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Functional evidence of inverse agonism in vascular smooth
muscle
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1 In the present study, depletion of internal Ca2+ stores sensitive to noradrenaline (1 jiM) in rat aorta,
is the signal for the entry of extracellular Ca2", not only to refill the stores but also, in our experimental
conditions, to activate the contractile proteins. This induces an increase in the resting tone that
constitutes, the first functional evidence of this Ca2" entry.

2 The fact that methoxamine (100 gM) reproduces the same processes as noradrenaline but clonidine
(1 gM) does not, indicates that a,-adrenoceptor activation is related to the increase in the resting tone
observed after depletion of adrenoceptor-sensitive internal Ca2+-stores.
3 Benoxathian and WB 4101 (alA- and a,D-adrenoceptor antagonists) selectively inhibit, in a

concentration-dependent manner, this mechanical response observed in absence of the agonist, which
suggests that these agents can act as inverse agonists and provide a functional model for studying this
phenomenon. Since chloroethylclonidine (100 gM) has no effect on this response, the participation of cxl]3-
adrenoceptors can be ruled out.
4 Contractile responses to noradrenaline (1 gM) in Ca2+-free medium were selectively blocked by
chloroethylclonidine. This suggests that the response to noradrenaline in Ca2+-free medium mainly
depends on the activation of the alB-adrenoceptor subtype.
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Introduction Methods

The 'capacitative Ca2" entry' hypothesis in non-excitable cells
(Putney, 1986; 1990) postulates that depletion of the in-
tracellular Ca2+ pools, even in the absence of receptor acti-
vation or increases in inositol polyphosphates, is sufficient to
activate a Ca2+ entry mechanism so long as the intracellular
Ca2+ pools are not permitted to refill.
We have found that in rat aorta, noradrenaline induces a

biphasic contractile response in Ca2 +-free medium, which ap-
pears to be associated with two different intracellular pools,
one of them common to caffeine (Noguera & D'Ocon, 1992).
These intracellular Ca2+ pools, when emptied, could be rapidly
repleted from the extracellular space by incubation in Ca2+-
containing solution, and the refilling does not depend on
continued receptor activation (Noguera & D'Ocon, 1993a, b;
D'Ocon et al., 1995). Moreover, our previous results have
shown that during this refilling process, there occurred a
spontaneous increase in the resting tone of aorta (IRT) when
the tissue was incubated in the presence of Ca2+ but in the
absence of noradrenaline. On this basis, we may assume, as has
been proposed in non-excitable (Parekh et al., 1993; Vaca &
Kunze, 1993; 1994) and excitable cells (Fasolato et al., 1994;
Koike et al., 1994, Ohta et al., 1995), that the depleted Ca2+-
stores sensitive to noradrenaline are the signal for the entry of
extracellular Ca2+ not only to refill the stores, but, in our
experimental conditions, also to activate the contractile pro-
teins, thus giving the first evidence of the functional role of this
Ca2+ entry.

Very little is known about the signal mechanism relating
store emptying to plasma membrane Ca2+ entry. The aim,
therefore, of the present work was to analyze the mechan-
isms involved in this phenomenon and in the repletion of
intracellular Ca2 + pools sensitive to noradrenaline in rat
aorta.

' Author for correspondence.

Helically cut strips of the thoracic aorta of male Wistar rats
(200-220 g) were prepared and mounted as described by
Furchgott & Zawadzki (1980). In some experiments, thoracic
aortic strips were bisected and the halves were used to perform
parallel experiments. Each preparation was suspended in a
10 ml organ bath containing physiological solution, main-
tained at 370C and gassed with 95% 02 and 5% CO2. An
initial load of 1 g was applied to each preparation and main-
tained throughout a 75-90 min equilibration period. This
tension was kept constant, but there was a loss of tension
(< 10- 15%) when the preparations were placed in Ca2+-free
medium. Tension was recorded isometrically on a polygraph
(Grass M7) via force-displacement transducers (Grass FT03).

Endothelium-denuded aortic strips were prepared by rub-
bing the entire intimal surface. The absence of relaxant re-
sponse (100%) after acetylcholine (100 gM) addition to
preparations contracted with noradrenaline (1 gM) indicated
the absence of a functional endothelium in all strips (Furchgott
& Zawadzki, 1980).

Experimental procedures

Figure 1 shows the experimental procedure designed to study
the depletion of intracellular Ca2+-stores sensitive to nora-
drenaline, methoxamine or clonidine in Ca2+ free medium, and
the increase in the resting tone obtained by subsequent ex-
posure to Ca2+-containing solution (Krebs) during the refilling
of these stores. Agonist was added in Ca2"-containing solution
at 37°C and then the tissue was treated with Ca2+-free, EDTA-
containing solution for 15 min. After this time, agonist was
applied and washed until no contraction was induced, in-
dicating complete depletion of internal Ca2+ stores sensitive to
the agonist. The tissue was incubated for 20 min in Krebs to
refill the intracellular Ca2+ stores and a spontaneous increase
in the resting tone of the aorta (IRT) was observed. After
washing and 15 min of loading in Ca2+-free solution, a new
addition of agonist was made. Subsequent incubation in Krebs
for 20 min and addition of agonist permitted us to check the
state of the preparation.
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Concentration-response curves of relaxation (CRCR) to be-
noxathian WB 4101 and clorethylclonidine, were obtained
by addition of cumulative concentrations of the compounds
to tissues in which sustained contractions had been induced
by 1 pM noradrenaline or by exposure to a solution con-
taining 80 mm KCl (prepared by equimolar substitution of
KCl for NaCl in the physiological solution). Relaxations
were expressed as a percentage of the maximum increment
of tension obtained by agonist addition. Concentration-re-
sponse curves of inhibition (CRCI) to the same compounds
were obtained by addition of one concentration of a com-
pound 15 min before and during 1 gM noradrenaline- or

80 mM KCl-induced contraction. A separate series of ex-
periments assessed the effects of the testing agents on the
increase in tension (IRT). In this case, the experimental
procedure was similar to that described in Figure 1, but
15 min before and during the loading period in Krebs so-
lution that permits the refilling of internal Ca2+-stores pre-
viously depleted by noradrenaline, different concentrations
of the compounds assayed were added. The magnitude of
the IRT in the presence of each concentration of each
compound was expressed as a percentage of the reference
IRT obtained in the absence of any agent.

El,, represents the maximal relaxation (CRCR) or in-
hibition (CRCI) obtained after addition of the highest con-
centration of each compound. The concentration needed to
produce 50% relaxation or inhibition (IC,0) was calculated
from a linear regression analysis of all the points between
20% and 80% of the maximal response (Graph Pad Soft-
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ware; San Diego, California, U.S.A.) but it was impossible
to calculate s.e.mean in the concentration-response curves of
inhibition.

Drugs and solutions

The following drugs were used: acetylcholine, (-)-nor-
adrenaline, clonidine (all from Sigma St. Louis MO, U.S.A.)
RBI (Natick, MA, U.S.A.); methoxamine, chloroethyl-
clonidine, benoxathian, WB 4101 (2-(2,6 - dimethoxyphen-
oxyethyl)aminomethyl-1 ,4-benzodioxanehydrochloride). Other
reagents were ofanalytical grade. All compounds were dissolved
in distilled water. Composition ofthe physiological solution was
(mM): NaCl 118, KCI 4.75, CaCl2 1.8, MgCl2 1.2, KH2PO4 1.2,
NaHCO3 25 and glucose 11. Ca2"-free solution had the same
composition except that CaCl2 was omitted and EDTA
(0.1 mM) was added.

Analysis of results

Contractions in physiological solution were expressed in mg
of developed tension and, when elicited in Ca2+-free med-
ium, as a percentage of the noradrenaline-induced contrac-
tions obtained in normal physiological solution. Increases in
resting tone were also expressed as a percentage of the
noradrenaline-induced contraction in normal physiological
solution.

Results are presented as the mean+s.e.mean for n de-
terminations obtained from different animals. Statistical sig-
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Figure 1 Schematic representation of the experimental procedure designed to study the depletion of intracellular Ca2+-stores
sensitive to noradrenaline (NA), methoxamine (Met) or clonidine (Clo) in Ca2+ -free medium, and the increase in the resting tone
obtained by subsequent exposure to Ca2 +'-containing solution during the refilling of these stores. Agonist was added in Ca2+-
containing solution and then the tissue was treated with Ca2+ -free, EDTA-containing solution for 15min. After this time the
agonist was applied (NA1, NA,,...) and washed (W) until no contraction was induced, indicating complete depletion of internal
Ca2+ stores sensitive to the agonist. The tissue was incubated for 20min in Krebs to refill the intracellular Ca2+ stores and a
spontaneous increase in the resting tone of aorta (IRT) was observed. After washing and 15 min of loading in Ca2+-free solution, a
new addition of agonist (NA2) was made. Subsequent incubation in Krebs during 20 min and addition of agonist (NA3) permit us to
check the state of the preparation. In the experiments designed to assess the effects of different agents on IRT, the aorta was
pretreated with different concentrations of these agents 15min before and during IRT was induced.
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nificance was evaluated by. Student's t test for paired or un-
paired data. Differences were considered significant when
P<0.05.

Results

Increase in the resting tone of rat aorta after depletion of
intracellular stores sensitive to noradrenaline and
methoxamine

The experimental procedure is shown in Figure 1 and the re-
sults are summarized in Table 1. Noradrenaline, 1 gM, evoked
a maximal contraction in rat aorta that reached a magnitude of
776.1 + 67.3 mg (n= 16). This response consisted of two pha-
ses, phasic (1 min) and tonic (30 min). A new addition of the
agonist reproduced this contractile response. After 15 min in
Ca2+-free solution the addition of noradrenaline (1 gM) also
induced a biphasic contraction (NA,), the magnitude of which
is described in Table 1. A contraction was not evoked upon a
second application of noradrenaline in Ca2"-free solution
(NA1,). Upon re-exposure of the tissues to a Ca2+-containing
solution for 20 min, an increase in the resting tone was ob-
served (IRT). Returning the tissues to a Ca2 +-free solution
reduced the tension to baseline and further application of
noradrenaline (NA2) 15 min later induced a contraction simi-
lar to that of the first contraction elicited in Ca2+-free solution.

Methoxamine (1-100 gM) elicited a concentration-depen-
dent contraction in Krebs solution and the maximal response
(phasic and tonic) obtained at the concentration 100 gM was
similar to that of noradrenaline 1 gM. After an incubation
period of 15 min in Ca2+-free medium, methoxamine 100 gM
induced a biphasic response (Met1) similar to noradrenaline.
During the 20 min exposure to physiological solution, refilling
of the intracellular Ca2+ stores was observed (since a con-
traction was obtained at Met2), and this refilling was also ac-
companied by an increase in the resting tone similar to that
observed after depletion of intracellular calcium stores sensi-
tive to noradrenaline.

Clonidine, 1 pM, produced a biphasic response in Krebs
solution, but it was significantly smaller than the noradrena-
line-induced one. After 15 min in Ca2"-free medium, no con-
tractile response was observed after addition of clonidine
(Clol) and subsequent loading for 20 min in Ca2+-containing
solution produced no increase in the resting tone of the aorta.
Further application of clonidine (Clo2) in the absence of Ca2"
did not evoke any contractile response.

Modification of the increase in the resting tone of aorta
by preincubation with different concentrations of al-
adrenoceptor antagonist

To investigate the possible relation between the increase in the
resting tone of aorta and al-adrenoceptor subtypes, we studied
the action of benoxathian, WB 4101 and chloroethylclonidine,
on this tension. Concentration-response curves of relaxation
(CRCR) to the testing agents were obtained by addition of
cumulative concentration of the compounds to tissues pre-
contracted by KCl (80 mM) or noradrenaline (1 pM). Con-
centration-response curves of inhibition (CRCI) to the same
compounds, of the increase in the resting tone, noradrenaline-
induced contraction in Ca2+-free or Ca2'-containing solution
and KCl-induced contractions, were also obtained. Em, and
IC50 values of the agents tested are described in Table 2 and
Figure 2.

Benoxathian and WB 4101 selectively relaxed noradrena-
line-induced contractions in Ca2 +-containing or Ca2+ -free
medium, but their potency was significantly lower than that
shown when they antagonized the increase in the resting tone
(IRT) promoted by depletion of noradrenaline-sensitive in-
ternal stores. Benoxathian showed the same inhibitory potency
in the Ca2+-containing solution when it was cumulatively ad-
ded to tissue contracted by noradrenaline (CRCR) as when
added before the agonist (CRCI). However, the results with
WB 4101 are different in the two experimental procedures with
noradrenaline in Ca2 +-containing medium because in CRCI
the phase reponse of noradrenaline was not as inhibited as the
tonic one.

Table 1 Increase in the resting tone (IRT) of rat aorta elicited after depletion of intracellular Ca2+- stores by 1 ,UM noradrenaline
(NA), 100 gM methoxamine (Me) and 1 gM clonidine (Clo)

Ca (+)
Agonist (%)

n Phasic Tonic

5 57.2+2.2
4 43.6+7.8
7 27.9 +1.8

100
87.8+11.1
56.7+ 2.5

Ca (-)
Agonist, (%)

Phasic Tonic

24.6+1.2
19.3 +2.5

0

9.0+1.4
10.1+2.9

0

Ca (+)
IRT
(%)

51.5+ 5.5
52.3 + 8.4

0

Ca (-)
Agonist2 (%)

Phasic Tonic

25.1+ 1.4
19.1+ 1.4

0

10+1.2
10.0+2.3

0

Increases in the resting tone and contractions in Ca2 + -containing or Ca2+ -free medium are expressed as a percentage of noradrenaline-
induced contractions in Krebs solution. All values represent mean+ s.e.mean, n = number of experiments.

Table 2 IC50 values of the agents tested on the increase in the resting tone of rat aorta (IRT), noradrenaline (NA)-induced
contractions in Ca2 + -containing solution and noradrenaline-induced contraction in Ca2 +-free medium

CRCR

-log IC50
n

-log IC50
n

-log IC50
n

6.82+0.'
4

8.17+0.'
4
NC
8

NA (1 MM)
Ca2+ (+)

CRCI

01 6.92
4-5

09 7.22
4-5
4.70
3-4

Ca2+ "
CRCI

6.90
5-6
8.62
4-5
5.77
4-6

IRT
Ca2+ (+)
CRCI

8.52
5-6
9.77
5-6
NC
4

Ca2 + (+ ) = Ca2 + -containing solution; Ca2 + (-) = Ca2 + -free medium; CRCR = concentration-response curves of relaxation;
CRCI = concentration-response curves of inhibition (see methods); NC = not calculated. All values represents mean+ s.e.mean, except
the values of IC50 on CRCI experimental procedures, which are presented as mean. n = number of experiments.

NA
Me
Clo

Benoxathian

WB 4101

CEC
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Table 3 Contractile response to noradrenaline in Ca2+ -free medium before (NA,) and after (NA2) a refilling period in the presence of
the testing agents in Ca +-containing solution (see experimental procedure in Figure 1)

Agent

Control
WB 4101
Benoxathian
CEC

(mM)

0.01
0.1
100

n Phasic

7 29.4+0.4
4 33.2+2.1
4 34.0+5.4
5 35.1+3.0

NA, (%)
Ca (-)

Tonic

9.3 +0.2
8.2 +0.5
7.9+1.6
7.3+0.4

IRT (%)
Ca (+)

53.8+ 1.9
0
0

51.8 + 2.3

NA2 (%)
Ca (-)

Phasic

30.2+ 1.2
0

13.2+ 1.7*
0

Tonic

8.9+0.9
0

2.3 +0.3*
0

IRT = increase in the resting tone observed during the refilling of noradrenaline-sensitive internal Ca2 + -stores previously depleted by the
addition of the agonist in Ca2+ -free medium. Contractions are expressed as a percentage of the noradrenaline-induced contraction in
Krebs solution. All values represent mean+s.e.mean, n=number of experiments. *P<0.05 with respect to NA,.

Chloroethylclonidine (CEC) had no effect on IRT and re-
laxed noradrenaline-induced contraction preferentially when
the response to this agonist was elicited in Ca2"-free medium.
The inhibitory action of CEC on sustained responses elicited
by noradrenaline was increased in a time-dependent manner,
and after 30 min of exposure to the higher concentration of
CEC tested (100 uM), a complete relaxation was observed.

As shown Figure 2, none of the tested agents significantly
relaxed KCl-induced contractile response of rat aorta, and
only slight relaxation was observed with the highest con-
centration assayed of chloroethylclonidine or benoxathian.
This relaxation could be related to inhibition of the contractile
action of endogenous noradrenaline released by depolarization
(Ivorra et al., 1993; Chulia' et al., 1994).

Influence of agents on the refilling of intracellular Ca"
stores sensitive to noradrenaline

In order to clarify the possible action of benoxathian, WB
4101, and chloroethylclonidine on the refilling of the in-
tracellular Ca2+ stores sensitive to noradrenaline, the magni-
tude of the contractile response obtained by the subsequent
addition of noradrenaline in Ca2'-free medium was assumed
to be related to the content of the agonist-sensitive Ca2+-pools
and the values of this response obtained after refilling the
stores in presence of the highest concentration of each agent
tested are summarized in Table 3. Experimental procedure is
shown in Figure 1.

Benoxathian and WB 4101, which inhibited the increase in
the resting tone (IRT), also inhibited the refilling of internal
stores previously depleted by noradrenaline as demonstrated
by the lower response or the lack of response to noradrenaline
in Ca2+-free medium after treatment with these agents (NA2,
Table 3). However, a complete recovery of noradrenaline-in-
duced contraction in Ca2 +-containing solution was observed
(NA3, Figure 1), which means that this inhibition cannot be
due to a residual presence of the antagonist in the medium.
Treatment with chloroethylclonidine (CEC), which did not
affect the IRT, inhibited the response of noradrenaline in
Ca2+-free medium (NA2, Figure 1), but this may be attributed
to an irreversible inactivation of al-adrenoceptors rather than
to a blocking of the refilling of internal Ca2+ stores sensitive to
the agonist, since in Ca2+ containing solution there was again
no response to noradrenaline.

a
0 -

c
0

-o

0-

50 -

100 -

11.5 10.5 9.5 8.5 7.5 6.5 5.5

b
01

C
0

.0
0-

C-
50-

100 -

10 9 8 7 6 5

0
c

C
0

.0
:2 50-

100 -

6.0 5.5 5.0
Discussion -log [ml
The present results show that in rat aorta, addition of nora-
drenaline in Ca2+-free medium induced a biphasic contraction
that was used as an index for the content of agonist-sensitive
intracellular stores, but a contraction was not evoked upon a
second application of the agonist in Ca2"-free solution, which
shows that noradrenaline-sensitive intracellular stores (No-
guera & D'Ocon, 1992; 1993a) had been depleted. Upon re-

Figure 2 Concentration-response curves for relaxation (CRCR) or
inhibition (CRCI) induced by (a) WB 4101, (b) benoxathian and (c)
chloroethylclonidine against KCI, noradrenaline in Ca2+ -containing
solution (NA), noradrenaline in Ca2+ -free solution (NA Ca(-)) and
against the increase in the resting tone (IRT) observed during the
reffilling of the internal Ca2+-stores sensitive to ac-adrenoceptors: (0)
CRCR NA; (E) CRCI NA; (*) CRCI NA Ca(-); (*) IRT; (A)
CRCR KCI; (V) CRCI KCI.

4.5 4.0
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exposure of the tissues to a Ca2"-containing solution, an in-
crease in the resting tone was observed. The magnitude of the
mechanical response decreases proportionally with the time of
exposure to Ca2+-containing medium, which means that the
accelerated entry of Ca2+ to replenish the intracellular pools
inactivates the entry mechanism. In our experimental condi-
tions, the removal of the endothelium rules out possible in-
volvement of endothelium-derived factors in this mechanical
response. Returning the tissues to a Ca2+ -free solution reduced
the tension to the baseline, and further application of nora-
drenaline reproduced a contractile response similar to the first
one elicited in Ca2+-free solution thus indicating a complete
refilling of internal stores.

Methoxamine elicited a concentration-dependent contrac-
tion in Krebs solution and the maximal response was similar to
that of noradrenaline. In Ca2+-free medium, methoxamine
also induced a biphasic response similar to noradrenaline.
During the refilling of the intracellular Ca2+ stores there was
an increase in the resting tone, similar to that observed after
depletion of intracellular calcium stores sensitive to nora-
drenaline.

Different results were obtained when clonidine was added to
the organ bath at a concentration sufficient to evoke a maximal
contraction (Noguera et al., 1993). In Ca2'-free medium, no
contractile response was observed after addition of clonidine,
and subsequent loading in Ca2+-containing solution produced
no increase in the resting tone of the aorta. These results ex-
clude the participation of a2-adrenoceptors in this process.
We can assume that activation of xl-adrenoceptors pro-

motes Ca2+ release from internal stores that lose their Ca2 +
content. These stores, when emptied, can be rapidly re-
plenished by incubation in Ca2+ containing solution in the
absence of the agonist, and this process manifests itself not
only by the recovery of the response to noradrenaline in Ca2+-
free medium but also by the increase in the resting tone ob-
served. Previous studies have shown the existence of a Ca2+
current dependent on the emptying of internal Ca2+ stores by
means of direct measurements of membrane currents (Parekh
et al., 1993; Vaca & Kunze, 1994; Pacaud et al., 1993) or cy-
tosolic free Ca2+ levels (Randriamampita & Tsien, 1993). In
our experimental conditions, a mechanical response was ob-
served and this makes it easier to analyze the functional im-
plications of this Ca2+ current as well as the mechanisms
related to it.

This increase in the resting tone of aorta therefore seems to
be strictly related to adrenoceptors and not just to the emp-
tying of intracellular Ca2+ pools sensitive to an agonist since
after emptying of internal Ca2+-stores by exposure to caffeine
or 5-hydroxytryptamine (Noguera & D'Ocon, 1993a) or to
thapsigargin and cyclopiazonic acid (two selective Ca2+-
ATPase inhibitors) and to ryanodine (which interacts specifi-
cally with the sarcoplasmic reticulum Ca2+ -release) did not
result in any contractile response during the subsequent re-
filling of these stores by loading in Ca2+-containing solution
(results not shown).

The first question that arises has to do with the results
obtained in the previous study (Noguera & D'Ocon, 1993a),
which showed that the increase in the resting tone observed
upon adding Ca2+ after depletion of internal Ca2+-stores
sensitive to noradrenaline, is selectively blocked by prazosin.
The fact that this al-adrenoceptor antagonist inhibited this
mechanical response in the absence of the agonist relates to the
recent concept of inverse agonist (Black & Shankley, 1995;
Milligan et al., 1995), and provides a basis for analyzing in this
experimental model, the action of selective a,1-adrenoceptor
antagonists.

The receptor that mediates contractions of the rat aorta
produced by noradrenaline belongs to the al type (Noguera &
D'Ocon, 1993a; Noguera et al., 1993), but the fact that these
responses were sensitive to CXlA and aX1B antagonists suggests
either the presence of both receptor subtypes (Piascik et al.,
1991; Oriowo & Ruffolo, 1992), or that this receptor is a non

alI non XlB receptor that possesses some of the characteristics

of each of them: the aID-adrenoceptor (Aboud et al., 1993; Ko
et al., 1994; Kenny et al., 1994; Hieble et al., 1995). However,
functional data still suggest a mixed receptor population in this
tissue (Van der Graaf et al., 1993; Kenny 1995; Hieble et al.,
1995). In order to determine what subtype of al-adrenoceptor
is involved in the mechanical response dependent on the pre-
vious depletion of intracellular stores, we analyzed the influ-
ence of different antagonist: benoxathian (alA/D WB 4101
(alA/D) and chloroethylclonidine (LXIB).

Treatment with benoxathian and WB 4101, induced a con-
centration-dependent inhibition of the increase in the resting
tone, whereas chloroethylclonidine did not affect this process.
These results exclude the participation of alB-adrenoceptors in
this mechanical response and relate it to a1A- or alD-adreno-
ceptors. Moreover, the close correlation between the potency
shown by benoxathian and WB 4101 against the increase in the
resting tone in the present work and a1A- or alD-adrenoceptor
binding affinity in other tissues (Kenny et al., 1994; Ford et al.,
1994) supports the involvement of one of these adrenoceptor
subtypes in the development of the increase in the resting tone.
It has been suggested that the aIA-adrenoceptor subtype gates
Ca2" influx through dihydropyridine-sensitive channels in
smooth muscle, while the alB-adrenoceptor has been associated
with the formation of inositol 1,4,5-trisphosphate and the
mobilization of intracellular Ca2" (Minneman 1988; Nelson et
al., 1988; Pacaud et al., 1991; Testa et al., 1995). The functional
role of the alD receptor is not well established but in rat aorta it
could be related to Ca2" entry through dihydropyridine-sen-
sitive channels. Our results lend support to this suggestion, for
they show that the response to noradrenaline in Ca2+-free
medium was selectively blocked by chloroethylclonidine, which
does not affect the increase in the resting tone promoted by
Ca2" entry from the extracellular space. Thus, according to the
present results, the response to noradrenaline in Ca2+-free
medium involves depletion of internal Ca2+ stores sensitive to
this agonist and depends on the activation of the aXB receptor
subtype since chloroethylclonidine selectively inhibits it. The
increase in the resting tone observed during the refilling of these
stores is sensitive to aIA-XID-adrenoceptor antagonists, and
therefore must be related to this adrenoceptor subtype. The fact
that the calcium channel blockers, nifedipine (Noguera &
D'Ocon, 1993a), nimodipine (results not shown), verapamil
and dilitiazem (Noguera & D'Ocon, 1993b), also block the
increase in the resting tone corroborates the involvement of a
voltage-dependent Ca2" channel in this process. Our results are
consistent with the hypotheses that in rat aorta, contraction to
noradrenaline consists of an initial response due to the release
of intracellular Ca2" (mediated by a,B-adrenoceptors) and a
larger tonic contraction due to extracellular Ca2" influx. This
influx may involve activation of an alA or xlB-adrenoceptor.
Similar results, but not identical, were observed by Burt et al.
(1995) in rat spleen.

It is interesting to note that benoxathian and WB 4101
block the mechanical response observed in the absence of the
agonist as does prazosin (Noguera & D'Ocon, 1993a). An
explanation suggested by recent evidence about the inverse
agonism concept (Lefkowitz et al., 1993; Black & Shankley,
1995; Bond et al., 1995; Milligan et al., 1995) is that mobili-
zation of an intracellular Ca2+ pool sensitive to noradrenaline
could determine the increase in the number of receptors that
are spontaneously active in absence of agonist. The antagonists
bind to the receptor and change it from the activated state to
an inactivated one, or better yet, bind to inactive receptors and
disrupt the equilibrium between the two states (active and in-
active) in favour of the inactive state. The refilling of the in-
ternal stores sensitive to noradrenaline displaces again the
equilibrium to the inactive state in absence of the agonist.
Benoxathian and WB 4101 then act as inverse agonists, de-
creasing the proportion of the active form of the a1A- or alD
adrenoceptors that have been increased previously by the
emptying of intracellular Ca2 + -stores. This hypothesis requires
further investigation, but Schutz & Freissmuth (1992) have
suggested that antagonists not only bind to G-protein coupled
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receptors, but also induce a conformational change un-
favourable to the coupling of the receptor to its G protein.
Moreover, new evidence suggests a two-state model, in which
receptors are in equilibrium between the inactive conformation
and a spontaneously active conformation that couples to G
protein in the absence of ligand. The first state can be fixed by
inverse agonists (Bond et al., 1995). The present work shows
that in our experimental conditions, benoxathian and WB 4101
do not act as antagonists but as inverse agonists, for both of
them inhibit the increase in the resting tone in absence of the
agonist, and provides a simple model for analyzing this con-
cept in functional studies. It is known that the characteristics
of inverse agonists tend to be more apparent in systems that
express relatively high receptor levels with associated higher

basal effector activity, but the lack of suitable in vivo models
has restricted the evidence of the existence of inverse agonists
mainly to computer simulations and in vitro systems (Bond et
al., 1995). Our model could prove very useful in studying this
phenomenon for we have a large number of receptors in the
active state but in the absence of the agonist.

The exact nature of the signal that relates the emptying of
intracellular Ca2+ stores and the increase in constitutive ac-
tivity shown by aIA- or XIlD-adrenoceptors remains elusive and
further research on this topic is needed.

This work was supported by a research grant from the Spanish
Comisi6n Interministerial de Ciencia y Tecnologia (SAF92-0647).

References

ABOUD, R., SHAFII, M. & DOCHERTY, J.R.. (1993). Investigation of
the subtypes of an-adrenoceptor mediating contractions of rat
aorta, vas deferens and spleen. Br. J. Pharmacol., 109, 80-87.

BLACK, J.V. & SHANKLEY, N.P. (1995). Inverse agonists exposed.
Nature, 374, 214-215.

BOND, R.A., LEFF, P., JOHNSON, T.D., MILANO, C.A., ROCKMAN,
H.A., MCMINN, T.R., APPARSUNDARAM, S., HYEK, M.F.,
KENAKIN, T.P., ALLEN, L.F. & LEFKOWITZ, R.J. (1995).
Physiological effects of inverse agonists in transgenic mice with
myocardial overexpression of the /32-adrenoceptor. Nature, 374,
272-276.

BURT, R.P., CHAPPLE, C.R. & MARSHALL, I. (1995). The role of
capacitative Ca2 + influx in the alB-adrenoceptor-mediated
contraction to phenylephrine of the rat spleen. Br. J.
Pharmacol., 116, 2327-2333.

CHULIA, S., IVORRA, M.D., LUGNIER, C., VILA, E., NOGUERA, M.A.
& D'OCON, M.P. (1994). Mechanism of the cardiovascular activity
of laudanosine: comparison with papaverine and other
benzylisoquinolines. Br. J. Pharmacol., 113, 1377- 1385.

D'OCON, M.P., IVORRA, M.D., CHULIA, S. & NOGUERA, M.A. (1995).
Study of the contractile response elicited by extracellular calcium
after depletion of noradrenaline-sensitive internal calcium stores
in rat aorta. Br. J. Pharmacol., 114, 417P.

FASOLATO, C., INNOCENTI, B. & POZZAN, T. (1994). Receptor-
activated Ca2 + influx: how many mechanisms for how many
channels?. Trends Pharmacol. Sci., 15, 77-83.

FORD, A.P.D.W., WILLIAMS, T.J., BLUE, D.R. & CLARKE, D.E.
(1994). ac-Adrenoceptor classification: sharpening Occam's
razor. Trends Pharmacol. Sci., 15, 167 - 170.

FURCHGOTT, R.F. & ZAWADZKI, J.V. (1980). The obligatory role of
endothelial cells in the relaxation of arterial smooth muscle by
acetylcholine. Nature, 288, 373-376.

HIEBLE, J.P., BYLUND, D.B., CLARKE, D.E., EIKENBURG, D.C.,
LANGER, S.Z., LEFKOWITZ, R.J., MINNEMAN, K.P. & RUFFOLO,
R.R. JR. (1995). International Union of Pharmacology X.
Recommendation for Nomenclature of al-adrenoceptors: con-
sensus update. Pharmacol. Rev., 47, 267-270.

IVORRA, M.D., LUGNIER, C., CATRET, M., ANSELMI, E., CORTES,
D., D'OCON, M.P. (1993). Investigations of the dual contractile/
relaxant properties showed by antioquine in rat aorta. Br. J.
Pharmacol., 109, 502 - 509.

KENNY, B.A., CHALMERS, D.H., PHILPOTT, P.C. & NAYLOR, A.M.
(1995). Characterization of an aID-adrenoceptor mediating the
contractile response of rat aorta to noradrenaline. Br. J.
Pharmacol., 115, 981-986.

KENNY, B.A., NAYLOR, A.M., GREENGRASS, P.M., RUSSELL, M.J.,
FRIEND, S.J., READ, A.M. & WYLLIE, M.G. (1994). Pharmacolo-
gical properties of the cloned alA/D-adrenoceptor subtype are
consistent with the nlA-adrenoceptor characterized in rat
cerebral cortex and vas deferens. Br. J. Pharmacol., 111, 1003-
1008.

KO, F.N., GUH, J.H., YU, S.M., HOU, Y.S., WU, Y.C. & TENG, C.M.
(1994). (-)-Discretamine, a selective alD-adrenoceptor antago-
nist isolated from Fissistigma glaucescens. Br. J. Pharmacol., 112,
1174-1180.

KOIKE, Y., OZAKI, Y., QI, R., SATOH, K., KUROTA, K., YATOMI, Y. &
KUME, S. (1994). Phosphatase inhibitors suppress Ca2+ influx
induced by receptor-mediated intracellular Ca + store depletion
in human platelets. Cell Calcium, 15, 381 - 390.

LEFKOWITZ, R.J., COTECCHIA, S., SAMANA, P. & COSTA, T. (1993).
Constitutive activity of receptors coupled to guanine nucleotide
regulatory proteins. Trends. Pharmacol. Sci., 14, 303-307.

MILLIGAN, G., BOND, R.A. & LEE, M. (1995). Inverse agonism:
pharmacological curiosity or potential therapeutic strategy?.
Trends Pharmacol. Sci., 16, 10- 13.

MINNEMAM, K.P. (1988). ac-Adrenoceptor subtypes, inositol
phosphates and sources of cell Ca2 Pharmacol. Rev., 40, 87-
119.

NELSON, M.T., STANDEN, N.B., BRAYDEN, J.E. & WORLEY, J.F.
(1988). Noradrenaline contracts arteries by activating voltage-
dependent calcium channels. Nature, 336, 382 - 385.

NOGUERA, M.A., CALATAYUD, S. & D'OCON, M.P. (1993). Actions
of alpha-adrenoceptor blocking agents on two types of
intracellular calcium stores mobilized by noradrenaline in rat
aorta. Naunyn, Schmiedeberg's Arch. Pharmacol., 348, 472 -477.

NOGUERA, M.A. & D'OCON, M.P. (1992). Different and common
intracellular calcium-stores mobilized by noradrenaline and
caffeine in vascular smooth muscle. Naunyn Schmiedeberg's
Arch. Pharmacol., 345, 333-341.

NOGUERA, M.A. & D'OCON, M.P. (1993a). Evidence that depletion of
internal calcium stores sensitive to noradrenaline elicits a
contractile response dependent on extracellular calcium in rat
aorta. Br. J. Pharmacol., 110, 861-867.

NOGUERA, M.A. & D'OCON, M.P. (1993b). Effects of different agents
on the contractile response elicited by extracellular calcium after
depletion of internal calcium stores in rat isolated aorta. J.
Pharm. Pharmacol., 45, 701 -706.

OHTA, T., KAWAI, K., ITO, S., NAKAZOTO, Y. (1995). Ca2+ entry
activated by emptying of intracellular Ca2 + stores in ileal smooth
muscle of the rat. Br. J. Pharmacol., 114, 1165-1170.

ORIOWO, M.A. & RUFFOLO, R.R. (1992). Heterogeneity of post-
junctional an-adrenoceptors in mammalian aortae: subclassifica-
tion based on chlorethylclonidine WB 4101 and nifedipine. J.
Vasc. Res., 29, 33-40.

PACAUD, P., LOIRAND, G., BARON, C., MIRONNEAU, C. &
MIRONNEAU, J. (1991). Ca2+ channel activation and membrane
depolarization mediated by CI - channels in response to
noradrenaline in vascular myocytes. Br. J. Pharmacol., 104,
1000-1006.

PACAUD, P., LOIRAND, G., GREGOIRE, G., MIRONNEAU, C. &
MIRONNEAU, J. (1993). Noradrenaline-activated heparin-sensi-
tive Ca2+ entry after depletion of intracellular Ca + store in
portal vein smooth muscle cells. J. Biol. Chem., 268, 3866-3872.

PAREKH, A.B., TERLAU, H. & STUHMER, W. (1993). Depletion of
InsP3 stores activates a Ca2 + and K + current by means of a
phosphatase and a diffusible messenger. Nature, 364, 814- 818.

PIASCIK, M.T., SPARKS, M.S., PRUITT, T.A. & SOLTIS, E.E. (1991).
Evidence for a complex interaction between the subtypes of the
a1-adrenoceptor. Eur. J. Pharmacol., 199, 279-289.

PUTNEY, J.W. (1986). A model for receptor-regulated calcium entry.
Cell Calcium, 7, 1-12.

PUTNEY, J.W. (1990). Capacitative calcium-entry revisited. Cell
Calcium, 11, 611-634.

RANDRIAMAMPITA, C. & TSIEN, R.Y. (1993). Emptying of
intracellular Ca2+ stores releases a novel small messenger that
stimulates Ca2+ influx. Nature, 364, 809 - 814.



164 M.A. Noguera et a! Inverse agonism in vascular smooth muscle

SCHUTZ, W. & FREISSMUTH, M. (1992). Reverse intrinsic activity of
antagonists on G protein-coupled receptors. Trends Pharmacol.
Sci., 13, 376-379.

TESTA, R., GUARNERI, L., POGGESI, E., SIMONAZZI, I., TADDEI, C.
& LEONARDI, A. (1995). Mediation of noradrenaline-induced
contractions of rat aorta by the aeB-adrenoceptor subtype. Br. J.
Pharmacol., 114, 745-750.

VACA, L. & KUNZE, D.L. (1993). Depletion and refilling of
intracellular Ca2+ stores induce oscillations of Ca2 + current.
Am. J. Physiol., 264, H1319-1322.

VACA, L. & KUNZE, D.L. (1994). Depletion of intracellular Ca2+
stores activates a Ca2 + selective channel in vascular endothelium.
Am. J. Physiol., 267, C920-925.

VAN DER GRAAF, P.W., WELSH, N.J., SHANKLEY, N.P. & BLACK,
J.V. (1993). Evidence for heterogeneity of a3-adrenoceptors in the
rat aorta. Br. J. Pharmacol., 110, 124P.

(Received October 30, 1995
Revised May 7, 1996

Accepted June 4, 1996)


