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EFFECTS OF UPTAKE INHIBITORS ON RESPONSES OF SHEEP
CORONARY ARTERIES TO CATECHOLAMINES AND SYMPATHETIC

NERVE STIMULATION

F. BRINE', E.J. CORNISH & R.C. MILLER
Department of Pharmacology, Victorian College of Pharmacy, Parkville, Victoria, 3052, Australia

1 Transmural stimulation of intrinsic sympathetic nerves and exogenous catecholamines produce
/I-adrenoceptor mediated relaxant responses in strips of contracted sheep coronary artery.
2 The neuronal uptake inhibitors, metaraminol, cocaine and desipramine and the extraneuronal
uptake inhibitor, cortisol, failed to potentiate responses to noradrenaline or sympathetic stimulation;
responses to isoprenaline were enhanced by cortisol.
3 Oxytetracycline, which inhibits binding to connective tissue fibres, did not affect responses to
noradrenaline or nerve stimulation.
4 17,B-Oestradiol, caffeine and U0521 proved to be unsuitable compounds for studying catechol-
amine inactivation since they non-selectively potentiated responses to noradrenaline and isoprenaline.
5 It is concluded that catecholamine inactivation processes do not modify transmitter function
in sheep coronary arteries.

Introduction

Coronary arteries receive a rich supply of sympathetic
nerves which terminate at the adventitial-medial
border (De la Lande, Harvey & Holt, 1974; Denn
& Stone, 1976). The nerve terminals are separated
from vascular smooth muscle cells by a large synaptic
cleft reported as being between 40 and 700 nm wide
(Lever, Mumtazuddin & Irvine, 1965; Malor, Griffin
& Taylor, 1973). In addition to the potential neuronal
uptake sites for catecholamines, fluorescence histo-
chemistry indicates the presence of extraneuronal
uptake and connective tissue binding sites (Clarke,
Jones & Linley, 1969; Gillespie & Muir, 1970; De
la Lande et al., 1974). Both neuronal and extra-neur-
onal uptake of catecholamines have been demon-
strated in isolated kitten coronary arteries by the use
of radioactively labelled noradrenaline and isoprena-
line respectively. Binding of isoprenaline to connec-
tive tissue was also found at a high amine concen-
tration (Cornish, Goldie & Miller, 1978). The impor-
tance of these inactivation processes in modifying cat-
echolamine responses in coronary arteries has only
been studied previously with exogenous amines.
There is general agreement that the neuronal uptake
inhibitor, cocaine, does not sensitize isolated coronary
arteries to noradrenaline (Nishioka, 1971; Kalsner,
1974; De la Lande et al., 1974; Cornish et al., 1978).
1 Present address: Pharmacology Department, Common-
wealth Serum Laboratories, Parkville, Victoria 3052, Aus-
tralia.
0007-1188/79/120553-09 $01.00

Results with extraneuronal uptake inhibitors are equi-
vocal. Potentiation of amine responses have been
observed in coronary arteries of cattle (Kaisner, 1974;
Kalsner, Frew & Smith, 1975) but not in those from
rabbits and cats (De la Lande et al., 1974; Cornish
et al., 1978).
The aim of the present investigation was to exam-

ine whether proven inhibitors of catecholamine
uptake in the kitten coronary artery altered responses
of sheep coronary arteries to exogenous catechol-
amines and sympathetic nerve stimulation.

Methods

The anterior descending branch of the left coronary
artery was dissected from hearts of freshly slaughtered
sheep and opened longitudinally. Incomplete cuts
were made across the arterial sheet from alternate
sides, creating a zig-zag strip in which any circularly
arranged muscle fibres would have become orientated
in an approximately longitudinal direction. This
method has previously been described for guinea-pig
tracheal preparations (Mylecharane & Raper, 1973).
The tissue was placed under a tension of 0.5 g and
bathed in oxygenated McEwen solution (1956) at
32°C. Changes in tension were monitored with a
Grass force-displacement transducer (FT03C) coupled
to a Grass model 79 polygraph. In experiments where
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responses to exogenous catecholamines were moni-
tored, the tissue was set up in an organ bath and
where responses to transmural stimulation were
assessed, the preparation was suspended between
platinum wire electrodes and superfused with the
physiological salt solution at a rate of 3 ml/min.

In both types of preparation acetylcholine (5.5 iNm)
was used as a spasmogen and the relaxant effects of
catecholamines or sympathetic nerve stimulation were
monitored in the absence and presence of compounds
known to influence catecholamine inactivation pro-
cesses. A 30 min equilibration period to such com-
pounds was allowed before re-establishment of
adrenergic responses. Comparisons were made of the
concentrations of catecholamines or frequencies of
stimulation required to produce 20, 50 or 80% maxi-
mal relaxation (Emax) before and after a test com-
pound.
The effects of noradrenaline and nerve stimulation

were monitored in the presence of both neuronal and
extraneuronal inhibitors. With the latter inhibitors,
responses to isoprenaline were also assessed since un-
like noradrenaline, isoprenaline is only a transpor-
table substrate for the extraneuronal uptake process
(Callingham & Burgen, 1966).

Drugs

The drugs used were acetylcholine chloride,
(-)-adrenaline bitartrate, adenosine, caffeine, (± )-iso-
prenaline hydrochloride, (-)-noradrenaline bitartrate,
17,B-oestradiol, oxytetracycline hydrochloride (Sigma
Chemical Co.); cortisol sodium succinate (Glaxo),
cocaine hydrochloride (May & Baker); desipramine
hydrochloride, guanethidine sulphate, phentolamine
mesylate (Ciba); dipyridamole, hexobendine dihy-
drochloride (Boehringer Ingelheim); metaraminol
bitartrate (MSD); 3-methoxyisoprenaline (synthesized
by Victorian College of Pharmacy); phenoxybenz-
amine hydrochloride (SKF); practolol hydrochloride,
propranolol hydrochloride (ICI); tetrodotoxin (Cal-
biochem) and U0521 (3,4-dihydroxy-2-methylpropio-
phenone, Upjohn).

Concentrations of salts are expressed in terms of
the base.

Results

Responses to catecholamines

Noradrenaline, adrenaline and isoprenaline, 0.1 to 1
pM, did not alter the basal tone of arterial strips but
relaxed preparations previously contracted with
acetylcholine. No significant differences were found
between the maximal relaxant effects or the slopes
of the concentration-response curves to the three

amines. Preparations from different sheep differed
considerably in their sensitivity to the catecholamines
but the relative potencies of the three amines were
much less variable. Molar potencies relative to
(-)-noradrenaline (= 1) based on EC50 values were,
for (-)-adrenaline 0.48 + 0.13 and for (±+isoprena-
line 20.0 + 4.3 (n = 6).

Relaxations were inhibited by propranolol (3 pM).
Neural stimulation did not produce any contractile
responses in the presence of the ,B-adrenoceptor an-
tagonists, although such responses were demonstrated
with high concentrations of exogenous noradrenaline
(>2 pM). These were presumably due to stimulation
of a-adrenoceptors since they were inhibited by
phentolamine (3 gM) (Figure 1). The KB for practolol
(1.88 gM) using noradrenaline as the agonist was
0.13 + 0.04 pM (n = 5).

Responses to transmural stimulation

Transmural stimulation at 40 V with 1 min trains
of pulses of 0.5 to 1 ms duration did not affect the
basal tone of the preparation. However, frequency-
dependent relaxations were obtained in arteries con-
tracted with acetylcholine (Figure 2). Maximal relaxa-
tions were obtained with frequencies between 10 and
20 Hz. Peak relaxations occurred 30 to 60 s after
starting transmural stimulation and tone was rapidly
regained when stimulation ceased. The relaxations
were abolished following the addition of tetrodotoxin
(2.9 gM), propranolol (3 pM) or guanethidine (20 tm)
to the bathing fluid and were absent in tissues which
had been stored at 6°C for 24 h. The relaxations were
unaffected by dipyridamole (1 gM) or hexobendine (1
pM) although both of these drugs potentiated the
relaxant effects of adenosine (0.5 gM) on the prep-
aration. The responses to transmural stimulation were
therefore presumed to be due to excitation of intrinsic
sympathetic nerves.

In acetylcholine-contracted preparations, stimu-
lation with wider pulse widths (2 or 4 ms) and high
frequencies (20 and 40 Hz) produced relaxations
which could not be completely inhibited or were un-
affected by tetrodotoxin, adrenergic antagonists or
cold storage. These relaxations, therefore appear to
involve a non-neural mechanism.

In experiments described below, pulse widths of 0.5
or 1 ms and frequencies up to 20 Hz were used in
order to produce only sympathetically mediated re-
sponses.

Effects of uptake1 inhibitors

Neuronal uptake inhibitors either did not alter, or
inhibited rather than potentiated, dilator responses to
noradrenaline and nerve stimulation. Metaraminol (1
pM) and cocaine (3 or 30 JM) produced non-significant
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Figure 1 (a) Contractions of sheep coronary artery produced by acetylcholine, 5.5 JIM (ACh) and superimposed
relaxations produced by noradrenaline (NA). (b) Inhibition of relaxant responses to noradrenaline by propranolol.
3 pm, revealing a small contractile response to noradrenaline, 2 pM (at arrow). (c) Inhibition of this contractile
response by phentolamine, 3 IM.
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Figure 2 Relaxations of sheep coronary artery produced by different frequencies of transmural stimulation
superimposed upon a contractile response to acetylcholine 5.5 JM (ACh). Horizontal bars indicate I min trains
of pulses of 1 ms duration.

parallel shifts to the right of noradrenaline concentra-
tion-response curves (Table 1). Desipramine (0.1 pM)
altered the gradient of the concentration-response line
(0.01 > P > 0.005, paired t test) such that a shift to
the right was produced at low noradrenaline concen-
trations. At a higher concentration, desipramine (I
pM) did not significantly affect noradrenaline re-
sponses. Neither desipramine (0.1 or 1 tM) nor
cocaine (3 or 30 pM) significantly affected responses
to sympathetic nerve stimulation (Table 1).

Effects of uptake2 inhibitors

Extraneuronal uptake inhibitors produced a variety
of changes in the sensitivity of arterial strips to cat-
Hi..P. 67 4 ,)

echolamines and nerve stimulation. Cortisol (40 pM)
did not significantly alter the relaxations produced
by noradrenaline or nerve stimulation but increased
sensitivity to isoprenaline (Figure 3). The dose-ratio
for isoprenaline based on EC50 values was 4.2 + 0.9
(n = 4) (Table 1). No selective potentiation was found
with 17,B-oestradiol (18 or 37 j.M). It increased sensi-
tivity to noradrenaline 3.5 to 4 fold and to nerve
stimulation about 2.5 fold (Figure 4, Table 1). In addi-
tion there was a significant increase in the slope of
the concentration- and frequency-response curves.
There was little difference between the effects pro-
duced by the two concentrations of 1 7f-oestradiol so
the effects of isoprenaline were only tested with the
lower concentration of the steroid. This concentration
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increased sensitivity to isoprenaline (dose-ratio=
4.4 + 0.7, n = 8) without changing the gradient of the
concentration-response line (Figure 4).

3-Methoxyisoprenaline (1.34 jIM) significantly inhi-
bited responses to noradrenaline and was therefore
unsuitable for analysis of uptake mechanisms. At the
concentration used the depressant action of the com-
pound is probably due to its weak f-adrenoceptor
blocking activity (Bassett, 1971).

Caffeine (80 jM) did not alter relaxations to either
noradrenaline or isoprenaline. However, at a very
high concentration (500 jiM) it produced parallel shifts'
to the left in the concentration-response lines for both
catecholamines without significantly altering re-
sponses to nerve stimulation (Figure 5, Table 1). The
dose-ratio for noradrenaline was 4.7 + 1.1 (n = 7)
and for isoprenaline was 3.7 + 0.5 (n = 6).
Phenoxybenzamine (0.1 jIM) did not affect responses

to noradrenaline. Unlike the other compounds tested,
higher concentrations of phenoxybenzamine inhibited
the spasmogenic activity of aetylcholine. The effects
of the drug on superimposed relaxations to catechol-
amines could therefore not be adequately assessed.

Table I Effects of uptake inhibitors on dilator respo
stimulation in sheep coronary arteries expressed in te
presence of inhibitors at 50% Emax

Conc.
(PM)Inhibitor

Effect of the catechol-O-niethyltransferase (COMT) in-
hibitor, U0521

U0521 (60 or 120 pM) increased sensitivity to nor-
adrenaline and also increased the slopes of the con-
centration-response curves (P < 0.02, paired t test)
(Figure 6). The dose-ratios based on EC50 values were
2.1 + 0.5, n = 12 and 3.4 + 0.3, n = 9 respectively;
U0521 (60 jM) also increased sensitivity to isoprena-
line and caused an increase in the slope of the concen-
tration-response line which was of borderline statisti-
cal significance (0.1 > P > 0.05, paired t test). The
dose-ratio for EC50 values was 2.7 + 0.6 (n = 7). In
contrast, U0521 (120 gM) did not significantly change
the frequency of stimulation required to produce a
relaxation of 50% Emax although it increased the
slope of the frequency-response line (0.05 > P > 0.02,
paired t test, n = 5).

Effect of oxytetracycline

Oxytetracycline (100 pM), which was reported by
Powis (1973) to inhibit binding of catecholamines to

:nses to noradrenaline (NA), isoprenaline (Iso) or nerve
rms of the ratio of values obtained in the absence and

NA
Ratios at 50% E,,m.

Iso Hz

Metaraminol

Cocaine

Desipramine

Cortisol

1 7,B-Oestradiol

3-Methoxy-
isoprenaline
Caffeine

Phenoxybenzamine

0.7 + 0.1t
(18)

3 0.6 + 0.3t
(9)

30 0.2 + 0.05t
(4)

0.1 0.7 + 0.1*
(7)

1 1.1 + 0.3
(7)

40 1.8 + 0.5
(7)

18 3.6 + 0.8*t
(12)

37 3.9 + 1.2*t
(7)

1.3 0.3 + 0.05t
(4)

80 1.6 + 0.4
(3)

500 4.7 + 1.1t
(7)

0.1 1.6 + 0.2
(4)

Values are shown together with s.e. mean. Numbers in parentheses indicate number of experiments.
* Indicates a significant change in the gradient of the concentration-response line and or frequency-response line;

t Significant increases or decreases in sensitivity (P < 0.05, paired t test).

1.4 + 0.2
(5)

0.90 + 0.2
(4)

1.1 +0.2
(5)

1.1 + 0.2
(4)

1.2 + 0.5
(6)

2.5 + 0.2*t
(6)

2.4 + 0.3*t
(6)

1.1 + 0.1
(5)

4.2 + 0.9t
(4)

4.4 + 0.7t
(8)

1.5 + 0.6
(4)

3.7 + 0.5t
(6)
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Figure 3 Concentration-response lines (a, c) and frequency-response lines (b) for dilator responses to noradrena-
line (a), isoprenaline (c) and nerve stimulation (b) in untreated sheep coronary arteries (open symbols) and in

arteries exposed to cortisol 40 pM (closed symbols). Horizontal lines represent s.e. mean.

connective tissues, had no significant effect on nor-
adrenaline-induced relaxations of sheep coronary
arteries (n = 5) nor did it-affect responses to nerve
stimulation (n = 5).

Discussion

The sheep coronary artery cut into a zig-zag strip
and constricted with acetylcholine proved to be a very
simple preparation for studying responses to trans-
mural stimulation of the sympathetic nerves. Previous
attempts to stimulate such nerves in isolated coronary
arteries have generally been unsuccessful (Nishioka,
1971; Toda, 1975); however, more recently it has been
reported that adrenergic responses can be elicited in
the isolated left descending coronary artery of the dog
when stimulating electrodes are placed close to the
aortic root (Borda, Schuchleib & Henry, 1977).

Two types of experiment with catecholamines indi-
cated that there is a predominance of l,-adrenocep-
tors in the isolated coronary artery of the sheep.
Firstly, comparison of agonist potency ratios gave a
rank order for coronary relaxant activity of isoprena-
line > noradrenaline > adrenaline which is consistent
with the presence of f,-type receptors (Furchgott,
1972). Secondly the KB value (0.13 pM) found for prac-
tolol (1.88 pM) using noradrenaline as agonist is of
the same order as that previously obtained for inotro-
pic responses to isoprenaline in kitten atria (0.28 pM)
(Cornish & Miller, 1974). Atria are generally assumed
to-contain mainly /,-type receptors. In isolated cor-
onary arteries from other species /#,-adrenoceptors
also appear to predominate (Baron, Speden & Bohr,
1972; Drew & Levy, 1972; Cornish & Miller, 1974).
In the sheep coronary artery the presence of
a-adrenoceptors could only be demonstrated with
high concentrations of noradrenaline. The neuronal
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Figure 4 Concentration-response lines (a, c) and frequency-response lines (b) for dilator responses to noradrena-
line (a), isoprenaline (c) and nerve stimulation (b) in untreated sheep coronary arteries (open symbols) and in
arteries exposed to 17,B-oestradiol 18 gM (closed symbols). Horizontal lines represent s.e. mean.

uptake inhibitors metaraminol, cocaine and desipra-
mine all failed to potentiate responses to noradrena-
line and nerve stimulation. Phenoxybenzamine could
not be tested at an effective concentration for inhibi-
tion of neuronal (or extraneuronal) uptake since it
markedly reduced responses to the spasmogen, acetyl-
choline. The present results support observations on

cattle, rabbit and pig coronary arteries that cocaine
does not alter responses to noradrenaline (Nishioka,
1971; Kalsner, 1974; De La Lande et al., 1974).

Sensitization of tissues to noradrenaline by neur-

onal uptake inhibitors seems to be inversely related
to the size of the neuroeffector junction (Verity, 1971).
In coronary arteries large synaptic clefts, often > 100
nm have been reported (Lever et al., 1965; Malor et

al., 1973). Thus the results in coronary arteries with
neuronal uptake inhibitors are, perhaps, not surpris-
ing.

In a variety of species extraneuronal uptake sites
have been observed in coronary arteries by fluor-
escence histochemistry (Clarke et al., 1969; Gillespie
& Muir, 1970; De la Lande et al., 1974). In the sheep
coronary artery the extraneuronal uptake inhibitor,
cortisol, selectively potentiated responses to isoprena-
line. This steroid has previously been found to inhibit
isoprenaline, but not noradrenaline accumulation in
kitten coronary arteries and atria and to potentiate
atrial responses to isoprenaline but not to noradrena-
line or adrenaline (Kaumann, 1972; Cornish et al.,
1978). The results thus indicate that extraneuronal
uptake sites are present in the sheep coronary artery
but that these do not significantly influence responses
to neurally released or exogenous noradrenaline.

1713-Oestradiol is known to be a weak neuronal
as well as an extraneuronal uptake inhibitor (Iversen
& Salt, 1970; Cornish et al., 1978). In view of the

1
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Figure 5 Concentration-response lines (a, c) and frequency-response lines (b) for dilator responses to noradrena-
line (a), isoprenaline (c) and nerve stimulation (b) in untreated sheep coronary arteries (open symbols) and in
arteries exposed to caffeine 500 1tM (closed symbols). Horizontal lines represent s.e. mean.

results obtained with the more potent extraneuronal
inhibitor cortisol and the lack of effect of other neur-

onal inhibitors it was expected that 173-oestradiol
would enhance responses to isoprenaline but not
affect those to noradrenaline or nerve stimulation.
The finding that the steroid produced an increase in

sensitivity to noradrenaline, isoprenaline and nerve

stimulation suggests that in addition to its effects on
extraneuronal uptake 1 7f-oestradiol either sensitizes
/3-adrenoceptor mediated effects in the artery or non-

selectively enhances relaxant responses. The effects
found with 1 7/-oestradiol in the sheep coronary
artery were not observed in perfused kitten coronary
artery preparations (Cornish et al., 1978) but if they
do occur in other species the enhanced responses to
noradrenaline found in cattle coronary arteries in the
presence of 17,B-oestradiol (Kalsner, 1974) may be un-

related to uptake inhibition.

Caffeine (80 pM) was an effective inhibitor of
extraneuronal uptake in tracer experiments with the
kitten coronary artery (Cornish et al., 1978) but this
concentration did not significantly alter responses of
the sheep coronary artery to isoprenaline (or nor-
adrenaline). This could be due to species differences
in its potency as an inhibitor; however, in the pres-
ence of a higher concentration of caffeine (500 pM)
responses to both noradrenaline and isoprenaline
were enhanced while those to nerve stimulation were

unaffected. Kalsner et al. (1975) reported that this
concentration of caffeine increased responses of
coronary arteries of cattle to noradrenaline, an effect
they attributed to block of extraneuronal uptake. This
is unlikely to be the sole explanation for the results
obtained in the present experiments since caffeine's
effects are clearly different from those of the selective
extraneuronal uptake inhibitor cortisol which only in-
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Figure 6 Concentration-response lines (a, c) and frequency-response lines (b) for dilator responses to noradrena-
line (a), isoprenaline (c) and nerve stimulaticn (b) in untreated sheep coronary arteries (open symbols) and in
arteries exposed to U0521 60 JiM (c) or 120 gM (a, b) (closed symbols). Horizontal lines represent s.e. mean.

creased responses to isoprenaline. If caffeine's effects
were due to phosphodiesterase inhibition it would
have been expected to potentiate responses to nerve

stimulation as well as to catecholamines because all
three responses are mediated via ,B-adrenoceptors.

Since extraneuronal uptake is closely associated
with O-methylation of amines in many tissues we

examined the effects of the COMT inhibitor, U0521.
It increased responses to isoprenaline and noradrena-
line but only increased responses to high frequencies
of nerve stimulation. The enhancement of catechol-
amine responses confirms similar observations made
in cattle and rabbit coronary arteries (De la Lande
et al., 1974; Kalsner et al., 1975), although in pig cor-

onary arteries another COMT inhibitor, pyrogallol,
was inactive (Nishioka, 1971).
U0521 is not only a COMT inhibitor; in the rat

heart and kitten coronary artery it acts as an

extraneuronal uptake inhibitor (Bonisch, Uhlig &

Trendelenburg, 1974; Cornish & Goldie, 1978). How-
ever, its effects in the sheep coronary artery are clearly
different from those of the selective extraneuronal
uptake inhibitor cortisol. Several interpretations can
be placed on the results obtained in sheep coronary
arteries. Firstly O-methylation may only be important
when relatively high concentrations of amine are

present in the tissue. This could account for the selec-
tive effect of U0521 observed on responses produced
by high frequency stimulation and on its effect on

responses to the exogenous amines. Secondly in this
artery, O-methylation and extraneuronal uptake may
not be linked. Thirdly the effect of U0521 may not
reflect its activity as an enzyme inhibitor or extra-
neuronal uptake inhibitor.

In addition to catecholamine inactivation by
uptake processes and enzymatic metabolism, binding
can occur to various tissues such as cell and basement
membranes and connective tissue. Such binding is in-
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sensitive to uptake inhibitors. However, it has been
shown that catecholamine binding to pure samples
of collagen and elastin can be inhibited by tetracyc-
lines such as oxytetracycline (Powis, 1973). In the
sheep coronary artery the failure of oxytetracycline
to modify responses to nerve stimulation indicates
that such binding does not limit transmitter activity.

In conclusion, in the sheep coronary artery re-
sponses to noradrenaline and nerve stimulation are

not modified by neuronal or extraneuronal uptake
or by binding of noradrenaline to connective tissue
fibres while extraneuronal uptake reduces responses
to isoprenaline.
The authors wish to thank Professor C. Raper for criticism
of the manuscript and Glaxo for a gift of cortisol sodium
succinate. The work was supported by a grant-in-aid from
the National Heart Foundation of Australia. Reprint
requests to E.J.C. please.
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