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1 To investigate the quantitative relationship between elevation in the intracellular Ca2+

concentration ([Ca2+]i) and nitric oxide (NO) production, the changes in [Ca2+]i and NO production
were determined in parallel, using ¯uorimetry of fura-2 and 2,3-diaminonaphthalene, respectively, in
endothelial cells ex vivo of pig aortic valves.

2 The extent of [Ca2+]i elevation was quantitatively assessed by two parameters: the level of peak
[Ca2+]i elevation and the area under the [Ca2+]i curve during treatment (the integrated [Ca2+]i
elevation). The amount of NO production was expressed as a percentage of that obtained with
10 mM ATP for 3 min.

3 ATP, bradykinin, thrombin, and ionomycin were used as stimulation to induce NO production,
and all these caused [Ca2+]i increases and NO production in a concentration-dependent manner.

4 The relationships between the peak [Ca2+]i and NO production or between the integrated [Ca2+]i
elevation and NO production were well described by a straight line. However, the slope value of the
linear relationship in both cases varied with the type of stimulation, with thrombin giving the
greatest value, followed by ATP, bradykinin and ionomycin.

5 These data suggest that in endothelial cells ex vivo: (1) [Ca2+]i elevation regulates NO
production, but (2) the peak [Ca2+]i elevation- or the integrated [Ca2+]i elevation-NO production
relationships varies depending on the type of agonists. Our results thus demonstrate the presence of
the agonists-dependent modulation of the relationship between [Ca2+]i elevation and NO production
in endothelial cells ex vivo.
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Introduction

Endothelial cells produce nitric oxide (NO) through the
activation of endothelial constitutive NO synthase (ecNOS)

and induce vasodilation (Moncada et al., 1991). It was
reported that NO production by ecNOS was initiated by an
elevation of the cytosolic Ca2+ concentration ([Ca2+]i) (Busse

& MuÈ lsch, 1990; FoÈ restermann et al., 1991). In fact, ecNOS is
a Ca2+-calmodulin-dependent enzyme, and the interaction of
ecNOS with the Ca2+-calmodulin complex caused the
activation of the enzyme (Nathan & Xie, 1994a). In endothelial

cells, ecNOS was shown to be localized to the specialized
invaginations of plasma membrane termed caveolae, and
translocates from caveolae to the cytosol during the

stimulation of endothelial cells by agonists (Feron et al.,
1996; Michel & Feron, 1997). The caveolae contain a speci®c
protein component, caveolin, which interacts with ecNOS.

This interaction regulates not only the localization of ecNOS
but also the activity of the enzyme (Michel & Feron, 1997).
The Ca2+-calmodulin complex is also suggested to impair the

interaction and cause translocation (Michel et al., 1997). On

the other hand, ecNOS has been shown to be activated in a
Ca2+-independent manner through the direct phosphorylation

of ecNOS by Akt/protein kinase B (Dimmeler et al., 1999;
Fulton et al., 1999). As a result, the relation between Ca2+

signal and NO production is suggested to vary with the type of

stimulation. Therefore, it is important to determine the
relationship between [Ca2+]i and NO production in parallel
using di�erent agonists in endothelial cells. However, little is
known regarding the quantitative relationship between [Ca2+]i
elevation and NO production.

Most studies of NO production and [Ca2+]i regulation have
been performed on cultured endothelial cells (Wang et al.,

1996). However, the culture procedure has been reported to
alter the physiological properties of endothelial cells such as an
expression of several proteins including membrane receptors

and angiotensin-converting enzyme (De Nucci et al., 1988; Del
Vecchio & Smith, 1981). The Ca2+-independent inducible NO
synthase (iNOS) is one such protein. The expression of iNOS

was shown to be extensively induced by growth factors and
cytokines (Moncada et al., 1991), which are well-known major
components of the culture medium. It is thus possible that
cultured endothelial cells can consistently produce NO

independently of Ca2+, through the activation of iNOS, but
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not necessarily of ecNOS (Moncada et al., 1991; Nathan &
Xie, 1994b). Therefore, considerable caution should be taken
when the in vivo characteristics of the Ca2+-dependent

activation of ecNOS are inferred from results that are obtained
in endothelial cells in culture.

In order to circumvent the possible problems and
limitations in studies with cultured cells, we developed a

technique to monitor the changes in [Ca2+]i in endothelial cells
ex vivo on the surface of intact aortic valves (Aoki et al., 1991).
In the present study, to clarify the quantitative relationship

between [Ca2+]i elevation and NO production, we measured
these two parameters in parallel in the same endothelial cells ex
vivo on pig aortic valves using four di�erent agonists. We

herein report the existence of agonist-dependent modulation of
the relationship between [Ca2+]i elevation and NO production
in endothelial cells ex vivo.

Methods

The measurement of [Ca2+]i of the endothelial cells
ex vivo

The changes in [Ca2+]i of the endothelial cells ex vivo were
monitored using strips of the pig aortic valves as previously
described (Aoki et al., 1991; Mizuno et al., 1998) except that a

small chamber made with Sylgard (Dow Corning, U.S.A.) was
used to reduce the solution volume to 250 ml. In brief, the
aortic valves were obtained at a local abattoir and transferred

to the laboratory. The valvular strips (568 mm) were
dissected from the valve lea¯ets, and loaded with Ca2+

indicator dye, fura-2, by incubation in oxygenated (5% CO2

and 95% O2) Dulbecco's modi®ed Eagle's medium containing

50 mM fura-2 acetoxymethyl ester (fura-2/AM), 5% foetal
bovine serum, and 1 mM probenecid for 90 min at 378C. It is
possible that the exposure of the strips to 5% serum during the

90 min fura-2-loading period altered the physiological proper-
ties of endothelial cells in the same manner as the culture
procedure. However, omitting the serum from the fura-2-

loading mixture had little e�ect on the responsiveness to the
agonists used in the present study, but it did cause a poor
loading of fura-2 and also resulted in a poor recording of
¯uorescence. We therefore loaded the valvular strips in the

presence of 5% serum. After loading with fura-2, valvular
strips were equilibrated in normal physiological salt solution
(PSS) at room temperature in order to remove the extracellular

dye. Each valvular strip was then mounted horizontally with
pins in a Sylgard chamber, and changes in the [Ca2+]i of the
endothelial cells on the surface of the aortic side were

monitored using a front-surface ¯uorometer CAM-OF-3
designed in collaboration with the Japan Spectroscopic Co.
(Tokyo, Japan), as previously described (Kanaide, 1999;

Mizuno et al., 1998). The fura-2 signals exclusively arose from
the monolayered endothelial cells on the surface of the aortic
side of the aortic valves (Aoki et al., 1994; Kuroiwa et al.,
1995). The measurement was performed at 258C to prevent any

leakage of ¯uorescent dye (Kuroiwa et al., 1995). The
¯uorescence intensities at alternating (400 Hz) 340 nm (F340)
and 380 nm (F380) excitation wave length and their ratios

(R=F340/F380) were monitored at 500 nm emission. Before
starting the experimental protocol, all strips were stimulated
by 10 mM ATP for 3 min in order to obtain a reference

response. The ¯uorescence ratio values were normalized (per
cent ¯uorescence ratio) by assigning values in normal PSS and
at the peak response to 10 mM ATP to be 0 and 100%,
respectively.

The per cent ¯uorescence ratio was then converted to the
absolute value of [Ca2+]i as follows. The ¯uorescence ratio at
maximum and minimum ¯uorescence, and the b value in the

original formula (Grynkiewicz et al., 1985) were ®rst obtained
in separate experiments as previously described (Kanaide,
1999). In brief, after recording the reference response to 10 mM
ATP, valvular strips were treated with 10 mM ionomycin in

Ca2+-free PSS, which caused a transient elevation in the
¯uorescence ratio. The maximum ¯uorescence was then
obtained by the addition of extracellular Ca2+ to 2.5 mM.

The subsequent incubation of strips in 2 mM EGTA-contain-
ing Ca2+-free PSS gave the minimum ¯uorescence. MnCl2 was
then added to a ®nal concentration of 3 mM to quench the

fura-2 ¯uorescence and to obtain the level of auto¯uorescence.
The values of per cent ¯uorescence ratio at the maximum and
minimum ¯uorescence were normalized to 469.4+9.6 and

787.6+10.0% (n=5), respectively. The b value was
calculated as the ratio of F380 at the minimum ¯uorescence
to that at the maximum ¯uorescence after subtracting F380 of
auto¯uorescence, and determined to be 2.32+0.36 (n=5). The

¯uorescence ratio (R) in the original formula was replaced by
the per cent ¯uorescence ratio as described (Kanaide, 1999).
Accordingly, the [Ca2+]i at 0 and 100% were 70.1+10 and

190+30 nM, respectively (n=5). All representative recordings
and ¯uorimetry data were shown on a linear scale of absolute
values of [Ca2+]i, after conversion from the per cent

¯uorescence ratio by computer-assisted planimetry. This
conversion to the linear scale is essential when calculating the
area under the [Ca2+]i curve.

To quantitatively evaluate the [Ca2+]i responses in
endothelial cells, we measured two parameters: the peak
[Ca2+]i and the area under the [Ca2+]i curve (the integrated
[Ca2+]i elevation) (Figure 1). The area under the [Ca2+]i curve

was determined by computer-assisted planimetry as shown in
Figure 1, after converting ¯uorescence ratio to the linear scale
of the absolute value of [Ca2+]i. The peak [Ca2+]i and the area

under the [Ca2+]i curve were expressed in `%' and/or `nM' and
`s6nM', respectively.

The measurement of the NO production of the
endothelial cells ex vivo

The NO production in endothelial cells ex vivo was measured

in parallel to the measurement of [Ca2+]i in the same aortic
valve. The agonists were applied to the aortic valve pinned in
the Sylgard chamber by exchanging the solutions (250 ml), and

Figure 1 A recording of [Ca2+]i converted from the fura-2-
¯uorescence ratio (F340/F380). The trace of ¯uorescence ratio was
converted onto the linear scale of the absolute value of [Ca2+]i as
described in Methods. The [Ca2+]i (ordinate) is shown in nM. The
peak [Ca2+]i is determined as indicated by an arrow. The shaded area
indicates the area under the [Ca2+]i curve (integrated [Ca2+]i
elevation).
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changes in [Ca2+]i were recorded for 3 min using front-surface
¯uorimetry. At the end of the 3 min treatment, a 200 ml aliquot
of the bathing solution was sampled from the chamber and

then subjected to a 2,3-diaminonaphthalene ¯uorimetry assay
of NO production as previously described (Misko et al., 1993).
To obtain the basal NO production, PSS without agonists
(250 ml) was applied to the aortic valve for 3 min.

The free radical NO is very rapidly (<<10 s) oxidized to a
stable derivative, nitrite, in a physiological solution (Robert,
1993). In the 2,3-diaminonaphthalene ¯uorimetry assay, the

concentration of nitrite in PSS was directly measured, and
thereby the production of NO by endothelial cells was
assessed. Before adding ¯uorescence dye, EDTA was added

to a ®nal concentration of 5 mM to the sample solutions to
avoid any possible interference with the ¯uorescence measure-
ment by divalent cation (Damiani & Burini, 1986). Twenty ml
of freshly prepared 2,3-diaminonaphthalene (0.05 mg ml71 in
0.62 N HCl) were then added to 200 ml of the sample solution
and mixed immediately. After a 15 min-incubation at 258C,
the reaction of nitrite with 2,3-diaminonaphthalene was then

terminated by the addition of 10 ml of 2.8 N NaOH. The
intensity of the ¯uorescent signal produced by the reaction
product, 1-(H)-naphthotriazole, was measured at 365 nm

excitation and at 450 nm emission with a ¯uorometer (Jobin
Yvon, France). Standard sodium nitrite solutions (60 nM ±
3 mM) were made fresh before each measurement, and a

standard curve for the relationship between ¯uorescence
intensity and nitrite concentration in PSS was obtained (Figure
2). Using this standard curve, the level of NO production

during the treatment with agonists for 3 min was calculated.
The repetitive application of 10 mM ATP (3 min) at intervals of
20 min induced reproducible elevations of [Ca2+]i and NO
production (Figure 3). Therefore, the response to 10 mM ATP

was registered before starting each experiment, and the level of
NO production was normalized to that obtained with 10 mM
ATP, because aortic valvular strips were not exactly the same

size. Data are thus expressed as a percentage, assigning the
background level obtained with bu�er only as 0% and the
value obtained after 3 min stimulation by 10 mM ATP as

100%.
No-nitro-L-arginine (L-NOARG) and No-nitro-L-arginine

methyl ester (L-NAME) have been reported to interfere with
the assay of nitrite/nitrate with the modi®ed Griess reaction

(Greenberg et al., 1995). Therefore, we examined the e�ects of
L-NOARG, L-NAME, and No-monomethyl-L-arginine

(L-NMMA) on the standard curve for the 2,3-diamino-
naphthalene assay. As shown in Figure 2, these L-arginine
analogues had no e�ect on the standard curve.

Chemicals and solutions

Sodium salt of ATP was obtained from Boehringer Mannheim

(Mannheim, Germany). Fura-2/AM and 2,3-diaminonaphtha-
lene were purchased from DOJINDO (Kumamoto, Japan).
Thrombin, probenecid, fendiline and L-NOARG were

obtained from Sigma-Adrich (St Louis, MO, U.S.A.).
Bradykinin was purchased from the Peptide Institute (Osaka,
Japan). L-arginine was obtained from the Ishizu Pharma. Co.

(Tokyo, Japan). L-NAME and L-NMMA were purchased
from Wako Pure Chemical (Tokyo, Japan). The composition
of the normal PSS was (in mM): L-arginine 1, NaCl 123, KCl

4.7, NaHCO3 15.5, KH2PO4 1.2, MgCl2 1.2, CaCl2 1.25 and D-
glucose 11.5. All solutions were gassed with a mixture of 5%
CO2 and 95% O2 (pH adjusted to 7.4 at 258C).

Data analysis

Each value is the mean+s.e.mean of the number of

experiments as indicated. The unpaired Student's t-test was
used to determine statistical signi®cance. An analysis of
variance was used to determine the concentration-dependency

of the drug e�ects. An analysis of covariance was used to
determine the signi®cance of di�erence in the relationships

Figure 2 A standard curve for the relationship between ¯uorescence
intensity and nitrite concentration, repeated in the presence of
various analogues of L-arginine. The ¯uorescence intensities of 0.06,
0.1, 0.3, 0.6, 1, 2, and 3 mM nitrite solutions were obtained in the
absence and presence of 1 mM No-nitro-L-arginine (L-NOARG),
1 mM No-nitro-L-arginine methyl ester (L-NAME), and 3 mM No-
monomethyl-L-arginine (L-NMMA). The ¯uorescence intensities
(arbitrary unit) were obtained by subtracting the background
¯uorescence of physiological salt solution from the measured values.

Figure 3 The [Ca2+]i elevation and NO production induced by
repetitive stimulation with ATP in endothelial cells ex vivo. (A) A
representative recording of transient elevation of [Ca2+]i in response
to repetitive 3 min stimulations with 10 mM ATP at 20 min intervals.
(B) A summary of the [Ca2+]i elevation and NO production induced
by repetitive application of 10 mM ATP (n=9). The NO production
was expressed as a percentage, assigning the result obtained with the
®rst application of 10 mM ATP to be 100%.
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between [Ca2+]i elevation and NO production. A P-value of
less than 0.05 was considered to be statistically signi®cant. All
data was collected at the sampling rate of 17 Hz using a

computerized data acquisition system (MacLab, Analog
Digital Instruments, Australia; Macintosh, Apple Computer,
U.S.A.).

Results

In order to investigate the relationship between [Ca2+]i and
NO production in endothelial cells ex vivo, we used ATP,
bradykinin and thrombin as three [Ca2+]i-elevating agonists

which also increase the production of NO. In addition to these
agonists, we used ionomycin, a Ca2+ ionophore, which directly
elevates [Ca2+]i without activation of intracellular signalling

systems in endothelial cells (Parsaee et al., 1993). As shown in
Figures 4 and 5, all of these drugs (ATP, n=4±9; bradykinin,
n=4±11, thrombin, n=4± 11 and ionomycin, n=4± 11)
elevated [Ca2+]i of endothelial cells ex vivo, in a concentra-

tion-dependent manner (P50.05 by an analysis of variance).
The [Ca2+]i elevations consist of a transient component and a
subsequent sustained elevation with a decline, except for

thrombin which caused only a transient [Ca2+]i elevation. The
initial peak elevations of [Ca2+]i were resistant to the removal
of extracellular Ca2+, and therefore considered to be mainly

mediated by the release of intracellular Ca2+ (data not shown).
Since the time course of [Ca2+]i elevation di�ered with type of
stimulation, we evaluated [Ca2+]i elevation by two parameters;

the peak of [Ca2+]i elevation and the integrated [Ca2+]i
elevation (the area under the [Ca2+]i curve) (Figure 1). As
shown in Figures 4B and 5, regardless of the parameter, a
similar concentration-dependency (P50.05 by an analysis of

variance) of the [Ca2+]i elevation was obtained for each
agonist. It was also noted that washing out the agonists using

normal PSS induced a transient increase in [Ca2+]i (Figures 1, 3
and 4). A similar transient [Ca2+]i increase was also observed
even when the normal PSS was changed to the normal PSS

(data not shown). The net increase in [Ca2+]i induced by
changing the bu�er was similar regardless of the presence or
absence of agonists. Therefore, this transient [Ca2+]i elevation
was considered to be mainly due to the mechanical shear stress

to endothelial cells.
Agonist-induced concentration-dependent elevations of

[Ca2+]i were associated with concentration-dependent eleva-

tions of NO production (Figures 4B and 5). The application
of 3 mM L-NMMA or 1 mM fendiline, a calmodulin
inhibitor, blocked the elevation of NO production induced

by a maximal concentration of ATP, thrombin, bradykinin
or ionomycin, while they had no signi®cant e�ect on the
[Ca2+]i elevations as assessed either by the peak [Ca2+]i or

the integrated [Ca2+]i elevation (Figures 4B and 5). In the
presence of L-NMMA (ATP, n=4; bradykinin, n=4;
thrombin, n=4; ionomycin, n=5), the amount of NO
production during treatment with these agonists did not

signi®cantly (P40.05) di�er from the basal production of
NO in normal PSS without drugs. The amount of NO
production during treatment with the agonists was sig-

ni®cantly (P50.05) but not completely inhibited by fendiline
(ATP, n=4; bradykinin, n=4; thrombin, n=4; ionomycin,
n=4). L-NMMA or fendiline had no signi®cant e�ect

(P40.05) on the [Ca2+]i elevations induced by ATP,
bradykinin, thrombin or ionomycin (Figures 4 and 5).

We next examined the relationship between the elevations

of [Ca2+]i and NO production (Figure 6). In the case of
each agonist, the relationships between the amount of NO
production and either the peak [Ca2+]i level (r=0.734 ±
0.547) or the integrated [Ca2+]i elevation (r=0.754 ± 0.561)

were well described by a linear regression (Figure 6).
Namely, the relationships between NO production and

Figure 4 The concentration-dependent [Ca2+]i elevation and NO production induced by ATP in endothelial cells. (A) A
representative recording of the changes in [Ca2+]i induced by 3 min stimulation with 10 mM (reference) and 100 mM ATP. The values
obtained with the 2nd stimulation with ATP were normalized by reference to those obtained with the ®rst stimulation with 10 mM
ATP treatment. (B) Summary of the peak [Ca2+]i elevation, the integrated [Ca2+]i elevation and the NO production induced by
ATP in the absence (control) and presence of 3 mM No-monomethyl-L-arginine (L-NMMA) and 1 mM fendiline. L-NMMA and
fendiline were applied 10 min before the stimulation with ATP. Data are the mean+s.e.mean (n=4±9). *Signi®cantly di�erent
(P50.05); n.s., not signi®cant (P>0.05).
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either the peak [Ca2+]i or the integrated [Ca2+]i elevation
were closely ®tted to the following equation:

Y � aX� b;

where X is the peak [Ca2+]i or the integrated [Ca2+]i elevation,
Y is the magnitude of NO production, a is a slope for the peak

or the integrated [Ca2+]i elevation-NO production relation, and
b represents the NO production at rest. These results are
compatible with previous observations in which NO produc-

tion was found to be regulated by [Ca2+]i elevation in
endothelial cells (Busse & MuÈ lsch, 1990a). However, the slope
value for the relation between NO production and the peak

[Ca2+]i level and the relation between NO production and the
integrated [Ca2+]i elevation varied depending on the types of
stimuli, with thrombin giving the greatest value (0.92), followed

by ATP (0.19), bradykinin (0.09) and ionomycin (0.03) in the
relation between NO production and the peak [Ca2+]i level; and
with thrombin giving the greatest value (0.0073), followed by
ATP (0.0031), bradykinin (0.0011) and ionomycin (0.00033) in

the relation between NO production and the integrated [Ca2+]i
elevation. The slope values for the ®rst three agonists are much
larger (about 3 ± 30 fold) than that for ionomycin. As a result,

thrombin caused the greatest production of NO for a given
change in [Ca2+]i among the agonists used in the present study.

Discussion

In the present study, we demonstrated, for the ®rst time, in

endothelial cells ex vivo, that: (1) for a given agonist, [Ca2+]i
elevation quantitatively correlated with the NO production,
however; and (2) the NO production for a given elevation of

[Ca2+]i di�ered with type of agonists, with thrombin causing
the greatest production, followed by ATP, bradykinin and
ionomycin. Among these agonists, thrombin caused the most

potent activation of NO production for a given [Ca2+]i change.

Figure 5 The concentration-dependent [Ca2+]i elevation and the NO production induced by bradykinin (A), thrombin (B) and
ionomycin (C). The peak [Ca2+]i elevation, the integrated [Ca2+]i elevation and the NO production in the absence (control) and
presence of 3 mM No-monomethyl-L-arginine (L-NMMA) and 1 mM fendiline. L-NMMA and fendiline were applied 10 min before
the stimulation. The data are the mean+s.e.mean (n=4±11). *Signi®cantly di�erent (P50.05); n.s., not signi®cant (P40.05).

Figure 6 Stimulus-speci®c alteration of the relationships between
NO production and the [Ca2+]i elevation. The relationship between
NO production and either the peak [Ca2+]i elevation (A) or the
integrated [Ca2+]i elevation (B) for ATP, bradykinin, thrombin and
ionomycin were constructed from the data obtained in the absence of
L-NMMA and fendiline as shown in Figures 4 and 5. Inset, a semilog
plot of the same data shown in (A), showing the relationship at low
[Ca2+]i. All data are the mean+s.e.mean (n=4±11).
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Thus the Ca2+-sensitivity of the NO production process varied
with the type of stimulation. The correlation between [Ca2+]i
elevation and NO production was also supported by the

®nding that fendiline, a calmodulin inhibitor partially blocked
the NO production induced by agonists. Since ATP,
bradykinin, and thrombin, but not ionomycin, are known to
activate receptor-coupled G-proteins and their related signal

transduction systems, our results suggested that the Ca2+-
sensitivity of the NO production process might be in¯uenced
by a G-protein-coupled intracellular signal. Ionomycin causes

[Ca2+]i elevation mainly by activating Ca2+ in¯ux, while the
agonists cause both Ca2+ in¯ux and Ca2+ release from the
intracellular store sites. It is thus also possible that the [Ca2+]i
elevation due to the Ca2+ release activates ecNOS more
e�ciently than the [Ca2+]i elevation due to the Ca2+ in¯ux.
However, the precise mechanism of the modulation of the

Ca2+ sensitivity remains to be elucidated.
The phosphorylation of ecNOS or alteration of the

intracellular environment such as pH or another ion could be
a mechanism which alters the relationship between the Ca2+

signal and NO production. Some pathways activated by
agonists in endothelial cells, including protein kinase A and C,
have been reported to be related to the reduction ofNOSactivity

(Hirata et al., 1995; Ohara et al., 1995). Recently, Akt/protein
kinase B has been shown to directly phosphorylate ecNOS and
thereby activate the production of NO independently of [Ca2+]i
(Dimmeler et al., 1999; Fulton et al., 1999). The Akt/protein
kinase B was suggested to be activated through phosphatidyli-
nositol 3-kinase-mediated signal transduction (Dimmeler et al.,

1999; Fulton et al., 1999). Since bradykinin was shown to
activate phosphatidylinositol 3-kinase, it is possible that
bradykinin activated ecNOS in a Ca2+-independent manner,
thereby causing an apparent potentiation of theCa2+-sensitivity

of the NO production process. However, there is no published
report showing the activation of Akt/protein kinase B by any of
the agonists used in the present study including bradykinin.

Thrombin has been shown to couple with a novel family of
trimeric G-proteins, G12 (Aragay et al., 1995; Post et al., 1996),
which activates such small GTP-binding proteins as Rho and

Rac (Buhl et al., 1995; Collins et al., 1996). There is a possibility
that these small GTP-binding proteins are involved in the
potentiation of the Ca2+-sensitivity of the NO production
process. However, this possibility remains to be elucidated. The

activity of ecNOS was shown to be dependent on the pH level
and to increase with alkalinization within the range of pH
between 5.5 ± 7.5 (Fleming et al., 1994). Thrombin also induced

activation of the Na+-H+ exchanger and intracellular
alkalinization in various cells including endothelial cells
(Gerritsen et al., 1989; Yasutake et al., 1996). However, the

di�erence in the Ca2+-sensitivity of the NO production process
was not only seen between the receptor agonists and ionomycin,
but also noted among the receptor agonists. Therefore, the

relative contribution of these possible mechanisms as discussed

above may vary with the type of agonist, and such variations
may cause di�erences in the Ca2+-sensitivity of the NO
production process.

In the present study, it was shown that the [Ca2+]i elevation,
as assessed by both peak [Ca2+]i and integrated [Ca2+]i
elevation, closely correlated to the NO production (Figure 6).
However, it was reported in cultured endothelial cells that the

amount of NO production stimulated with agonists hyperboli-
cally correlated to the area under the [Ca2+]i curve, but not to the
peak [Ca2+]i (Wang et al., 1996). The cause for such a

discrepancy is unknown, however, it might be due to the
di�erence in the preparations, namely endothelial cells ex vivo
versus cultured endothelial cells. To investigate the physiologi-

cal role of [Ca2+]i elevation in NO production in endothelial
cells, the use of endothelial cells ex vivo, instead of cultured cells,
may be important. In the present study, we used endothelial cells

ex vivo on aortic valve. We previously demonstrated that
agonist-induced elevations of [Ca2+]i in endothelial cells ex vivo
on aortic valves are associated with the relaxation of arterial
stripswithout endotheliumwhichwere placed in close proximity

to the valvular strips (Miyagi et al., 1996), and thatmonolayered
endothelial cells ex vivo on the surface of the aortic valves are
also active in the uptake of acetylated low-density lipoprotein

(Kuroiwa et al., 1995; Miyagi et al., 1996). These characteristics
thus indicate that functional endothelial cells are located on the
surface of the aortic valves. Using ¯uorimetry of 2,3-

diaminonaphthalene, the present studies directly show that the
valvular endothelial cells ex vivo produce NO through an L-
arginine-NOS pathway. Thus, the endothelial cells ex vivo from

the aortic valves are useful for the study of the physiological
properties of endothelial cells, including [Ca2+]i regulation and
NO production.

In summary, our data suggest that in endothelial cells ex

vivo: (1) transient elevation of [Ca2+]i is necessary for NO
production; and (2) agonists can modulate the [Ca2+]i-NO
production relation, the extent of which varies depending on

the agonist (thrombin4ATP4bradykinin4ionomycin). We
therefore propose the presence of cross-talk between the Ca2+

signalling system and other signal transduction systems, which

in turn results in modulation of the Ca2+-sensitivity of ecNOS
in endothelial cells ex vivo, and that this modulation is
stimulus-speci®c.
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