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A2 receptors
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1 The mechanism of transient contractions induced by the sarcoplasmic ± endoplasmic reticulum
calcium ATPase (SERCA) blocker cyclopiazonic acid (CPA) in the presence of L-NAME was
investigated in mouse aorta.

2 The contractions elicited by 10 mM CPA required an intact endothelium, were dependent upon
external Ca2+ and were prevented by 10 mM indomethacin, the inhibitor of prostaglandin synthesis,
or 1 mM SQ29548, the speci®c prostaglandin H2/thromboxane A2 (PGH2/TXA2) receptor blocker.

3 A blocker of receptor/store operated Ca2+ channels and voltage gated calcium channels (VGCC),
SK&F 96365 (10 mM), completely abolished the contractions, while a speci®c blocker of VGCC
nifedipine (1 mM) inhibited them by one third.

4 Dichlorobenzamyl hydrochloride, a blocker of Na+/Ca2+ exchange e�ectively prevented return
of tension to baseline value.

5 At higher concentrations (30 ± 100 mM) CPA induced indomethacin-resistant tonic contractions of
mouse aorta. The CPA dose response curve for tonic contractions is shifted to the right compared to
the transient contractions suggesting that smooth muscle is less sensitive to CPA than endothelium.

6 PGH2/TXA2 receptors in mouse aorta are highly sensitive to the thromboxane analogue U46619
(EC50 : 1.93 nM). This compound stimulates contractions even in the absence of external Ca2+, which
are abolished by the Rho-kinase inhibitor HA-1077.

7 The results suggest that 10 mM CPA induced capacitive Ca2+ entry in endothelial cells stimulating
the release of PGH2/TXA2, which subsequently caused smooth muscle contraction dependent on
Ca2+ in¯ux and myo®lament sensitization by Rho-kinase. Higher concentrations of CPA (30 ±
100 mM) directly induced contraction of mouse aortic smooth muscle.
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cell(s); SOC, store-operated channel; SQ29548, ([1S-[1a,2a(Z),3a,4a]]-7-[3-[[2-(Phenylamino)carbonyl]hidrazino]-
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Introduction

The pioneering research of Vane (Moncada & Vane, 1979a;
de Nucci et al., 1988) and Furchgott (Furchgott & Zawadzki,
1980; Furchgott & Vanhoutte, 1989) has shown that
endothelial secretions play an important role in modulating

vascular tone. Release of both relaxing and contracting

factors from the endothelium is regulated by elevation of
[Ca2+]i. For this reason, it is essential to separate the actions
of pharmacological agents, which target Ca2+ transport
molecules on endothelial cells (ECs) from those on the

underlying smooth muscle. An agent for which this is
particularly relevant is the SERCA blocker CPA, which in
most intact vascular preparations induces relaxation by

elevating endothelial [Ca2+]i in ECs (Zhang et al., 1994)
and releasing nitric oxide (NO) (Zheng et al., 1993; Moritoki
et al., 1994; Rahimian et al., 1997). On the other hand, when
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SERCA blockade induces contraction, it is often interpreted
to indicate depletion of smooth muscle sarcoplasmic
reticulum (SR) Ca2+ and activation of capacitative Ca2+

entry (Tosun et al., 1998a; Tanaka et al., 2000; Ng & Gurney,
2001). Alterations in endothelial control of vascular tone in
pathological states necessarily involve Ca2+ ¯uxes in both
types of cells.

Considering the importance of the mouse in genetic and
molecular biological research, especially in the creation of
animal models of cardiovascular diseases, we have begun to

characterize Ca2+ regulation in the mouse aorta. In the
course of these studies we found that in the mouse aorta,
under conditions where NO synthesis is blocked by L-

NAME, CPA elicited a large transient contraction, which
was due to release of prostaglandin H2 and/or thromboxane
A2 from the endothelium.

Methods

Tissue preparations

Male C57BL/6J mice from the Jackson Laboratory (U.S.A.),

and the male CD1 mice from Animal Care Center of the
University of British Columbia (Canada), were maintained
under standard animal room conditions (12 h light ± 12 h

dark, 268C, three per a cage, Purina chow-diet) for one week
after arrival from the supplier. Mice were sacri®ced at the
weight of 20.6+0.25 g for C57BL/6J strain and 28+1.5 g for

CD1 strain by halothane anaesthesia and exsanguination.
Aortae were isolated and cleaned of connective tissue, fat,
and blood with special care to preserve the endothelium.

Organ bath studies

Aortic rings were mounted isometrically in Small Vessel

Myograph (Danish MyoTechnology A/S) and equilibrated
for 1 h in oxygenated (5% CO2, 95% O2) Krebs' solution,
which was changed at least three times. During equilibration

the resting tension gradually increased to 3 mN per mm of
ring width and was kept at this level for 30 min. The tissues
were contracted two times with 80 mM K+ bu�er with an
interval of 15 min between the contractions and treated

further according to the speci®c protocols. All experiments
were performed in the presence of 200 mM of No-nitro-L-
arginine methylester (L-NAME) to eliminate the e�ect of

NO-induced relaxation.
In the experiments with denuded vessels, the endothelium

was completely removed mechanically by gentle rotation of

the vessels around a thin polished wooden stick. Denudation
was documented by the absence of acetylcholine-induced
relaxation after precontraction with 1 mM phenylephrine.

Pretreatment with L-NAME, indomethacin, SQ29548,
nifedipine, SK&F 96365, DCB and 2APB lasted 30 min
before CPA or U46619 addition. E�ects of the compounds,
dissolved in dimethylsulfoxide (indomethacin, SQ29548,

nifedipine, DCB, 2APB, ryanodine) were controlled with
the vehicle.
In the Ca2+-replenishment protocol, the solution was

replaced with Krebs' bu�er, containing all the additions,
needed according to the protocol, but without Ca2+; tissues
were incubated in Ca2+-free bu�er for 10 ± 12 min, where

after Ca2+-containing Krebs' solution with all the additions
required was returned.

Data analysis

Tension was recalculated per mm of ring width. Data are
expressed as mean+s.e.mean of n animals. The signi®cance is

presented according to Student's t-test (two-tailed). For dose
response curves for phenylephrine and U46619 the com-
pounds were added in cumulative manner. EC50 values for

those compounds were determine for each curve using 3-
parameter logistic ®tting in SigmaPlot, thereafter mean Log
EC50 were calculated as average for the group of animals.

Responses to CPA+indomethacin were measured for each
CPA concentration separately per each ring. EC50 values and
s.e.mean for CPA were determined from 3-parameter logistic

®tting in SigmaPlot for the entire group of data for the
amplitude of the transient peak and for the indomethacin
resistant contraction.

Chemicals

Krebs' solution contained: (mM) NaCl 119; KCl 4.7; KH2PO4

1.18; MgSO4 1.17; NaHCO3 24.9; CaCl2 2.5; D-glucose 11;
pH 7.4. 80 mM K+ bu�er contained: (mM) NaCl 44.9; KCl
78.82; KH2PO4 1.18; MgSO4 1.17; NaHCO3 24.9; CaCl2 2.5;

D-glucose 11; pH 7.4.
Drugs were obtained from the following sources: acet-

ylcholine, ATP, bradykinin, cyclopiazonic acid (CPA),

diphenylboric acid 2-aminoethyl ester (2APB), indomethacin,
No-nitro-L-arginine methylester (L-NAME), nifedipine, phe-
lylephrine, 9,11-dideoxy-11a,9a-epoxymethano-prostaglandin
F(2a) (U46619), from Sigma; SQ29548 ([1S-[1a,2a(Z),3a,

4a]]-7-[3-[[2-(Phenylamino)carbonyl]hidrazino]methyl]-7-oxa-
bicyclo[2.2.1]hept-2-yl]-5-heptenoic acid) and HA-1077 (1-(5-
isoquinolinesulfonyl)-homopiperazine), from Sigma-RBI; di-

chlorobenzamyl hydrochloride (DCB) from Molecular Probes
and SK&F 96365 hydrochloride ({1-[b-3-(4-methoxyphenyl)-
propoxy]-4-methoxyphenethyl]-1H-imidazole, HCl}) from

CALBIOCHEM.

Results

The principal results of this study are shown in Figure 1. In
aortae of both the C57BL/6J and CD1 mice 10 mM CPA

induced a large transient contraction, which was character-
ized by an initial `foot' or a latent time period (Figure 1a).
The amplitudes of the contractions induced by 10 mM CPA in

the presence of 200 mM of L-NAME were 57+11% of the
maximal amplitude that could be developed by a maximally
e�ective concentration of phenylephrine in the presence of L-

NAME. Occasionally after the transient contractions, tonic
contractions with much lower amplitude were observed. In
Ca2+-free bu�er 10 mM CPA did not induce a contraction;
force developed immediately after re-admission of the Ca2+

(Figure 1b). The transient contraction in the Ca2+ replenish-
ment protocol had a lower amplitude and was never followed
by a tonic contraction. Indomethacin, an inhibitor of cyclo-

oxygenase (COX), completely abolished the transient con-
tractions induced by 10 mM CPA. The average amplitudes of
the peaks are presented in Figure 1c.
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These results suggest that CPA stimulates the production
and release of prostaglandins (PGs), which initiate force
development. The pertinent question is, which cells release

which PGs? Figure 2a answers the ®rst part of the question,
in that denudation of the endothelium results in the loss of
the CPA-induced transient, indicating a key role for ECs in

prostaglandin synthesis. Figure 2b answers the second part of
this question by showing that the PGH2/TXA2 receptor
(TXR) antagonist SQ29548 abolishes the transient CPA-

induced contraction (see also Table 1).
We thus conclude that in the mouse aorta blockade of

SERCA in ECs stimulates the synthesis and release of PGH2

and/or TXA2, which leads to marked, but transient
vasoconstriction. Higher concentrations of CPA induced
PG-independent tonic contractions (in the presence of
10 mM indomethacin) due to direct activation of smooth

muscle. The dose response curve for the CPA-activated
smooth muscle tone lies well to the right of the dose response
curve for the endothelium-dependent transient CPA response

(Figure 3). Non-linear ®tting for the amplitude of the
transient contraction and for the maximum of the indo-
methacin-resistant contraction gives the estimations of the

CPA EC50 values, 6.58+0.82 mM and 27.65+0.39 mM,
respectively.

In the absence of L-NAME, the contractile response to
blockade of endothelial SERCA by 10 mM CPA in mouse
aorta is mostly balanced by the relaxing e�ect of NO

production, so that the integral contractile peak is several
times less than that seen in the presence of L-NAME. In the
absence of L-NAME, lower concentrations of CPA (0.3 mM±

Figure 1 The e�ect of indomethacin (10 mM) on contraction,
induced by 10 mM CPA, in C57BL/6J mouse aortae. (a) Individual
traces of force development in Ca2+-containing Krebs' bu�er. (b)
10 mM CPA-induced contraction initiated by the readmission of Ca2+

after preincubation in Ca2+-free solution with CPA. (c) Average
amplitudes (n=6) of CPA-induced transient contractions and
maximal tensions in the presence of indomethacin in the Ca2+-
contaning bu�er and in the Ca2+ replenishment protocol. C, CPA-
induced transient contractions; Cr, CPA-induced transient contrac-
tions after the readmission of Ca2+; I, CPA-induced maximal
tensions in the presence of indomethacin; Ir, CPA-induced maximal
tensions in the presence of indomethacin after the readmission of
Ca2+. *Signi®cantly di�erent from the amplitude in the Ca2+-
containing bu�er with P50.05.

Figure 2 (a), 10 mM CPA-induced contraction in native and
denuded aortae of C57BL/6J mice (representative of n=6). (b) E�ect
of SQ29548 (1 mM) on the 10 mM CPA-induced contraction of
C57BL/6J mouse aorta (representative of n=6).

Table 1 Inhibition of the amplitude of the 10 mM CPA-
induced transient contraction in C57BL/6J mice

Effector % of inhibition n P

SQ29548 (1 mM) 96.07+0.62 5 50.001
Nifedipine (1 mM) 33.77+5.72 5 50.05
SK&F 96365 (10 mM) 99.23+0.76 5 50.001
2APB (75 mM) 99.41+0.52 5 50.001

Figure 3 CPA concentration response curves for the peak ampli-
tudes of transient contractions and the indomethacin-resistant tonic
contractions of mouse aortae (CD1mice, 5 ± 8 animals per point). The
points were ®tted with 3-parameter logistic curves.
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1.0 mM) induced pronounced relaxation developing over
several minutes when added to the peak of a 1 mM PE-
induced contraction in the mouse aorta. To the contrary,

however, CPA induced contraction at higher concentrations
(10 mM or more. Data not shown).
The initial steps in the chain of events leading to the

transient contraction in response to 10 mM CPA are thought

to be: the increase in EC [Ca2+]i as a consequence of
capacitative Ca2+ entry, resulted from SERCA blockade; the
activation of phospholipase A2 (PLA2) and production of

arachidonic acid (AA); transformation of AA into PGH2
and/or TXA2, and activation of TXR of smooth muscle cells
(SMCs). In the subsequent part of this study we explored the

sources of Ca2+, which support transient CPA-induced
contraction by blocking candidate Ca2+ channels. However
in order to distinguish between e�ects of various inhibitors

on endothelium and smooth muscle we also investigated
contractions initiated by direct activation of the TXR. The
synthetic TXA2 analogue U46619 was very potent in causing
maintained contraction of the mouse aorta. Its EC50 is 40

times less than EC50 for the a-adrenergic agonist phenylephr-
ine (7Log EC50=8.777+0.156 vs 7.176+0.091, respectively;
EC50=1.93 nM). The amplitude of maximal contraction

achieved with 1 mM U46619 was 163.2% of that with 10 mM
phenylephrine (8.860+0.638 mN vs 5.430+0.416 mN).
Blocking voltage gated Ca2+ channels (VGCC) with 1 mM

nifedipine inhibited the transient 10 mM CPA-induced con-
traction by one-third (Table 1), while 10 mM SK&F 96365,
which blocks both VGCC and receptor/store-operated

channels (ROC/SOC), abolished practically all responses to
CPA. On the other hand 10 nM U46619 still induced
contractions in the presence of 10 mM SK&F 96365 as well
as in Ca2+-free solution, although their amplitudes were

decreased by 59.84+4.20% and 53.90+6.63%, respectively
(Figure 4, curve 2, and Figure 5). One mM nifedipine caused
approximately 30% inhibition of the U46619-induced con-

traction (data not shown). Figure 5 also shows that the Rho-
kinase inhibitor HA-1077 (50 mM) blocks the Ca2+ insensitive
portion of the U46619-induced contraction. These results

suggest that Ca2+ entry through endothelial SOC is required

for the release of PGH2/TXA2, while activation of the
smooth muscle TXR induces contraction by Ca2+ in¯ux
through VGCC and ROC/SOC as well as by enhancement of

myo®lament Ca2+ sensitivity in a Rho-kinase dependent
fashion.

The involvement of intracellular Ca2+ stores was investi-
gated by blocking the SR Ca2+-release channels. The inositol

1,4,5-trisphosphate receptor (IP3R) blocker 2APB (75 mM)
completely eliminated the 10 mM CPA-induced transient
contraction (Table 1) and abolished the maintained phase

of the contraction stimulated by 30 mM CPA (Figure 6). In
contrast 2APB had only a minor e�ect on contractions in
response to 10 nM of U46619 (Figure 4, curves 1 and curve 3

in comparison with curve 2). These results suggest that 2APB
inhibits the opening of SOC of both endothelial and smooth
muscle cells, but that the activation of IP3R does not play a

signi®cant role in the response to direct activation of the
TXR in smooth muscle.

Figure 4 10 nM U46619-induced contractions of CD1 mouse aorta.
Curve 1, Ca2+-containing bu�er; Curve 2, Ca2+-free bu�er; Curve 3,
after preincubation with 75 M 2APB in Ca2+-free bu�er (representa-
tive of n=5).

Figure 5 E�ect of SKF (10 mM) and HA-1077 (50 mM) on 10 nM
U46619-induced contractions of CD1 mouse aorta (representative of
n=4).

Figure 6 E�ect of 75 mM 2APB on the force developed by CD1
mouse aorta in the presence of 30 mM CPA (representative of n=6).
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The results illustrated in Figure 7 demonstrate that
ryanodine receptors do not play a role in the transient
CPA-induced contraction. Pretreatment with 100 mM ryano-

dine, which releases Ca2+ from smooth muscle SR, did not
a�ect the peak force development in response to 10 mM CPA.
Since the Na+/Ca2+-exchanger (NCX) has under di�erent

conditions been shown to contribute to smooth muscle

contraction as well as relaxation (Blaustein & Lederer,
1999), we applied dichlorobenzamyl hydrochloride (DCB), a
NCX blocker to test the contribution of the NCX in the

transient CPA-induced contraction. NCX inhibition induced
a gradual increase in resting tension and supported a high
level of the residual tension and an indomethacin-resistant

component after 10 mM CPA, but did not signi®cantly a�ect
peak tension (Figure 8). The residual tension and the
indomethacin-resistant component in the presence of DCB

were also abolished by 10 mM SK&F 96365.
Endothelial agonists, although less e�ective than CPA, also

caused contractions of the mouse aorta dependent on the PG

synthesis (Figure 9). Indomethacin-sensitive contractions
induced by adenosine 5'-triphosphate (ATP) were approxi-
mately one-third of those induced by CPA. Bradykinin and

acetylcholine (Ach) were considerably less e�ective than ATP
and CPA in inducing contraction of the mouse aorta. In the
absence of L-NAME ATP and Ach, but not bradykinin,
induced relaxation of the aorta pre-contracted with pheny-

lephrine (data not shown). Concentrations of ATP and Ach,
which induced contractions, were an order of magnitude
higher than those used to induce relaxation.

Discussion

This study reports the novel ®nding that SERCA inhibition
in the intact mouse aorta stimulates contraction due to

release of an endothelium derived constricting agent.
Although vasodilation initiated by SERCA inhibition is
accepted as mediated by the endothelium (Zheng et al.,
1993; Moritoki et al., 1994; Fukao et al., 1995; Rahimian et

al., 1997), contraction is commonly interpreted to result from
Ca2+ release from smooth muscle SR and activation of SOC
(Tosun et al., 1998a; Tanaka et al., 2000; Ng & Gurney,

2001). In the present study, however, blockade of the
transient CPA-induced contraction by either endothelial
denudation, application of indomethacin or SQ29548, a

speci®c blocker of TXR, suggested an indirect contractile
e�ect due to endothelial synthesis and release of PGH2/
TXA2. In addition the abolition of the transient CPA

contraction, but not the U46619-induced contraction by
Ca2+ removal, showed that capacitative Ca2+ entry in
endothelial cells was required for release of the contracting
factor(s). This conclusion is further supported by the ®nding,

that blocking the IP3R with 2APB abolished the CPA
contraction, but had a little e�ect on force development in
response to direct activation of the TXR.

The deduced signalling mechanisms leading to the CPA-
induced transient contraction are illustrated in Figure 10. Ten
mM CPA inhibits the endothelial SERCA, which has been

reported to be of the SERCA3 type (Ozog et al., 1998; Paul,
1998; Khan et al., 2000; Mountian et al., 2001), and depletes

Figure 7 E�ect of ryanodine (100 mM) on 10 mM CPA-induced
contraction of C57BL/6J mouse aortae (representative of n=3).

Figure 8 E�ect of DCB (10 mM) on 10 mM CPA-induced contrac-
tion of C57BL/6J mouse aortae in the presence of indomethacin
(10 mM) (representative of n=6).

Figure 9 Endothelial agonist-induced contraction of C57BL/6J
mouse aorta in comparison with 10 mM CPA-induced contraction in
the presence and the absence of 10 mM indomethacin. Acetylcholine
(Ach) 1 mM (n=4); bradykinin (BK) 100 nM (n=5); adenosine 5'-
triphosphate (ATP) 300 mM (n=6).
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the endoplasmic reticulum (ER). The depleted ER signals, in
a yet to be de®ned way, the opening of SOC in the

endothelial plasma membrane (Oike et al., 1994; Zhang et
al., 1994; Pasyk et al., 1995) and the resulting Ca2+ in¯ux
activates PLA2 (Millanvoye-Van Brussel et al., 1999; Sa et

al., 1995; Kan et al., 1996; Channon & Leslie, 1990).
Arachidonic acid is converted by COX to PGH2 and an
undetermined fraction of this is converted by TXA2-synthase

to TXA2 (Fitzpatrick & Soberman, 2001; Hamberg et al.,
1975; Mullane et al., 1979). PGH2 and/or TXA2 activate the
TXR on the smooth muscle (Auch-Schwelk et al., 1990;

Taddei & Vanhoutte, 1993; Shimizu et al., 1993; Ge et al.,
1995) to initiate contraction via stimulation of three path-
ways: VGCC, ROC and Rho-kinase mediated sensitization of
the myo®laments.

CPA also inhibits SERCA in the smooth muscle SR,
which belongs predominantly to the type 2b isoform (Wu et
al., 2001), but the contractile consequences of this action

appear only at higher concentrations. We have recently
shown that the concentration of CPA required to maximally
block re®lling of vascular smooth muscle SR is 30 mM (Szado

et al., 2001). At this concentration CPA-induced tonic
contractions are dependent on Ca2+ entry through SOC,
which is supported by the fact that this contraction is

inhibited by SKF 96365 and 2APB (Figure 6). We thus
conclude that at the intermediate concentration of 10 mM
CPA endothelial ER depletion was su�cient to activate the
SOC (Sasajima et al., 1997), while SR of the smooth muscle

was not depleted su�ciently to activate SOC in these cells.
The higher concentration of CPA needed to block SERCA
of SMCs than SERCA of ECs could result from di�erent

isoforms of the enzyme in these two types of cells. SERCA3
isoform is shown to be predominant in endothelium of
murine arteries (Ozog et al., 1998; Paul, 1998; Khan et al.,

2000; Mountian et al., 2001), while SERCA2b is expressed in
SMCs (Magnier et al., 1992; Papp et al., 1993; Khan et al.,
2000; Wu et al., 2001). Of considerable additional interest is

the observation that SOC were blocked by 2APB in both
tissues even when depletion was not mediated via opening of
IP3R. This could be due to prevention of the interaction of
IP3R with SOC, which is thought to be essential for SOC

activation (van Rossum et al., 2000; Ma et al., 2000) or to
direct blockade of SOC by 2APB as was observed in
hepatocytes (Gregory et al., 2001). Our observation that the

tonic contraction induced by U46619 was resistant to 2APB,
suggests that TXR activation opens a ROC rather than the
SOC. However, both types of channels were blocked by

SK&F 96365. Ca2+-in¯ux during the endothelium dependent,
10 mM CPA-induced contraction is mediated partly through
VGCC (1/3 of the amplitude of 10 mM CPA-induced

contraction was blocked by nifedipine) as well as by ROC.
The remaining 40 ± 50% of the contraction was due to
myo®lament sensitization to Ca2+ by Rho-kinase phosphor-
ylation of myosin light chain phosphatase. This is in

agreement with a previous observation (Tosun et al.,
1998b), where the contractions, induced by U46619 in rat
aorta were shown to be supported by calcium entering

through L-type and non-L-type Ca2+ channels combined
with an increase in Ca2+ sensitivity. The involvement of
Rho-kinase in U46619-induced vasoconstriction has recently

been reported (Batchelor et al., 2001; Nobe & Paul, 2001;
Sakurada et al., 2001).

Dependence of PG synthesis solely on extracellular Ca2+ is

in agreement with the work of Millanvoye-Van Brussel et al.
(1999) who showed that in the absence of Ca2+ in¯ux
endothelial arachidonic acid release was suppressed despite
the marked elevation of [Ca2+]i in both histamine- and

thapsigargin-stimulated cells. The dependence of the PG
synthesis solely on Ca2+ in¯ux also can explain the several
minutes' delay in the development of the contraction in Ca2+-

containing bu�er in our experiment. This time may be needed
for depletion of ER and opening of SOC as it was shown for
rabbit aortic endothelial cells (Sasajima et al., 1997). In the

Ca2+-replenishment protocol, the delay after Ca2+ read-
mission is absent (Figure 1B) because depletion was
completed during incubation of the tissue in Ca2+-free bu�er.
Immediate elevation of [Ca2+]i has been shown previously in

thapsigargin-treated human umbilical vein endothelial cells
after reapplication of extracellular Ca2+ (Oike et al., 1994).

The transient nature of the 10 mM CPA-induced contrac-

tion could be due to self-inactivation of TXA2 synthase
(Fitzpatrick & Soberman, 2001; Shram et al., 1999) and
PGH2-1 and -2 synthase (Barnett et al., 1994; Shi et al., 2000;

Wu et al., 1999). Alternatively, the Ca2+ peak itself could be
transient, as this was shown for another SERCA blocker
thapsigargin in the Chinese hamster ovary (Lund et al.,

2000).
Ryanodine receptors did not appear to participate in the

capacitative Ca2+ entry in ECs, as the 10 mM CPA-induced
transient contraction was not a�ected by a concentration of

ryanodine, which either locks the release channel in a sub-
conductance state or blocks it (Figure 7). This is in agreement
with an earlier observation that partial depletion of the EC

Ca2+ store in the presence of ryanodine does not activate
SOC in ECs, while a similar degree of depletion in the
presence of CPA does activate SOC (Sasajima et al., 1997).

Figure 10 Paracrine e�ect of arachidonic acid (AA) metabolites in
mouse aorta. Sequence of events: (1) CPA binds to SERCA in
endothelial cells (ECs) and holds it open depleting the endoplasmic
reticulum (ER); (2) depletion of ER opens SOC and induces Ca2+

entry into ECs; (3) [Ca2+]i activates phospholipase A2 (PLA2)
leading to AA production; (4) AA is transformed by cyclo-oxygenase
(COX) into prostaglandin H2, possibly followed by its transforma-
tion into thromboxane A2; (5) PGH2/TXA2 activate the PGH2/
TXA2 receptors (TXR) of smooth muscle cells thereby initiating
signal transduction cascades; (6) TXR activation induces Ca2+ entry
into the smooth muscle cells through ROC and VGCC with minor
contribution of IP3 pathway; (7) elevated [Ca2+]i induces contraction
of SMCs; (8) TXR activation induces myo®lament sensitization to
Ca2+.
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In several smooth muscle preparations it has been shown
that the NCX contributes to agonist-initiated Ca2+ entry
especially where SOC mediate Na+ in¯ux (Blaustein &

Lederer, 1999; Lee et al., 2001). We investigated this
possibility by blocking NCX with DCB. In contrast with
the rabbit vena cava smooth muscle, where DCB inhibits the
phenylephrine-induced contraction (Lee et al., 2001), it had

no e�ect on the transient component, but promoted a slow
increase in force development and increased the indometha-
cin-resistant component of 10 mM CPA concentrations

(Figure 8). From these data we conclude that in the mouse
aorta ROC is responsible for Ca2+ in¯ux, while the NCX
functions in the forward mode to remove Ca2+ from the

cytoplasm.
Under physiological conditions the equilibrium between

contractile and relaxing responses to EC receptor activation

favours relaxation. In the presence of lower concentrations of
CPA (510 mM) capacitative Ca2+ entry in mouse aorta
results in a dilating e�ect, while higher concentrations of CPA
(510 mM) result in a contractile response to the capacitative

Ca2+ entry. This di�erence may be due to Ca2+ penetrating
deeper into the cytoplasm in the absence of SERCA-mediated
Ca2+ sequestration resulting in increased activation of PLA2

associated with internal membranes (Kan et al., 1996).
Receptor activation of endothelial cells also caused

contraction of mouse aorta (Figure 9), which was dependent

on PG synthesis. Higher concentrations of agonists were
required to induce contractions than relaxation. The
di�erences observed between the e�ects of agonists and

CPA may be related to di�erent patterns of Ca2+ release,
entry and distribution.
The clinical relevance of this study may lie in the general

observation that in vascular disease the balance of endothelial

modulation of the underlying smooth muscle shifts from
relaxation towards contraction. SERCA activity could be

depressed in anoxia, which causes endothelium- and PG
synthesis-dependent contractions in a variety of isolated
arteries and veins (Vanhoutte, 1987; Lin et al., 1991; Hoshino

et al., 1994). Atherosclerosis with its transformed endothe-
lium is characterized by decreased NO bioavailability
(Kurowska, 2002) and increased superoxide formation (Hath-
away et al., 2002). Increased production of TXA2 itself

down-regulates NO accumulation in vascular smooth muscle
(Shiokoshi et al., 2002). Diabetes is another disease with
impaired NO secretion favouring the production of PGs,

especially PGH2/TXA2 (Laight et al., 1999; Napoli &
Franco, 1998; Hishinuma et al., 1999; Lasserre et al., 2000;
Tesfamariam et al., 1989). In the diabetic conditions, when

NO is quenched by superoxide anion (Pieper, 1998) and Ca2+

sequestration by ER might be impaired (Kim et al., 2001),
the contractile in¯uence of the endothelium could participate

in hypertension and accelerated development of atherosclero-
sis. Endothelium dependent smooth muscle activation
through PGH2/TXA2 receptors could also contribute to
vasospasm in the coronary (Zou & Bachschmid, 1999) and

cerebral arteries (Tanaka et al., 2001; Takeuchi et al., 1999)
as well as that seen in arterial bypass graft complications (He
& Yang, 1999; Houppe et al., 1983). In support, a protective

role of TXR antagonist was shown in myocardial infarction
(Gurbel et al., 1999; Singh et al., 1997; Takase et al., 1996),
which is known for its decreased NO bioavailability (Wiemer

et al., 2001). Besides inducing vascular contraction, throm-
boxane, a classic platelet agonist, is secreted by the
endothelium in the lumen where it participates in blood

coagulation and development of atherosclerosis.
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Research Center and grant 20R91189 from the Canadian Institute
of Health Research.
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