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Clonidine and presynaptic adrenoceptor theory
Stanley Kalsner

Department of Pharmacology, Faculty of Medicine, University ofOttawa, Ottawa, Canada

1 The effects of clonidine, a presumed selective presynaptic x2-adrenoceptor agonist or partial
agonist, were examined in guinea-pig atria.
2 Split left atrial preparations were stimulated transmurally at 2Hz with 100 pulses of 0.5 ms
duration and the efflux of 3H-transmitter determined.
3 Clonidine inhibited efflux at 3 x 10-8M to 3 x 10 7M by about 30%. Yohimbine, at a
concentration (10-6M) which caused a 3 fold increase in the release of 3H-transmitter during field
stimulation, did not alter the ability of clonidine to inhibit transmitter efflux.
4 At 10-6M clonidine alone had no significant effect on the stimulation-induced efflux of 3H-
transmitter, but in the presence of yohimbine (10-'M), inhibited efflux by over 50%.
5 The inhibitory effect of noradrenaline (10-6M) on 3H-transmitter efflux was antagonized by
clonidine at 10-6M but not at 10-8M, although neither concentration of clonidine alone inhibited
transmitter efflux.
6 The present findings indicate that the effects of clonidine on the efflux of noradrenaline from
sympathetic nerves cannot be accommodated within the currently held view that the compound is an
agonist or partial agonist on presynaptic M2-adrenoceptors. It appears that clonidine has multiple sites
of action few of which are antagonized by a concentration of the prototypical presynaptic antagonist
yohimbine, which enhances efflux 3 fold.

Introduction

The hypothesis that adrenergic neurosecretion is
modulated by inhibitory preiynaptic M2-adrenoceptors
subserving a feedback function relies, to a substantial
extent, on the suitability of clonidine as a prototype of
an M2-adrenoceptor agonist. Previous work (Kalsner,
1982a) has shown that oxymetazoline, another im-
idazoline derivative presumed to have specific a2-ad-
renoceptor properties, has actions not attributable to
adrenergic mechanisms. The present study was done
to evaluate clonidine as a presynaptic adrenoceptor
agonist.

Methods

Left atria were removed from guinea-pigs, trimmed of
adherent tissue and split lengthwise into two halves.
They were incubated for 60 min with (-)-[7,8-3HJ-
noradrenaline (10 jLCi ml', 7.6-10.0 x 10-7M) in
4.0 ml of oxygenated (5% CO2 in O2) Krebs solution
(composition in mM: NaCl 115.3, KCI 4.6, CaCI2 2.3,
MgSO4 1. 1, NaHCO3 22. 1, KH2PO4 1.1 and glucose
7.8) containing ethylenediamine tetraacetic acid (dis-

odium salt; 0.03 mM) to retard heavy metal catalyzed
oxidation of catecholamines (Kalsner, 1979). The
tissues were then washed with fresh Krebs solution
and mounted under 1 g tension between platinum wire
electrodes. Tissues were superfused continuously with
warmed (37C) and oxygenated Krebs solution at a
flow rate of 5 ml min-'. Cocaine (8.8 or 29 JM, usually
8.8 1M) and normetanephrine (1OfM) were present
routinely in the Krebs solution to block neuronal and
extraneuronal uptake processes. Yohimbine and clon-
idine, when used, were made up in stock concentra-
tions and added directly to the appropriate reservoirs
of Krebs solution.

After a 90 min equilibration period, each tissue was
stimulated transmurally with trains of 100 pulses of
0.5 ms duration and supramaximal voltage at the
desired test frequencies. For example, to assess the
effects of clonidine on the efflux of 3H-transmitter,
matching atrial halves were stimulated initially with
100 pulses at 2 Hz and 9 min later the stimulation was
repeated so that the two efflux values could be
averaged to obtain a single mean value for S1. This
procedure ofduplicating each stimulation and averag-
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ing the two values was utilized throughout the ex-
periment. Sets of 2 stimulations each were repeated
three more times in the course of the experiment (S2
S3, S4), in the presence of progressively increasing
concentrations of clonidine administered to one hall
ofeach atrium. The other halfofeach atrium served aw
a control for the treated half and was subjected tc
identical stimulations but it was not exposed tc
clonidine at any time during the course of the 4
stimulation cycles. Other stimulation protocols used ir
the present experiments are described at relevant
points in the text. A maximum of4 sets ofstimulations
at 30 min intervals (8 pulse trains of 100 pulses each
was received by any given atrial preparation.
The efflux of [3H1-noradrenaline from the prepara

tions was determined by counting 1.0 ml aliquots o
the 15.0 ml superfusate collected in vials by a fractior
collector which rotated every 3 min. The aliquots were
transferred to vials containing 10 ml of Aqueous
Counting Scintillant (Amersham) and counted in E
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Figure 1 Effects ofclonidine on the stimulation-induced
efflux of [3HJ-noradrenaline from field stimulated guinea-
pig atrial halves in the presence and absence ofyohimbine
(10-6M) and cocaine (8.8 x 10-6M). The percentage in-
hibition of 3H-efflux induced by clonidine, at each test
concentration, was determined as described in the text.
Clonidine concentration-effect curve in the absence
( *) (5-7 atria at each point) and in the presence

(- *) (5-7 atria) ofyohimbine and in the absence of
yohimbine and cocaine (A-.-. -A) (6 atria).
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Beckman LS-230 counter with automatic external
standardization to determine efficiency. Basal efflux is
expressed as d.p.m. and calculated as the total radioac-
tivity detected in the 3min sample collected im-
mediately before stimulation. Transmural stimulation
was always begun at the onset of a 3 min collection
period. Stimulation-induced efflux was calculated as
the difference between basal efflux and the total d.p.m.
in the 3 min sample collected during and immediately
after stimulation. As described above, each stimula-
tion frequency was repeated twice and the efflux values
averaged. Mean data are presented with their standard
errors and Student's t test was used for all comparisons
and a P value of less than 0.05 was considered
significant.

Drugs

Is The drugs used and their sources were: clonidine
a hydrochloride (Boehringer Ingelheim), (- )-noradren-

aline bitartrate hydrate (Calbiochem), yohimbine hy-
drochloride (Nutritional Biochemicals), (±)-nor-
metanephrine hydrochloride (Sigma Chemical Co.)
and cocaine hydrochloride (BDH Chemicals). The
radioisotope, 1-[7,8-3H]-noradrenaline hydrochloride
(specific activity 10 to 13Cimmol-') was obtained
from the Radiochemical Centre, Amersham. It was
diluted to a stock concentration of 100 pCirml` in
(- )-ascorbic acid solution (50 fig ml 1) and stored at
40C in 5 ml aliquots under nitrogen gas. To obtain a
final concentration of l0jLCiml1- (7.6 to
10.0 X 10-7M) in the incubation medium, 0.4 ml ofthis
stock solution was added to 3.6 ml of Krebs solution.

Results

Guinea-pig left atria which had been cut into 2
equivalent portions (Furchgott et al., 1971) responded
to field stimulation with 100 pulses at 2Hz with
effluxes of 3H-transmitter well above background
levels, as described previously (Kalsner et al., 1980;
Kalsner, 1983).
The efflux of tritium with 100 pulses averaged

30.3 ± 2.7 x 103 d.p.m. above pre-stimulation basal
values in 26 tests with 13 control atrial halves during
the initial set ofstimulations (SI) and, in the absence of
drug treatment ,declined to 24.1 ± 1.8, 21.3 ± 4.5 and
19.7 ± 1.4 x 103 d.p.m. during subsequent stimula-
tions (S2, S3 and S4 respectively) yielding correspond-
ing ratios of 0.81 ± 0.03, 0.73 ± 0.04 and 0.68 ± 0.04
for S2/S1, S3/S1 and S4/S1, respectively.

Clonidine

To rule out time dependent changes in efflux not
related to the action of clonidine and to assess more
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precisely assess the effects of clonidine, efflux values in
the presence of clonidine during S2, S3 or S4 were
compared to initial efflux values (SI) obtained in the
same tissues in the absence of clonidine. The ratios
obtained (SN/SA) were then compared with similar
ratios for the matched atrial halves not treated with
clonidine at any time during the experiment (see
Methods) and expressed ultimately as a percentage
inhibition of transmitter efflux as shown in Figure 1.

Clonidine at 3 x 10-11, 1 x 10-', 3 x 10'°1
3 x 10-9 and 1 x 10-8M did not significantly inhibit
efflux, but concentrations of 3 x 10-8M, 1 X 10-7M
and 3 x 10-7M clearly did. The magnitude of inhibi-
tion, however, was moderate, about 30%, and was
similar in the presence or absence of cocaine
(8.8 x 10-6M) (Figure 1). Clonidine, at the higher
concentration of 10-6M did not significantly inhibit
transmitter efflux (Figure 1), a surprising finding
which was confirmed by experiments in an additional
4 sets of tissues.

Yohimbine and clonidine

Yohimbine increases stimulation-induced efflux of
3H-transmitter and is widely assumed to do so by
blockade ofpresynaptic a-receptors with a consequent
interruption of on-going auto-inhibition. In the
present experiments, the mean efflux value during S1
with 100 pulses in the presence of yohimbine (10-6M)
was 84.8 ± 4.1 x 103 d.p.m. in 48 tests on 24 tissues
compared with 30.3 ± 1.7 x 103 d.p.m. in 52 tests on
26 tissues without the antagonist present. This sig-
nificant (P<0.001) increase in efflux, to 2.8 times
control values, confirmed the efficacy of the concen-
tration of yohimbine used here, and is the maximal
increment obtainable with the compound in guinea-
pig atria under the present experimental conditions
(Kalsner, 1983; Kalsner & Quillan, 1984).
To assess directly the relationship between yohim-

bine-induced enhancement of tritium efflux and clon-
idine-induced inhibition, the values for stimulation-
induced efflux with 100 pulses at 2Hz were first
obtained (SI) in matched atrial halves both pretreated
for 30 min with yohimbine (10-6M). Fifteen minutes
later, without washout ofyohimbine, one ofeach set of
atria was exposed to progressively increasing concen-
trations ofclonidine during S2, S3 and S4. The stimula-
tion sets (S2, S3 and S4) were performed at 30 min
intervals and the ratios (SN/SA) calculated as described
above for experiments with no yohimbine present.

Clonidine clearly inhibited efflux in the presence of
yohimbine. Comparisons ofthe percentage inhibitions
of efflux by the agonist (3 x 10- to 3 x 10-7M) in the
presence of the antagonist with those in its absence
revealed no significant differences (Figure 1).
However, clonidine at I0O-M, inhibited efflux substan-
tially (54%) in the presence of the antagonist even

though it did not do so in its absence; this inhibition
was greater than that observed with any test concen-
tration of the agonist, without yohimbine present.

Clonidine and noradrenaline

The effects of noradrenaline (1.8 x 10-'M) and clon-
idine (I0-' or 10-6M), alone or in combination, were
determined by comparison of the efflux ratios (Sn/Sl)
in the tissues exposed to one or both agonists during Sn
to the similar ratios in the tissues not treated with
either of the agonists at any point during the ex-
periment, and the value in the treated tissue expressed
as a percentage of the control. As shown in Figure 2,
noradrenaline inhibited 3H-efflux substantially, and
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Figure 2 Noradrenaline and clonidine interactions on
stimulation-induced efflux of 3H-transmitter in guinea-
pig atrial halves. Each column represents the mean
transmitter efflux, with vertical lines showing s.e.means,
during field stimulation with 100 pulses, as % of control
values. Effect in the presence of noradrenaline
(1.8 x IO-M) alone (10 atria) (column C); in the presence
of clonidine 10-8M (10 atria) (column B) or 10-6M (10
atria) (column A); and in the simultaneous presence of
noradrenaline (1.8 x 10-0M) and clonidine 10-8M (4
atria) (column E) or 10-6M (5 atria) (Column D).
Clonidine (10-1M) + noradrenaline (1.8 x 10 6M) vs
noradrenaline i1.8 x 10-6M), P< 0.01. Noradrenaline vs
clonidine (10- M) or (10-6M), P<0.01.
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this inhibition was not significantly diminished by the
simultaneous presence of clonidine (10-8M). The
higher concentration of clonidine (10-6M) antagon-
ized significantly the inhibitory effect of noradren-
aline, although it alone had no obvious effect on 'H-
efflux.

Discussion

Clonidine is considered by a number of investigators
to be the prototypical presynaptic receptor agonist.
However, the compound, originally developed as a
topical vasoconstrictor, has a complex profile of
action which makes such a status undeserved. The
imidazoline derivative has been found to increase (e.g.
Stjarne, 1975), decrease (e.g. Medgett et al., 1978), or
to be without significant effect on the stimulation-
induced efflux of noradrenaline. By comparison,
noradrenaline itselfconsistently decreases neurotrans-
mitter secretion in an abundant variety of prepara-
tions (See review by Kalsner, 1982b).

Attempts have been made to reconcile the disparate
observations about the effects of clonidine on trans-
mitter efflux and retain the compound's actions within
the framework of presynaptic theory by classifying it
as a partial agonist (Medgett et al., 1978; Sullivan &
Drew, 1980). This would seem to allow for a variety of
apparently contradictory effects on efflux contingent
on the relative concentrations ofagonist and antagon-
ist. However, as pointed out by Ariens et al. (1964),
partial agonists exhibit predictable effects in the
presence offull agonists and these expectations need to
be applied to clonidine.
The present study examined the effects of clonidine

on 3H-efflux in guinea-pig atria and revealed a com-
plex profile not easily explicable in terms of partial
agonist action. Although clonidine only moderately
inhibited stimulation-induced efflux, the effect did not
increase over a 10 fold concentration range, and a
higher concentration ofthe compound (106M) had no
inhibitory effect at all. This is not in keeping with the
concentration-effect profile of a partial agonist with a
lower intrinsic activity than noradrenaline, in the
presence of a fixed amount of neurally liberated full
agonist (i.e. noradrenaline). The inhibitory effect of a
partial agonist on efflux should, with increasing
concentration, progress towards and then sustain a
plateau value equivalent to the maximal effect
achievable with the compound's limited intrinsic
activity (EB,,,). This maximal effect should have
occurred when all the receptors were occupied by
clonidine. Instead, a loss of efficacy with increased
concentration was observed.

In the presence of the presumed selective presynap-
tic a-adrenoceptor competitive antagonist yohimbine,
inhibition by a low concentration of clonidine should

have been blocked and by higher concentrations
substantially attenuated. Instead, yohimbine (10-6M)
failed to antagonize the inhibitory agonist action of
clonidine at the lower concentrations (3 x 10-8 to
3 x 10-7M) and paradoxically allowed the high con-
centration (10-'M) to be more effective in inhibiting
efflux than in the absence of yohimbine. According to
receptor theory, and the dynamics ofcompetition for a
single occupation site, the agonist cannot produce a
greater maximal response (EBm) in the presence of
antagonist than in its absence. This points to a much
more complex action than can be accommodated
within presynaptic theory. This suggestion is made
more likely by the additional finding that clonidine
apparently competes for occupancy ofthe site through
which noradrenaline inhibits transmitter efflux: alth-
ough clonidine, at 10-6M, did not itself inhibit or
enhance transmitter efflux, except in the presence of
yohimbine where it did the former, it prevented
noradrenaline from inhibiting efflux. A likely explana-
tion for the present results is the involvement of
multiple loci in the actions ofclonidine, few or none of
which are antagonized by the presynaptic antagonist
yohimbine.

It was found recently that yohimbine does not
substantially reduce the inhibitory effects on 3H-trans-
mitter efflux of noradrenaline or the imidazoline
derivative oxymetazoline in guinea-pig ureter (Kals-
ner, 1982a). Baker et al. (1984) noted the failure of
yohimbine to antagonize substantially the inhibitory
effects of clonidine in dog saphenous vein and also
confirmed the relative ineffectiveness of yohimbine in
blocking the efflux inhibitory effects of exogenous
noradrenaline. Concern also has been expressed that
we do not overlook other possible actions ofclonidine
unrelated to activation of presynaptic U2-adrenocep-
tors (Stone & Taylor, 1978; Schmitt et al., 1979;
Karppanen, 1981; Kalsner, 1982b). These include
histamine-like and opiate related actions. Although
there is insufficient information in the present study to
warrant a specific hypothesis on the locus or mechan-
ism of clonidine action, it is clear that the currently
held description of the compound as a partial agonist
on neuronal a-adrenoceptors with dualistic properties
of agonism and antagonism is inadequate to sustain it
within the framework of presynaptic receptor theory.
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