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Effect of verapamil on intimal thickening and vascular reactivity
in the collared carotid artery of the rabbit
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1 Intimal thickening is a common site for atherosclerosis. Therefore, we investigated whether the
calcium entry blocker verapamil (10 mg kg-' body weight day-', s.c.) can retard intimal thickening and
changes in vascular reactivity induced by a non-occlusive, silicone collar positioned around the left
carotid artery of rabbits. The contralateral carotid artery was sham-operated and served as a control.
2 Verapamil and placebo (saline 0.1 ml kg-' day-', s.c.) treatments were initiated 7 days before
placing the collar and lasted 3 weeks. Thereafter, segments were cut from collared and sham-treated
arteries for histology and isometric tension recording.
3 The intima/media (I/M) ratio increased after 14 days of collar treatment, but intimal thickening was
not inhibited by verapamil (I/M ratio placebo 0.31+0.07, verapamil 0.32+0.09).
4 The collar decreased the capacity to develop force, as indicated by the response to a supramaximal
concentration of KC1, decreased the sensitivity (pD2) to acetylcholine (ACh) and phenylephrine (Phe),
but increased the sensitivity to 5-hydroxytryptamine (5-HT).
5 Although verapamil did not affect intimal thickening, it normalized the hypersensitivity to 5-HT in
collared arteries.
6 The contraction to the supramaximal concentration of KCl was not affected by verapamil. Verapamil
decreased the Emax of ACh, but this was only seen in collar-treated arteries. Verapamil also decreased the
sensitivity to ACh and Phe, in both sham- and collar-treated arteries.
7 We conclude that verapamil, without preventing thickening of the intima, can modify collar-induced
changes in vascular reactivity.
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Introduction

Atherosclerosis is an arterial disease characterized by localized
accumulation of collagen, elastin, lipids and calcium at sites
associated with macrophage infiltration and altered smooth
muscle metabolism. Although there are some conflicting data,
it is now suggested that verapamil (Rouleau et al., 1983;
Blumlein et al., 1984; Sievers et al., 1987) and calcium an-
tagonists from chemically different groups (Weinstein & Hei-
der, 1989; Henry, 1990; Catapano, 1992) inhibit the
development of fatty streaks in the aorta of cholesterol-fed
animals, a model of early atherosclerosis. Furthermore, pa-
tients treated with verapamil showed a slower development
and a more pronounced regression of coronary artery disease
(Kober et al., 1989).

Thickening of the intima, due to smooth muscle cell mi-
gration and proliferation, is an essential step before athero-
sclerosis develops in man (Stary et al., 1992). The effects of
calcium antagonists on intimal thickening have rarely been
studied. Intimal thickening can be evoked by placing a rigid
polyethylene collar (Nomoto et al., 1987) or a flexible silastic
collar (Booth et al., 1989) around the carotid artery of the
rabbit. The first objective of the present in vivo study was
therefore to determine whether verapamil could retard the
thickening in the latter model.

Moreover, it has been shown that intimal thickening in-
duced by the silastic collar is accompanied by marked altera-
tions of the responsiveness of the artery to both
vasoconstrictor and vasodilator agents (De Meyer et al., 1990;
1991; 1994). These changes resemble those seen in models of
experimental atherosclerosis (Henry & Yokoyama, 1980;

Kalsner & Richards, 1984; Tesfamariam et al., 1989). The
possible effects of calcium antagonists on the altered vascular
responsiveness due to atherosclerosis or intimal thickening
have received little attention. Therefore, the second aim was to
test whether verapamil could overcome the modifications in
vascular reactivity associated with the collar.

Methods

Treatments

White rabbits of either sex (n = 20) weighing 2.1 + 0.07 kg were
divided into 2 groups. The treatment group (n= 10) was in-
jected once daily with 10 mg kg-' verapamil subcutaneously.
The placebo group of animals (n= 10) received saline
(0.1 ml kg-1). During the whole experiment rabbits were
housed in individual cages and had ad libitum access to food
and water.

Induction of intimal thickening

After 7 days of treatment with or without verapamil the rabbits
were anaesthetized with sodium pentobarbitone, 30 mg kg-'
i.v. Subsequently, the left carotid artery was dissected free and
surrounded by a non-occlusive, flexible silicone collar of 2.0 cm
length (Booth et al., 1989; De Meyer et al., 1991). The right
carotid artery was sham-operated, i.e. separated from the sur-
rounding connective tissue and the vagus nerve, receiving a si-
milar stretch as the contralateral collared artery. The carotid
arteries were then returned to their original position and the
wounds were sutured. After recovery from anaesthesia the ani-
mals were given their respective treatment for 2 weeks.
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MorphometrY

After anticoagulation with heparin (150 u kg-', i.v.) the rab-
bits were killed with an overdose of sodium pentobarbitone
and two segments (4 mm) were cut from both the collared and
sham-operated artery, one for morphometry, the other for
isometric tension recording (cf. infra). The former was im-
mediately placed in formalin fixative solution (0.4%) for 24 h,
dehydrated in a graded series of isopropyl alcohol (60 to
100%) followed by toluol before being embedded in paraffin.
Transverse sections were cut and stained with sirius red hae-
matoxylin. Two transverse sections from the segment were
randomly chosen and video images were recorded by a video-
camera (JVC Colour Video Camera, Head Model No. TK-
890E, Japan) connected to a light microscope (Olympus BH-2,
Japan). The cross-sectional area of lumen, intima and media
was measured by a computerized system. Briefly, the image of
each segment from the video-player (Sony Video Cassette
Recorder SL-C6E) was captured via a video-card (Video
Blaster SE, Creative Labs, Creative Labs. Inc., U.S.A.). The
cross-sectional area of lumen, intima, media and adventitia
was traced by use of a software package (CorelDraw, Version
4.00.A5, Corel Corporation 1993, U.S.A.) and measured by
Autocad (release 12-cl, 1993, Autodesk, Inc., U.S.A.) in both
sections and the means were calculated. The intima/media
ratio of each section was also calculated.

Merck, Sharp & Dohme, Minchen, F.R.G.; sodium pento-
barbitone solution from Psyphac, Brussels, Belgium and he-
parin solution from Roche, Istanbul, Turkey. Silicone (Silastic
E, Dow Corning) was obtained from the Compagnie Coin-
merciale de Matiere Premieres, Antwerp, Belgium. 5-Hydroxy-
tryptamine creatinine sulphate monohydrate was dissolved in
an aqueous solution of ascorbic acid (0.01%) and diluted in
distilled water. The other drugs were made up in distilled
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The two remaining rings from the right (sham) and the left
(collar-treated) carotid artery were used to study vascular re-
activity. The rings were suspended in organ chambers filled
with 25 ml physiological salt solution containing indomethacin
(3 x 106 M), maintained at 37°C and continuously gassed with
95% oxygen-5% carbon dioxide (De Meyer et al., 1991).
Tension was measured isometrically with a Grass FT3 force
transducer and recorded by IOSlab software package (IOSlab
version 3.23 MS8, EMKA Technologies, Paris, France) using a
80486 based micro-computer (IBM PS/I, U.K.). After an
equilibration period of 15 min the preparations were gradually
stretched to a tension of 7 g, which was determined in pre-
liminary experiments to bring both sham and collar segments
to the optimal point of their length-tension relationship. The
segments were then allowed to equilibrate for 45 min at their
optimal length. During this period the bath solution was
changed every 15 min.

At the end of the equilibration period, a cumulative con-
centration-response curve (CRC) to 5-HT was constructed in
each preparation by increasing the concentration of 5-HT
(l0-9 to 3 x 10-5 M) by a half log unit once the preceding
response had peaked or reached an equilibrium. Following
attainment of a plateau contraction, a cumulative concentra-
tion-relaxation curve to acetylcholine (ACh, l0-9 to l0' M)
was constructed in each segment. This CRC to ACh also
confirmed the presence of functional endothelium in the rings.
The rings that failed to relax to ACh less than 40% of the
initial contraction were discarded from the experiment.
Thereafter, segments were washed three times and then ex-
posed to a cumulative (0.5 log unit) concentration range of
phenylephrine (10-9 to 3 x I0-' M). After washing three times,
the maximum contractile force to 120 mM KCl (with equi-
molar replacement of NaCl; Tesfamariam et al., 1989) was
determined at the end of the experiment.

Materials

The physiological salt solution contained (mM): NaCl 118,
KCl 4.7, CaCl, 2.5, KH2PO4 1.2, MgSO4 1.2, NaHCO3 25 and
glucose 11.1. Indomethacin sodium was included in all ex-
periments to inhibit cyclo-oxygenase activity. Acetylcholine
chloride, phenylephrine hydrochloride and 5-hydroxy-
tryptamine creatinine sulphate were obtained from Sigma, St.
Louis, MO, U.S.A. Indomethacin sodium was purchased from
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Figure 1 Effect of verapamil on intimal thickening in the rabbit
carotid artery induced by 14 days collar treatment; (open columns)
sham arteries and (solid columns) collared arteries. Cross-sectional
areas of the intima (a), media (b) and intima/media ratio (c). Each
segment measured in duplicate, distance between sections 250 ,um.
Data are expressed as mean+s.e.mean; verapamil group (n=8) and
placebo group (n= 10); **P<0.01 sham vs. collar (Wilcoxon
matched-pairs signed-ranks test).
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water. Verapamil was kindly provided by Birlesik Alman Ilaq
Fabrikalari T.A.S., Istanbul, Turkey.

Data analysis

All data are given as mean + s.e.mean. The number of arteries
reported (n) equals the number of rabbits used. For the sta-
tistical analysis the SPSS/PC' package (SPSS, Chicago, IL,
U.S.A.) was applied. A 5% level of significance was selected.
To compare the intima/media ratio, areas of intima and media
between placebo and verapamil group the Mann-Whitney U
test was used. The effect of the collar treatment (i.e. sham vs.
collar) was evaluated in each group by the Wilcoxon matched-
pairs signed-ranks test.

Relaxations were expressed as a percentage of the initial
contraction. The negative logarithm of the molar con-
centration of the agonist that produced a half-maximal
contraction or relaxation for that agonist (-log EC,0 or
pD2) was determined for each segment. IOSlab software
package was used for this purpose. For statistical analysis of
these data a factorial analysis of variance was used with
drug treatment (2 levels, verapamil or placebo) as between
rabbit factor and collar (2 levels, present or not) as within
rabbit factor. Only when the interaction between two factors
in ANOVA was statistically significant was the ANOVA test
supplemented by an additional statistical analysis (Student's
t test).

L. Ustfines et at Verapamil and intimal thickening

5-HT 5-HT induced concentration-dependent contractions in
sham- and collar-treated segments. In collar-treated rings the
maximum contractile response (Em.) was significantly dimin-
ished (Figure 2, P< 0.05, collared versus sham-operated art-
eries, paired Student's t test). In spite of the reduced E,,,, low
concentrations of 5-HT evoked larger contractions in collared
arteries (Figure 2). This sensitization was clearly reflected by
increased pD2 values (Table 2). Verapamil treatment atten-
uated 5-HT-induced contractions of collared arteries, but not
of sham-operated arteries (Figure 2). Moreover, verapamil
normalized the pD2 values of collared segments, leading to
highly significant interaction in the ANOVA (Table 2).

Phenylephrine Phenylephrine induced concentration-depen-
dent contractions. The Em.,,, and the pD2 to phenylephrine were
significantly diminished in collar-treated rings when compared
to sham-treated rings (Figure 3, Table 3). Verapamil did not
significantly influence the E,,), but reduced the pD2 of phe-
nylephrine to the same extent in collared and sham-treated
segments (Figure 3, Table 3).

Acetylcholine Acetylcholine induced concentration-depen-
dent relaxations in sham- and collar-treated segments con-
stricted with 5-HT (3 x i0' M). Collar did not significantly
influence the maximum relaxations, but the pD2 was sig-
nificantly decreased in collared segments (Figure 4, Table 4).
Verapamil decreased the pD2 to the same extent in sham
and collared arteries (Table 4). Moreover, the treatment with
verapamil significantly depressed amplitude of relaxations in

Results

Survival and intimal thickening

All rabbits of the placebo group survived, but two rabbits of
the verapamil group died. The eight remaining rabbits toler-
ated the verapamil treatment without visible side-effects, and
weight gain was similar in placebo and verapamil-treated
rabbits.

The area of the intima, and the intima/media ratio were
significantly increased after the positioning of the silicone
collar as compared to the sham operation (Figure la and c).
Neither the intimal area nor the intima/media ratio were
significantly lower in the verapamil group. Neither the collar
implantation, the verapamil treatment nor the combination
significantly altered the area of the media (Figure lb).

Vascular reactivity

KCI Contractions to a supramaximal concentration of KCl
(120 mM) were significantly diminished in collar-treated rings.
Verapamil treatment did not affect the force-development to
KCl in either sham- or collar-treated rings (Table 1).
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Table 1 Effects of verapamil (10 mg kg-' day-) and
collar on contractile responses (Em) to KCl in rings from
rabbit carotid arteries

Treatment

Sham
Collar

o0
E.,. (g)

Placebo Verapamil
(n= 10) (n= 7)

6.1 +0.8
1.2+0.4

5.5 +0.3
0.3 +0.0

Significance offactors in analysis of variance
- Collar: P< 0.001
- Verapamil: NS (P=0.284)
- Interaction:

verapamil by collar: NS (P=0.749)

Values are shown as mean+s.e.mean, n is the number of
rabbits in each group. NS: not significant.
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Figure 2 The effect of collar and verapamil treatment on the
vascular reactivity to 5-HT. Cumulative dose-response curves were
made both in placebo-treated sham (0) and collar ([]) rings and
verapamil-treated sham (0) and collar (U) rings. Data are expressed
as gram contraction. Each point represents the mean+ s.e.mean
(placebo group n=8 and verapamil group n=8). *P<0.05,
**P<0.01, ***P<0.001, Student's t test for unpaired data
(verapamil vs. placebo). +P<0.05, +++P<0.001, Student's t test
for paired data (sham vs. collar).

1683



L. Ustunes et al Verapamil and intimal thickening

Table 2 Effects of verapamil (10 mg kg-' day-) and
collar on contractile responses (EC50) to 5-hydroxytrypta-
mine in rings from rabbit carotid arteries

Treatment

Sham
Collar

EC50 (-log M)
Placebo Verapamil
(n = 8) (n = 8)

6.63+0.14 6.89+0.08
7.23 + 0.09* 6.76 + 0.11

Significance offactors in analysis of variance
- Collar: P= 0.046
- Verapamil: NS (P=0.367)
- Interaction:

verapamil by collar: P= 0.004

Values are shown as mean + s.e.mean, n is the number of
rabbits in each group. NS: not significant. EC50: concentra-
tion producing half maximum contraction of a segment.
Because of the interaction between collar and verapamil
treatment two-tailed paired Student's t tests were per-
formed: *Collar vs. sham in the placebo group, P=0.012;
collar vs. sham in the verapamil group P=0.23.
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collared arteries, but was without effect in sham-treated
segments (Figure 4).

Discussion

Verapamil and intimal thickening

In contrast to atherosclerotic lesions, the collar-induced in-
timal thickening consists predominantly of smooth muscle
cells, which have first migrated to the intima, where a high rate
of proliferation is maintained for two weeks (Kockx et al.,
1992; 1993). Verapamil, the prototype of the phenylalkylamine
calcium antagonists, did not decrease this intimal thickening in
our study. This result is consistent with the failure of verapamil
to suppress intimal thickening induced by a rigid collar, a
model in which nilvadipine, another calcium entry blocker was
effective (Nomoto et al., 1987). Interestingly, nilvadipine was
also more potent than verapamil as inhibitor of in vitro smooth
muscle cell migration (Nomoto et al., 1987). Local perivascular
application of diltiazem in a silastic collar has also been shown
to inhibit neo-intima formation after balloon denudation of
the rat carotid artery (Hadeishi et al., 1994), but in that study
the local dose was extremely high and led to plasma drug levels
that exceeded the therapeutic range.

The failure of verapamil to prevent intimal thickening in
the collar model could be due to insufficient plasma con-
centrations. Indeed, plasma levels of verapamil were un-
detectable in a previous study on rabbits after oral
administration due to poor resorption and/or considerable
first-pass metabolism (Stender et al., 1986). Parenteral ad-
ministration of verapamil is required to obtain detectable
plasma levels exerting anti-atherosclerotic effects in choles-
terol-fed rabbits (Blumlein et al., 1984). Considering this, in
our study, verapamil was given subcutaneously, in a near
lethal dose (Blumlein et al., 1984; Nomoto et al.,1987),
which indeed resulted in the death of two rabbits in the
treatment group, presumably as a result of acute myocardial
depression (Nomoto et al., 1987). This parenteral dose has
also been shown to obtain plasma levels that exceed the
human therapeutic range (Stender et al., 1986). Hence, it is
unlikely that plasma levels of verapamil were insufficient in
our study. Moreover, verapamil did alter the sensitivity of
the smooth muscle cells to several vasoactive agents (cf.
infra).

The failure of verapamil to have an effect due to inadequate
timing of drug administration seems to be unlikely as well.
When lesions have begun to form, calcium antagonists usually
have little or no effect (Jackson et al., 1988; Catapano, 1992).
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Figure 3 The effect of collar and verapamil treatment on the
vascular reactivity to phenylephrine. Cumulative dose-response
curves were made both in placebo-treated sham (0) and collar ([I)
rings and verapamil-treated sham (0) and collar (0) rings. Data are
expressed as gram contraction. Each point represents the mean+
s.e.mean (placebo group n=8 and verapamil group n=6). *P<0.05,
Student's t test for unpaired data (verapamil vs. placebo). +P<0.05,
+ +P<0.01, ++P<0.001, Student's t test for paired data (sham vs.
collar).

Table 3 Effects of verapamil (10 mg kg1l day-1) and
collar on contractile responses (EC50) to phenylephrine in
rings from rabbit carotid arteries

Treatment

Sham
Collar

EC50 (-log M)
Placebo Verapamil
(n = 8) (n = 6)

6.44+0.14 6.25+0.16
6.17+0.12 5.68+0.10

Significance offactors in analysis of variance
- Collar: P= 0.009
- Verapamil: P=0.019
- Interaction:

verapamil by collar: NS (P=0.296)

Values are shown as mean+s.e.mean, n is the number of
rabbits in each group. EC50: concentration producing half
maximum contraction of a segment. NS: not significant.

However in our experiments verapamil administration was
started 7 days before collar implantation and was continued
thereafter. It has also been pointed out that in some studies the
fact that the lesions were small precluded detection of pro-
tective effects of calcium antagonists (Catapano, 1992). How-
ever, in our study this is unlikely because the collar led to a
statistically significant intimal thickening, as found previously
(Booth et al., 1989; Kockx et al., 1992; 1993; De Meyer et al.,
1994), which can be suppressed by drugs such as a cysteine-
containing donor of nitric oxide (De Meyer et al., 1995) or a
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Figure 4 The effect of collar and verapamil treatment on the
vascular relaxations to acetylcholine. Cumulative dose-response
curves for acetylcholine (10- to in rabbit carotid artery
rings precontracted with 5-HT (3 x 10- M) were made both in
placebo-treated sham (0) and collar (E) rings and verapamil-treated
sham (0) and collar (U) rings. The responses are shown as
mean+s.e.mean (placebo group n=7 and verapamil group n=6)
and expressed as % of initial contraction to 5-HT (3 x 10-5M)
(shown in Figure 2). *P<0.05, Student's t test for unpaired data
(verapamil vs. placebo). +P<0.05, ++P<0.01, ++ +P<0.01,
Student's t test for paired data (sham vs. collar).

Table 4 Effects of verapamil (10 mg kg-l day-1) and
collar on EC50 values to acetylcholine in rings from rabbit
carotid arteries

Treatment

Sham
Collar

EC50 (-log M)
Placebo Verapamil
(n = 7) (n= 6)

7.10+0.15 6.45+0.24
6.56+0.12 5.74+0.18

Significance offactors in analysis of variance

- Collar: P<0.001
- Verapamil: P= 0.006
- Interaction:

verapamil by collar: NS (P=0.481)

Values are shown as mean+s.e.mean, n is the number of
rabbits in each group. EC50: concentration producing half
maximum relaxation of a segment. NS: not significant.

glucocorticoid (Van Put et al., 1996). Hence we conclude that
the very high dose of verapamil used in the present study was
not able to suppress smooth muscle cell migration and pro-
liferation. This suggests that the possible beneficial effects of
verapamil against cholesterol-induced atherosclerotic lesions
should be explained by another mechanism, such as prevention
of progressive mural calcium incorporation in these models
(Fleckenstein-Griin et al., 1994).

Verapamil and vascular reactivity

Although most investigators stress the potential influence of
calcium antagonists on the atherosclerotic process itself, the
beneficial effects of calcium antagonists on the behaviour of
atherosclerotic blood vessels, which have an unusual inclina-
tion to develop spasms (Henry & Yokoyama, 1980; Yokoyama
et al., 1983; Heistad et al., 1984; Kalsner & Richards, 1984;
Verbeuren et al., 1986; Tesfamariam et al., 1989) has received
little attention. Therefore, our second goal was to determine
whether verapamil interfered with the modifications in vascular
reactivity associated with intimal thickening (De Meyer et al.,
1990; 1991; 1994). The major finding was that verapamil, al-
though inactive as an inhibitor of intimal thickening, normal-
ized the hypersensitivity to 5-HT.

KCt In accordance with previous experiments (De Meyer et
al., 1994), the force development to KCl was reduced in collar-
treated segments. Several explanations have been proposed for
the diminished force development (De Meyer et al., 1994).
First, the smooth muscle cells in the thickened intima are
oriented longitudinally (De Meyer et al., 1991; Kockx et al.,
1992) and may oppose force developed by media. Second,
there may be mechanical damage of vascular smooth muscle
cells in the media induced by the collar, although this seems
unlikely since histological examination did not show damage
or necrosis in the media of collared arteries. Moreover, the
area of the media did not change after collar application in
either the placebo or verapamil treated groups. Third, a change
of smooth muscle phenotype from a contractile to a synthetic
stage occurs in the media of collared arteries (Beesley et al.,
1992) and this might contribute to the decreased force devel-
opment in response to KCL. Fourth, localised production of
discrete amounts of nitric oxide by vascular smooth muscle
could occur at sites of collar-induced injury (Schini et al.,
1994). However, this possibility has been eliminated previously
in functional experiments, which failed to demonstrate an in-
ducible nitric oxide synthase (De Meyer et al., 1994). Similar
explanations must be considered for the diminished force de-
velopment to receptor stimulation (see below).

KCl-induced contractions depend exclusively upon an in-
flux of extracellular Ca2+ (Yamashita et al., 1977; Heaslip &
Rahwan, 1982), which is normally blocked by verapamil
(Marriot, 1988). However, in the present study verapamil
treatment did not affect the ex vivo development of force to
KCl in sham-treated or collared arteries. This is not surprising,
since a supramaximal concentration of KCl was selected to
calibrate force development in each segment. Verapamil con-
centrations required to inhibit contractions induced by
120 mM KC1 exceed 1 kM (unpublished results), which is or-
ders of magnitude above the maximum plasma levels of ver-
apamil (Blumlein et al., 1984; Stender et al., 1986).

5-HT In view of the reduced responsiveness to KCl, the re-
duced Ema,, of 5-HT came as no surprise. Furthermore, the
present study confirmed that collared arteries show an in-
creased sensitivity to 5-HT even when the animals are not fed a
cholesterol-rich diet (De Meyer et al., 1990; 1994).

Different mechanisms have been suggested to elucidate this
hypersensitivity, namely, modification of the 5-HT receptors
on the smooth muscle cells (De Meyer et al., 1990), dysfunc-
tion of endothelial 5-HT receptors (Dusting et al., 1990) and
removal of 5-HT by the endothelium (Verbeuren et al., 1988).

The main new findings of the present study were that the
collar-induced hypersensitivity to 5-HT can be effectively
blunted by therapy, and secondly that this occurred in-
dependently of intimal thickening. Indeed, verapamil normal-
ized the increased sensitivity of the artery to 5-HT and
depressed the Ema,, values in collared segments, but not in
sham-treated segments. The finding that verapamil was mainly
effective in collared segments, not in sham-operated segments,
is in accordance with the observation that another calcium
antagonist, isradipine antagonized vasoconstrictor effects more
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effectively in atherosclerotic animals than in normal rabbits
(Hof & Hof, 1988). Moreover, it has been shown that com-
pounds containing a verapamil moiety interact with 5-HT re-
ceptors in rabbit vascular smooth muscles (Ohashi et al., 1985).
In addition, it has recently been shown that verapamil partially
inhibits 5-HT contractions in human coronary and internal
mammary arteries and that this inhibition may be related to
blockade of L-calcium channels (Godfraind et al., 1992).

The selective anti-vasoconstrictor effect of verapamil to 5-
HT in collared arteries can be explained by 'use-dependency'.
Use-dependence, by definition, suggested that the effect of a
drug depends on the state of activity of its target tissue (Hof&
Rfiegg, 1991). This property has been characterized for ver-
apamil in cardiac tissues (McDonald et al., 1980; Kanaya et
al., 1983; Ellenbogen et al., 1985). The selective anti-vaso-
constrictor effect of verapamil on collared arteries may also be
use-dependent, since atherosclerotic vessels are, in general,
hyperresponsive and may therefore be preferential targets for
use-dependence of verapamil. In addition, the anti-vasocon-
strictor effects of calcium antagonists are more widespread
than their vasodilator effects (Hof & Rtiegg, 1989).

Phenylephrine In contrast to 5-HT, the sensitivity to the al-
adrenoceptor agonist phenylephrine was decreased in collared
arteries. Again, the Emax was significantly diminished, as ex-
pected from the KCl data. The decreased sensitivity in collared
arteries points to a diminished responsiveness of al-adrenocep-
tors. As stated above, this is presumably not due to the induction
of nitric oxide synthase activity (De Meyer et al., 1994).

Verapamil shifted the dose-response curves for pheny-
lephrine to the right in both sham- and collar-operated carotid
arteries without affecting Ema,,. This result is consistent with the
observation that verapamil may antagonize noradrenaline
competitively at al-adrenoceptors in the rabbit thoracic aorta
(Koike et al., 1988), and many other tissues of different species
(for review see Godfraind et al., 1986). Moreover, it has been
shown that verapamil produces a more selective reduction of
responses mediated by Ca2+ entry through receptor-operated
channels than either diltiazem or flunarizine (Marriot, 1988).
The effect of verapamil tended to be larger in collared arteries,
again suggesting that the effects of verapamil may be more
pronouced in vessels with contractile abnormalities.

Acetylcholine Acetylcholine was used to induce relaxations
mediated by the biosynthesis of nitric oxide. The collar de-
creased the sensitivity of acetylcholine, a finding consistent
with previous observations (De Meyer et al., 1991; 1992). This
effect appears to be due to a defect at the level of the en-
dothelial muscarinic receptors (De Meyer et al., 1991; 1992;
Arthur & Dusting 1992). In addition, verapamil appeared to
alter the nitric oxide formation in response to muscarinic re-
ceptor stimulation as well, as pD2 was suppressed in sham- and
collar-treated arteries. This effect of verapamil was more pro-
nounced in collared arteries since the amplitude of relaxations
was also reduced.

The initial contractions elicited by 5-HT were reduced by
verapamil and the collar. These decreased initial contractions
could have enhanced the sensitivity to vasodilators (Karliner et
al., 1982). However, in the present study the opposite occurred:
arteries treated with collar and/or verapamil became less sen-
sitive to acetylcholine. In fact it has already been shown that a
smaller initial contraction does not contribute to the decreased
endothelium-dependent relaxations (De Meyer et al., 1991).
Hence, the right-ward shift in sham and collared arteries and
the reduced amplitude of the relaxations in collared arteries of
the verapamil-treated rabbits are presumably not explained by
the decreased initial contraction to 5-HT. Both alterations
could be due to interference with muscarinic receptors, as
Karliner et al. (1982) found that verapamil is a competitive
antagonist of muscarinic receptors, and Singer & Peach (1982)
showed that verapamil inhibited maximum methacholine-
induced relaxations of the rabbit aorta by 39%, a result con-
sistent with the present study. The precise mode of action of
verapamil at the level of calcium channels or at the level of
muscarinic receptors is not clear.

Nitric oxide release is strictly dependent on a rise of cyto-
solic Ca2+ concentrations [Ca2 + ]i, which is often biphasic
(reviewed in Adams et al., 1989). It has been shown that ver-
apamil has no effect on resting [Ca2+]i in endothelial cells, but
attenuates agonist-induced transient peak responses, which
may contribute to the inhibition of endothelium-dependent
relaxations (Morgan-Boyd et al., 1987; Peach et al., 1987).
However, recently it has been found that verapamil does not
alter bradykinin-stimulated release of nitric oxide from cul-
tured bovine aortic endothelial cells (Migge et al., 1991). This
suggests that the inhibitory effects of verapamil on both pD2
and maximum relaxation of acetylcholine in the rabbit carotid
artery are due to antagonism at the level of muscarinic re-
ceptors on endothelial cells.

In conclusion, the main new finding of our study is that
although verapamil did not prevent collar-induced intimal
thickening, it effectively blunted the enhanced vascular re-
activity of these collared arteries in response to 5-HT. This
may be of clinical importance, since atherosclerotic vessels
often demonstrate an increased responsiveness to vasocon-
strictors, especially 5-HT and calcium antagonists are often
used in patients with atherosclerotic disease.
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