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1 We have compared the signalling mechanisms involved in the pertussis toxin-sensitive and
-insensitive contraction of rat isolated mesenteric microvessels elicited by sphingosylphosphorylcho-
line (SPC) and noradrenaline (NA), respectively.

2 The phospholipase D inhibitor butan-1-ol (0.3%), the store-operated Ca2+ channel inhibitor
SK&F 96,365 (10 mM), the tyrosine kinase inhibitor genistein (10 mM), and the src inhibitor PP2
(10 mM) as well as the negative controls (0.3% butan-2-ol and 10 mM diadzein and PP3) had only
little e�ect against either agonist.

3 Inhibitors of phosphatidylinositol-3-kinase (wortmannin and LY 294,002, 10 mM each) or of
mitogen-activated protein kinase kinase (PD 98,059 and U 126, 10 mM each) did not consistently
attenuate NA- and SPC-induced contraction as compared to their vehicles or negative controls
(LY 303,511 or U 124).

4 The phospholipase C inhibitor U 73,122 (10 mM) markedly inhibited the SPC- and NA-induced
contraction (70% and 88% inhibition of the response to the highest NA and SPC concentration,
respectively), whereas its negative control U 73,343 (10 mM) caused only less than 30% inhibition.

5 The rho-kinase inhibitors Y 27,632 (10 mM) and fasudil (30 mM) caused a rightward-shift of the
NA concentration-response curve by 0.7 ± 0.8 log units and reduced the response to 10 mM SPC by
88% and 83%, respectively.

6 These data suggest that SPC and NA, while acting on di�erent receptors coupling to di�erent
G-protein classes, elicit contraction of rat mesenteric microvessels by similar signalling pathways
including phospholipase C and rho-kinase.
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Introduction

Multiple cellular mechanisms have been implicated in

receptor-mediated smooth muscle contraction but all of them
ultimately converge on increased phosphorylation of myosin
light chain (Allen & Walsh, 1994; Somlyo & Somlyo, 1994).

Classically this has been attributed to activation of a
phospholipase (PL) C leading to mobilization of Ca2+ from
intracellular stores and/or to activation of voltage-operated

Ca2+ channels. In recent years a variety of additional signalling
pathways has been implicated in receptor-mediated contrac-
tion of vascular and other smooth muscle, including activation

of a PLD (Aburto et al., 1995; Jinsi et al., 1996), of store-
operated Ca2+ channels (Low et al., 1994; Lagaud et al., 1996),
of protein kinase C (Aburto et al., 1995; Dessy et al., 1998), of
various types of tyrosine kinases (Jinsi et al., 1996; di Salvo et

al., 1997) including the src family (Roberts, 2001), of
phosphatidylinositol-3-kinases (PI-3-kinases) (Ibitayo et al.,

1998), of extracellular signal-regulated kinase (ERK) forms of

the mitogen-activated protein kinases (MAPK) (Dessy et al.,
1998; Fetscher et al., 2001) and of rho-associated protein
kinases (Fukata et al., 2001; Mukai et al., 2001).

Lysosphingolipids are a newly emerging class of biological
mediators which can serve as intracellular as well as
intercellular mediators, with the latter e�ects often being

mediated by G-protein-coupled receptors (Spiegel & Milstien,
2000; Pyne & Pyne, 2000; Chun et al., 2002). Lysosphingoli-
pids, including sphingosine 1-phosphate, sphingosylphosphor-

ylcholine (SPC), sphingosine and glucopsychosine, cause
vasoconstriction in vitro (Sugiyama et al., 2000; Bischo� et
al., 2000a; 20001a; Shirao et al., 2002) and in some cases also
in vivo (Bischo� et al., 2000b; 2001a, b). SPC was the most

potent and e�ective vasoconstrictor lysosphingolipid in rat
isolated mesenteric microvessels (Bischo� et al., 2000a).
Stereo-selectivity and pertussis toxin (PTX)-sensitivity sug-

gested that this response is receptor-mediated. This SPC-
induced vasoconstriction was abolished by chelation of
extracellular Ca2+ and partly inhibited by a dihydro-
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pyridine-type Ca2+ entry blocker. SPC-induced vasoconstric-
tion was endothelium-independent but slightly attenuated by
a cyclo-oxygenase inhibitor; the latter ®nding, however, was

not con®rmed in a more recent study (unpublished observa-
tions). Taken together, these data suggest that SPC-induced
rat mesenteric microvessel contraction is mediated by a
receptor located on the vascular smooth muscle cells with

couples to a PTX-sensitive G-protein to promote the in¯ux of
extracellular Ca2+, partly via L-type Ca2+ channels. The
detailed signal transduction pathways underlying SPC-

induced vasoconstriction, however, remain unclear.
In rat mesenteric microvessels, vasoconstriction can also be

elicited by noradrenaline (NA) acting on a1A-adrenoceptors
via PTX-insensitive G-proteins; this also involves the in¯ux of
extracellular Ca2+ and possibly also tyrosine kinases and
ERK forms of the MAPK (Chen et al., 1996; Bischo� et al.,

2000a; Fetscher et al., 2001). Therefore, the present study was
performed to characterize potential pathways in the SPC-
induced contraction of rat mesenteric microvessels, and
speci®cally to determine whether the PTX-sensitive SPC

response and the PTX-insensitive NA response use distinct
signal transduction pathways. Our data for the ®rst time
characterize in detail the signal transduction underlying

vasoconstriction by SPC, which represents a novel class of
endogenous vasoactive agents. Moreover, these data shed
light on the question how extracellular signals acting via

distinct G-protein classes converge on a single down-stream
e�ector mechanism, i.e. vascular smooth muscle contraction.

Methods

Contraction experiments

Adult Wistar rats (males 300 ± 450 g, females 200 ± 350 g)
were obtained from the breeding facility at the University of

Essen. They were killed by decapitation under ether
anaesthesia and mesenteric microvessels were prepared from
these rats according to Mulvany and Halpern as previously

described (Chen et al., 1996). Brie¯y, mesenteric vessels
adjacent to the gut were isolated. While vessel size had not
consistently been protocoled for the present study, in a
separate series of vessels prepared identically vessel diameter

was 256+4 mm (n=99). Up to four vessels from each animal
were used, but only 1 ± 2 vessel per animal were tested for
each experimental condition. A stainless-steel wire was

inserted into the vessel lumen, and the vessel was mounted
in the myograph chamber. A second wire was inserted and
connected to a force transducer for isometric recording of

tension development. In the myograph, the vessels were
bathed in Krebs-Henseleit bu�er of the following composi-
tion (mM): NaCl 119, NaHCO3 25, KCl 4.7, KH2PO4 1.18,

MgSO4 1.17, CaCl2 2.5, EDTA 0.026, HEPES 10, glucose 5.5
at 378C. The chamber was gassed continuously with 5%
CO2/95% O2 to maintain pH at 7.4. Before generating NA
concentration-response curves, 1 mM propranolol and 5 mM
cocaine were added to the bu�er to block b-adrenoceptors
and neuronal catecholamine uptake, respectively. Each
preparation was used to generate three concentration-

response curves (with intermittent wash-outs): The ®rst curve
was generated with NA and was used as reference for the
subsequent curves. The second curve was also generated with

NA but in the presence of various inhibitors, their negative
controls or their vehicles. The third curve was generated with
SPC in the presence of inhibitors, their negative controls or

their vehicles. Whenever possible, an inhibitor and its
negative control or vehicle were tested in parallel with vessels
from the same animal. Force of contraction of the second
and third curve were expressed as per cent of the maximum

NA response in the ®rst curve.
In light of possible non-speci®c e�ects of some inhibitors of

signal transduction pathways (Davies et al., 2000), we have

used compounds with high speci®city within their class. The
inhibitor concentrations were chosen based on their reported
e�ectiveness (or ine�ective in case of negative controls) in

other smooth muscle preparations as listed below. PLC: U
73,122 and U 73,344 10 mM (Lang et al., 2002); PLD: butan-
1-ol and butan-2-ol 0.3% (Hinton et al., 1999); store-

operated Ca2+ channels: SK&F 96,365 10 mM (Low et al.,
1994); tyrosine kinases: genistein and daidzein 10 mM
(Roberts, 2001); src-like protein kinases: PP2 and PP3
10 mM (Roberts, 2001); PI-3-kinase: wortmannin, LY

294,002 and LY 303,511 10 mM (Hong & Chang, 1998);
ERK-type MAPK: PD 98,095, U 126 and U 124 10 mM
(Roberts, 2001); rho-kinase: Y27,632 10 mM and fasudil

30 mM (Batchelor et al., 2001).

Radioligand binding

Competition radioligand binding to a membrane preparation
from Chinese hamster ovary cells expressing the cloned

human a1A-adrenoceptor was performed as previously
described using a [3H]-prazosin concentration of 110 ±
140 pM (Eltze et al., 2001). Brie¯y, experiments were
performed in binding bu�er consisting of 50 mM Tris,

10 mM MgCl2 and 0.5 mM EDTA at pH 7.5 in a total
assay volume of 1000 ml. The protein content typically was
40 ± 60 mg assay71. The mixtures were incubated at 258C for

45 min unless otherwise indicated. Incubations were termi-
nated by rapid vacuum ®ltration over Whatman GF/C ®lters
followed by two washes of the ®lters each with 10 ml ice-

cold incubation bu�er. Non-speci®c binding was de®ned as
binding in the presence of 10 mM phentolamine. Each
inhibitor was tested in quadruplicates within each experi-
ment.

Chemicals

Carbachol HCl, (7)-NA bitartrate, PD 98,059 (2'-amino-3'-
methoxy¯avone), (+)-propranolol HCl, SK&F 96,365 (1-
[b-[3-(4-methoxyphenyl)propoxy]- 4]methoxyhphenethyl] -1H -

imidazole HCl), U 73,122, (1-(6-[([17b]-3-methoxyestra-1,3,5
[10]-trien-17-yl)-amino]hexyl)-1H-pyrrole-2,5-dione), U 73,343
(1-(6-[-([17b]-3-methoxyestra-1,3,5[10]-trien-17-yl)-amino] hex-

yl-2,5-pyrrolidinedione) and wortmannin were obtained from
Sigma-Aldrich (Taufkirchen, Germany). SPC was from
Biomol (Hamburg, Germany). Fasudil dihydrochloride (pre-
viously known as HA-1077), LY 294,002 (2-(4-morpholinyl)-8-

phenyl-4H-1-benzopyran-4-one), LY 303,511 (2-piperazinyl-8-
phenyl-4H-1-benzopyran-4-one), PP2 (4-amino-5-)4-chloro-
phenyl)-7-(t-butyl)pyrazolol[3,4]pyrimidine), PP3 (4-amino-7-

phenylpyrazolol[3,4]pyrimidine, U 124 (1,4-diamino-2,3-di-
cyano-1,4-bis(methylthio)butadiene) and U 126 (1,4-diami-
no-2,3-dicyano-1,4-bis(2-aminophenylthio)butadiene) were
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obtained from Calbiochem (Bad Soden, Germany). Y 27,632
(trans - 4 - [(1R) - 1 - aminoethyl]-N- 4-pyridinylcyclohexanecar-
boxamide) was from Tocris (Bristol, U.K.).

SPC was dissolved in methanol, dried in a speed-vac
concentrator and, thereafter, dissolved at 10 mM in a solution
of bovine serum albumin (1 mg ml71). Daidzein (at 10 mM),
genistein (at 10 mM), PP2 (at 10 mM), PP3 (at 10 mM), U

73,122 (at 3 mM) and U 73,343 (at 3 mM) were dissolved in
DMSO. Y 27,632 and fasudil (at 10 mM each) were dissolved
in water.

Data analysis

Data are shown as means+s.e.mean of n vessels. Unless
otherwise noted, all data on force of contraction are
expressed as per cent of the maximum response to NA in

the ®rst concentration-response curve, i.e. prior to addition of
any inhibitor or its vehicle. This allows the variability of
inhibitor e�ects to be looked at without confusion by the
biological variability in the agonist responses. It has been

used in our previous studies (Bischo� et al., 2000a; 2001a)
and is supported by an excellent reproducibility of NA
responses in this preparation (Chen et al., 1996), as further

documented by the correlation analysis in the present study
(see Results).
To test for statistical signi®cance of inhibitor e�ects, our

primary analysis was two-way ANOVA of the entire
concentration-response curves, using main treatment e�ect
and agonist concentration as the explanatory variables;

Bonferroni post-tests were performed for individual agonist
concentrations. As a secondary outcome parameter for
inhibitor e�ects, agonist potency and maximum e�ects were
analysed by ®tting sigmoidal curves to pooled data from all

experiments; in this analysis statistical signi®cance was
assumed if 95% con®dence intervals of parameter estimates
for pEC50 or Emax in the presence of the inhibitor did not

overlap with those in the presence of its negative control
and/or vehicle. Statistical signi®cance of inhibitor e�ects in
the radioligand binding assay was determined by one-sample

t-tests. All curve ®tting procedures and statistical calcula-
tions were performed using the Prism program, and P50.05
was considered signi®cant (GraphPad, San Diego, CA,
U.S.A.).

Results

The ®rst NA concentration-response curve in the mesenteric

microvessels had a mean pEC50 of 6.88+0.13 and a mean
maximum e�ect of 19.8+0.4 mN (n=238 vessels), with
similar responses in male (pEC50 6.84+0.23, maximum
21.9+0.4 mN, n=90 vessels) and female rats (pEC50

6.91+0.15, maximum 18.6+0.5 mN, n=148 vessels). To
further validate the expression of contractile e�ects of NA
and SPC in the presence of inhibitors, their negative controls

and/or their vehicles as per cent of the maximum response in
the ®rst NA concentration-response curve within the same
vessel, we have compared the maximum response of the

second NA curve and of the SPC curve in the pooled vehicle
groups with the maximum response in the ®rst NA curve
(Figure 1). While the response to the ®rst and second NA

addition exhibited an excellent correlation, the correlation
between NA and SPC e�ects was statistically signi®cant but
considerably weaker. In con®rmation of our previous studies
(Bischo� et al., 2000a), SPC-induced contraction of rat

mesenteric microvessels consistently peaked at an agonist
concentration of 30 mM and yielded approximately 50%
smaller maximal e�ects than NA (Figures 2 ± 8).

The PLC inhibitor U 73,122 signi®cantly inhibited NA-
induced constriction, i.e. reduced maximum NA responses by
more than 60% and concomitantly reduced the sensitivity of

the remaining response by more than 0.6 log units (Table 1,
Figure 2). U 73,122 almost completely inhibited SPC-induced
constriction (Table 2, Figure 2). The supposed negative

control U 73,343 inhibited NA and SPC responses
signi®cantly but to a much weaker extent (Tables 1 and 2,
Figure 2).
A possible involvement of a PLD was tested by comparing

vasoconstriction in the presence of the inhibitor butan-1-ol
relative to its negative control butan-2-ol. Butan-1-ol caused
a small but statistically signi®cant inhibition of NA but not

the SPC responses (Tables 1 and 2, Figure 3).
SK&F 96,365, an inhibitor of store-operated Ca2+

channels, relative to its vehicle caused a very small but

statistically signi®cant inhibition of the response to NA but
not to SPC (Tables 1 and 2, Figure 4).
A possible role for tyrosine kinases was initially tested

using the inhibitor genistein relative to its negative control

Figure 1 Maximum contraction response to NA and SPC relative to the ®rst NA e�ect within the same preparation (n=83 vessels
each). The linear regression slopes were 1.02+0.04 and 0.61+0.10, respectively, and the r2 was 0.87 and 0.31, respectively, yielding
P-values of 50.0001 in both cases.
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daidzein and their vehicle. Relative to vehicle, genistein

caused signi®cant inhibition of the NA response, which
mainly consisted of a rightward shift of the concentration-
response curve; relative to the negative control daidzein, the
inhibitory e�ect of genistein was less pronounced but

remained statistically signi®cant (Table 1, Figure 5).
Inhibitory e�ects of genistein on SPC-induced microvessel
contraction were small and reached statistical signi®cance

only relative to vehicle but not relative to daidzein (Table 2,
Figure 5). To test speci®cally for a role of src-like tyrosine
kinases, we have investigated possible inhibitory e�ects of

PP2. However, PP2 neither relative to its negative control
PP3 nor relative to their vehicle signi®cantly a�ected the NA
concentration-response curve (Table 1, Figure 5). SPC-
induced contraction was not at all inhibited by PP2 and if

anything it was slightly enhanced relative to vehicle but not
relative to PP3 (Table 2, Figure 5).
Studies with PI-3-kinase inhibitors yielded equivocal

results. Thus, wortmannin relative to its vehicle did not
signi®cantly a�ect the NA response (Table 1, Figure 6). The
negative control LY 303,511 alone also caused signi®cant

inhibition of the NA response relative to vehicle (Table 1,

Figure 6). The PI-3-kinase inhibitor LY 294,002 relative to
LY 303,511 caused further marked inhibiton of the NA
response, and this inhibition consisted largely of a right shift
of the NA concentration-response curve by about 1 log unit

(Table 1, Figure 6). SPC-induced microvessel contraction was
not signi®cantly inhibited by LY 294,002 relative to LY
303,511 or vehicle (Table 2, Figure 6), but wortmannin and

the supposed negative control LY 303,511 caused a very
minor but statistically signi®cant inhibition of the SPC e�ect
relative to vehicle (Table 2, Figure 6).

Studies regarding a possible role of ERK-type MAPK also
yielded inconclusive results. Thus, PD 98,095 caused marked
inhibition which mainly consisted of a right shift of the NA
concentration-response curve by approximately 0.7 log units

(Table 1, Figure 7). In contrast, U 126 did not cause
signi®cant inhibition of the NA response relative to its
negative control U 124 or to vehicle (Table 1, Figure 7). PD

98,059 also signi®cantly inhibited the SPC response, whereas
U 126 caused only very minor if any inhibition (Table 2,
Figure 7).

Table 1 Potency (pEC50) and maximum e�ects (Emax) of NA in the presence of signal transduction inhibitors

Signalling pathway and inhibitor pEC50 Emax

Phospholipase C
U 73,122 (10 mM, n=8) 6.05+0.25 (5.55 ± 6.54) 30+6 (18 ± 42)
Vehicle for U, 73,122 (n=8) 6.69+0.05 (6.60 ± 6.78) 90+3 (84 ± 96)
U 73,343 (negative control, 10 mM, n=8) 6.20+0.06 (6.09 ± 6.31) 81+4 (74 ± 88)
Vehicle for U 73,343 (n=8) 6.78+0.07 (6.64 ± 6.92) 91+4 (83 ± 99)

Phospholipase D
Butan-1-ol (0.3%, n=6) 6.58+0.03 (6.53 ± 6.63) 87+2 (84 ± 90)
Butan-2-ol (negative control, 0.3%, n=6) 6.83+0.04 (6.76 ± 6.91) 93+2 (89 ± 97)

Store-operated Ca2+ channels
SK&F 96,365 (10 mM, n=6) 6.90+0.06 (6.78 ± 7.02) 94+3 (87 ± 100)
Vehicle for SK&F 96,365 (n=6) 7.09+0.05 (6.99 ± 7.20) 97+3 (92 ± 103)

Tyrosine kinases
Genistein (10 mM, n=6) 6.54+0.04 (6.46 ± 6.63) 95+3 (88 ± 102)
Daidzein (negative control, 10 mM, n=6) 6.83+0.08 (6.67 ± 6.99) 98+5 (89 ± 107)
Vehicle for genistein and daidzein (n=5) 7.12+0.06 (6.99 ± 7.25) 96+3 (89 ± 103)
PP2 (10 mM, n=6) 6.66+0.03 (6.59 ± 6.72) 91+2 (87 ± 95)
PP3 (negative control, 10 mM, n=6) 6.79+0.08 (6.62 ± 6.96) 96+5 (86 ± 106)
Vehicle for PP2 and PP3 (n=6) 6.69+0.05 (6.59 ± 6.78) 95+3 (89 ± 101)

Phosphatidylinositol-3-kinase
Wortmannin (10 mM, n=7) 6.88+0.09 (6.69 ± 7.07) 101+5 (90 ± 111)
Vehicle for wortmannin, LY 294,002 and LY 303,511 (n=6) 7.11+0.04 (7.02 ± 7.20) 95+2 (90 ± 99)
LY 294,002 (10 mM, n=5) 5.25+0.07 (5.11 ± 5.39) 83+5 (74 ± 93)
LY 303,511 (negative control, 10 mM, n=6) 6.21+0.04 (6.14 ± 6.29) 93+3 (87 ± 99)

ERK-type mitogen-activated protein kinases
PD 98,059 (10 mM, n=6) 6.42+0.07 (6.28 ± 6.56) 89+5 (80 ± 99)
Vehicle for PD 98,059, U 126 and U 124 (n=11) 7.14+0.10 (6.94 ± 7.34) 96+5 (86 ± 105)
U 126 (10 mM, n=6) 7.10+0.05 (6.99 ± 7.21) 87+3 (82 ± 92)
U 124 (negative control, 10 mM, n=6) 7.02+0.07 (6.88 ± 7.17) 91+4 (83 ± 98)

Rho-kinase
Y 27,632 (10 mM, n=8) 6.26+0.03 (6.21 ± 6.31) 85+2 (82 ± 89)
Vehicle for Y 27,632 (n=6) 7.19+0.05 (7.09 ± 7.29) 93+3 (88 ± 98)
Fasudil (30 mM, n=7) 5.98+0.06 (5.86 ± 6.10) 76+4 (67 ± 85)
Vehicle for fasudil (n=7) 6.82+0.13 (6.56 ± 7.09) 95+7 (80 ± 109)

Data are mean+s.e.mean (95% con®dence intervals) of n vessels. In this analysis statistical signi®cance is achieved when the con®dence
intervals do not overlap. Emax is expressed as per cent of the maximum NA response within the same vessel prior to addition of
inhibitor, negative control or vehicle. A graphical representation of the data is given in Figures 2 ± 8.
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The rho-associated protein kinase inhibitors Y 27,632 and
fasudil caused marked inhibition of the NA response, which

consisted mainly of a right shift of about 0.7 ± 0.8 log units
(Table 1, Figure 8). Both Y 27,632 and fasudil also strongly
inhibited SPC-induced microvessel contraction (Table 2,

Figure 8).
To exclude that some of the observed inhibitory e�ects are

due to direct interaction of the signal transduction inhibitors

with the receptors mediating the response, we have performed
radioligand binding experiments with cloned human a1A-
adrenoceptors. These experiments demonstrated that in the

concentrations employed in the present study, butan-1-ol,
butan-2-ol, genistein, daidzein, PP3, wortmannin, LY
294,002, PD 98,059, U 126, U 124, Y 27,632 or fasudil did
not inhibit radioligand binding (Table 3). A small inhibitory

e�ect was observed for PP2, and an approximately 50%
inhibition was seen with U 73, 122, U 73,344 and SK&F
96,365; the inhibitory e�ect of LY 303,511 was approximately

80% (Table 3).

Discussion

Recent years have brought considerable progress in the
understanding of the cellular and molecular mechanisms

leading to the contraction of vascular and other smooth
muscle by receptor agonists. Smooth muscle contraction can
be elicited by receptors coupling to both Gq/11-like PTX-

insensitive and Gi/o-like PTX-sensitive G-proteins, although

both G-protein classes typically activate di�erent signalling
responses (Neer, 1995). In rat mesenteric microvessels the

former class is represented by NA and the latter by SPC
(Bischo� et al., 2000a). In the present study we have observed
that SPC-induced microvessel contraction is correlated

signi®cantly to that upon a ®rst NA addition, but the
correlation is considerably weaker than that between the
e�ects of the ®rst and second NA addition. These data imply

that the tissue responsiveness to the two agonists involves
distinct and shared components. Obviously, the receptors and
G-proteins mediating the two responses are distinct, but

whether and to what extent down-stream signalling pathways
are distinct is unknown. Therefore, the present study was
designed to investigate for the ®rst time the signal
transduction pathways underlying the SPC-induced PTX-

sensitive contraction of rat mesenteric microvessels and to
compare it to the NA-induced PTX-insensitive contraction.
Our overall data suggest that NA and SPC use largely similar

signalling mechanisms to elicit vasoconstriction despite acting
via di�erent types of G-proteins.
The validity of studies into signal transduction pathways

underlying functional responses is limited by the e�cacy and
selectivity of the available inhibitors. Recent work has
highlighted the problem, that many supposedly speci®c
inhibitors may be less selective and/or less e�ective than

previously believed (Davies et al., 2000). To minimize this
problem, the present study has employed multiple and
structurally distinct inhibitors of a given pathway in many

cases. Whenever possible, we have in addition compared the

Figure 2 E�ect of the phospholipase C inhibitor U 73,122 and its negative control U 73,343 (10 mM) each on NA- and SPC-
induced vasoconstriction. Data are means+s.e.mean of eight experiments. P=0.0151 for overall treatment e�ect of U 73,343
against SPC in a two-way ANOVA, and P50.0001 for all other overall treatment e�ects; *P50.05 for individual agonist
concentrations vs vehicle in Bonferroni post-tests.
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active inhibitors not only to their vehicle but also to negative

control compounds, i.e. structurally similar drugs which have
much less, if any, e�ect on the signal transduction pathway
under investigation. Inhibitor concentrations, which combine
e�cacy and selectivity to the greatest possible extent, were

chosen based on published data in other tissues (see
Methods). To investigate possible direct inhibitor e�ects at
the receptor level, radioligand binding studies have been

performed with cloned a1A-adrenoceptors, i.e. the receptor
subtype which mediates noradrenaline-induced contraction in
rat mesenteric microvessels (Williams & Clarke, 1995; Chen

et al., 1997). According to these radioligand binding data, LY
303,511 (the negative control for the PI-3-kinase inhibitor LY
294,002) and the PLC inhibitor U 73,122, its negative control
U 73,344 and SK&F 96,365, an inhibitor of store-operated

Ca2+ channels, have direct e�ects on a1A-adrenoceptors
whereas the other tested inhibitors inhibit receptor binding
by 10% of less. These receptor e�ects of some inhibitors must

be considered in interpreting their functional e�ects. While
lack of e�ect of a given inhibitor in appropriate concentra-
tions strongly argues against involvement of the correspond-

ing pathway, its e�ectiveness will not prove involvement of

that pathway in all cases. This can be partly be overcome by
testing multiple inhibitor concentrations, but the use of full
concentration-response curves for the inhibitors was not
feasible in the present study because only one SPC

concentration-response curve can be obtained per prepara-
tion. These limitations must be kept in mind in the
interpretation of our data.

Smooth muscle contraction depends on elevations of
intracellular Ca2+ concentrations. Elevation of intracellular
Ca2+ upon stimulation of Gq/11-coupled receptors in general

and of a1A-adrenoceptors in particular typically involves PLC
activation (Garcia-Sainz et al., 1999), whereas that by Gi/o-
coupled receptors in general and by SPC in particular in most
cases does not (Meyer zu Heringdorf et al., 2002).

PLC involvement in physiological responses is most
frequently tested using its inhibitor, U 73,122. In the present
study this PLC inhibitor blunted vasoconstriction by both,

NA and SPC, whereas its negative control U 73,343 only
slightly inhibited microvessel contraction. Direct a1A-adreno-
ceptor antagonism may contribute to the inhibition of NA

Table 2 Potency (pEC50) and maximum e�ects (Emax) of NA in the presence of signal transduciton inhibitors

Signalling pathway and inhibitor pEC50 Emax estimates

Phospholipase C
U 73,122 (10 mM, n=8) 5.52+0.62 (4.27 ± 6.77) 4+1 (1 ± 7)
Vehicle for U 73,122 (n=8) 5.24+0.10 (5.04 ± 5.45) 50+6 (40 ± 61)
U 73,343 (negative control, 10 mM, n=8) 5.09+0.06 (4.97 ± 5.21) 54+4 (46 ± 63)
Vehicle for U 73,343 (n=8) 5.30+0.11 (5.08 ± 5.53) 58+7 (42 ± 72)

Phospholipase D
Butan-1-ol (0.3%, n=6) 5.16+0.14 (4.88 ± 5.45) 71+10 (50 ± 92)
Butan-2-ol (negative control, 0.3%, n=6) 5.28+0.13 (5.02 ± 5.54) 77+9 (58 ± 96)

Store-operated Ca2+ channels
SK&F 93,365 (10 mM, n=6) 5.54+0.06 (5.42 ± 5.67) 60+5 (51 ± 70)
Vehicle for SK&F 96,365 (n=6) 5.44+0.12 (5.20 ± 5.68) 67+8 (50 ± 84)

Tyrosine kinases
Genistein (10 mM, n=6) 5.26+0.18 (4.90 ± 5.61) 48+9 (29 ± 67)
Daidzein (negative control, 10 mM, n=6) 5.28+0.10 (5.09 ± 5.48) 57+6 (46 ± 68)
Vehicle for genistein and daidzein (n=5) 5.48+0.15 (5.18 ± 5.79) 68+10 (46 ± 89)
PP2 (10 mM, n=6) 5.22+0.09 (5.03 ± 5.41) 69+7 (54 ± 83)
PP3 (negative control, 10 mM, n=6) 5.24+0.13 (4.96 ± 5.51) 57+8 (40 ± 47)
Vehicle for PP2 and PP3 (n=6) 5.29+0.15 (4.98 ± 5.59) 38+6 (25 ± 51)

Phosphatidylinositol-3-kinase
Wortmannin (10 mM, n=7) 5.06+0.25 (4.56 ± 5.56) 48+14 (20 ± 76)
Vehicle for wortmannin, LY 294,002 and LY 303,511 (n=6) 5.44+0.15 (5.14 ± 5.73) 68+10 (48 ± 88)
LY 294,002 (10 mM, n=5) 5.33+0.22 (4.89 ± 5.77) 48+11 (25 ± 70)
LY 303,511 (negative control, 10 mM, n=6) 5.15+0.32 (4.49 ± 5.81) 44+15 (12 ± 75)

ERK-type mitogen-activated protein kinases
PD 98,059 (10 mM, n=6) 4.40+1.72 (0.91 ± 7.89) 72+146 (7225 ± 368)
Vehicle for PD 98,059, U 126 and U 124 (n=11) 5.40+0.38 (4.64 ± 6.16) 90+23 (44 ± 136)
U 126 (10 mM, n=6) 5.40+0.11 (5.17 ± 5.63) 61+7 (46 ± 76)
U 124 (negative control, 10 mM, n=6) 5.34+0.15 (5.03 ± 5.34) 64+10 (43 ± 84)

Rho-kinase
Y 27,632 (10 mM, n=8) 4.80+0.56 (3.68 ± 5.93) 30+25 (720 ± 80)
Vehicle for Y 27,632 (n=6) 5.63+0.07 (5.49 ± 5.78) 83+5 (73 ± 94)
Fasudil (30 mM, n=7) 3.25+6.23 (715.84 ± 9.35) 117+593 (71083 ± 1317)
Vehicle for fasudil (n=7) 5.48+0.06 (5.36 ± 5.61) 87+6 (76 ± 99)

Data are mean+s.e.mean (95% con®dence intervals) of n vessels. In this analysis statistical signi®cance is achieved when the con®dence
intervals do not overlap. Emax is expressed as per cent of the maximum NA response within the same vessel prior to addition of
inhibitor, negative control or vehicle. A graphical representation of the data is given in Figures 2 ± 8.
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Figure 3 E�ects of the phospholipase D inhibitor butan-1-ol and its
negative control butan-2-ol (0.3% each) on NA- and SPC-induced
vasoconstriction. Data are means+s.e.mean of six experiments.
P50.0001 for overall treatment e�ects of butan 1-ol-vs butan-2-ol
against NA but not SPC e�ects in a two-way ANOVA; *P50.05 for
individual agonist concentrations vs butan-2-ol in Bonferroni post-
tests.

Figure 4 E�ects of the SK&F 96,365 (10 mM), an inhibitor of store-
operated Ca2+ channels, on NA- and SPC-induced vasoconstriction.
Data are means+s.e.mean of six experiments. P=0.0006 for overall
treatment e�ect of SK&F 96,365 against NA but not SPC e�ects in a
two-way ANOVA.

Figure 5 E�ects of the tyrosine kinase inhibitor genistein and the src kinase inhibitor PP2 and their negative controls daidzein and
PP3, respectively (10 mM each), on NA- and SPC-induced vasoconstriction. Data are means+s.e.mean of 5 ± 6 experiments. The
following P-values for overall treatment e�ect were obtained for NA (P50.0001 genistein vs vehicle, P=0.0017 genistein vs
daidzein) and SPC (P=0.0248 genistein vs vehicle, P=0.0030 PP2 vs vehicle) in a two-way ANOVA, *P50.05 for individual
agonist concentrations vs vehicle in Bonferroni post-tests.
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response by both U 73,122 and U 73,343, but the inhibition
of vasoconstriction by U 73,122 was considerably greater
than by U 73,343 despite similar inhibition by both in the

binding experiments, which indicates that inhibition by U
73,122 involves more than direct a1A-adrenoceptor antagon-
ism. However, U 73,122 has various PLC-independent e�ects,

some of which can be shared by U 73,343 (Muto et al., 1997;
Mogami et al., 1997; Hughes et al., 2000). Nevertheless, our
data indicate the involvement of PLC in SPC-induced
microvessel contraction since U 73,122 inhibited the SPC-

response at least as much as that to the bona ®de PLC-
activator NA.
a1A-Adrenoceptors can activate PLD (Taguchi et al., 1998),

and at least in some preparations PLD activation may
contribute to vasoconstriction (Aburto et al., 1995). How-
ever, in the present study the PLD inhibitor butan-1-ol

relative to its negative control butan-2-ol had only little if any
e�ect against NA or SPC suggesting that PLD does not play
a major role in NA-or SPC-induced vasoconstriction.

The contraction of rat mesenteric microvessels by both NA
and SPC requires the presence of extracellular Ca2+ and is
partly inhibited by dihydropyridine-type Ca2+ entry blockers
(Chen et al., 1996; Bischo� et al., 2000a; Fetscher et al.,

2001). In some blood vessels, store-operated Ca2+ channels
can contribute to a-adrenoceptor-mediated vasoconstriction
(Low et al., 1994). However, SK&F 96,365, an inhibitor of

these channels (McFadzean & Gibson, 2002), did not a�ect
NA- or SPC-induced vasoconstriction in the present study

despite its binding to a1A-adrenoceptors, suggesting the lack
of involvement of store-operated Ca2+ channels.

Further experiments were designed to elucidate the protein

kinases which may contribute in the pathways leading to
vascular smooth muscle contraction. Whether protein kinase
C activation can contribute to smooth muscle contraction is
the matter of a lively debate. While this controversy may

partly relate to biological heterogeneity, it should be
considered that none of the available protein kinase C
inhibitors is truly speci®c (Davies et al., 2000). According to

our previous data, protein kinase C does not play a major
role in the contraction of rat mesenteric microvessels since
inhibitors such as bisindolymaleimide I (up to 1 mM) caused

only little if any inhibition of the NA response and also since
even strong stimulation of protein kinase C by a phorbol
ester failed to cause vasoconstriction (Fetscher et al., 2001).

In recent years tyrosine kinases have emerged as potential

mediators of receptor-induced smooth muscle contraction
(Hollenberg, 1994; Di Salvo et al., 1997), and have been
proposed to link receptor activation to elevation of

intracellular Ca2+ (Di Salvo et al., 1997). Our previous
studies had shown that two tyrosine kinase inhibitors,
genistein and tyrphostin 23, relative to vehicle concentration

dependently inhibited NA-induced contraction of rat mesen-
teric microvessels (Fetscher et al., 2001). While the present
data con®rm these observations, they also show that at least

a part of this inhibition is shared by the negative control

Figure 6 E�ects of phosphatidylinositol-3-kinase inhibitors wort-
mannin and LY 294,002 and the negative control LY 303,511
(10 mM) each on NA- and SPC-induced vasoconstriction. Data are
means+s.e.mean of 5 ± 7 experiments. The following P-values for
overall treatment e�ect were obtained for NA (P50.0001 for LY
294,002 and LY 303,511 vs vehicle and LY 294,002 vs LY 303,511)
and SPC (P=0.0018 for wortmannin vs vehicle and P=0.0060 for
LY 303,511 vs vehicle) in a two-way ANOVA; *P50.05 for
individual agonist concentrations in the presence of LY 294,002 vs
LY 303,511 and presence of LY 303,511 vehicle in Bonferroni post-
tests.

Figure 7 E�ects of the ERK-type mitogen-activated protein kinase
inhibitor PD 98,059, U 126 and its negative control U 124 (10 mM
each) and their vehicle on NA- and SPC-induced vasoconstriction.
Data are means+s.e.mean of 6 ± 11 experiments. In a two-way
ANOVA the overall treatment e�ects were signi®cant for inhibition
of NA and SPC by PD 98,059 vs vehicle (P50.0001) and for
inhibition of SPC by U 126 vs vehicle (P=0.0042; *P50.05 for
individual agonist concentrations vs vehicle in Bonferroni post-tests.
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daidzein leaving only a small `speci®c' inhibition by genistein.
Relative to daidzein, genistein did not cause signi®cant

inhibition of the SPC response. Tyrosine kinases of the src

type have been implicated in a2-adrenoceptor-mediated
vasoconstriction of the porcine palmar lateral vein (Roberts,

2001) and in ceramide-induced contraction of colon smooth
muscle (Ibitayo et al., 1998), but the src inhibitor PP2,
relative to its negative control PP3, did not inhibit NA- or
SPC-induced vasoconstriction in the present study. Taken

together these data indicate that tyrosine kinases in general
and those of the src type in particular contribute only little to
NA- and SPC-induced contraction of rat mesenteric micro-

vessels.
PI-3-kinases have also been implicated as mediators of

receptor-induced smooth muscle contraction (Takayama et

al., 1996; Ibitayo et al., 1998). In the present study
wortmannin caused little if any inhibition of NA- or SPC-
induced microvessel contraction, whereas LY 294,002 relative

to vehicle and, to a smaller extent, relative to its negative
control LY 303,511 inhibited NA- but not SPC-induced
contraction. The inhibitory e�ect of LY 303,511 could be
explained by its strong inhibition of radioligand binding to

a1A-adrenoceptors, but it should be noted that neither LY
294,002 nor wortmannin signi®cantly inhibit receptor bind-
ing. Since the high wortmannin concentration of the present

study undoubtedly causes e�ective PI-3-kinase inhibition
(Davies et al., 2000), it must be considered that the inhibitory
e�ects of LY 294,002 despite being only partially shared by

LY 303,511 may not relate to PI-3-kinase inhibition (Davies
et al., 2000). Therefore, the present data do not provide
conclusive evidence regarding a role for PI-3-kinase in NA-
or SPC-induced vasoconstriction.

Previous studies with a1A-adrenoceptors in rat mesenteric
microvessels (Fetscher et al., 2001) and in ferret aorta (Dessy
et al., 1998) have demonstrated that PD 98,059, an inhibitor

Figure 8 E�ects of the rho-kinase inhibitors Y 27,632 (10 mM) and fasudil (30 mM) and their vehicles on NA- and SPC-induced
vasoconstriction. Data are means+s.e.mean of 6 ± 8 experiments. P50.0001 for overall treatment e�ect of both Y 27,632 and
fasudil vs vehicle in a two-way ANOVA; *P50.05 for individual agonist concentrations vs vehicle in Bonferroni post-tests.

Table 3 Inhibition of radioligand binding to a1A-adreno-
ceptors

Signalling pathway inhibitor Per cent inhibition

U 73,122 (10 mM) 50+17
U 73,343 (negative control, 10 mM) 56+6*
Vehicle for U 73,122 and U 73,343 13+9
Butan-1-ol (0.3%) 0+2
Butan-2-ol (negative control, 0.3%) 2+2
SK&F 96,365 (10 mM) 47+5*
Vehicle for SK&F 96,365 74+3
Genistein (10 mM) 77+1
Daidzein (negative control, 10 mM) 74+3
Vehicle for genistein and daidzein 75+4
PP2 (10 mM) 21+7
PP3 (negative control, 10 mM) 76+1
Vehicle for PP2 and PP3 0+5
Wortmannin (10 mM) 5+2
LY 294,002 (10 mM) 10+2
LY 303,511 (negative control, 10 mM) 82+1*
Vehicle for wortmannin, LY 294,002
and LY 303,511 9+1

PD 98,059 (10 mM) 4+7
U 126 (10 mM) 6+6
U 124 (negative control 10 mM) 3+6
Vehicle for PD 98,059, U 126 and U 124 0+8
Y 27,632 (10 mM) 5+3
Fasudil (30 mM) 5+1
Vehicle for Y 27,632 and fasudil 0+2

Data are mean+s.e.mean of three experiments. *P50.05 in
a one-sample t-test.
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of ERK activation, can attenuate a1-adrenoceptor-mediated
vasoconstriction. These ®nding were con®rmed in the present
study and extended to SPC. Although PD 98,059 is

considered to be a highly speci®c inhibitor of ERK activation
(Davies et al., 2000), its e�ects were not shared by another
inhibition of ERK activation, U 126. Thus, NA- and SPC-
induced microvessel contraction in the presence of U 126 was

similar as that in the presence of its inactive control U 124 or
vehicle. While these data do not allow de®nitive conclusion
regarding a role of MAPK of the ERK type in NA- or SPC-

induced vasoconstriction, they certainly do not point towards
di�erential signal transduction underlying the NA and SPC
e�ects.

The rho/rho-kinase pathway has also emerged as an
important mediator of smooth muscle contraction, and
inhibitors of rho-kinase such as Y 27,632 and fasudil have

been shown to attenuate smooth muscle contraction in many
tissues (Fukata et al., 2001). This appears to involve both,
Ca2+-dependent enhanced myosin light chain phosphoryla-
tion and Ca2+-independent attenuated myosin light chain

dephosphorylation, the latter resulting in Ca2+-sensitization
of the tissue. In the present study, both Y 27, 632 and fasudil
markedly inhibited the NA- and SPC-induced microvessel

contraction, suggesting a similar role of rho-kinase for both
agonists. This is in line with previous ®ndings from
permeabilized porcine coronary artery smooth muscle cells,

in which SPC caused contraction at least partly via Ca2+

sensitization and that was abolished by Y 27,632 (Todoroki-
Ikeda et al., 2000). Moreover, in a very recent study SPC

caused contraction of bovine middle cerebral artery in a
similar concentration range as in the present study, and this
response was also sensitive to Y 27,632 (Shirao et al., 2002).
Taken together these data point to an important role of rho-

kinase in NA- and SPC-induced vasoconstriction.

Taken together, NA and SPC induce contraction of rat
mesenteric microvessels via di�erent receptors signalling
through PTX-insensitive and PTX-sensitive G-proteins,

respectively (Bischo� et al., 2000a). This di�erentiation was
also re¯ected by the ®nding that NA- and SPC-induced
contractile responses were only loosely correlated. The
present study has characterized the signalling pathways which

are involved in SPC-induced vasoconstriction. Based on the
present and previous data (Bischo� et al., 2000a; Fetscher et
al., 2001), both SPC and NA strongly depend on the in¯ux of

extracellular Ca2+ to elicit vasoconstriction, and this occurs
partly via voltage-operated channels. Moreover, PLC and
rho-kinase also appear important in the mesenteric micro-

vessel contraction by both agonists. The role of rho-kinase in
the SPC e�ects is further supported by recent study in other
vascular smooth muscle preparations (Todoroki-Ikeda et al.,

2000; Shirao et al., 2002). In contrast, PLD, store-operated
Ca2+ channels, PI-3-kinase, tyrosine kinases and MAPK of
the ERK type are not involved to a major extent in either
response. Thus, two receptors acting via di�erent G-proteins

appear to converge early on shared signalling pathways to
elicit the same physiological response, i.e. vasoconstriction.
We speculate that rho-kinase e�ects on phosphatidylinositol

phosphate kinases and hence increased substrate pools for
PLC may represent a point of convergence (Anderson et al.,
1999). Such signalling pathways may also be shared by other

vasoconstrictor agents including those which act receptor-
independently.
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