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1 Experimental hypertension is associated with several functional alterations of vascular
endothelium and smooth muscle, but relatively few studies have examined the control of arterial
tone in isolated vascular preparations from patients with essential hypertension. Therefore, we
compared functional characteristics in vitro of distal ring segments of the mesenteric artery from 17
hypertensive and 22 normotensive humans.

2 Arterial constrictor responses induced by cumulative addition of Ca®" in the presence of
noradrenaline (NA) were more effectively inhibited by the Ca®" entry blocker nifedipine (0.5 nM) in
hypertensive than normotensive subjects (by 55.4+4.9, n=17 and 35.0+5.2%, n=22, respectively).
Also the contractions elicited by high concentrations of KCl were more effectively inhibited by
nifedipine in arterial rings from hypertensive than normotensive patients (by 38.9+3.7, n=17 and
20.2+4.6%, n=22, respectively). However, the concentration-response curves of contractions to
NA, serotonin and KCI in the absence of nifedipine were similar between the study groups.

3 The concentration-response curves of endothelium-dependent relaxations to acetylcholine and
Ca** ionophore A23187, as well as of endothelium-independent relaxations to the nitric oxide donor
nitroprusside, B-adrenoceptor agonist isoprenaline and K™ channel opener cromakalim did not
show any differences between the groups. Moreover, the nitric oxide synthase inhibitor N¢-nitro-L-
arginine methyl ester (0.1 mM) almost abolished the relaxations to acetylcholine and Ca** ionophore
in both groups, indicating that these responses were largely mediated by nitric oxide. The function of
arterial sodium pump was evaluated by relaxations elicited by the return of K* upon contractions
induced by K™-free solution. The rate of K™-relaxation was similar in hypertensive and
normotensive arteries (for all these responses n=20-22 in the normotensive and 15—17 in the
hypertensive group).

4 These results suggest abnormal function of voltage-dependent Ca®* channels in arterial smooth
muscle of hypertensive patients, whereas vascular responses to endothelium-dependent and
-independent vasodilators and classical contractile agents were similar between hypertensive and
normotensive subjects. The present findings support the view that blockade of voltage-dependent

Ca?* channels is an effective means of reducing arterial tone in essential hypertension.

Keywords: Arterial smooth muscle; endothelium; essential hypertension; nifedipine; nitric oxide
Abbreviations: ACE, angiotensin converting enzyme; ACh, acetylcholine; ANOVA, one-way analysis of variance; BMI, body
mass index; EDCF, endothelium-derived contractile factor; EDHF, endothelium-derived hyperpolarizing factor;
5-HT, serotonin; Katp, ATP-sensitive K* channel; K¢,, Ca®>*-activated K™ channel; NA, noradrenaline; L-
NAME, NS-nitro-L-arginine methyl ester; NO, nitric oxide; pD,, concentration of agonist producing 50% of
maximal response; PGI,, prostacyclin; PSS, physiological salt solution
Introduction

Vascular endothelium plays an important role in the regulation
of arterial tone via the production of powerful vasoactive
mediators which include nitric oxide (NO), prostacyclin (PGI,)
and the endothelium-derived hyperpolarizing and contractile
factors (EDHF and EDCEF, respectively) (Cohen & Vanhoutte,
1995; Moncada et al., 1991; Liischer & Vanhoutte, 1986). Both
essential and experimental hypertension have been shown to be
associated with alterations of endothelial function, which may
contribute to the increased arterial resistance characteristic of
hypertensive states (Moncada et al., 1991; Liischer, 1992;
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Panza et al., 1990; Linder et al., 1990; Zeiher et al., 1993; Watts
et al., 1996). However, the responses of arterial smooth muscle
to vasoconstrictor agents as well as to endothelium-
independent relaxants have usually been found to remain
unchanged in hypertensive humans (Falloon & Heagerty,
1994; Cockceroft et al., 1994).

Endothelial function in humans has mainly been
evaluated by the use of non-invasive and invasive in vivo
techniques, the most widely used methods including the
measurement of flow-induced changes in brachial artery
diameter by ultrasound (Celermajer et al., 1994; Taddei et
al., 1995), infusion of vasoactive agonists to the brachial
artery and measurement of changes in flow by plethysmo-
graphy (Panza et al., 1990; Linder et al., 1990; Taddei et al.,
1995), and infusion of agonists into the coronary arteries
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during coronary angiography (Zeiher et al., 1993). When
compared with the in vitro studies, a shortcoming of the
experiments in vivo is the limited number of possible
pharmacological compounds when investigating the control
of arterial tone. Moreover, if functional alterations are
observed in vivo, it is often difficult to define whether the
changes are located in the endothelium or arterial smooth
muscle.

In spite of the intensive research in the field, only
relatively few studies have examined in detail the function
of the endothelium and arterial smooth muscle in essential

Table 1 Characteristics of study population

Normotensive ~ Hypertensive
Patients 22 17
Male 14 11
Female 8 6
Age (years) 57.3+3.6 62.6+2.9
Weight (kg) 71.9+3.6 70.2+2.9
Height (cm) 171.6+2.7 173.5+2.9
Body mass index (kg/m?) 24.24+0.9 23.44+0.9
Arterial pressure (mmHg)
systolic 12942 156 +4*
diastolic 78+2 924 2%
Hypertension history (years) 0 15.74+2.2*
Impaired glucose tolerance 0 6*
Coronary heart disease 4 2
Family history
coronary heart disease 2 2
diabetes mellitus 0 1
high cholesterol 0 0
Smoking
no 11 9
yes 9 5
previous 2 3
smoking history (years) 15.5+4.7 14.7+4.8

Values are mean +s.e.mean. *P<0.05 (Bonferroni test).

Table 2 Medication and laboratory findings of study
population

Normotensive  Hypertensive
Medication
B-blockers 4 8*
non-selective 1 1
selective 3 7
Acetylsalicyclic acid 3 4
Nitro compounds 5 2
Diuretics 0 4%
ACE-inhibitors 0 4%
Ca-blockers 1 1
Statins 0 1
Fibrates 0 0
Laboratory results
Haemoglobin 122+4 122+4
(g 17'; postoperative value)
Plasma potassium (mmol 17 1) 4.0+0.1 4.14+0.1
Plasma sodium (mmol l*l) 14140.5 1404+0.8
Calcium (mmol 171 2.30+0.06 2.3040.07
Creatinine (umol 171) 77+4 83+6
Total cholesterol (mmol 1*1) 5.840.6 6.3+0.4
HDL (mmol 171 1.240.2 1.440.2
Abnormal lipid profile
Cholesterol (>5.0 mmol 17") 5 7
Triglycerides (> 1.7 mmol 17 ") 0 1
Elevated cholesterol and 0 1

triglycerides

Values are mean+s.e.mean for laboratory results and
number of patients for medication and high lipids.
*P<0.05 (Bonferroni test).

hypertension. Therefore, the present study was designed to
compare for the first time functional characteristics of a
distal branch of the mesenteric artery (outer diameter 0.7—
0.9 mm) from hypertensive and normotensive humans.
Since only limited data is available concerning the roles
of different endothelium-derived mediators in the vascular
responses of humans, special attention was paid to the
evaluation of the roles of NO, PGI,, EDHF and EDCF in
the endothelium-mediated responses. The present findings
support the view of an abnormal function of voltage-
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Figure 1 Line graphs show the effect of organ bath Ca®"
concentration on 1 uM noradrenaline-induced contraction in isolated
endothelium-denuded mesenteric arterial rings from normotensive
and hypertensive subjects. Contractile responses to the addition of
Ca>" were induced in the absence and presence of 0.5 nM nifedipine.
Symbols indicate mean +s.e.mean, n=22 in the normotensive and 17
in the hypertensive group; *P<0.001, ANOVA for repeated
measurements.

Table 3 Parameters of contractile responses of isolated
mesenteric arterial rings

Normotensive  Hypertensive
Maximal force (g mg~' tissue)

Serotonin 1.854+0.22 2.024+0.23
with diclofenac 2.5140.26 2.2140.30
with diclofenac and L-NAME 2.404+0.24 2.4240.22

KCl 2.70+0.45 2.47+0.28
with nifedipine 2.30+0.34 1.53+0.15*
Cumulative addition of Ca®”"

(with noradrenaline as the
agonist)
without nifedipine 2.5340.27 2.564+0.33
with nifedipine 1.7440.21 1.124+0.12*
pD> (-log M)

Noradrenaline 6.294+0.05 6.204+0.09
with diclofenac 6.0840.05 6.11+0.08
with diclofenac and L-NAME  6.18 +0.07 6.08+0.05

Serotonin 6.21+0.06 6.04+0.06
with diclofenac 6.034+0.04 6.164+0.06
with diclofenac and L-NAME  6.144+0.04 6.034+0.07

KCl 1.544-0.03 1.5440.03

Values are mean+s.e.mean, n=20-22 in the normotensive
group and 15—17 in the hypertensive group. L-NAME, N¢-
nitro-L-arginine methyl ester. Concentrations: diclofenac
3 uM, L-NAME 0.1 mMm, nifedipine 0.5 nM. ECs, values are
presented as the negative logarithm (pD;) of concentration
of the agonist. *P<0.05 (Bonferroni test).
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dependent Ca®" channels in arterial smooth muscle of
hypertensive patients, whereas no changes were observed in
the vascular responses induced by endothelium-dependent
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Figure 2 Concentration-response curves of endothelium-intact
mesenteric arterial rings to noradrenaline in normotensive and
hypertensive subjects. The responses were induced in the absence
(top panel) and presence (middle panel) of 3 um diclofenac, and with
diclofenac and 0.1 mM NC-nitro-L-arginine methyl ester (L-NAME)
(bottom panel). Symbols indicate mean+s.e.mean, n=20-22 in the
normotensive and 15—17 in the hypertensive group.

and -independent vasodilators and classical vasoconstrictor
agents between the hypertensive and normotensive subjects.

Methods

Study population

Thirty-nine subjects aged 34—80 years (59.6+2.4 years) were
included in the present study. Seventeen subjects had a well
established history of chronically elevated blood pressure
(>160/95 mmHg before the introduction of antihypertensive
medication; duration 15.7+2.2 years). The 22 normotensive
control subjects did not differ in age, sex, body mass index
(BMI) or laboratory findings when compared with the
hypertensive group. The notable differences in the medication
between the normotensive and hypertensive groups were as
follows: f-adrenoceptor blockers (4 vs 8 users, respectively),
angiotensin converting enzyme (ACE) inhibitors (0 vs 4 users),
and diuretics (0 vs 4 users). The patient data is given in Tables
1 and 2. All patients were undergoing elective abdominal
surgery, during which sections of the distal branch of the
superior mesenteric artery (outer diameter 0.7—0.9 mm), just
adjacent to the adventitial side of the small intestine, were
removed. During the abdominal operations these sections of
the mesenteric artery could be obtained because the vessel
sample site was removed during intestinal resection or
reconstruction. Twenty-one of the patients were operated
because of malignant tumours which at the time of the
operation did not show significant metastatic spread to the
other organs (pancreatic, cholangionic, gastric, colonic, and
urinary bladder carcinomas). The rest of the patients were
operated because of benign tumours and other non-malignant
conditions within the abdominal cavity. The experimental
design of the human studies was approved by the Ethical
Committee of the Tampere University Hospital and it
conformed with the guidelines of the declaration of Helsinki.
All patients gave their informed consent to participate in the
study.

Mesenteric arterial responses in vitro

Seven segments (2 mm in length) of a distal section of the
mesenteric artery of each subject were cut. In five rings the

Table 4 Parameters of relaxation responses of isolated
mesenteric arterial rings

Normotensive Hypertensive

pD; (-log M)
Acetylcholine 6.474+0.28  6.32+0.25
Calcium ionophore A23187 8.154+0.21 8.3240.13
Cromakalim 6.2840.07 6.26+0.06
Isoprenaline 4.80+0.13 4.8940.19
Nitroprusside 6.794+0.20  6.81+0.13

Maximal relaxation (% of 1 um

noradrenaline-induced precontraction)
Acetylcholine 61+8 56+6
Calcium ionophore A23187 8345 8842
Cromakalim 9242 88+2
Isoprenaline 60+5 64+5
Nitroprusside 87+3 86+3

Values are mean+s.e.mean, n=20-22 in normotensive
group and 15-17 in hypertensive group. ICsy values are
presented as the negative logarithm (pD,) of concentration
of the agonist. No significant differences between the study
groups were noticed.
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endothelium was left intact, and from two preparations the
vascular endothelium was removed by gently rubbing with a
jagged injection needle (Arvola et al., 1992). The rings were
placed between stainless steel hooks (diameter 0.20 mm) and
suspended in an organ bath chamber (volume 20 ml) in
physiological salt solution (PSS; pH 7.4) of the following
composition (mM): NaCl 119.0, NaHCO; 25.0, glucose 11.1,
CaCl, 1.6, KCl 4.7, KH,PO, 1.2, MgSO, 1.2, and
oxygenated with 95% O, and 5% CO,. The rings were
initially equilibrated for 2—3 h at +37°C with a resting
force of 1.5 g. In pilot experiments with mesenteric arterial
rings from ten patients, these preparations were found to
maximally respond to contractile agonists if the preload was
adjusted to 1.5 g (resting preloads between 0.5 g and 4 g
were tested). The force of contraction was measured with an
isometric force-displacement transducer and registered on a
polygraph (FT 03 transducer and Model 7 E Polygraph;
Grass Instrument Co., Quincy, MA., U.S.A.). The presence
of functionally intact endothelium in vascular preparations
was confirmed by observing a clear relaxation to 1 uM
acetylcholine (ACh) in rings precontracted with 1 uM
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noradrenaline (NA), and the absence of endothelium by the
lack of this response.

Arterial smooth muscle sensitivity to Ca’” entry
blockade by nifedipine

Ca’" was omitted from the buffer solution, and endothelium-
denuded rings were repeatedly contracted with 10 uMm NA to
empty the cellular Ca?" stores (Kihonen et al., 1994). The
rings were challenged again with 10 um NA in Ca®"-free
buffer, and Ca®* was returned to the organ bath in increasing
concentrations (0.05—2.5 mM). The subsequent contraction
was registered. The procedure was repeated 30 min later in the
presence of the dihydropyridine Ca®* entry blocker nifedipine
(0.5 nm).

Arterial contractions to NA and serotonin (5-HT)
Concentration-response curves for NA, and 30 min later for 5-

HT, were cumulatively determined in endothelium-intact rings.
Then the responses to NA and 5-HT were repeated in the
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Figure 3 Relaxations to nitroprusside, isoprenaline and cromakalim in 1 uM noradrenaline-precontracted endothelium-denuded
mesenteric arterial rings from normotensive and hypertensive subjects. The relaxations to the readdition of 1 mm K™ were elicited
after precontraction with K -free buffer solution in the absence and presence of 1 mM ouabain. Symbols indicate mean +s.e.mean,
n=20-22 in the normotensive and 15—-17 in the hypertensive group.
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presence of diclofenac (3 uM), and in the presence of diclofenac
and NS-nitro-L-arginine methyl ester (L-NAME; 0.1 mM). A
30 min stabilization period was allowed between each trial.

Endothelium-independent relaxation and contraction to
KCl

The relaxation responses of endothelium-denuded prepara-
tions to the NO-donor nitroprusside, non-selective f-
adrenoceptor agonist isoprenaline, and ATP-sensitive K"
channel (Karp) opener cromakalim were determined with a
30 min stabilization period between each trial. The relaxations
were elicited after full precontraction with NA (1 uMm), which
resulted in approximately 50% of the maximal contractile
response attained in the two groups. The next concentration of
relaxing compound was added only after the previous level of
relaxation was stable. After 30 min, the concentration-
response curve for KCl was cumulatively determined. In
solutions containing high concentrations of K™ (20— 125 mm),
NaCl was replaced with KCl on an equimolar basis.

Potassium-free medium-induced contraction and
potassium relaxation

After 30 min the endothelium-denuded preparation was
contracted with 125 mM KCI (reference response). Thereafter
the rings were exposed to K -free buffer solution (pH 7.4),
which was prepared by substituting KH,PO, and KCI of
normal PSS with NaH,PO, and NaCl, respectively, on an
equimolar basis. The omission of K* induced gradual
contractions in all vascular rings. Once the contraction had
reached a plateau, | mM K™ was re-added and the subsequent
relaxation reflecting the activity of smooth muscle Na™, K-
ATPase was registered (Arvola et al., 1992). Then 30 min later
the contractions induced by K™ -free buffer solution and
relaxations to K repletion were repeated in the presence of
1 mM ouabain.

Relaxations to acetylcholine (ACh) and Ca®* ionophore
A23187 after precontraction with NA

Responses to these endothelium-mediated vasodilators were
examined in endothelium-intact arterial rings precontracted
with NA (1 um). The responses to ACh and Ca>* ionophore
A23187 were also elicited in the presence of diclofenac (3 um),
in the presence of diclofenac and L-NAME (0.1 mM), and in
the presence of diclofenac, L-NAME and apamin (1 uMm;
inhibitors of cyclo-oxygenase, NO synthase, and small
conductance Ca®*-activated K* channels (K,), respectively)
with a 30 min stabilization period between each trial.

Analysis of results

The contractile responses were expressed in grams and related
to tissue dry weight, and the ECs, values for NA and 5-HT in
each ring were calculated as percentage of maximal response.
The relaxations in response to ACh, Ca*>* ionophore A23187,
cromakalim, isoprenaline and nitroprusside were presented as
percentage of pre-existing contractile force. The ICs, values for
the relaxants were calculated as percentages of 1 uM NA-
induced precontraction, and they were analysed with a
computer programme and presented as the negative logarithm
(pD»), which values were also used in the statistics.

Statistical analysis was carried out by one-way analysis of
variance (ANOVA) supported by the Bonferroni test when
carrying out pairwise comparisons between the test groups.

When appropriate, ANOVA for repeated measurements was
applied for data consisting of repeated observations at
successive time points. All results are expressed as means with
s.e. mean, and differences were considered significant when
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Figure 4 Relaxations to calcium ionophore A23187 in isolated
endothelium-intact mesenteric arterial rings from normotensive and
hypertensive subjects. The relaxations were induced after precontrac-
tion with 1 uM noradrenaline in the absence and presence of 3 um
diclofenac; and in the presence of diclofenac and 0.1 mm NS-nitro-L-
arginine methyl ester (L-NAME). Symbols indicate mean +s.e.mean,
n=20-22 in the normotensive and 15—17 in the hypertensive group.
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P <0.05. Unless otherwise indicated the P values in the text
refer to ANOVA for repeated measurements.

Drugs

The following drugs were used: acetylcholine chloride, apamin,
Ca?" ionophore A23187, cromakalim, diclofenac, isoprena-
line, NC-nitro-L-arginine methyl ester hydrochloride, ouabain,
serotonin (Sigma Chemical Co., St. Louis, MO., U.S.A.), L-
noradrenaline L-hydrogentartrate, sodium nitroprusside (Flu-
ka Chemie AG, Buchs SG, Switzerland), and nifedipine (Orion
Pharmaceutical Co., Espoo, Finland).

Results

Patient characteristics

The characteristics of the study population are shown in
Tables 1 and 2. In spite of the use of antihypertensive
medication, both systolic and diastolic blood pressures were
significantly higher in the hypertensive than the normotensive

Control

Relaxation (%)
3

O Normotensive
® Hypertensive

patients. The study groups did not differ in age, body-mass
index, smoking or alcohol consumption, standard laboratory
findings, and plasma lipid or glucose levels. Regular
medication was also rather similar between the normotensive
and hypertensive patients, since the groups only differed in the
use of f-adrenoceptor blockers, ACE inhibitors, and diuretics.

Mesenteric arterial responses in vitro

Constrictor responses of endothelium-denuded arterial rings
in response to cumulative Ca®* addition (with NA as agonist),
as well as the contractions to KCl, were similar between the
study groups. A physiologically relevant low concentration of
the Ca®" entry blocker nifedipine (0.5 nM; Renwick et al.,
1988) inhibited the contractions to cumulative Ca** addition,
and also the responses to KCl, in both groups, but the effect
of nifedipine was clearly more pronounced in the hypertensive
than the normotensive subjects (P <0.001, Figure 1 and Table
3).

The endothelium-intact vascular rings of hypertensive and
normotensive groups showed very similar arterial constrictor
sensitivity (i.e. pD, values), and maximal contractile force
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Figure 5 Relaxations to ACh in isolated endothelium-intact mesenteric arterial rings from normotensive and hypertensive subjects.
The relaxations were induced after precontraction with 1 uM noradrenaline in the absence and presence of 3 um diclofenac; in the
presence of diclofenac and 0.1 mM N€-nitro-L-arginine methyl ester (L-NAME); and in the presence of diclofenac, L-NAME and
1 uM apamin. Symbols indicate mean +s.e.mean, n=20-22 in the normotensive and 15—17 in the hypertensive group.
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generation to NA and 5-HT. The addition of diclofenac (3 uMm)
and L-NAME (0.1 mM, in the presence of diclofenac) did not
significantly affect these responses in the study groups (Table 3
and Figure 2).

Vasorelaxations of NA-precontracted arterial rings induced
by nitroprusside, isoprenaline and cromakalim, three endothe-
lium-independent vasodilators acting via different mechanisms,
were also similar between the hypertensive and normotensive
subjects (Table 4 and Figure 3). Moreover, the contractions of
endothelium-denuded rings elicited by K*-free solution did
not differ between the study groups, and after the return of K™
to the organ bath upon the K "-free precontractions the rate of
the subsequent relaxation was comparable between the
hypertensive and normotensive groups. The relaxation induced
by K™ repletion was also similarly inhibited by the Na*,K™*-
ATPase inhibitor ouabain (1 mM; Figure 3).

Endothelium-dependent relaxations were evaluated by the
use of the Ca*>* ionophore A23187, and the receptor-mediated
agonist ACh in endothelium-intact NA-precontracted mesen-
teric arterial rings. The concentration-response curves of these
dilatory responses were similar in both groups (Table 4,
Figures 4 and 5). Cyclo-oxygenase inhibition with diclofenac
(3uM) had no significant effect on the relaxations to the Ca**
ionophore A23187 and ACh. In contrast, the NO synthase
inhibitor L-NAME (0.1 mM, in the presence of diclofenac)
effectively diminished the relaxations induced by the Ca**
ionophore A23187 and ACh (P<0.001 in both groups), the
inhibitory effect of which was comparable in the hypertensive
and normotensive vessels. The addition of apamin (1 uM), an
inhibitor of small conductance K¢, (Nelson, 1993), did not
significantly affect the small remaining diclofenac and L-
NAME-resistant responses to ACh (P>0.1 in both groups)
(Figure 5).

Discussion

In the present study we compared the functional properties of
a distal segment of the mesenteric artery from normotensive
and hypertensive humans and found that: (1) The contractions
induced by cumulative addition of Ca?>" with NA as the
agonist, and the constrictor responses induced by KCI, were
more effectively inhibited by the Ca®" entry blocker nifedipine
in the hypertensive than in the normotensive arteries. (2)
Endothelium-dependent relaxations to the Ca?" ionophore
A23187 and ACh, as well as the endothelium-independent
relaxations to the NO-donor nitroprusside, the $-adrenoceptor
agonist isoprenaline and the K,rp channel opener cromakalim
did not differ between the hypertensive and normotensive
vessels. (3) Vasoconstrictor sensitivity and maximal responses
to NA, 5-HT and KCl were comparable in arteries from
hypertensive and normotensive humans.

The characteristics of the two patient groups in this
investigation were well matched. There were no differences
between the hypertensives and normotensives in age, gender,
BMI or laboratory results. Furthermore, only four hyperten-
sive patients were on ACE-inhibitors and one was on Ca**
entry blockade for the treatment of high blood pressure. Since
only ACE inhibitors and Ca®* entry blockers, but no other
classes of antihypertensive drugs, have been shown to improve
arterial function in hypertensive patients (Frielingsdorf ez al.,
1996; Thybo et al., 1995; Schiffrin & Deng, 1995), it seems
feasible that the medication of these patients did not
compromise the results. Furthermore, six patients in the
hypertensive group had impaired glucose tolerance, which was
controlled by the diet, and no medication for this purpose was

in use. Since no differences were observed in the vasodilatory
responses between the hypertensive and normotensive patients,
the difference in the prevalence of impaired glucose tolerance
probably did not affect the present findings. It is noteworthy
that the vascular responses of the mesenteric artery within
these groups were surprisingly homogeneous and consistent.
Therefore, reliable comparisons between the hypertensive and
normotensive arteries could be performed in the present study
population.

When NA is used as the contractile agonist in Ca®"-free
medium, the response primarily reflects Ca®* release from the
sarcoplasmic reticulum, a minor source of the activator Ca?*
being the inner surface of the plasmalemma (Johns er al.,
1987). During cumulative Ca*>* re-addition to the organ bath,
the further contraction thus results from extracellular Ca**
entry through the plasmalemma (Karaki & Weiss, 1988). In the
present study, the inhibitory effect of the dihydropyridine Ca**
entry blocker nifedipine on the contractile response to
cumulative Ca®* addition, as well as on the KCl-induced
contractions, was more pronounced in the hypertensive than
normotensive blood vessels, suggesting higher dependency of
Ca?" influx through dihydropyridine-sensitive channels in the
hypertensive group. The blood vessels of hypertensive
experimental animals are also more sensitive to effects of
dihydropyridine Ca?" blockers than those of normotensive
controls (Arvola et al., 1992; Porsti, 1992), and the relative
proportion of L-type Ca’?* currents has been shown to be
higher in the vascular smooth muscle of hypertensive rats,
while in the normotensive controls the T-type Ca®* current
predominates (Rusch & Hermsmeyer, 1988). Therefore, the
present results suggest that enhanced Ca’* entry via voltage-
dependent L-type channels is also a feature of vascular smooth
muscle in essential hypertension. Since the maximal contractile
responses in the absence of nifedipine did not differ between
the study groups, it can also be argued that some other
contractile mechanism, possibly Ca?" influx through T-type
channels, was depressed in the arteries of hypertensive
patients.

Ca®>" entry blockers are an established treatment for
elevated blood pressure (Kaplan, 1989), but the safety of this
class of drugs has been a matter of a debate (Furberg et al.,
1995; Pahor et al., 1996). Successful pharmacotherapy of
hypertension would require that the compound not only
normalizes blood pressure but also counteracts the functional
and structural cardiovascular alterations related to hyperten-
sion. The present findings provide pharmacological evidence
for enhanced voltage-dependent Ca®* entry in hypertensive
arteries, and suggest that Ca’>" entry blockers provide a
rational approach to the treatment of hypertension. Never-
theless, it is probably important to avoid fluctuations in the
level of the Ca®" channel blockade in vivo, and the rationale
for the use of long-acting pharmacological compounds can be
understood. It is noteworthy that recently Thybo ez al. (1996)
have suggested that Ca*>* handling is abnormal in hypertensive
blood vessels, since isolated resistance arteries from patients
with essential hypertension showed increased responses to
caffeine when compared with normotensive controls.

Vasoconstrictor sensitivity and maximal contractile force
generation induced by NA and 5-HT in the absence and
presence of diclofenac and L-NAME (cyclo-oxygenase and NO
synthase inhibitors, respectively), as well as the contractile
responses of endothelium-denuded rings induced by KCl, were
similar between the study groups. Thus, the present findings
suggest that chronically elevated blood pressure does not affect
arterial vasoconstrictor responses in humans. Parallel results
have also been obtained in previous studies in vitro, since the
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sensitivity to various constrictor agonists, including NA, 5-HT
and vasopressin, has remained unaltered in isolated arteries of
hypertensive patients when compared with normotensive
controls (Falloon & Heagerty 1994; Aalkjaer et al., 1987;
James et al., 1997).

The endothelium-independent relaxations induced by the
NO donor nitroprusside, the f-adrenoceptor agonist isoprena-
line and the K™ channel opener cromakalim were similar in the
hypertensive and normotensive groups. Previously the
responses in vivo to isoprenaline and nitroprusside have also
been found to be normal in the brachial artery of hypertensive
patients (Cockcroft et al., 1994; Panza et al., 1993).
Furthermore, in this study vascular relaxation via Na™ K-
ATPase was evaluated by K™ repletion upon K *-free medium-
induced precontractions (Arvola et al., 1992). The return of
K* activates Na* ,K*"-ATPase, which repolarizes the cell
membrane and relaxes smooth muscle (Bonaccorsi et al.,
1977). However, K" relaxation also reflects the general
mechanisms of smooth muscle relaxation (Johns et al., 1987),
and is only an estimate of vasodilation via Na® ,K*-ATPase
(Arvola et al., 1992). In the present study, the rate of K*
relaxation was corresponding in the hypertensive and
normotensive groups, and it was also effectively inhibited by
ouabain, which indicates that Na™,K "-ATPase was involved
in the K™ relaxations. Previously, increased activity (Stekiel ez
al., 1986), unaltered function (Orlov et al., 1992) as well as
decreased activity of Na™ ,K*-ATPase (Arvola et al., 1992)
have been reported in experimental hypertension. These
contradictory results possibly reflect the fact that the pump’s
functional, enzymatic and biochemical properties are dissim-
ilarly changed in hypertension (Young et al., 1988), and that
the type and duration of hypertension affects these results.
Nevertheless, the present findings suggest that Na® ,K™*-
ATPase activity is not changed in mesenteric artery of
hypertensive humans. Taken together, all of the above results
on vascular relaxation suggest that the endothelium-indepen-
dent vasodilator capacity of arterial smooth muscle was quite
matching in the hypertensive and normotensive arteries.

ACh and other endothelium-dependent vasodilators relax
arterial smooth muscle by the release of several factors from
the endothelium, the most prominent autacoids being NO,
PGI, and EDHF (Cohen & Vanhoutte, 1995; Moncada et al.,
1991). Many studies which have examined either muscarinic-
agonist or flow-induced vasodilator responses in the human
forearm in vivo have suggested that endothelium-dependent
relaxation is impaired in patients with essential hypertension
(Panza et al., 1990; Linder et al., 1990; Calver et al., 1992). In
addition, the relaxations of epicardial coronary arteries to
ACh have been reported to be attenuated in hypertensive
patients (Treasure et al., 1992). However, Cockcroft et al.
(1994) have found that the endothelium-dependent vasodilator
responses were not attenuated in hypertensive patients, and
thus endothelial function is not impaired under all conditions
in hypertension. Furthermore, essential hypertension has been
found to be associated with well preserved endothelial dilator
responses in the subcutaneous resistance vessels when
compared with normotensive controls (Thybo et al., 1996;
James et al., 1997). In the present study, the endothelium-
mediated relaxations induced by the Ca>" ionophore A23187
and ACh did not show any differences between the

hypertensive and normotensive groups. The explanation for
the discrepancies between the different studies is not known,
but could be attributed to the heterogeneity of endothelial
dysfunction among hypertensive patients (Liischer, 1992;
Cockcroft et al., 1994). It is noteworthy that in this
investigation the Ca®" ionophore A23187 was a markedly
more potent endothelium-mediated vasodilator than ACh.
Therefore, if the responses induced by the muscarinic agonist
ACh are used as the only indicator of endothelium-mediated
vasodilatation in humans, the conclusions should be done with
caution, and the use of more than one endothelium-mediated
agonist will lead to a more objective interpretation of the
findings.

The cyclo-oxygenase inhibition with diclofenac had no
significant effect on relaxations induced by the Ca*>* ionophore
A23187 and ACh, suggesting that products of the cyclo-
oxygenase pathway (i.e. PGI, and endothelium-derived
contractile factors) did not play a role in the endothelium-
mediated relaxation in the mesenteric arteries of hypertensive
and normotensive humans. In contrast, the addition of the NO
synthase inhibitor L-NAME almost completely blocked these
responses in both groups, suggesting that NO was the
predominant mediator of the endothelium-dependent dilata-
tion, and the role of other relaxing mediators appeared to be
marginal. Moreover, we observed minor L-NAME resistant
relaxations to Ca®* ionophore A23187 and ACh in both
groups. The endothelium-mediated relaxations which remain
resistant to NO synthase and cyclo-oxygenase inhibitions have
been found to be mediated by EDHF (Cohen & Vanhoutte,
1995). Functionally this factor is a K™ channel opener, the
action of which can be inhibited by the blockade of K™
channels (Cohen & Vanhoutte, 1995). It has been suggested
that EDHF relaxes mesenteric arterial smooth muscle mainly
via the activation of K¢, in rats (Garland & McPherson, 1992;
Waldron & Garland 1994). In the present study, the minute L-
NAME and diclofenac-resistant relaxations to ACh were not
significantly affected by the K¢, channel blocker apamin. Thus,
these results do not support a role for EDHF in the relaxation
of small human mesenteric arteries.

In conclusion, the more pronounced effect of nifedipine on
arterial vasoconstrictor responses in the hypertensive than the
normotensive subjects indicates abnormal function of voltage-
dependent Ca’* channels in vascular smooth muscle of
hypertensive humans. In this investigation the endothelium-
dependent and -independent relaxations, as well as the
responses to classical vasoconstrictor agents, were almost
identical in the mesenteric arteries of normotensive and
hypertensive humans. Finally, the distal branch of the
mesenteric artery just adjacent to the adventitial side of the
small intestine, which can also be obtained as a biopsy sample
during abdominal surgery, appears to be a useful preparation
for the study of vascular physiology and pathophysiology in
humans.
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