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Role of efficacy in the assessment of the actions of
«-adrenoceptor agonists in rat aorta with
endothelium
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Concentration-effect curves to phenylephrine are shifted to the right in the presence of
endothelium in rat aorta while responses to clonidine are practically abolished. Analysis of
the concentration-effect curves showed that the effect of endothelium could possibly be
explained by a reduction in relative intrinsic efficacy of the two agonists by between 3-5- and
6-fold. Published observations on the modulatory effects of agonist-induced contractions by
endothelium in the rat aorta tend to support this explanation. It is further concluded that this
reduction in efficacy could be related to the basal release of an endothelium-derived
substance and that changes in tissue contractility in the presence of endothelium cannot
necessarily be taken as evidence for a stimulated liberation of endothelium-derived products

by agonists.

Since Furchgott & Zawadzki (1980) first described
the endothelial-dependent relaxant effect of acetyl-
choline in rabbit aorta, it has been established that
the vascular endothelium can mediate, wholly or
partially, the relaxant responses to a large number of
agonists (Furchgott 1984). This effect of endothe-
lium is thought to be due to the stimulated liberation
of an as yet unidentified substance or substances,
with a short half life of about 6 s (Griffith et al 1984).
It has also been shown that endothelium markedly
modifies agonist-induced contractile responses
(Allan et al 1983; Cocks & Angus 1983: Egléme et al
1984; Lues & Schiimann 1984). The presence of
endothelium reduces maximal contractile responses
and increases the EC50 values for concentration-
effect curves to clonidine, oxymetazoline, UK-
14,304 (2-(8-bromoquinoxalyl-7-imino)imidazo-
lidine) and B-HT 920 (2-amino-6-allyl-5,6,7,8-
tetrahydro-4H-thiazolo(5,4-d]azepine  dihydroch-
loride) in rat isolated aortic preparations, whilst
curves to phenylephrine, noradrenaline, guanfacine,
methoxamine and prostaglandin F,, (PGF,,) are
displaced to the right with less marked changes in
their maximal effects (Egléme et al 1984; Bigaud et al
1984; Godfraind & Miller 1984; Miller et al 1984;
Lues & Schiimann 1984; Godfraind et al 1985). On
the basis of these observations is the hypothesis that
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in general the «;-adrenoceptor-selective agonists are
more sensitive to the effects of an intact endothelium
and that they, and other adrenoceptor agonists, may
provoke the release of an endothelial factor or
factors by an interaction with o,-adrenoceptors
located on the endothelial cell (Cocks & Angus 1983;
Miller et al 1984). However, in rat aorta the
ay-adrenoceptor-selective agonist, guanfacine does
not behave identically to clonidine (Godfraind et al
1985) and the o;-adrenoceptor agonist St 587 (2-(2-
chloro-5-trifluoromethylphenylimino)imidazoline)
does not behave identically to noradrenaline (Lues
& Schiimann 1984).

An alternative explanation to interaction with a
specific receptor type on the endothelial cells can be
proposed, based on the concepts of efficacy and
receptor reserves, if it is assumed that the presence of
endothelial cells does not alter the affinity of agonists
for their respective receptor sites. For this explana-
tion to be plausible it is essential that the x-adreno-
ceptor agonists typified by phenylephrine have a
higher efficacy (i.e. larger receptor reserve) than
agonists such as clonidine, which should have low
efficacy and preferably no receptor reserve. Under
these conditions it can be shown theoretically that
the presence of endothelial cells reduces the efficacy
of agonists by a similar degree and that this results in
the observed concentration-effect curves for com-
pounds in the two groups typified by phenylephrine
and clonidine. Thus, the aim of the present study was
to examine this possibility, by applying experimental
data obtained from organ bath experiments with
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phenylephrine and clonidine to the accepted models
of drug-receptor interaction and to compare finally
the observed and predicted curves for the two drugs
in the presence of endothelium.

METHODS AND RESULTS
Paired rings of thoracic aorta of female Wistar rats
(12 to 15 weeks old), with or without endothelium,
were suspended under 2 g tension in Krebs solution
maintained at 37 °C and aerated with a mixture of
95% O, and 5% CO,. Curves were established using
cumulative additions of drugs and contractions were
recorded isometrically (Bigaud et al 1984; Miller et al
1984). In the presence of endothelium, acetylcholine
(10-¢M) relaxed phenylephrine-induced maximal
contractions by 75 * 3% and abolished clonidine
contractions. In the absence of endothelium, acetyl-
choline had no significant effect on maximal contrac-
tions elicited by either agonist.

Concentration-effect curves to phenylephrine and
clonidine in the presence and absence of endothe-
lium are shown in Fig. 1a. The mean (+s.e.m.) EC50
values for phenylephrine and clonidine in the
absence of endothelium were 4-9 + 0-4 X 10-8 (n =
5) and 2-0 = 0-6 X 10-8m (n = 4), whilst in the
presence of endothelium the values were 1-4 £ 0-1 x
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respectively. Clonidine elicited about the same
maximal response as phenylephrine in the absence of
endothelium but its response was reduced to about
17% of maximum in the presence of endothelium.

The dissociation constant of the agonist (K,) is used in
the computation of efficacy so it is essential to use the
most appropriate determination available. As the
nature of the a-receptor in the rat aorta may differ
from other «-receptors (Ruffolo & Waddell 1982;
Randriantsoa et al 1981), the K, values for phenyl-
ephrine (3-5 X 10-7 M) and clonidine (2-0 X 10-8m)
were taken from organ bath studies conducted on rat
isolated aortic preparations (see Ruffolo et al 1979
for methods). Briefly, the K, value for phenyleph-
rine obtained by Ruffolo et al (1979) was determined
from analysis of a pair of concentration-effect curves
established in the absence of, and after, irreversible
inactivation of a proportion of the «-receptor popu-
lation by dibenamine. The K, value for clonidine, as
determined by Ruffolo et al (1979), was calculated
from clonidine-induced rightward shifts of super-
imposed phenylephrine curves following reduction
of the intrinsic activity of the imidazole by treatment
of tissues with low concentrations of dibenamine.
The receptor occupancy curves for the two agonists,
calculated from the law of mass action using these K,
values (Furchgott & Bursztyn 1967), are also plotted

10-7 (n = 5) and 2-2 £ 09 x 10-7M (n = 4), inFig. L.
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Fic. 1. A. Concentration-effect curves elicited by phenylephrine (Phe) and clonidine (Clo) in the absence (—E, open
symbols) and presence (+E, filled symbols) of endothelium (solid lines). Dotted lines represent the calculated proportion
of reczptors occupied at each concentration of agonist (see text for details). B. Experimental concentration-effect curves

elicite
concentration-effect curves calculated b{

agonists by 3-5-fold (E’) or by 6-fold (E"), respectively. See

by phenylephrine and clonidine in the presence of endothelium (solid lines) compared with expected
assuming that the presence of the endothelium reduces the efficacy of the

text for further explanation.
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Inspection of the receptor occupancy and response
curves for each agonist indicates that while the
‘receptor reserve’ for phenylephrine is reduced by
the endothelium, it is not abolished. It is evident that
clonidine possesses no receptor reserve in the
absence of endothelium.

The relative intrinsic efficacies (E) of the drugs were
calculated as described by Furchgott & Bursztyn
(1967) using equieffective points corresponding to 5,
10 and 12-5% of the maximal responses to the drugs
in the absence of endothelium. In this procedure log
(concentration)-effect curves are converted to log
(fraction receptor occupancy)-effect curves using the
equation:

Fraction of receptors occupied = A/(A + K,)

where A is the concentration of agonist and K, its
dissociation constant. For equal responses it can be
shown that the antilog of the distance between points
on the curves for a reference agonist, phenylephrine,
and another agonist (clonidine) is a measure of the
relative intrinsic efficacy between the two drugs (see
Furchgott & Bursztyn 1967, for full description).

In the absence of endothelium, the intrinsic
efficacy of phenylephrine was 85 times that of
clonidine, whilst in the presence of endothelium the
E value for phenylephrine was 17-5 times that of
clonidine. The low levels of response to clonidine in
the presence of endothelium, necessitating the use of
5, 10 and 12:5% response levels, precludes a more
accurate assessment of the relative intrinsic efficacy.
However, the results show that the endothelium
appears to reduce the efficacy of the two agoniststo a
similar degree. This conclusion is supported by
calculation of the relative intrinsic efficacy of each
agonist from their respective concentration-effect
curves in the absence and presence of endothelium
which show that the presence of endothelium
reduces the intrinsic efficacy of phenylephrine by
about 3-5-fold and of clonidine by about 6-fold.

The inverse of the fraction of receptors occupied in
producing a half-maximal response to the agonist
offers an alternative measure of the relative changes
in the efficacy of an agonist. In this system, for
example, a drug which occupies 0-02 of the total
receptor population at the EC50 level is assigned an
‘efficacy’ of 50. Using the EC50 values and K, values
quoted above, phenylephrine and clonidine have
efficacies of 8:08 and 2.00, respectively, in the
absence of endothelium, while in the presence of
endothelium the corresponding values are 3-48 and
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1-09, respectively. Thus for phenylephrine there is a
2-32-fold and for clonidine a 1-83-fold change in
efficacy in the presence of endothelium. These
results therefore support the above conclusion that
the endothelium appears to reduce the efficacy of the
two agonists to a similar degree.

The absolute efficacies for phenylephrine and cloni-
dine were calculated from their dose-response curves
in the absence of endothelium as the final aspect of
this study. Theoretical concentration-response
curves for the agonists were then calculated follow-
ing a reduction in their respective efficacies and the
resulting curves compared with the experimental
curves observed in preparations with endothelium.
Although the absolute real value of efficacy
cannot be determined, a value for the absolute
efficacy (e) can be calculated using the equation:

S = e.(A)[(A) + K,]

by assuming that the stimulus (S) equals unity when
the response is half maximal, i.e. when the concen-
tration (A) is equal to the EC50 value and K, is the
dissociation constant.

With this procedure, the values of e were 8-4 and 2
for phenylephrine and clonidine, respectively.

With the same values of e, values of S were
calculated for each concentration of agonist and
these were plotted as a function of the observed
response (i.e. response vs stimulus plot).

For the purposes of the present calculations, the
efficacies of phenylephrine and clonidine were de-
creased 3-5-fold and 6-fold, respectively, as calcu-
lated by the method of Furchgott & Bursztyn (1967)
(see above).

Values of S were subsequently recalculated using
values of e reduced 3-5- and 6-fold to simulate the
presence of endothelium. Assuming no alteration in
the stimulus-response relationship, these new values
of S were used with the response vs stimulus plot to
read off the expected response. In turn, the predic-
ted value of the response R was plotted against the
concentration of the agonist, to construct theoretical
concentration-response curves for the agonists as if
in the presence of endothelium. Fig. 1B shows both
the theoretical (E’) and observed (+Eobs)
concentration-response curves for the two agonists.
For clonidine, theoretical curves corresponding to
reductions in efficacy of both 3-5- and 6-fold are
shown. The observed curve for clonidine appears to
reflect a reduction in efficacy of between 3-5- and
6-fold.
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A difference between the theoretical and observed
curves for phenylephrine is the small depression in
the maximal response of the theoretical curve. In this
type of analysis the magnitude of the maximal
response is highly dependent on the K, value of the
agonist. For example in this present case a 3-fold
increase in the K, value (a reduction from 3-5 x 10-7
to 1:2 x 10— M) would allow the theoretical curve to
reach the same maximal response as in the observed
situation. Nevertheless, in general, there is good
agreement between the two curves, suggesting that a
similar magnitude of reduction in efficacy can
reproduce the curves observed for the two agonistsin
the presence of endothelium.

From this analysis it may be concluded that an
equal reduction in efficacy for both agonists can
account for the markedly different concentration-
effect curves for phenylephrine and clonidine ob-
served in the presence of endothelium. This raises
the question of whether such a reduction in efficacy
can explain the observed changes in the dose-
response curves for other agonists in the presence of
endothelium.

The extent of receptor reserves for the various agonists
is all that need be considered in light of the present
analysis. In this regard, comparisons of the K, values
and EC50 values for agonists in rat aorta prepara-
tions in the absence of endothelium would provide
an index for predicting such reserves of receptors.
For noradrenaline and guanfacine, their respective
EC50 values (6:7 x 10-2 and 2-1 X 10-7M, God-
fraind et al 1985; 2-3 X 109 and 8:7 X 10-8 M, Lues
& Schiimann 1984) are much lower than their
respective K, values of 2.6 X 10-7 (Ruffolo &
Waddell 1982) and 1-02 x 10-5Mm (Digges & Sum-
mers 1983). Therefore, these observations would
predict a rightward shift of the curves without
marked changes in their maximal responses in the
presence of endothelium, similar to the observed
curves (Egléme et al 1985; Lues & Schiimann 1984;
Godfraind et al 1985). However, for oxymetazoline
and B-HT 920, their respective EC50 values of 4:7 X
10-7 (Godfraind et al 1985) and 1-3 x 10-6 M (Miller
et al 1984; Lues & Schiimann 1984) are similar to
their respective K, values of 6-8 x 10-7 (Ruffolo &
Waddell 1982) and 4-2 X 10— M (Schini unpublished
observations). Since these two agonists do not have
effective receptor reserves, they would be expected
to behave like clonidine when curves are established
in the presence of endothelium—again similar to
observed results (Miller et al 1985; Lues & Schii-
mann 1984; Godraind et al 1985). It is therefore
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apparent that, in general, a reduction in efficacy can
explain the two patterns of concentration-effect
curves observed for a number of o-adrenoceptor
agonists in the presence of endothelium.

Considerations of efficacy pose an important ques-
tion. Do the a-receptor agonists provoke the release
of a substance or substances from the endothelium or
do the concentration-effect curves reflect the
presence of a resting release of substance(s)? If tissue
cyclic (c)GMP levels are taken as an indication of the
release of a factor from the endothelium, then
«-adrenoceptor agonists provoke a release since
levels of cGMP are elevated by 1-5- to 2-fold in the
presence of endothelium but are not altered in its
absence (Bigaud et al 1984: Miller et al 1984).
Resting levels of cGMP from aortae with endothe-
lium are elevated 2- to 3-fold above levels measured
in aortae without endothelium (see Rapoport &
Murad 1983 for review; Bigaud et al 1984; Miller et al
1984). Thus, there is evidence for a basal release of
endothelial factor(s) and for stimulated release by
«-adrenoceptor agonists. The influence of the resting
release of endothelial substance can be gauged by
assessing the alterations in concentration-effect
curves for PGF,, and the calcium-entry agonist Bay
K 8644 methyl 1,4-dihydro-2,6-dimethyl-3-nitro-4-(2-
trifluoromethylphenyl)pyridine-5-carboxylate) since
neither of these agonists stimulate an increase in the
tissue level of cGMP (Schoeffter unpublished obser-
vations; Miller et al 1985). For these two agonists,
concentration-effect curves, established in the
presence of endothelium, are displaced to the right of
thosein the absence ofendotheliumby2- to3-fold, and
it is this shift which reflects the influence of resting
levels of endothelial factor.

CONCLUSIONS
The conclusions that can be drawn are that if tissue
levels of cGMP are related to the presence of a factor
derived from the endothelium, then the «-adreno-
ceptor agonists do provoke release of a substance,
but probably not in sufficient amounts to alter
further the concentration-effect curves to agonists
above that observed due to resting release of a
substance or substances from the endothelium. In
the presence of endothelium phenylephrine, 3 X
10-9-10-6, noradrenaline, 3 X 10-9-10-6, cloni-
dine, 10-9-3 x 10-¢ and B-HT 920, 3 X
10-7-10-4M, do not elicit relaxation of rat aorta
contracted by PGF,, (3 x 10-6m) either in the
absence or presence of prazosin (10~7M) (Schini
unpublished observations).
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If a change in efficacy is an important feature of
endothelial modulation of  agonist-induced
responses, then it follows that a variation in the
proportion of spare receptors for a particular agonist
in various vessels will affect the degree of modulation
by the endothelium. That is a ‘tissue selectivity’ of
endothelium as a modulator of contractile effects to a
particular agonist would be expected.

In summary, apart from the finding that a change in
efficacy (in the assumed absence of a change in the
affinity of agonists) can explain the effects of the
endothelium on responses to a-receptors, the
present analysis also brings to light another point for
consideration. It is that while an agonist curve may
be affected by the presence of endothelium, it is
necessary to provide additional evidence to support
the contention that the agonist is stimulating the
release of a substance or substances from the
endothelium, and that it is this enhanced release
which accounts for the alteration in the dose-
response curve.

Acknowledgement
This work was supported by CNRS grant AIP No.
06931.

REFERENCES

Allan, G., Brook, C. D., Cambridge, D., Hladkiwskyj, J.
(1983) Br. J. Pharmacol. 79 (Proceedings supplement):
334pP

213

Bigaud, M., Schoeffter, P., Stoclet, J. C., Miller, R. C.
1984) Naunyn Schmiedeberg’s Arch. Pharmacol. 328:
221-223

Cocks, T. M., Angus, J. A. (1983) Nature 305: 627-630

Digges, K. G., Summers, R. J. (1983) Br. J. Pharmacol. 79:
5-665

Eglgr_ne, C., Godfraind, T., Miller, R. C. (1984) Ibid. 81:

16-18

Furchgott, R. F. (1984) Ann. Rev. Pharmacol. Toxicol. 24:
175-197

Furchgott, R. F., Bursztyn, P. (1967) Ann. N.Y. Acad. Sci.
144: 882-889

Furchgott, R. F., Zawadzki, J. V. (1980) Nature 288:
373-376

Godfraind, T., Miller, R. C. (1984) in: Braquet, P., Garay,
R. P, Frolich, J. C., Nicosia, S. (eds) Prostaglandins and
Membrane Ion Transport. Raven Press, New York, pp
223-226

Godfraind, T., Egléme, C., Al Osachie, I. (1985) Clin. Sci.
(Supplement 10) 65s-71s

Griffith, T. M., Edwards, D. H., Lewis, M. J., Newby,
A. C., Henderson, A. J. (1984) Nature 308: 645-647

Lues, 1., Schiimann, H.-J. (1984) Naunyn Schmiedeberg’s
Arch. Pharmacol. 328: 160-163

Miller, R. C., Mony, M., Schini, V., Schoeffter, P.,
Stoclet, J. C. (1984) Br. J. Pharmacol. 83: 903-908

Miller, R. C., Schini, V., Schoeffter, P., Spedding, M.
(1985) Ibid. 84 (Proceedings supplement): 20P

Randriantsoa, A., Heitz, C., Stoclet, J. C. (1981) Eur. J.
Pharmacol. 75: 57-60

Rapoport, R. M., Murad, F. J. (1983) Cyclic Nucleotide &
Protein Phosphorylation Research 9: 281-296

Ruffolo, R. R., Waddell, J. E. (1982) Br. J. Pharmacol. 77:
169-176

Ruffolo, R. R., Rosing, E. L., Waddell, J. E. (1979) J.
Pharmacol. Exp. Ther. 209: 429-436



