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Abstract

The contribution of tyrosine kinase activity to vasoreactivity in normotensive Wistar—Kyoto (WKY) and spontaneously hypertensive
(SHR) rats was investigated on isolated aortic preparations by the use of two tyrosine kinase inhibitors: methyl-2,5-dihydroxycinnamate
(30 wM) and genistein (30 wM). The pretreatment of endothelium denuded aorta with methyl-2,5-dihydroxycinnamate reduced the
sengitivity of the rings to noradrenaline to a larger extent in SHR than in WKY . The relaxing effects evoked by methyl-2,5-dihydroxycin-
namate and genistein on the sustained contraction induced by endothelin-1 were also more pronounced in SHR denuded rings.
Furthermore, in presence of methyl-2,5-dihydroxycinnamate, the endothelium-independent contractile responses to equipotent doses of
cyclopiazonic acid were more depressed in SHR than in WKY. In WKY and SHR endothelium-intact aortas contracted with either
phenylephrine or endothelin-1, carbachol and cyclopiazonic acid evoked endothelium derived relaxing factor (EDRF) /nitric oxide
(NO)-dependent relaxations which were reduced by pretreatment of the rings with methyl-2,5-dihydroxycinnamate or genistein. These
inhibitory effects were larger in WKY rings and more important on the cyclopiazonic acid response. In addition, sodium orthovanadate
(30 wM) potentiated the noradrenaline-mediated contractions of endothelium-denuded SHR rings and reduced the cyclopiazonic
acid-induced relaxation of endothelium-intact WKY rings. The present study suggests a regulatory role for tyrosine kinase in the smooth
muscle contraction and the endothelium-dependent relaxation in WKY and SHR aortas and demonstrates the existence of a different
relationship in the effect of tyrosine kinase inhibitors on vasoreactivity between SHR and WKY. We propose that an increase in the
tyrosine kinase activity in SHR could lead to an enhanced reactivity of Ca?*-linked contractile mechanisms. In addition, our results
suggest a link between the loss of tyrosine kinase activity and the altered endothelium-dependent relaxation associated with hypertension.
© 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

One of the critical components of cellular signalling is
the activation of protein tyrosine kinase, which phosphory-
lates various intracellular protein substrates leading to a
number of cellular events (Malloy et al., 1993; Hollenberg,
1994). Tyrosine phosphorylation was originally associated
with cell growth, differentiation, or proliferation. Studies
using selective pharmacological tyrosine kinase inhibitors
have shown that these enzymes were involved in the
constrictor effects elicited by a range of agonists such as
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noradrenaline, angiotensin |1, endothelin-1, serotonin and
vasopressin on a variety of isolated vascular preparations
(Saifeddine et al., 1992; Abebe and Agrawal, 1995; Se-
menchuk and Di Salvo, 1995; Jins et a., 1996; Sauro et
al., 1996; Savineau et al., 1996; Waitts et al., 1996). It has
been also proposed that tyrosine kinase mediates the pres-
sor response to angiotensin 11 (Sauro et al., 1996). These
data and other studies performed on non-vascular smooth
muscle such as gastric smooth muscle (Yang et al., 1993)
and bronchia airways (Chopra et al., 1997) support the
notion that activation of tyrosine kinase signalling path-
ways plays a primordial role for contractile process
(Savineau et a., 1996; Watts et al., 1996).

Hypertension is associated with some changes in vascu-
lar reactivity. These changes involved both the smooth
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muscle cells and the endothelia cells. An increased reac-
tivity to vasoconstrictor agonists and a decreased influence
of endothelium-derived relaxing factors (EDRF) have been
observed in resistance vessels of spontaneously hyperten-
sive rats (SHR). However, conflicting results have been
reported concerning the conducting vessels such as aorta
(Spector et al., 1969; Shibata et al., 1973; Sim and Singh,
1987; Auguet et al., 1989). Nevertheless, a qualitative
modification of the intracellular Ca2* regulation may, at
least in part, contribute to the arterial smooth muscle
reactivity in experimental models of hypertension (Bohr
and Webb, 1988; Auguet et al., 1989).

Endothelium regulates local vascular tone mainly by its
ability to synthesise and release vasoactive agents like
nitric oxide (NO). In this regard, there is a close relation-
ship between endothelium-dependent relaxation and NO
(Furchgott and Zawadzki, 1980). On the other hand, a
selective impairment of endothelium-dependent vasodilata-
tion is intimately involved in the pathogenesis of hyper-
tension in experimental animal models (Konishi and Su,
1983; Sim and Singh, 1987) and humans (Panza et al.,
1994). The differences in vasorelaxation between hyper-
tensive and normotensive animals may be due to distur-
bances in the receptor-effector coupling and the effector
activity of the L-arginine-EDRF/NO pathway. Although
much is known about the involvement of Ca?* in the
signalling pathway that transduces the agonist stimulation
in the production of EDRF/NO, the mechanisms underly-
ing the impaired endothelium- and NO-dependent relax-
ations in pathological conditions are poorly understood. In
this regard, the finding that tyrosine kinase related mecha
nisms contribute to the endothelium- and NO-dependent
relaxations (Hisayama et al., 1995) make tyrosine kinase a
likely candidate for vasorelaxant impairment in hyperten-
sive vessels.

The working hypothesis is that multiple cellular sites of
impairment beyond the smooth muscle and endothelial
receptors linked to the homeostasis of intracellular calcium
may be involved in the alterations of the vasoreactivity in
hypertensive vessels. Thus, the aim of the present study
was to gain insight into the relative importance of the
tyrosine kinase-mediated pathway in vascular smooth mus-
cle contraction and endothelium-dependent relaxation in a
model of experimental hypertension, the SHR and in its
normotensive Wistar—Kyoto (WKY) control rat.

2. Materials and methods
2.1. Tissue preparation

Male SHR and normotensive control WKY rats (Charles
River, France) of 14-17 weeks of age were used. Rats
were stunned and exsanguinated. The thoracic aorta freed
of fat and of adhering connective tissues was cut into rings
3 mm wide. In some rings the endothelium was removed

by gently rubbing the intimal surface with the tip of small
forceps.

The isolated rings were suspended (2 g passive tension)
in organ bath containing 20 ml of Krebs—Henseleit solu-
tion at 37°C and gassed with 95% O, /5% CO,. Contrac-
tile responses were measured by using isometric force
transducers connected to a data-collection system (10S,
EMKA, Paris, France). After mounting, the vessel seg-
ments were allowed to equilibrate for 60 min in bath
medium. After equilibration, each vascular preparation was
precontracted by a submaximal concentration of phenyl-
ephrine (1 wM) before the experimental protocols were
started. When the contraction was stable, carbachol (10
wM) was tested in order to verify the integrity of endothe-
lium (Furchgott and Zawadzki, 1980). The failure of car-
bachol to relax rubbed aortic rings was considered as a
proof of endothelium disruption. The end of this contrac-
tion—relaxation cycle was considered as onset time of the
incubation period preceding experiments.

2.2. Experimental procedures

To examine the role of protein tyrosine kinase in modu-
lating smooth muscle contraction, protein tyrosine kinase
inhibitors were incubated with aortic rings before the
addition of noradrenaline or phenylephrine. In other exper-
iments, protein tyrosine kinase inhibitors were added 3 min
after the beginning of the sustained phase of endothelin-1-
induced contraction. The effects of the protein tyrosine
kinase inhibitors were compared to control rings in the
absence of the inhibitor.

2.2.1. Experiments in endothelium-denuded rings

In a first series of experiments, endothelium-free rings
from WKY or SHR aortas were exposed after a 30 min
incubation period to cumulative concentrations of nor-
adrenaline (1 nM to 3 wM). The concentration—response
curves to noradrenaline were constructed in the presence
or absence of methyl-2,5-dihydroxycinnamate (30 uM)
added in the bath 15 min before the addition of the first
dose of noradrenaline. Experiments were also performed in
rings exposed to a single concentration of endothelin-1 (10
nM), a concentration sufficient to elicit a stable contrac-
tion. Then methyl-2,5-dihydroxycinnamate (30 wM; WKY
n=6, SHR n=6) or genistein (30 wM; WKY n=86,
SHR n=6) were added at the plateau evoked by the
peptide. In paralel studies we have examined the re-
sponses of endothelin-1-contracted aortic rings to daidzein,
a structural analogue of genistein (30 wM).

In another series of experiments, cumulative concentra-
tion—response curves were recorded by increasing the con-
centrations of cyclopiazonic acid from 0.3 wM to 100 uM
in WKY (n=6) and SHR (n = 6) rings without endothe-
lium. On the other hand, the contractile effects evoked by
a single concentration of cyclopiazonic acid (WKY: 30
wM; SHR: 10 uM) were studied after exposition of the
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rings to methyl-2,5-dihydroxycinnamate (30 wM) for 15
min. The concentrations of cyclopiazonic acid were differ-
ent in WKY and SHR and chosen to provide equipotent
contractions according to the previous concentration—re-
sponse curves to the constrictor agent obtained in the
different species.

In some experiments, the contractile responses to KCl
(10-100 mM) and phorbol 12,13 dibutyrate (10 nM-3
wM) were investigated in the presence and the absence of
methyl-2,5-dihydroxycinnamate (30 M) and genistein (30
wM) in WKY and SHR. The inhibitors were added 15 min
before the addition of the first dose of the compound.

2.2.2. Experiments in endothelium-intact aortic rings

In the second part of our study, the vasorelaxant effects
produced by carbachol or cyclopiazonic acid were studied
in endothelium-intact aortic rings from WKY and SHR. In
afirst series of experiments, in both types of preparations,
carbachol (0.1 nM-0.3 wM) or cyclopiazonic acid (0.1
nM-0.3 wM) were added cumulatively after the contrac-
tion to phenylephrine (1 wM) had reached a plateau. In
some experiments, the dose—response curves to these va-
sorelaxant agents were obtained in preparations pretreated
with methyl-2,5-dihydroxycinnamate (15 min, 30 pwM).
Subsequently, endothelium-independent relaxation re-
sponses to sodium nitroprusside (a nitric oxide donor, 0.1
nM—-1 wM) were established in the presence or absence of
methyl-2,5-dihydroxycinnamate (15 min, 30 wM). In the
second series of experiments the rings with endothelium
from WKY (n=4) and SHR (n=4) were exposed to a
single concentration of endothelin-1 (10 nM). Then, cy-
clopiazonic acid was added at the plateau evoked by the
peptide after incubation of the preparations with genistein
(30 wM). In complementary experiments, we challenged
endothelium-intact precontracted rings with a single con-
centration of cyclopiazonic acid (0.1 wM) after incubation
of the preparations for 30 min with NC-nitro-L-arginine
(NLA: 100 wM; WKY n=2; SHR n=3).

2.2.3. Experiments in aortic rings treated with a tyrosine
phosphatase inhibitor

We have examined the effects of an inhibitor of tyro-
sine phosphatase, sodium orthovanadate (30 wM) on va
soreactivity. SHR aortic rings without endothelium were
incubated for 15 min with sodium orthovanadate before
addition of noradrenaline (30 nM). In parallel experiments
phenylephrine (3 wM)-precontracted WKY rings with en-
dothelium were used to study relaxation to cyclopiazonic
acid (100 wM) in the absence and presence of sodium
orthovanadate (30 wM). The inhibitor was introduced into
the bath medium 15 min before phenylephrine.

2.3. Data and statistical analysis

All values are presented as means+ S.E.M. in tension
(g). Comparisons of differences between 2 groups of data

were performed using a two-way analysis of variance. The
EC,, mean values+ SE.M. for agonists were calculated
from the maximal contractile response to each agonist by
computer analysis of mean tension values (In-house statis-
tical computer program). P values < 0.05 were consid-
ered significant.

2.4. Drugs

The following drugs were used. Noradrenaline bitar-
trate, phenylephrine hydrochloride, carbachol chloride,
genistein, methyl-2,5-dihydroxycinnamate, cyclopiazonic
acid, daidzein, sodium orthovanadate and sodium nitro-
prusside were purchased from Sigma-Aldrich Chimie (St.
Quentin-Fallavier, France). Phorbol 12,13-dibutyrate was
obtained from Research Biochemicals International (ll-
Ikirch, France) and endothelin-1 from Peptide Institute
(Japan). Noradrenaline, phenylephrine and carbachol were
prepared daily in deionized water and kept in ice until use.
The pH of the solution of sodium orthovanadate was
adjusted to 9.7 and boiled until the solution turned clear.
Cyclopiazonic acid, genistein and phorbol 12,13 dibutyrate
were dissolved in 10% dimethylsulfoxide as stock solution.
Control vascular preparations were treated with the corre-
sponding concentration of the solvent studied simultane-
oudly. In al experiments the final concentration of solvent
in the organ bath did not exceed 0.1%.

3. Resaults

3.1. Effects of tyrosine kinase inhibitors on
vasoconstriction in endothelium-denuded rings

3.1.1. Effects on the responses to noradrenaline

In aortic endothelium-denuded rings from WKY and
SHR, noradrenaline (1 nM—3 M) produced concentra-
tion-dependent contractions (WKY: ECg, = 5.80 + 0.83
nM; SHR: EC, = 6.20 + 0.97 nM; n= 6). The maximal
contractile responses to noradrenaline of aortas from hy-
pertensive rats were not different from responses of nor-
motensive (E,,, = 1.12+ 0.10 g in SHR rings and 1.13 +
0.06 g in WKY rings, n=6; Fig. 1).

Methyl-2,5-dihydroxycinnamate (30 wM) did not
change the baseline tone of the WKY (n=6) and SHR
(n=6) vascular preparations but shifted to the right the
noradrenaline dose—response curves (Fig. 1). When com-
pared to their corresponding controls, the shift was twice
larger in SHR (EC., = 28.90 &+ 1.00 nM; P < 0.001) than
in WKY (ECg, = 9.30 + 0.97 nM; P < 0.01) with signifi-
cant modifications in the maximal constrictor responses
(WKY: E,,=09+002 g, P<005 SHR: E,, =
0.73+ 0.05 g, P < 0.001).

3.1.2. Effects upon contractions to endothelin-1
Endothelin-1 (10 nM) produced stable contractions in
endothelium-denuded aortic rings from WKY (E,, = 1.36
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Fig. 1. Effect of methyl-2,5-dihydroxycinnamate on the contractile re-
sponses to noradrenaline in rings without endothelium from Wistar Kyoto
rats (WKY, open symbols, n=6) and spontaneously hypertensive rats
(SHR, solid symbols, n=#6). Noradrendine was added cumulatively
alone (circles) or in the presence of the tyrosine kinase inhibitor (square).
Symbols represent the mean+ SE.M.

+0.07 g, n=11) and SHR (E,,, =131+ 0.08 g, n=
11). At this dose, tension developed slowly reaching a
sustained plateau after about 5 min.

The addition of tyrosine kinase inhibitors upon the
sustained contraction phase evoked by endothelin-1 accel-
erated the decrease in smooth muscle tension in compari-
son to control rings. After 5 min, the decreases in tone
produced by methyl-2,5-dihydroxycinnamate (30 wM)
were greater in SHR than in WKY (44.0 + 55% vs.
18.6 + 4.16%; n=6; Fig. 2A). Similar results were ob-
served with genistein (30 wM, SHR: 41.5 + 3.7%, n=5;
WKY: 21.8 + 2.7%, n=5; Fig. 2B).

Daidzein that differs from genistein in one hydroxyl
group and does not inhibit the activity of tyrosine kinase,
only dightly attenuated (less than 10%) the contractile
responses evoked by endothelin-1 (10 nM; data not shown).

3.1.3. Effects on the contractions to cyclopiazonic acid
Cyclopiazonic acid (0.3 w.M-100 wM) produced con-
tractions in aortic endothelium denuded rings from WKY
and SHR. Although the maximal contractile responses to
cyclopiazonic acid were similar in both species (WKY:
0.61 + 0.08 g, SHR: 0.63+ 0.06 g; n=6), the tensions
developed to lower concentrations of cyclopiazonic acid (3
and 10 wM) were significantly enhanced in SHR (3 wM:

+82.7 + 26.8%, P <0.001; 10 pM: +74.7 4+ 23.2%, P
< 0.001; n=6) compared to normotensive controls (Fig.

3.

The contractile responses elicited by equipotent doses

of cyclopiazonic acid in WKY (30 wM: 0.61+ 0.06 g,

156 without endothelium
— 104 T
= x
= e
o 3 X
(]
S 5
et ]
F 05 - 100
]
]
el
55
0
R
R
oo
0.0
WKY SHR
Endothelin—1 (10 nM) + + + +
Methyl _ 4

2,5—dihydroxycinnamate — +
(30 uM)

B
1.5
x
> 1.0
- x
= *
)
v
o
)
= 05 4
0.0
WKY SHR
Endothelin-1 (10 nM)  + + + +
Genistein (30 uyM) - + -t

Fig. 2. Bar graphs show comparison of tension to a single concentration
of endothelin-1 (10 nM) in endothelium-denuded rings of aortas from
WKY and SHR. The experiments were performed under (1) control
conditions (open bar, n= 6), (2) in the presence of methyl-2,5-dihydroxy-
cinnamate (30 wM, cross-hatched bar, n=6, (A), (3) in the presence of
genistein (30 wM, cross-hatched bars, n=5, (B). The inhibitors of
tyrosine kinase or the solvent were added at the beginning of the
sustained phase €elicited by endothelin-1. Five minutes after, the decreases
in smooth muscle tension were compared between solvent-treated (con-
trol) rings and tyrosine kinase inhibitor-treated rings. Results are ex-
pressed in tension (g) and are presented as means+ S.E.M. *P < 0.05 and
*#P < 0.01 for significant differences between tyrosine kinase inhibitor
treated preparations and their respective controls.
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Fig. 3. Concentration—response curves for the contractile effect of cyclop-
jazonic acid (1 wM-100 wM) in WKY (open circles, n=6) and SHR
(solid circles, n= 6) endothelium-denuded rings. ***P < 0.001 at 3 and
10 pM.

n=4) and SHR (10 wM: 0.64 + 0.12 g, n = 4) rings were
attenuated by pre-exposure of the rings to methyl-2,5-dihy-
droxycinnamate (30 wM). Thisinhibitory effect was greater
in SHR (32.01 + 5.50%, n=4) than in WKY (15.30 +
2.30%, n=4).

3.1.4. Effects on the contractions to KCl and phorbol
12,13-dibutyrate

Methyl-2,5-dihydroxycinnamate (30 ..M) and genistein
(30 wM) did not affect the contractile responses evoked by
KCl (10-100 mM) in aortic endothelium denuded rings
from WKY (n=2) and SHR (n = 3).

The tensions dlicited by phorbol 12,13-dibutyrate (10
NM-3 M) in endothelium denuded rings from WKY
(n=4) and SHR (n=4) were not significantly modified
by methyl-2,5-dihydroxycinnamate (30 wM) or genistein
(30 wM versus 1 M of phorbol 12,13-dibutyrate).

3.2. Effects of tyrosine kinase inhibitors on vasorelaxation
in endothelium-intact rings

3.2.1. Effects on the endothelium-dependent relaxations to
carbachol

In WKY and SHR endothelium-intact aortic rings pre-
contracted with phenylephrine (3 wM), carbachol (0.1
nNM-0.3 wM) produced concentration-dependent relax-
ations (WKY: ECg, = 4.80 & 0.95 nM; SHR: EC;, = 8.12
+ 0.91 nM; n=8; Fig. 4. The maximal relaxations to

carbachol were greater (P <0.01) in WKY (96.00 +
2.15%; n=28) in comparison to SHR (75.00 + 1.82%;
n=28).

In the presence of methyl-2,5-dihydroxycinnamate (30
wM), the concentration—relaxation curves of carbachol
were shifted to the right. This effect was larger in WKY
than in SHR. When compared to control rings (Fig. 4), in
WKY, EC5,=95+09 nM (n=8, P<0.01 and in
SHR, EC, = 10.5 £+ 0.8 nM, (n = 8, not significant).

The endothelial specificity of the effects of methyl-2,5-
dihydroxycinnamate is supported by the lack of effect of
this inhibitor on the vasodilator responses to sodium nitro-
prusside on endothelium-denuded rings (data not shown).

3.2.2. Effects on the relaxation responses to cyclopiazonic
acid

In endothelium-intact aortic rings precontracted with
phenylephrine (3 wM), cyclopiazonic acid (0.1 nM to 0.3
M) produced concentration-dependent rel axations (WK :
EC,, =220+ 0.36 nM, E,, =0.17 + 0.03 g; SHR: EC,
=14440.09 nM; E,, =062+ 0.06 g; n=6; Fig. 5).
The relaxing responses to the cumulative addition of cy-
clopiazonic acid expressed as percentage in inhibitions of
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2.5 1
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o
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c
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2
o 1.0
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Fig. 4. Concentration—response curves for the vasorelaxation effect of
carbachol (0.1 nM-0.3 M) on the phenylephrine-evoked contraction in
aortic rings with endothelium from Wistar—Kyoto rats (WKY, open
symbols, n=8) and spontaneously hypertensive rats (SHR, solid sym-
bols, n=8). The experiments were performed under (1) control condi-
tions (circles), (2) in the presence of methyl-2,5-dihydroxycinnamate (30
wM, squares) introduced in the bath 15 min before the addition of
phenylephrine (3 wM). Symbols represent the mean+ S.E.M..
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Fig. 5. Concentration—response curves for the vasorelaxation effect of
cyclopiazonic acid (0.1 nM—-0.3 M) on the phenylephrine-evoked con-
traction in aortic rings with endothelium from Wistar Kyoto rats (WKY,
open symbols, n=8) and spontaneously hypertensive rats (SHR, solid
symbols, n=8). The experiments were performed under (1) control
conditions (circles), (2) in the presence of methyl-2,5-dihydroxycinna
mate (30 wM) (squares). Symbols represent the mean+ S.E.M..

the phenylephrine-induced contraction were significantly
greater (P < 0.001) in WKY (94.30 + 3.42%) than in SHR
(65.50 + 2.70%). The relaxation evoked by cyclopiazonic
acid (0.1 wM) was abolished by pretreatment of the vascu-
lar preparations for 30 min with NLA (100 p.M).

M ethyl-2,5-dihydroxycinnamate (30 wM) shifted to the
right the cyclopiazonic acid-induced dose—response curves.
The shift was larger in WKY (ECg, = 15.10 + 0.73 nM,
n=6, P <0.001 in comparison to controls) than in SHR
(ECy, =4.16 £ 0.21 nM, n=6, P <0.01). Although the
level of tension of both precontracted preparations relaxed
by cyclopiazonic acid (3 nM; Fig. 5) was similar in WKY
(1.07+0.18 g, n=6) and SHR (1.01+ 0.08 g, n=6)
endothelium-intact rings, the inhibitory effects elicited by
methyl-2,5-dihydroxycinnamate (30 wM), expressed as
percentages of the phenylephrine-induced contractions,
were significantly higher (P < 0.01) in WKY (50%, n = 6)
than in SHR (27%, n = 6) treated rings.

In aortic rings with endothelium precontracted with
endothelin-1 (0.1 wM; WKY: 1.76 + 0.11 g; SHR: 1.68 +
0.11 g, n=4), the relaxing effects elicited by cyclopia-
zonic acid (10 nM) in WKY (0.63+ 0.09 g) and SHR
(0.96+ 0.10 g) were reduced in vascular preparations
treated by genistein (30 wM) (WKY: 1.08+0.11 g, P<
0.001; SHR: 1.21 + 0.11 g, P < 0.05; n=4).

3.3. Effects of a tyrosine phosphatase inhibitor on
vasoreactivity in WKY and SHR aortas

The addition of sodium orthovanadate (30 M) in the
organ bath did not modify the resting tension of SHR rings
without endothelium and of WKY rings with endothelium.
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Fig. 6. (A) Contractile responses to noradrendine in SHR aortic rings
without endothelium. Experiments were conducted in rings untreated
(open bar) or pretreated with methyl-2,5-dihydroxycinnamate (cross-
hatched bar) or sodium orthovanadate (hatched bar). Data are expressed
as mean+ S.E.M.. (B) Depressor effect of cyclopiazonic acid (1 wM) on
tension development in WKY aortic rings with endothelium contracted
with phenylephrine (3 wM). Experiments were conducted in rings un-
treated (open bar: phenylephrine= 2.1+ 0.1 g, post-cyclopiazonic acid =
1.03+0.11 g) or pretreated with methyl-2,5-dihydroxycinnamate (cross-
hatched bar: phenylephrine=2.05+0.12 g, post-cyclopiazonic acid =
0.81+0.07 @) or sodium orthovanadate (hatched bar: phenylephrine=
2.10+0.08 g, post-cyclopiazonic acid=1.37+0.08 g). Data are ex-
pressed as percentage change in phenylephrine-induced tone and are
presented as mean+ S.E.M. of six separate experiments. **P < 0.01 and
*#%P < 0,001 versus control rings.
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In SHR rings without endothelium, the constrictor re-
sponses to noradrenaline (0.1 wM, 0.82+0.04 g, n=8)
were potentiated in presence of sodium orthovanadate (30
wM, 0.94 +0.04 g, n=8, P <0.001, Fig. 6A).

Phenylephrine (3 wM) produced comparable maximal
tensionin WKY aortic rings with endothelium either bathed
in control solution or in media containing sodium ortho-
vanadate (30 wM). In control precontracted rings, cyclopi-
azonic acid (1 wM) produced a relaxation of 50.27 + 5%
(n=6). When vessels were pretreated with sodium ortho-
vanadate (30 M), the relaxant effect evoked by cyclopia-
zonic acid was increased to 61.6 + 4% (n=6, P < 0.05,
Fig. 6B).

4, Discussion

The present study shows a different sensitivity to tyro-
sine kinase inhibitors in SHR and WKY . However, oppo-
site dteration in the modulatory role of tyrosine kinase
inhibitors on contraction and relaxation was observed in
the two strains. Contractions to noradrenaline, endothelin-1
and cyclopiazonic acid were more sensitive to tyrosine
kinase inhibitors in aortic rings from SHR in comparison
to WKY whereas endothelium-dependent relaxations were
less sensitive to tyrosine kinase inhibitors in SHR than in
WKY. These results may indicate that the contribution of
the protein tyrosine kinase in the regulation of vasoreactiv-
ity depends on the hypertensive state of the animal and on
the vascular cell studied.

Although no drug is completely specific, our experi-
mental approach was to use tyrosine kinase inhibitors in
functional experiments. In this regard, the use of two drugs
of different chemical classes acting at two different sites of
inhibition may support the conclusion that tyrosine kinase
is the cellular target of their action. Methyl-2,5-dihydroxy-
cinnamate, a stable erbstatin analogue, binds to the recog-
nition site of the enzyme. Moreover, methyl-2,5-dihy-
droxycinnamate exhibits specific inhibitory effect against
epidermal growth factor receptor (EGFR) kinase. There is
growing evidence that EGFR kinase is present in rat aorta.
Indeed, in cultured rat aortic smooth muscle cells the
tyrosine phosphorylation of several proteins and the medi-
ated synthesis of DNA caused by EGF are affected by
tyrosine kinase inhibitors (Watts et al., 1996; Panek et al.,
1997). On the other hand, Florian and Watts (1999) have
shown that EGF induced potent contractions in arteries
from two forms of experimental hypertension, the DOCA-
salt and one kidney, one clip (1K, 1C) rats. Genistein is an
ATP analogue which blocks the ATP binding site of a
variety of tyrosine kinases. Since a physiological balance
between the protein phosphorylation process provided by
tyrosine kinases and the protein dephosphorylation facili-
tated by tyrosine phosphatases may influence the sig-
nalling pathways, sodium orthovanadate, a blocker of tyro-
sine phosphatase that inhibits the activity of tyrosine ki-
nases (Swarup et al., 1982), was used as an additiona

pharmacological tool to analyse the specific role of tyro-
sine phosphorylation in the vasoreactivity of WKY and
SHR aorta.

Our results show that methyl-2,5-dihydroxycinnamate
inhibited the contractile responses elicited by noradrena
line in WKY and SHR endothelium-denuded aortic rings.
This effect was 2-fold larger in SHR than in WKY. In
addition, the sustained plateau €elicited by a single dose of
endothelin-1 was more depressed by methyl-2,5-dihy-
droxycinnamate and genistein in SHR than in WKY.
Daidzein, the inactive analogue of genistein did not reverse
endothelin-1-induced contraction. Furthermore, sodium or-
thovanadate enhanced the contractions evoked by nor-
adrenaline in SHR aortic rings without endothelium. How-
ever, non-specific inhibitory mechanisms may confound
the interpretation of the results obtained with the tyrosine
kinase inhibitors. Indeed, it has been reported that high
concentrations of genistein could inhibit protein kinase C
(Akiyama et al., 1987). This seems unlikely in our experi-
ments since in SHR endothelium-denuded rings, genistein
and methyl-2,5-dihydroxycinnamate did not affect the con-
tractile responses evoked by phorbol 12,13-dibutyrate, a
protein kinase C activator. On the other hand, tyrosine
kinase inhibitors did not change KCl-induced contraction.

Taken together, our findings point to a role of tyrosine
kinases in the contractile responses to different agonists
such as noradrenaine and endothelin-1. Moreover, this
role appeared to be higher in SHR aorta compared to
WKY. The present data are consistent with the previously
demonstrated ability of tyrosine kinase to modulate the
contractile responses of agonists in vascular tissue of
Sprague—Dawley rats (Abebe and Agrawal, 1995; Watts et
al., 1996; Ohanian et a., 1997). Since tyrosine kinase
activity contributes to the vascular effects of EGF, our
findings are in line with a recent study demonstrating that
EGF-induced contractions were greater in aorta from hy-
pertensive than normotensive rats (Florian and Watts,
1999). However, our results are at variance with those
showing that contractions of small arteries from WKY
were more sensitive to tyrosine kinase inhibitors in com-
parison to SHR (Malloy and Sauro, 1996). This discrep-
ancy may be explained by differences in the distribution
and functional importance of tyrosine kinase depending on
vascular beds and size of vessels. These conflicting results
may also be explained by the diversity of the applied
stimulus since it has been reported that angiotensin 11- but
not phenylephrine-induced contractions were altered by
tyrphostin-25, an inhibitor of tyrosine kinase (Malloy and
Sauro, 1996).

Hypertension is generally characterised by an increased
sensitivity of vascular smooth muscle to vasoconstrictor
stimuli (Folkow, 1982). However, conflicting results have
been reported on the vascular reactivity of different vessels
from hypertensive rats. The resistance vessels from SHR
are more responsive to constrictor agonists whereas in
conducting vessels such as aorta, the contractile responses
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are similar or lower in SHR than in WKY (Spector et 4.,
1969; Shibata et a., 1973; Sim and Singh, 1987; Auguet et
al., 1989; Kam et al., 1996).

Receptor-coupled vascular contraction is associated with
the elevation of cytosolic concentration of free Ca®*
through mechanisms which mobilise both intracellular
Ca?* stores and the influx of extracellular Ca2* (Minne-
man, 1988; Auguet et al., 1989). In the present study, there
is no discernible quantitative hypertension-related effect on
vasoconstriction mediated by noradrenaline in aortic prepa-
rations. However, the contribution of various key cellular
mechanisms to the overall contraction produced by nor-
adrenaline may be modified in SHR aorta (Auguet et 4.,
1989). This possihility is substantiated in our experiments
by the findings that (i) the tension developed by cyclopia-
zonic acid, a selective inhibitor of sarcoplasmic reticulum
Ca?* ATPase, was greater in the preparations from SHR
compared to WKY and (ii) that the inhibition of tyrosine
kinase by methyl-2,5-dihydroxycinnamate attenuated to a
greater magnitude the elevation of the tone caused by
cyclopiazonic acid in SHR than in WKY. These results
suggest that the mechanism of Ca?*"influx linked to store
depletion and its associated tyrosine-kinase sensitivity were
increased in SHR aortic rings stimulated by constrictor
agonists. However, our observations do not rule out the
possibility of an elevated Ca?* storage in SHR sarco-
plasmic reticulum with the consequent enhanced release of
Ca?* from this store, or an increased sensitivity of the
Ca?*-pump to cyclopiazonic acid in SHR compared to
WKY.

In the second part of our study, cyclopiazonic acid was
shown to cause endothelium- and NO-dependent relax-
ations in constricted rings from WKY and SHR aortas.
These results are consistent with previous reported find-
ings obtained in the aorta of Wistar rats (Moritoki et al.,
1994; Zheng et al., 1994). In addition, it is well established
that depletion of internal Ca?* stores by Ca?" ATPase
inhibitors is the signal of Ca?* entry (Dolor et al., 1992;
Schilling et al., 1992; Zhang et al., 1994) and the subse-
guent production of NO in endothelial cells (Hutcheson
and Griffith, 1997). In the present study, methyl-2,5-dihy-
droxycinnamate and genistein inhibited the endothelium-
dependent vasorel axant responses evoked by carbachol and
cyclopiazonic acid on rings stimulated by phenylephrine or
endothelin-1. In addition, sodium orthovanadate enhanced
the extent of the relaxation evoked by noradrenaline in
WKY rings with endothelium. These results are in accor-
dance with some postulating that the cellular events lead-
ing to the vascular release of EDRF/NO involve the
activation of the tyrosine kinase pathway (Hisayama et 4.,
1995). However, the possibility that the signalling mecha
nism for the augmented cyclopiazonic acid induced relax-
ation after pretreatment of WKY rings with sodium ortho-
vanadate may involve the inhibitory effect of vanadate on
sarcoplasmic reticulum Ca?"-ATPase could not be ruled
out (Raeymaekers et al., 1983).

The endothelium-dependent effects of the different tyro-
sine kinase inhibitors investigated were larger in WKY
than in SHR. Of note is that the inhibitory effects of
methyl-2,5-dihydroxycinnamate were more important on
the endothelium-dependent relaxations evoked by cyclopi-
azonic acid compared to carbachol in WKY aorta. Thus, it
seems that the tyrosine kinase triggered process accounts
only for a mild part of the carbachol-induced
endothelium-dependent vasorelaxation.

Selective impairment of endothelium-dependent vaso-
dilatation is intimately involved in the pathogenesis of
hypertension (Konishi and Su, 1983; Panza et al., 1994).
Different mechanisms have been proposed to €elucidate
endothelial dysfunction in SHR as the decrease in the
formation of NO by NO synthase (Konishi and Su, 1983)
or an increased production of endothelium-derived con-
tracting factor by cyclooxygenase-1 or cyclooxygenase-2
(Ge et al., 1995; Zerrouk et al., 1998). However, cellular
defects unrelated to the intrinsic NO synthase activity may
be involved in the alteration of the endothelium-dependent
vasoreactivity. In this regard, some findings clearly link
changes in calcium handling to vasoactive responses char-
acteristic of the impairment of the endothelial cell function
and the reduced synthesis of EDRF/NO (Miwa et al.,
1997). Of interest is the recent data suggesting that this
impairment could be associated with the defect in the
signalling pathways beyond the endothelia receptors
(Cardillo et a., 1998). A decreased level of resting cytoso-
lic Ca®* concentration and an altered intracellular Ca?*
release pathway have been reported in SHR endothelial
cells (Liu et al., 1995; Wang et al., 1995). With respect to
inhibition by tyrosine kinase inhibitors of carbachol and
cyclopiazonic acid endothelium-dependent relaxation, our
data rise the question of a possible impairment of tyrosine
phosphorylation in SHR. In support to this hypothesis are
data reported in a restenosis model characterised by an
altered endothelium-dependent relaxation. In this model,
the contribution of tyrosine kinase in response to acetyl-
choline was lesser in regenerated endothelial cells from
carotid arteries (Belmadani et a., 1997). This finding
suggests some shared similarities in the mechanisms of
endothelia dysfunction between vessels of different patho-
logical models.

In conclusion, the present study suggests a regulatory
role for tyrosine kinase in the smooth muscle contraction
and the endothelium-dependent relaxation in WKY and
SHR aortas. Moreover, our results demonstrate the exis-
tence of different effects of tyrosine kinase inhibitors on
vasoreactivity between SHR and WKY. We propose that
an increase in the tyrosine kinase activity in SHR could
lead to a modified reactivity of Ca?*-linked contractile
mechanisms. In addition, our results alow to evidence a
link between the loss of tyrosine kinase activity and the
altered endothelium-dependent relaxation in SHR. Finally,
the possibility that altered vasorelaxation in hypertension
might involve defects as the impairment of tyrosine-phos-
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phorylation regulatory mechanisms should be worth con-
sidered.
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