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EFFECTS OF DRUGS ON THE
ACCUMULATION AND SPONTANEOUS RELEASE OF
NORADRENALINE IN THE RAT ANOCOCCYGEUS MUSCLE

S.A. DOGGRELL1 & G.N. WOODRUFF

Department of Physiology and Biochemistry, University of Southampton,
Bassett Crescent East, Southampton S09 3TV

1 The ability of drugs to inhibit noradrenaline accumulation and to release noradrenaline was

studied in the isolated anococcygeus muscle of the rat.
2 Noradrenaline, tyramine, 2-amino,6,7-dihydroxy-1,2,3,4-tetrahydronaphthalene (ADTN),
2-amino,6,7-dimethoxy-1,2,3,4-tetrahydronaphthalene (dimethyl ADTN), and 5-hydroxytryptamine
were all potent inhibitors of noradrenaline accumulation and potent releasers of noradrenaline.
ADTN was accumulated by the rat isolated anococcygeus muscle.
3 Amphetamine and desipramine were potent inhibitors of noradrenaline accumulation but poor
releasers of noradrenaline.
4 Methoxamine, oxymetazoline, acetylcholine, and angiotensin were poor inhibitors of noradrena-
line accumulation and did not release noradrenaline.
5 The mechanism of action of these drugs is discussed.

Introduction

The ability of sympathomimetic drugs to inhibit nor-
adrenaline uptake does not necessarily reflect their
ability to be accumulated by noradrenergic neurones
or to release noradrenaline. For instance, amphet-
amine has been shown to be a potent inhibitor of
noradrenaline uptake (Burgen & Iversen, 1965) but
Ross & Renyi (1966) and Thoenen, HUrliman & Hae-
fely (1968) were unable to demonstrate active trans-
port of amphetamine into noradrenergic neurones.
The rat anococcygeus muscle is contracted by sym-

pathomimetic drugs, 5-hydroxytryptamine, acetylcho-
line, angiotensin and by 2-amino,6,7-dihydroxy-
1,2,3,4-tetrahydronaphthalene (ADTN, a dopamine
analogue). Some of these drugs may owe part or all
of their spasmogenic activity to an ability to release
noradrenaline. In the present paper, we describe the
effect of these drugs and desipramine (which does not
contract the muscle) on the accumulation and spon-
taneous release of noradrenaline in the rat anococcy-
geus muscle.

' Present address: Department of Pharmacology & Clini-
cal Pharmacology, School of Medicine, The University of
Auckland, Private Bag, Auckland, New Zealand.

Methods

Male rats (about 350 g) were killed and the anococcy-
geus muscles dissected out as described by Gillespie
(1972).

2-Amino,6,7-dihydroxy-1,2,3,4-tetrahydronaphthalene
(ADTN) and noradrenaline accumulation

The accumulation of radioactivity in the rat anococ-
cygeus muscle was measured as described by Doggrell
& Woodruff (1977). Thus, rat isolated anococcygeus
muscles, weighing 10-20 mg each, were mounted on
wire frames under 0.2 to 0.5 g tension in 5 ml of
Krebs solution, gassed with 95% 02 and 5% CO2.
Tritiated (-)-noradrenaline (final concentration of 61
pmol/ml) or ADTN (final concentration of 10,000,
20,000 or 40,000 d min-' ml-') was added for the
appropriate length of time and then the muscles were
blotted and washed for 10 min in 5 ml of Krebs solu-
tion. The muscle was then blotted dry and weighed.
The radioactivity in both the tissue and the medium
was determined, expressed as nmol noradrenaline or
ADTN d min' g-' tissue, and the tissue:medium
ratios were calculated.
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When studying the effects of drugs on noradrena-
line accumulation, different concentrations of these
drugs were added to the Krebs solution during the
incubation with tritiated noradrenaline. Inhibition of
noradrenaline accumulation was expressed as a per-
centage of control values. Lines were drawn of% inhi-
bition of noradrenaline accumulation against log M
concentration of uptake inhibitors. The IC50 values
(concentration causing 50% inhibition of noradrena-
line accumulation) for each drug were calculated from
regression lines.

Spontaneous release of noradrenaline

The spontaneous release of radioactivity was

measured as follows. Individual anococcygeus
muscles were mounted under 0.2 to 0.5 g tension in
Krebs solution at 37°C, gassed with 95% 02 and 5%
CO2. Tritiated noradrenaline (final concentration of
122 pmol/ml) was added to a final volume of 5 ml
and the mixture incubated for 30 minutes. The
muscles were then transferred to a further 5 ml of
Krebs solution, prewarmed to 37°C and gassed with
95% 02 and 5% CO2. The replacement of the Krebs
solution was repeated at 5 min intervals for 80
minutes.
When studying the effect of drugs on spontaneous

release, 40 min after the Krebs solution replacement
procedure had begun, solution containing an appro-
priate concentration of the drug was substituted for
the drug-free solution for a period of 20 minutes; 1

ml of medium from each 5 min incubation (0-80 min)
was added to 10 ml of scintillation fluid and the
radioactivity counted in a Phillips scintillation
counter. The tissue was blotted and weighed at the
end of the experiment. Release, in the presence and
absence of drugs, was expressed as pmol noradrena-
line released/g tissue. Differences were analysed with
Student's t test and regarded as significant wherever
P < 0.05.

Drugs

(-)-[7-3H]-noradrenaline hydrochloride (specific
activity 10.3 Ci/mmol) and [3H]-2-amino,6,7-dihy-
droxy-1,2,3,4-tetrahydronaphthalene hydrobromide
were obtained from Amersham.
The other drugs used were oxymetazoline hydro-

chloride (Allen & Hanbury), methoxamine hydro-
chloride (Burroughs-Wellcome), angiotensin II, desi-
pramine hydrochloride (Ciba-Geigy), (-)-noradrena-
line bitartrate, amphetamine sulphate, 5-hydroxytryp-
tamine creatinine sulphate, tyramine hydrochloride
(Koch-Light), acetylcholine chloride (Sigma),
2-amino,6,7-dihydroxy-1,2,3,4-tetrahydronaphthalene
hydrobromide (ADTN) and 2-amino, 6,7-dimethoxy-
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Figure 1 Time course of accumulation of radioac-
tivity in the rat anococcygeus muscle following in-
cubation in tritiated ADTN at the following concen-
trations: (A) 10,000 d min- ml-'; (U) 20,000
d min- ml- ; (0) 40,000 d min-' ml-'. Each
point is the mean of 4-8 observations. Vertical lines
show s.e. means.

1,2,3,4-tetrahydronaphthalene hydrochloride (di-
methyl ADTN).
The Krebs solution had the following composition

(g/l): CaCl2.6H20 0.55, KCl 0.35, KH2PO4 0.16,
MgSO4.7H20 0.29, NaHCO3 2.1, NaCl 7.1 and glu-
cose, 1.0.

Results

Time course of 2-amino,6,7-dihydroxy-1,2,3,4-tetrahy-
dronaphthalene (ADTN) accumulation

Following incubation in the presence of [3H]-ADTN
(final concentration of 10,000, 20,000 or 40,000
d min- 1 ml-'; 10,000 d min-' ml-' is equivalent to
approximately 50 pmol/ml), the rat anococcygeus
muscle accumulated tritium (Figure 1). The highest
tissue: medium ratio of 5.0 + 0.5 (s.e. mean, n = 8)
was obtained with 20,000 d min- 1 ml- .

Inhibition by drugs of noradrenaline accumulation

Desipramine was the most potent drug examined,
being over a 100 times more potent than unlabelled
noradrenaline, in inhibiting tritiated noradrenaline
accumulation (Figure 2a). ADTN, amphetamine, tyra-
mine, and 5-hydroxytryptamine all had potencies
similar to unlabelled noradrenaline (within a 10 fold
range) whilst oxymetazoline, dimethyl ADTN, meth-
oxamine (Figure 2a), and acetylcholine were poor in-
hibitors of noradrenaline accumulation. The 0-
methylation of the phenolic hydroxyl groups of
ADTN to form dimethyl ADTN led to a large
decrease (approximately 100 fold) in ability to inhibit
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Figure 3 The spontaneous release of [3H]-norad-
renaline and its 3H-metabolites from the rat anococ-
cygeus muscle. Release is expressed as pmol norad-
renaline released per g tissue in 5 minutes (pmol
g-' tissue 5 min-'). Each value is the mean of
4 observations. Vertical lines show s.e. means.

noradrenaline accumulation (Figure 2b). The IC50
values and the relative potencies of all these com-
pounds are given in Table 1.
Low concentrations of angiotensin (3 x 10-9 M to

3 x i0' M) inhibited noradrenaline accumulation
but this ability was lost with higher concentrations
(6 x 10-7 M to 10-6 M). Angiotensin never inhibited
noradrenaline accumulation by more than 40%O
(Figure 2c).

Spontaneous release of tritiated material

After preloading with tritiated noradrenaline, there
was a rapidly declining release of tritiated material
for the first 30 min which was followed by a period
during which the release declined slowly (Figure 3).
Terming the period 35-50 min as the control period,
no further significant reduction in release was
observed during the next 30 minutes.
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Figure 2 Dose-response curves for the inhibition
by drugs of noradrenaline (NA) accumulation in rat
anococcygeus muscle: (a) (-) Desipramine; (A)
noradrenaline; (-) methoxamine; (b) (0) ADTN;
(U) dimethyl ADTN; (c) (0) angiotensin. Each

point is the mean of 4 observations and vertical
lines show s.e. means. Inhibition in the presence
of a drug was calculated as the % of control
measured in the absence of drug when tissues were

incubated for 20 min in [3H]-noradrenaline, 61
pmol/ml.
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b 10)5 Methoxamine (10-4 M), dimethyl ADTN (10-3 M), and 5-hydroxy-
tryptamine (l0-4 M) were able to release tritiated
material but methoxamine (10-5 M), oxymetazoline
(3 x 10-8 M), acetylcholine (10-2 M), and angiotensin
(3 x 10-' M) did not release radioactivity. The effect
of noradrenaline, methoxamine, 5-hydroxytryptamine,
and ADTN on spontaneous release is illustrated in
Figure 4.
Amphetamine (3 x 10-5 M), a concentration which

gave a maximal contractile response of rat anococcy-
1 0-4M ADTN geus muscle, did not release tritiated material
T r~ b although a higher concentration of amphetamine

(10o- M) did. Desipramine (10-6 M) neither contracted
the rat anococcygeus muscle nor released tritiated
material.

Figure 4 The effect of drugs on the spontaneous
release of [3H]-noradrenaline and its 3H-metabolites
from rat anococcygeus muscle: (a) noradrenaline,
(b) methoxamine, (c) 5-hydroxytryptamine (5-HT),
and (d) ADTN. Release in the presence of drugs/5
min was calculated as % control release (release
observed in 5 min period before addition of drug).
Each value is the mean of 4 observations. Vertical
lines show s.e. means.

Effects of drugs on spontaneous release of tritiated
material

Drugs were used in concentrations which we had pre-

viously observed to give the maximal contractile re-

sponse in rat anococcygeus muscle. Unlabelled norad-
renaline (10-' M), tyramine (3 x 10-4 M), ADTN

Table 1 Inhibition of
by drugs

Drug

Desiprami ne
ADTN
Amphetamine
Noradrenaline
Tyrami ne
5- Hydroxytryptamine
Oxymetazoli ne
Dimethyl ADTN
Methoxamine
Acetylcholine

noradrenaline accumulation

/C50 (M) e.p.m.r.

3.99 x 100-
1.82 x 10-6
3.26 x 10 -6
5.50 x 10 -6

1.07 x 10-5
2.52 x 10 -5

8.71 x 10-5
2.10 x 10 -4

2.66 x 10 -3

4.51 x 10-3

0.007
0.3
0.6
1.0
2
5

16
38

484
820

Potency is expressed as IC,0 values and as the equi-
potent molar ratio (e.p.m.r.) which is IC50 for drug/
IC50 noradrenaline.
Values were calculated from regression lines and in-
volved at least 4 separate determinations for each
compound.

Discussion

The rat anococcygeus muscle is contracted by sym-

pathomimetic drugs, 5-hydroxytryptamine, acetylcho-
line, angiotensin and by ADTN (a dopamine ana-

logue). It is conceivable that drugs which release nor-

adrenaline from storage sites within a tissue and
which reduce the reuptake of noradrenaline might
owe part or all of their spasmogenic activity to the
released amines. Therefore several drugs were studied
in these respects in the rat anococcygeus muscle.
The accumulation of noradrenaline from low con-

centrations of the amine by the rat anococcygeus
muscle is predominantly neuronal (Nash, Gillespie &
Robertson, 1974). Furthermore, following incubation
with low concentrations of tritiated noradrenaline, all
the radioactivity in the rat anococcygeus muscle
behaves as authentic noradrenaline (Doggrell &
Woodruff, 1977). In the present paper, we used a low
concentration of noradrenaline in order to study
neuronal accumulation.
Many sympathomimetic drugs (e.g. metaraminol,

amphetamine, tyramine) are potent inhibitors of neur-

onal noradrenaline uptake (Burgen & Iversen, 1965)
whereas methoxamine (Trendelenburg, Maxwell &
Pluchino, 1970) and oxymetazoline (Gibson & Pol-
lock, 1973) are not. Desipramine (Maxwell, Chaplin,
Eckhardt, Soares & Hite, 1970) and angiotensin
(Palaic & Khairallah, 1967) have also been reported
to inhibit presynaptic uptake of noradrenaline. How-
ever, inhibitors of uptake are themselves not necess-

arily substrates for the accumulation process e.g. tri-
cyclic antidepressants (Biel & Bopp, 1974). Further-
more, the ability of a drug to inhibit noradrenaline
accumulation does not necessarily reflect an ability
to release noradrenaline. The drugs used in this study
may be divided into 3 groups on the basis of their
abilities to inhibit accumulation of and cause release
of noradrenaline.

Firstly, oxymetazoline, methoxamine, acetylcholine
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and angiotensin were relatively weak in both respects.
It would therefore seem likely that their spasmogenic
activity is unrelated to indirect sympathomimetic
actions in this isolated tissue. Although the ability
of angiotensin both to inhibit neuronal uptake and
to release noradrenaline has been demonstrated in
several tissues (for references see Starke, 1977), in the
present study, using rat anococcygeus muscle, angio-
tensin did neither.

Secondly, amphetamine and desipramine were re-
spectively equipotent with and 100 times more active
than noradrenaline itself in inhibiting accumulation
but neither of them released noradrenaline. Although,
amphetamine is a potent inhibitor of noradrenaline
uptake (Burgen & Iversen, 1965), most experiments
have failed to demonstrate that amphetamine is ac-
tively transported into noradrenergic neurones (Ross
& Renyi, 1966; Thoenen et al., 1968). Recently,
Azzaro, Ziance & Rutledge (1974) have provided
some evidence for the active transport of amphet-
amine in synaptosomes of rat cerebral cortex. How-
ever, in the present study, the release of noradrenaline
by amphetamine could only be demonstrated with
concentrations higher than those necessary for maxi-
mum contractile responses. Thus, the release of nor-
adrenaline by amphetamine does not appear to be
important for its sympathomimetic actions in this iso-
lated tissue.

Thirdly, 5-hydroxytryptamine, ADTN, dimethyl

ADTN, and tyramine were potent both in inhibiting
accumulation and releasing noradrenaline. 5-Hy-
droxytryptamine is transported by the noradrenaline
accumulation process (Axelrod & Inscoe, 1963).
Paton (1973) demonstrated that 5-hydroxytryptamine
releases noradrenaline in rabbit atria. The contractile
responses to 5-hydroxytryptamine in the rat anococ-
cygeus muscle are inhibited in the presence of the
uptake inhibitor nortriptyline and following 6-hy-
droxydopamine preincubation (Doggrell & Woodruff,
unpublished observations). These results suggest that
5-hydroxytryptamine acts solely by releasing norad-
renaline in rat anococcygeus muscle.

Indirect sympathomimetic actions of the powerful
dopamine receptor agonist, ADTN, have been postu-
lated by Doggrell & Woodruff (1976). They demon-
strated that the contractile responses to ADTN in
the rat anococcygeus muscle were inhibited by phen-
tolamine, nortriptyline, and following 6-hydroxydopa-
mine preincubation. In the present study,
[3H]-ADTN was accumulated by the rat anococcy-
geus muscle in a similar manner to that described
previously for noradrenaline (Doggrell & Woodruff,
1977). Thus, there is conclusive evidence for indirect
sympathomimetic actions of ADTN.

We are grateful to the following for gifts of drugs: Allen
& Hanbury and Burroughs-Wellcome. One of us (S.A.D.)
was supported by a M.R.C. research award.
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