteral flow. In: Boyarsky, S., Tanagho, E.A., Gottschalk,
C.W., Zimskind, P.D. (Eds.), Urodynamics. Academic Press, London,
pp. 465-472.

Hellstrom, H.R., 1979. Coronary artery vasospasm: the likely immediate
cause of acute myocardia infarction. Br. Heart J. 41, 426—432.

Herlihy, J.T., Berardo, P.V., 1986. Effect of preload on rat aortic smooth
muscle sensitivity to vasoactive agents. Pharmacology 33, 39—45.

John, G.W., Degeorge, F., Massingham, R., 1992. Acetylcholine-induced
relaxation of the rabbit aorta is preload-independent but markedly
dependent on the degree of excitatory agonist-induced tone. J. Auton.
Pharmacol. 12, 253-261.

Johnson, P.C., 1980. The myogenic response. In: Bohr, D.F., Somlyo,
A.P., Sparks, V.H. Jr. (Eds.), Handbook of Physiology: The Cardio-
vascular System Vol. || The American Physiology Society, Bethesda,
Ch. 15.

Kilpatrick, E.V., Cocks, T.M., 1994. Evidence for differential roles of
nitric oxide (NO) and hyperpolarization in endothelium-dependent
relaxation of pig isolated coronary artery. Br. J. Pharmacol. 112,
557-565.

Kurata, R., Takayanagi, |., Hisayama, T., 1993. Eicosanoid-induced
Ca" release and sustained contraction in Ca2*-free media are medi-
ated by different signal transduction pathways in rat aorta. Br. J.
Pharmacol. 110, 875-881.

Lew, M.J.,, Angus, JA., 1992. Wall-thickness to lumen diameter ratios of
arteries from SHR and WKY: comparison of pressurized and wire-
mounted preparations. J. Vasc. Res. 29, 435-442.

Liu, J., Hill, M.A., Meininger, G.A., 1994. Mechanisms of myogenic
enhancement by norepinephrine. Am. J. Physiol. 266, H440—-H446.

McCarron, J.G., Crichton, C.A., Langton, P.D., MacKenzie, A., Smith,
G.L., 1997. Myogenic contraction by modulation of voltage-depen-
dent calcium currents in isolated rat cerebral arteries. J. Physiol.
(London) 498, 371-379.

Mikkelsen, E.O., Lederballe Pedersen, O., 1982. Comparison of the effect
of a new vasodilator pinacidil and nifedipine on isolated blood
vessels. Acta Pharmacol. Toxicol. 51, 407—412.

Monos, E., Contney, S.J., Dornyei, G., 1993. Hyperpolarization of in situ
rat saphenous vein in response to axial stretch. Am. J. Physiol. 265,
H857-H861.

Morel, N., Godfraind, T., 1987. Prolonged depolarization increases the
pharmacological effect of dihydropyridines and their binding affinity
for calcium channels of vascular smooth muscle. J. Pharmacol. Exp.
Ther. 243, 711-715.

Osol, G., 1995. Mechanotransduction by vascular smooth muscle. J.
Vast. Res. 32, 275-292.

Price, JM., Davis, D.L., Knauss, E.B., 1981. Distension-dependent sensi-
tivity in vascular smooth muscle. Am. J. Physiol. 241, H557—H563.

Rubanyi, G.M., Freay, A.D., Kauser, K., Johns, A., Harder, D.R., 1990.
Mechanoreception by the endothelium: mediators and mechanisms of
pressure and flow-induced responses. Blood Vessels 27, 246—-257.

Schubert, R., Mulvany, M.J., 1999. The myogenic response: established
facts and attractive hypotheses. Clin. Sci. 96, 313-326.

Schubert, R., Wasselman, J.P., Nilsson, H., Mulvany, M.J., 1996. Nora-
drenaline-induced depolarization is smaller in isobaric compared to
isometric preparations of rat mesenteric small arteries. Pfluegers
Arch. 431, 794-796.

Setoguchi, M., Ohya, Y., Abe, |., Fujishima, M., 1997. Stretch-activated
whole-cell currents in smooth muscle cells from mesenteric resistance
artery of guinea pig. J. Physiol. (London) 501, 343-353.

Somlyo, A.P., Somlyo, A.V., 1994. Signal transduction and regulation in
smooth muscle. Nature 372, 231-236.

Song, J.B., Hood, J.D., Davis, M.J,, 1992. Gadolinium blocks calcium
channels in coronary artery smooth muscle cells. Biophys. J. 61,
Ab15.

Takenaka, T., Suzuki, H., Okada, H., Hayashi, K., Kanno, Y., Saruta, T.,
1998. Mechanosensitive cation channels mediate afferent arteriolar
myogenic constriction in the rat kidney. J. Physiol. (London) 511,
245-253.

Tanko, L.B., Mikkelsen, E.O., Frghert, O., Bagger, J.P., 1998a. Regiona
differences in the vasorelaxant effects of nicorandil and amlodipine
on isolated porcine coronary arteries. Fundam. Clin. Pharmacol. 12,
50-57.

Tanko, L.B., Mikkelsen, E.O., Frabert, O., Bagger, J.P., Gregersen, H.,
1998b. A new method for combined isometric and isobaric studies on
porcine coronary arteries. Clin. Exp. Pharmacol. Physiol. 25, 919-927.

Tanko, L.B., Mikkelsen, E.O., Simonsen, U., 1999. A new experimental
approach to endothelium-dependent pharmacological investigations
on isolated porcine coronary arteries mounted for impedance planime-
try. Br. J. Pharmacol. 128, 165-173.

Turner, JL., Kozlowski, R.Z., 1997. Relationship between membrane
potential, delayed rectifier K* currents and hypoxia in rat pulmonary
arterial myocytes. Exp. Physiol. 82, 629-645.

Uski, T.K., Andersson, K.E., 1984. Effects of prostanoids on isolated
feline cerebral arteries: I1. Roles of extra- and intracellular calcium for
the prostaglandin F, alpha-induced contraction. Acta Physiol. Scand.
120, 197-205.

Yang, X.C., Sachs, F., 1989. Block of stretch-activated ion channels in
Xenopus oocytes by gadolinium and calcium ions. Science 243,
1068-1071.

Van Bavel, E., Mulvany, M.J, 1994. Role of wall tension in the
vasoconstrictor response of cannulated rat mesenteric small arteries. J.
Physiol. (London) 477, 103—115.

Velican, D., 1980. Coronary vasospasm as a pathogenetic mechanism of
coronary heart disease. Med. Interne 18, 25—-43.



