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COMPARATIVE STUDIES OF (-)-, (±), (+)-PROPRANOLOL,
ATENOLOL, GUANETHIDINE, BRETYLIUM AND
TETRACAINE ON ADRENERGIC TRANSMISSION

M. KAIHO', T. KUBO & Y. MISU

Department of Pharmacology, Yokohama City University School of Medicine, Yokohama 232, Japan

1 Effects of (-)-, (+)-, and (+)-propranolol, atenolol, guanethidine, bretylium and tetracaine
were studied on relaxation responses of rabbit ileum and contractile responses of rabbit pulmonary
artery and guinea-pig vas deferens to electrical nerve stimulation (2 to 50 Hz).
2 In the ileum, inhibition by tetracaine 3.3 x 10-6M occurred at high frequencies of stimulation,
while bretylium 1.2 x 10-4 M and guanethidine 2 x 10-5 M inhibited responses at all frequencies, the
latter producing greater inhibition at low frequencies.
3 (±)-Propranolol 10-5 M produced a tetracaine-type inhibition after 1 h and a bretylium-pattern
after 2 h in the ilea and pulmonary arteries and a transition from bretylium- to guanethidine-pattern
in the vas deferens, while atenolol 2 x 10-5 to 10-4 M produced guanethidine-type inhibition in all
preparations.
4 (-)-, (±)-, and (+)-Propranolol 3 x 10-6 to 3.3 x 10-5 M were equipotent in the vas deferens
and ileum. However, inhibition by (-)-propranolol 3.3 x 10-5M persisted in the ileum, while that by
the (+)-isomer was partially restored by washing.
5 (-)- or (+)-Propranolol 3.3 x 10-5 M or atenolol 2 x 10-5 M did not inhibit relaxation of the
ileum after the bath temperature was maintained at 4°C for 2 h during drug application.
6 In conclusion, propranolol and atenolol both have gradually developing guanethidine-like
adrenergic neurone blocking actions.

Introduction

The mechanism of the antihypertensive action of
3-adrenoceptor blocking agents is not well under-

stood. Relatively high doses of these antagonists
inhibit adrenergic transmission in various sympathe-
tic nerve-effector preparations without antagonizing
responses to exogenously applied noradrenaline
(Rand, Law, Story & McCulloch, 1976; Weinstock,
1976). However, it has not been established whether
this presynaptic action is due to a simple local
anaesthetic-like activity (Day, Owen & Warren,
1968; Barrett & Nunn, 1970; Hughes & Kneen,
1976) or to a so-called guanethidine-like adrenergic
neurone blocking activity (Eliash & Weinstock,
1972; Mylecharane & Raper, 1973). Using three
different isolated sympathetic nerve-effector prep-
arations, we have attempted to differentiate the
modes of action of propranolol and atenolol regard-
ing modifications of frequency-response relation-
ships. We compared guanethidine, bretylium and
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tetracaine, because guanethidine preferentially in-
hibits responses to lower frequencies (Boura &
Green, 1965), while inhibition induced by local
anaesthetics is greater at higher frequencies in vari-
ous neurone systems (Bentley, 1966; Strichartz,
1973; Courtney, 1975; Yeh & Narahashi, 1976). A
preliminary account of this work has already ap-
peared (Misu, Kaiho, Ogawa & Kubo, 1980).

Methods

Rabbit ileum

The preparation described by Finkleman (1930) was
used. Male rabbits, weighing 1.5 to 2 kg, were bled
from the carotid arteries. A segment of ileum approx-
imately 1 cm long with the periarterial nerve intact
was isolated and set up in a 50 ml organ bath contain-
ing McEwen's solution (1956), bubbled with 5%
CO2 in 02. The solution had the following composi-
tion (mM): NaCI 129.9, KCI 5.6, CaCl2 1.6,
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NaHCO3 25, NaH2PO4 0.95, sucrose 13.3 and glu-
cose I 1.1. The final pH was 7.4 and the temperature
maintained at 37°C. The nerve was stimulated by
means of a suction electrode at 4min intervals for
45s at frequencies of 2, 5, 10, 20 and 50Hz and
supramaximal voltage (6 to 14V) with rectangular
pulses of 5 ms duration generated by an electronic
stimulator MSE-3R (Nihon Kohden). Resting ten-
sion was adjusted to 0.5 g and movements of the
ileum were recorded isotonically on an ink-writing
oscillograph (Sanei Rectigraph 8S). Responses were
calculated as a % inhibition of average amplitude of
spontaneous contractions during nerve stimulation
compared with the average amplitude before stimu-
lation. In some experiments the temperature of the
fluid surrounding the organ bath was reduced to 4°C.

chloride (Kyorin) and (-)-noradrenaline hydro-
chloride (Sigma). Noradrenaline was dissolved
in 0.06 N HCI and the other drugs in distilled
water. The concentrations of drugs in the bath are
expressed as M.
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Rabbitpulmonary artery

A ring approximately 5 mm long of the distal end of
the main pulmonary artery with the right recurrent
cardiac nerve was isolated from male rabbits (Bevan,
1962) and set up in aerated Krebs bicarbonate solu-
tion at 37°C. The composition of the solution was as
follows (mM): NaCI 118.4, KCl4.7, CaCl22.5,
MgCI2 1.18, NaHCO3 25, KH2PO4 1.2 and glucose
I 1.1. The resting tension was 1.5 g and contractions
of radial muscles were recorded isotonically. Nerve
stimulation was via a suction electrode with pulses of
2ms duration, 1OV at 2, 5, 10 and 20Hz for l5s at
4 min intervals.

Guinea-pig vas deferens

The hypogastric nerve-vas deferens was prepared
according to Hukovih's method (1961) and was sus-
pended in gassed McEwen's (1956) solution at 37°C.
The resting tension was 0.5 g. The nerve was stimu-
lated through a suction electrode 3s every 2 min
during the experimental period of 2 h at a fixed
frequency of 5, 8 or 20 Hz using 2 ms pulse width and
supramaximal voltage (4 to 6 V).

In all preparations, a stabilization period of I to 3 h
was allowed before drug application. Drugs were
added to the bathing solution and washing of prep-
arations was performed by overflowing the bath with
about 500 ml of fresh solution. Results are expressed
as a % of control relaxation responses of the ileum
and of the maximum tension of contractor responses
of pulmonary artery and vas deferens to sympathetic
nerve stimulation with each frequency before the
drug application. Student's ttest was used to evaluate
the data.
Drugs used were (-)-, (±)-and (+)-propranolol

hydrochloride and (±)-atenolol hydrochloride (ICI),
guanethidine hemisulphate (CIBA-Geigy), bre-
tylium tosylate (Wellcome), tetracaine hydro-
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Figure 1 Effects of (a) tetracaine 3.3 x 10 6M, ib)
bretylium 1.2 x 10 4M and (c) guanethidine 2 x 10- M
on relaxation responses of rabbit isolated ileum to
periarterial nerve stimulation. The nerve was electrically
stimulated for 45 s at 4 min intervals with frequencies
indicated on the abscissa scale. On the ordinate scale,
responses to nerve stimulation with each frequency be-
fore drug application are taken as 100%. Stimulation
was repeated 30 min after the addition of tetracaine and
30 min after washing preparations incubated with bre-
tylium or guanethidine solution for 20 min. Vertical bars
indicate s.e.mean from (a) 5, (b) 13 and (c) 25 observa-
tions. Statistical significance: *P< 0.05, **P< 0.01,
compared to 2Hz; tP<0.01, compared to 5Hz;
ttP< 0.01, compared to 10 Hz.
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Results

Effects oftetracaine, bretylium, guanethidine, (±)-
propranololand atenololon relaxation responses of
rabbitileum to periarterial nerve stimulation

A segment of the ileum suspended in McEwen's
solution spontaneously contracted at the rate of 8 to
9/min after stabilization. Sympathetic nerve stimula-
tion for 45 s at 4 min intervals produced a frequency-
dependent inhibition of spontaneous contractions.
Stimulation with 20 and 50 Hz produced almost total
relaxation.

Tetracaine 3.3 x 10-6M after 30min inhibited re-
laxation responses to nerve stimulation only with
higher frequencies (Figure 1). The inhibition was
readily reversed when the preparations were washed
with fresh solution. On the other hand, bretylium
1.2 x 10-4 M produced a frequency-independent in-
hibition and guanethidine 2 x 10-SM inhibited all
frequencies but with significantly greater effect at
lower rates of stimulation. The effects of both ad-
renergic neurone blocking agents were not reversed
by repeated washings.

(±)-Propranolol 10-5 M produced a gradual inhib-
ition of the relaxation responses to nerve stimulation
(Figure 2). The inhibition was significant only at the
higher frequencies during the 1st hour (P<0.01,
compared with control relaxation response, respec-
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tively), but was effective against all frequencies after
2 h. At this time adding fresh solution restored the
inhibition of responses to the higher frequencies:
responses 2 h after the drug and 30 min after washing
were 53.9±8.0% and 94.0±3.5% of control to
50 Hz nerve stimulation and 54.2 ± 11.7% and
52.5 ± 11.7% to 10 Hz, respectively (n = 6).
Atenolol 2 x 10-5M also gradually inhibited re-
sponses to nerve stimulation, but the inhibition was
always more prominent at lower frequencies (Figure
2) and was not restored by washing. Inhibitory re-
sponses of the ileum to cumulatively applied norad-
renaline 3 x 10-8, 10-7 and 3 x 10-7M were unaf-
fected by the 10 min prior treatment with (±)-
propranolol 10-5 M or atenolol 2 x 10-5 M.

Effects of(±)-propranololandatenololon contractor
responses ofrabbitpulmonary artery andguinea-pig
vas deferens to sympathetic nerve stimulation

Contractor responses of both preparations to nerve
stimulation were gradually impaired by (±)-
propranolol 10-5M and atenolol 10-4 M in a similar
manner to that seen against relaxation responses of
rabbit ileum.

In pulmonary arteries, (±)-propranolol-induced
inhibition was greater at higher frequencies after
60 min but after 2 h was equal at all frequencies
(n = 3). At this time washing with fresh solution
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Figure 2 Effects of (a) (±)-propranolol 10-5M and (b) atenolol 2 x 10-5M on adrenergic transmission in the rabbit
ileum. Statistical significance: *P< 0.05, compared to 50 Hz. Vertical bars represent s.e.mean of 6 observations.
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restored contractor responses at higher frequencies.
The time course of inhibition by atenolol was slightly
slower than that in rabbit ileum and the action was
more prominent at lower frequencies after 2 h
(n = 5). Washing produced no restoration.

In the vas deferens, 60 min exposure to (±)-
propranolol produced similar inhibition at 5 and
20 Hz but the inhibition was significantly more
marked at 5 Hz after 2 h (Figure 3). On the other
hand, atenolol-induced inhibition was consistently
greater against stimulation at 5 Hz.

Comparisons between pharmacological properties of
(-)- and (+)-propranolol

In the guinea-pig vas deferens, (-)-, (+)-, and (+)-
propranolol 1i05M reduced contractor responses to
20 Hz nerve stimulation to 38.8 ± 6.8 (n = 6),
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Figure 3 Time course of the effects of (a) (+)-

propranolol 10 sM and (b) atenolol 10-4Mon adrener-
gic transmission in guinea-pig isolated vas deferens.
Hypogastric nerve was stimulated at 5 Hz (0) and 20 Hz
(0) for 3 s at 2 min intervals. Abscissa scale shows time
after drug application (at the arrows). Statistical signifi-
cance: *P< 0.05, **P< 0.01, compared to 5 Hz. Verti-
cal bars represent s.e.mean from at least 6 observations.

45.3 + 4.0 (n = 6) and 46.2 ± 5.6% (n = 6) of control
respectively 2 h after the application. In additional
experiments, the concentrations of (-)- and (+)-
propranolol were lowered to 5 x 10-6M and
3x 10-6M and the stimulation frequency was re-
duced to 8Hz. However, a significant discrepancy
was not found between the inhibitory activities of the
isomers.

After 2 h, there was no discrepancy between the
inhibitory actions of (-)- (59.1 + 5.2%, n= 5) and
(+)- (48.2 + 6.8%, n = 9) propranolol 3.3 x 10-5M
on relaxation responses of the rabbit ileum to 20 Hz
nerve stimulation. The inhibition by (+)-propranolol
unlike that by (-)-propranolol was partially restored
by washing: relaxation response 30 min after washing
was 52.2 ± 8.3% and 77.5 ± 8.5% of control for the
(-)- and (+)-isomer, respectively.

(-)- and (+)-Propranololandatenolol at low
temperature in rabbit ileum

At 37°C, relaxation response to 10 Hz nerve stimula-
tion 2 h after atenolol 2 x 10-5M and 30 min after
washing was 34.2 + 9.2% and 34.9 + 14.9% (n = 4)
of control, respectively.

After the temperature of organ bath had been
reduced to 4°C during the drug application period of
2 h, (-)- and (+)-propranolol 3.3 x 1O-5M and
atenolol 2 x 10-5M produced no transmission fail-
ure: relaxation response 30 min after washing at 37°C
was 97.2 ± 13.3% (n= 5), 101.1 ±2.0% (n= 9) and
100.4 ± 1.0% (n = 4) of control, respectively.

Discussion

The present results demonstrate that the gradually
developing adrenergic transmission failure induced
by propranolol and atenolol is similar to a
guanethidine-like neurone blocking action in the
ileum and pulmonary artery of rabbits and guinea-pig
vas deferens.

It was confirmed that in the ileum, bretylium inhi-
bited responses to wide ranges of low to high fre-
quencies and guanethidine produced a preferential
inhibition of responses to lower frequencies (Boura
& Green, 1965). On the other hand, the inhibitory
action of tetracaine was greater at higher frequencies.
This result is consistent with findings that inhibition
by local anaesthetics is usually frequency-dependent
in various neuronal systems (Bentley, 1966;
Stricharz, 1973; Courtney, 1975; Yeh & Narahashi,
1976). These results suggest that the mode of action
of adrenergic neurone blocking agents and local
anaesthetics on adrenergic neurones may be different
(Kubo & Misu, 1974; Misu, Nishio, Hosotani &
Hamano, 1976; Maxwell & Wastila, 1977; Misu &
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Nishio, 1978; Hosotani & Misu, 1978a; Hosotani &
Misu, 1978b; Hausler & Haefely, 1979). The action
of (±)-propranolol was biphasic with a gradual trans-
ition from tetracaine- to bretylium-like transmission
failure in the ileum and pulmonary arteries and from
a bretylium- to guanethidine-like pattern in the vas
deferens. On the other hand, atenolol always pro-
duced a guanethidine-type failure in all preparations.
This is consistent with the small membrane stabilizing
activity of atenolol (Barrett, Carter, Fitzgerald, Hull
& Le Count, 1973).

It was confirmed that tetracaine-induced inhibi-
tion was readily reversible, while bretylium- or
guanethidine-induced failure could not be reversed
by washing (Boura & Green, 1965; Rand & Wilson,
1967, Misu etal., 1976). (±)-Propranolol (10-5M)-
induced failure in response to higher frequencies was
readily reversible by washing and this observation is
consistent with the findings of Day et al. (1968),
Barrett & Nunn (1970) and Hughes & Kneen
(1976), while that to lower frequencies was difficult
to restore and is consistent with the findings of
Mylecharane & Raper (1973). These results also
suggest that propranolol has properties similar to
those of tetracaine and guanethidine. The action of
atenolol was irreversible and consistent with the
properties of adrenergic neurone blocking agents.

Simple local anaesthetic activity of propranolol
cannot be responsible for the antihypertensive ac-
tion, because the latter action in man shows stereo-
specificity (Prichard, 1971; Rahn, Hawlina, Kersting
& Planz, 1974; Waal-Manning, 1976) and the (-)-
and (+ )-isomers have equipotent membrane stabiliz-
ing actions (Barrett & Cullum, 1968). The

guanethidine-like inhibitory actions of propranolol
were not dissociable between (-)- or (±)- and (+)-
isomers in the vas deferens and the ileum in the range
of concentrations from 3 x 10-6 to 3.3 x 10-5 M in
agreement with Mylecharane & Raper (1973)
and Rand et al. (1976). However, failure induced by
the highest concentration of (-)-propranolol re-
mained after washing, while that by the (+)-isomer
was partially reversed. This shows a dissociation be-
tween the pharmacological properties of the isomers
of propranolol, suggesting that the guanethidine-like
action of propranolol may be an additional factor in
the antihypertensive effect.

If propranolol and atenolol do have guanethidine-
like actions, they should be actively taken up into
adrenergic nerve endings (Gulati & Jaykar, 1971;
Hosotani & Misu, 1977; Hosotani & Misu, 1978b).
In fact, a persistent transmission failure induced by
propranolol and atenolol was prevented by exposure
of the ileum to low temperature during the drug
application period. Thus, the process of an active
uptake of both I-adrenoceptor blocking agents is
required for this failure. This result is in part consis-
tent with findings that propranolol was markedly
accumulated in cultured rat sympathetic ganglia and
atria and that this accumulation was inhibited by
imipramine but was not modified by ouabain
(Saelens, Daniell & Webb, 1977). However, the
present results show no difference between (-)- and
(+ )-propranolol.

We thank Ms K. Ogawa for technical assistance and M.
Ohara, Kyushu University, for critical reading of the man-
uscript. Reprint requests to Y.M., please.
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