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5-Hydroxytryptamine and Neurotransmitter
Release in Canine Blood Vessels

Inhibition by Low and Augmentation by High Concentrations

MICHAEL A. MCGRATH

SUMMARY Experiments were designed to determine the effect of 5-hydroxytryptamine on adrenergic neurotrans-
mission in blood vessels. Strips from canine saphenous veins and tibial arteries were incubated in norepinephrine|7-
3H] and mounted for supervision and isometric tension recording. The superfusate was collected for estimation of
total radioactivity and for column chromatographic separation of norepinephrine[7-3H] and its metabolites. 5-
Hydroxytryptamine (5-HT), 10 8 M and 10~7 M, inhibited the increase in smooth muscle tension and the release of
norepinephrine|7-3H] caused by transmural electric stimulation of the sympathetic nerve endings. By contrast, the
increase in tension caused by direct stimulation of the smooth muscle with norepinephrine was either unchanged or
augmented. In addition, 5-HT augmented the increase in tension with tyramine but did not affect the release of
radiolabeled compounds by this substance. In unstimulated preparations low concentrations of 5-HT (10~7 M) caused
contraction but did not affect the release of norepinephrine[7-3H]. With a higher concentration (10~5 M) the release of
neurotransmitter was markedly increased. This response was inhibited by cocaine. Whereas 5-HT-induced contrac-
tions were inhibited by phentolamine and methysergide, these antagonists had no effect on its inhibitory action at the
sympathetic nerve ending. Hence, low concentrations of 5-HT depress sympathetic tone by inhibiting the release of
transmitter during nerve depolarization. At higher concentrations 5-HT has a direct excitatory effect on vascular
smooth muscle together with an indirect effect which involves the uptake of 5-HT into the sympathetic nerve ending
via the cocaine-sensitive mechanism and the release of norepinephrine.

IN HUMANS the intra-arterial infusion of 5-hydroxy-
tryptamine (5-HT) consistently causes a decrease in skin
blood flow.1"3 However, its effect on total limb and skele-
tal muscle blood flow is more complex. For example, in
small doses it causes an increase in forearm and calf blood
flows but when large doses are infused the increase in flow
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usually is followed by a dose-dependent decrease.1-3"5

Studies on isolated blood vessels support the conclusion
that the vasoconstriction is predominantly a direct effect of
5-HT on the vascular smooth muscle.^ In several tissues,
for example, rabbit heart,10 guinea pig vas deferens," and
cat spleen capsule,12 5-HT causes the release of norepi-
nephrine from the sympathetic nerve endings; however, it
is not known whether an indirect sympathomimetic action
contributes to the vasoconstriction induced by this sub-
stance.

Although the mechanism of the increase in limb blood
flow with 5-HT is unknown, there are several observations
which suggest that this may result, at least in part, from the
inhibition of neurogenic vasoconstriction. For example, it
has been demonstrated in animal experiments that the
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response of skeletal muscle and limb resistance vessels
depends on their basal resistance. 5-HT increased vascular
resistance in the presence of an initial low resistance, but
this increase could be reversed by increasing baseline re-
sistance via sympathetic nerve stimulation.1*"15 By con-
trast, 5-HT does not oppose the vasoconstriction by nor-
epinephrine or tyramine.15 In other experiments it was
shown that, after the intravenous infusion of this sub-
stance, blood pressure falls when neurogenic tone is high
and rises when it is low.16 In addition, direct microscopic
studies have demonstrated that 5-HT causes a relaxation
of mesenteric vessels constricted by sympathetic nerve
stimulation15 and an active dilation of human skin vessels
that appears to be related to the initial vasoconstrictor
tone of these vessels.17

These observations prompted experiments designed to
determine whether 5-HT effects adrenergic neurotrans-
mission in blood vessels and to analyze the relationship
between actions on the sympathetic nerve ending and its
direct effect on the vascular smooth muscle cells.

Methods

The experiments were performed on helical strips (20-
25 mm long, 2-3 mm wide, 55-75 mg) of lateral saphe-
nous veins and anterior tibial arteries taken from dogs
(15-30 kg) anesthetized with sodium pentobarbital (30
mg/kg, iv). Each strip was placed in a chamber filled with
Krebs-Ringer solution (NaCl, 118.2 mm; KC1, 4.7 mM;
MgSO4, 1.2 mM; KH2PO4, 1.2 mM; CaCl2, 2.5 mM;
NaHCO3, 25.0 mM; calcium disodium ethylenediamine-
tetraacetate, 0.026 mM; and glucose, 5.5 mM) maintained
at 37°C and aerated with a 95% O2-5% CO2 mixture. The
strips were connected to a force transducer (Grass FT
.03C) for isometric tension recording. The transducer was
mounted on a movable support that allowed fine adjust-
ment of the strip length. The strip tension was recorded on
a direct pen-writing recorder (Gould Brush 220). Two
rectangular platinum electrodes (30 mm by 4 mm; 0.5 mm
thick) were positioned parallel to the vessel strips. The
electrical impulses consisted of square waves (9 V, 2 msec)
from a direct current power supply with a switching tran-
sistor (RCA 1-2N-3034) triggered by a stimulator (Grass
SD5).

After an equilibration period (30-60 minutes), the
length of each strip was increased progressively by incre-
ments of 2 mm until the contraction caused by a standard
electrical stimulus reached a maximum. The length at
which this occurred was maintained throughout the exper-
iment.

In other experiments the saphenous vein and tibial ar-
tery strips were incubated for 2 hours in Krebs-Ringer
solution containing norepinephrine[7-3H] at 7.8 x 10~8 M
(specific activity = 8.634 Ci/mmol, New England Nu-
clear) and ascorbic acid (1.1 x 10"6 M). Then the strips
were transferred to a fresh labeled solution for 2 more
hours. At the end of incubation the strips were rinsed in
fresh Krebs-Ringer solution and mounted for superfusion.
Samples (1 ml) of the superfusate were added to 10 ml of
Insta-Gel emulsifier (Packard), and radioactivity was mea-
sured in a liquid scintillation counter. Corrections for
quenching were made with an external standard. The

counting efficiency was 36%. Unless otherwise indicated,
data are expressed as disintegrations per minute (dpm) per
minute of superfusion. Selected samples of the superfusate
were taken for column chromatographic separation of
norepinephrine and its metabolites as previously de-
scribed.18 Catechol compounds (norepinephrine and
deaminated metabolites) were separated from non-cate-
chol compounds (deaminated, 0-methylated metabolites
and normetanephrine) and from tritiated water by adsorp-
tion on alumina at pH 8.4 and subsequent elution with
acid. Norepinephrine was separated from deaminated me-
tabolites and normetanephrine was separated from deami-
nated, O-methylated metabolites by adsorption on Dowex
50W-X4 resin. Radioactivity was measured on 1-ml dupli-
cate samples of each effluent and eluate. A standard
sample of norepinephrine [7-3H] was run through the chro-
matographic procedure with each experiment. The overall
recovery of this sample was 79 ± 1 %.

The following pharmacological agents were used: /-nor-
epinephrine bitartrate (Levophed, Winthrop); tyramine
hydrochloride (Abbott); 5-hydroxytryptamine creatinine
sulfate complex (Sigma); methysergide maleate (Sandoz);
metiamide (Smith, Kline and French); sodium meclofena-
mate (Parke, Davis); atropine sulfate (Lilly); phentol-
amine mesylate (Regitine, CIBA); morphine sulphate;
and propranolol hydrochloride (Ayerst). The doses of
each drug are expressed as final bath concentrations of the
salts. Dose-response studies were carried out in a cumula-
tive manner. The drugs were removed from the bath by
overflowing the preparations with aerated Krebs-Ringer
solution at 37°C. In experiments using potassium chloride
the concentration of this salt was increased in equimolar
replacement for sodium chloride in the Krebs-Ringer solu-
tion.

In each group of experiments, only one vessel strip was
used from any one dog. The data are expressed as means
± SE. Statistical analyses were performed using Student's
r-test. A P value of less than 0.05 was considered signifi-
cant.

Results

RESTING STRIPS

5-HT caused saphenous vein strips to contract. In six
strips the effects of increasing concentrations of this sub-
stance were determined and compared with the response
to norepinephrine in the same preparations. The maxi-
mum contraction with 5-HT was about half the maximum
response to norepinephrine whereas the median effective
dose (EDso) for norepinephrine was almost 10 times
greater than the EDM for 5-HT (Fig. 1). Tachyphylaxis to
5-HT was not observed.

The log dose-response curve to 5-HT was shifted to the
right in a parallel manner by phentolamine (3.6 x 10~6 M;
dose ratio = 5; n = 6) and methysergide (10~7 M; dose
ratio = 6; n = 6). At these concentrations the antagonists
had no direct contractile effects.

In six strips, cocaine (3.3 x 10~5 M) caused an increase
in the maximum contraction by 5-HT and the ED^ was
reduced from l.l x 10~7 to 7 x 10~8 M (Fig. 2). By
contrast, in six other strips, cocaine (3.3 x 10"5 M) caused
a parallel shift of the norepinephrine log dose-response
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FIGURE 1 Cumulative dose-response curves of canine saphenous
vein strips with 5-hydroxytryptamine and norepinephrine (mean ±
SE; six strips).

curve to the left. The ED50 was reduced from 9 x 10~7 to
1.7 x 10"7

 M.

STIMULATED STRIPS

Figure 3 shows the record from an experiment in which
5-HT (10~8 M and 10"7 M) was given during contraction by
electrical stimulation (1 Hz), tyramine (5.8 x 10~fi M),
and norepinephrine (3 x 10~7 M). This frequency of stim-
ulation and the doses of the agonists are all approximately
ED50 for this preparation. 5-HT caused a relaxation of the
electrically induced contractions; at the higher concentra-
tion the response to 5-HT was characterized by a second-
ary increase in tension. There was no evidence of a relaxa-
tion during contractions caused by tyramine and norepi-
nephrine. Thus, 5-HT caused a decrease in tension when
the neurogenic tone was high and an increase in tension
when it was low. The results of similar experiments on
paired strips from 10 dogs are summarized in Figure 4. In
these experiments the tension was measured at 1 minute
after the addition of 5-HT to the bath.

Experiments were carried out to determine whether the
smooth muscle relaxation caused by 5-HT was mediated
either through /3-adrenergic, H2-histamine, or muscarinic
acetylcholine receptors or by the release of prostaglandins.
Each strip was made to contract by electrical stimulation
(9 V, 1 Hz), and 5-HT (10~8 M) was added to cause a
relaxation. The experiment then was repeated after incu-
bation of the strip for 10 minutes in Krebs-Ringer solution
containing either propranolol (3.9 x 10~6 M; four strips),
atropine (1.5 x 10~7 M; four strips), metiamide (10~5 M;

OH • 9.t 1 O.S

io~9 to-' to'' to-* to-4

HINE, M NOREPINEPHRINE, V

FIGURE 2 Comparison of the effects of cocaine (3.3 x /0- 5 M) on
cumulative dose-response curves of canine saphenous vein strips
with 5-hydroxytryplamine and norepinephrine (mean ± SE; six
strips).

5-HT, tQ-7 S'HT. IO'TU

FIGURE 3 Effects of two concentrations of 5-hydroxytryptamine
on contractions of canine saphenous vein strips induced by electri-
cal stimulation, tyramine and norepinephrine. The direct effect of
these concentrations of 5-hydroxytryptamine is shown.

four strips), or sodium meclofenamate (3 x 10~5 M; four
strips). The doses of these antagonists are sufficient to
significantly inhibit the effect of the specific agonists or
prostaglandin metabolic pathway in this preparation;18

however, none of them attenuated the 5-HT-induced re-
laxation.

RELEASE OF RADIOLABELED NOREPINEPHRINE
AND METABOLITES BY 5-HT

In four saphenous vein strips the effects of two concen-
trations of 5-HT on tension and the release of radioactive
norepinephrine and its metabolites were determined. The
contractions that occurred with 10~7 M were not associated
with any significant change in the release of norepineph-
rine[7-3H] (Fig. 5 and Table 1). The higher concentration
of 5-HT (10~5 M) caused a marked increase in the release
of norepinephrine [7-3H] and of the deaminated and O-
methylated metabolite fractions.

In four additional strips, cocaine (3.3 x 10"5 M) in-
hibited the release of radioactive compounds caused by 5-
HT (10~5 M) but did not reduce the contractions (Fig. 5).

RELEASE OF RADIOLABELED COMPOUNDS BY
ELECTRICAL STIMULATION

In six saphenous vein strips electrical stimulation (1 Hz)
caused a sustained contraction and an augmentation of the
release of radioactive compounds into the superfusate. 5-

D Control. 100 % * 2 . 4 * 0.3 9

3.0 t 0.1fl

ZOO t—

2.7 ±0.29 (5-HT . lO'9 M)

3.1 ± O.39 (5-HT, IQ-' Mj

Electrical Slimulalu
9v. IHl

1 Tyramine
5.8 X IO'e M

Norepinephrine
3 X 10-T U

FIGURE 4 Effects of two concentrations of 5-hydroxytryptamine
on contractions of canine saphenous vein strips by electrical stimu-
lation, tyramine and norepinephrine. The direct effect of the low
and high concentrations of 5-hydroxytryptamine was <0.l g and
2.7 ± 0.2 g, respectively (mean ± SE). n = number of strips.
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Cocaine, 3.3 x 10'5 M Electrical Stimulation, 9v, I Hz

8 r

FIGURE 5 Comparison of the effects of two concentrations of 5-
hydroxytryptamine on tension (top) and efflux of radiolabeled
compounds (bottom) from canine saphenous vein strips. The influ-
ence of cocaine on the responses to the high concentration of 5-
hydroxytryptamine is demonstrated (mean ± SE). n = number of
strips.

HT (10~7 M) given during the contraction caused an imme-
diate relaxation that was paralleled by a marked decrease
in the radioactivity of the superfusate. These effects were
reversible. In the absence of electrical stimulation, 5-HT
(10~7 M) applied to these strips caused a contraction (Fig.
6).

Samples of the superfusate were collected during four 2-
minute periods for analysis by column chromatography.
These periods were (1) immediately prior to electrical
stimulation (basal), (2) after 10 minutes of electrical stim-
ulation, (3) during electrical stimulation in the presence of
5-HT, and (4) 10 minutes after stopping the infusion of 5-
HT. Electrical stimulation increased the release of norepi-
nephrine[7-3H] and, to a lesser degree, its metabolites. 5-
HT caused a significant and reversible decrease in the
release of all fractions; the norepinephrine[7-3H] was de-
creased more than its metabolites (Fig. 7). Cocaine (3.3 x
10~5 M) did not inhibit this action of 5-HT (four strips).

Experiments were carried out to determine whether the
inhibition of adrenergic neurotransmission was mediated
by prejunctional a-adrenergic receptors. Control studies
(three saphenous vein strips) demonstrated that norepi-
nephrine (6 x 10~7 M) markedly inhibited the release of

5 minutes

5-HT
IO'rM IO-7 M

FIGURE 6 Effects of 5-hydroxytryptamine on tension (top) and
efflux of radiolabeled compounds (bottom) from canine saphenous
vein strips during electrical stimulation and at rest (mean ± SE).
n = number of strips.

radiolabeled norepinephrine during electrical stimulation
(1 Hz) of saphenous vein strips superfused with Krebs-
Ringer solution containing cocaine (3.3 x 10"5 M). This
action of norepinephrine was inhibited by phentolamine
(3.6 x 10~6 M) (Fig. 8). However, phentolamine (3.6 x
10~6 M) had no effect on the depressor action of 5-HT
(10~7 M) either in the presence (three strips) or absence
(two strips) of cocaine (3.3 x 10"5 M).

Additional experiments were carried out with methyser-
gide (10~7 M; four strips) and morphine (6.5 x 10~6 M;
four strips). Neither substance inhibited the depressor
action of 5-HT during electrical stimulation. At higher
concentrations each of these substances had a direct de-
pressor effect on adrenergic neurotransmission which pre-
vented their use in further attempts to define the nature of
the prejunctional 5-HT receptor.

In four tibial artery strips, electrical stimulation (2 Hz)
caused a sustained contraction (1.0 ± 0.2 g) together with
an increase in the release of radiolabeled compounds from
6.1 ± 0.3 dpm x 103 (basal) to 11.7 ± 1.2 dpm x 103. 5-

TABLE 1 Effect of 5-Hydroxytryptamine (5-HT) on Overflow of Norepinephrine[7-3H] and
Metabolites From Canine Saphenous Vein Strips

Experimental
condition

Basal
5 - H T ( 1 0 " 7 M )
% basal

Basal
5-HT (10-5

 M)
% basal

Norepinephrine

1.0 ± 0.1
0.9 ± 0.1
85 ± 5

0.9 ± 0.1
11.2 ± 1.9t
1266 ± 146

Radioactivity

Oeaminated

10.3 ± 1.7
9.6 ± 1.9
92 ± 4

9.6 ± 1.9
27.1 ± 4.3t
286 ± 10

(dpm)*

Metabolites

Deaminated, O-
methylated

7.4 ± 0.7
6.4 ± 0.5t
86 ± 2

6.8 2: 0.7
7.5 ± 0.6
114 ± 14

O-methylated

0.7 ± 0.1
0.6 ± 0.1
89 ± 4

0.6 ± 0.1
4.0 ± 0.5t
733 ± 70

' Radioactivity is expressed as disintegrations per minute x 103 per collection time (2 minutes); results are given as
mean ± SE for four strips.

t P < 0.05 compared to basal.

D
ow

nloaded from
 http://ahajournals.org by on M

arch 12, 2022



432 CIRCULATION RESEARCH VOL. 41, No. 4, OCTOBER 1977

600

400

o
5

B Nortplntptirtn*
(B Dtominetti
D Diaminufd-

O-Utttjflattd

100% •

1.5 t 0.3 dpm X I03

11.2 t 1.3 '
9.1 ± 1.0 '

0 . 7 ± O.< "

Electrical
Stimulation

9v, I Hi

ES + 5-HT
IO'T M

FIGURE 7 Effect o/ 5-hydroxytryptamine on efflux of radiola-
beled norepinephrine and metabolites during electrical stimulation
(ES) of canine saphenous vein strips (n = 6) after incubation in
norepinephrine/7-3H]. Radioactivity is given as disintegrations per
minute (dpm) x 103 per collection time (2 minutes) (mean ± SE).

HT (10~7 M) caused a significant decrease in the latter to
8.5 ± 1.0 dpm x 103. There was no significant effect on
tension presumably because the depressor effect of the
decrease in neurotransmitter release is opposed by the
direct smooth muscle excitatory action (0.3 ± 0.1 g) of 5-
HT.

This concentration of 5-HT had no effect on the sponta-
neous release of radiolabeled compounds in this tissue.

RELEASE OF RADIOLABELED COMPOUNDS BY
TYRAMINE

In four saphenous vein strips tyramine, at a concentra-
tion of 2.3 x 10~5 M (ED50 approximately under the
conditions of superfusion), caused a sustained contraction

Electrical Stimulation.
9v. *Hi

Phentolamin*. 3.6 x (0"*M

ES. 9v, I Hi

O 30

-

K
O

O
5
£

8 0

6O

4 0

2 0

0

Noraptnephrlnt,
6M/0"rM

fOmin

S-Hydnxytryptaavne.
IO'TU

HE.
6«IO"'«

/ \V\
5-HT

FIGURE 8 Equivalent inhibition of adrenergic neurotransmission
in cocaine-treated canine saphenous vein strips by norepinephrine
(top) and 5-hydroxytryptamine (bottom). Comparison is shown of
the effects of a-adrenergic blockade with phentolamine on the
inhibition.

and an augmentation of the release of radiolabeled com-
pounds. 5-HT (10~7 M) given during the contraction
caused an increase in the tension of the strips whereas the
radioactivity of the superfusate was unaltered; control
studies with tyramine in the absence of 5-HT showed a
progressive decrease in the efflux of radioactivity which
was not significantly different from that observed during
the infusion of 5-HT. In the absence of tyramine, 5-HT
(10~7 M) applied to these strips caused a contraction (Fig.
9).

RELEASE OF RADIOLABELED COMPOUNDS BY
POTASSIUM

In four saphenous vein strips, potassium (40 ITIM)
caused a sustained contraction (4.5 ± 0.3 g) together with
an increase in the release of radiolabeled compounds from
9.8 ± 0.4 dpm x 103 (basal) to 19.6 ± 1.7 dpm x 103. 5-
HT (10~7 M) caused a significant decrease in the latter to
15.4 ± 1.4 dpm x 103. There was no significant effect on
the tension presumably because the depressor effect of the
decrease in neurotransmitter release is opposed by the
direct smooth muscle excitatory action of 5-HT.

Discussion

The lateral saphenous vein of the dog was chosen for the
majority of these experiments because it contains a rela-
tively large amount of smooth muscle and has a dense
sympathetic innervation.19 Strips taken from this vein
react strongly both to activation of the sympathetic nerves
by transmural electrical stimulation20 and to direct stimu-
lation of the smooth muscle cells. By analyzing the action
of a vasoactive substance on the smooth muscle tension
and on the release of neurotransmitter under basal condi-
tions and during different modes of stimulation it is possi-
ble to determine its separate effects on the sympathetic
nerve endings and smooth muscle cells of blood vessels.

The observation that contractions caused by electrical

Tyramine, 2.3 X IO'S M

5 minutts

5-HT 5-HT
IO~7 M IO~7M

FIGURE 9 Effect of 5-hydroxytryptamine on tension (top) and
efflux of radiolabeled compounds (bottom) from canine saphenous
vein strips during contractions caused by tyramine and at rest
(mean ± SE; four strips).
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stimulation are depressed by low concentrations of 5-HT
whereas contractions caused by norepinephrine are either
unchanged or augmented demonstrates that 5-HT can
cause smooth muscle relaxation when the neurogenic tone
is high and an increase in tension when it is low. The
conclusion that the relaxation was due to an inhibitory
action on the sympathetic nerve endings was confirmed by
the demonstration that 5-HT decreased the release of
radioactive norepinephrine from the saphenous vein and
tibial artery strips during contractions caused by depolari-
zation of the sympathetic nerve endings. The additional
finding that cocaine failed to attenuate the smooth muscle
relaxation or the decreased release of radioactive com-
pounds indicates that 5-HT acts by inhibiting the release of
neurotransmitter through a mechanism which is independ-
ent of the amine uptake process.

In a recent study of the rabbit basilar artery it was noted
that 5-HT (8.4 x 10~8 M) decreased the contractions
caused by nerve stimulation, but not those by exogenous
norepinephrine.21 The reason for this difference was not
examined but, on the basis of the evidence provided by the
present study, it likely involves the depression of adrener-
gic neurotransmission in the rabbit basilar artery by 5-HT.

The ability of dichloroisoproterenol, a /3-adrenergic
blocking drug, to antagonize the vasodilator action of 5-
HT in the presence of neurogenic vasoconstriction in the
dog hindlimb and kidney led to the suggestion that 5-HT
causes selective sensitization of vascular receptors to neur-
ally released norepinephrine.2-15 This mechanism was ex-
cluded in the present study by the failure of propranolol to
block the vasodepression, which is consistent with the
observation that propranolol does not inhibit the vasodila-
tor effect of 5-HT in the human forearm.5 Similarly, the
studies with phentolamine provide evidence against the
possibility that 5-HT activates or sensitizes the prejunc-
tional a-adrenergic receptors which can mediate a feed-
back inhibition of norepinephrine release from the sympa-
thetic nerve endings.22

5-HT can cause the release of histamine and acetylcho-
line from different tissues.7-23-24 The possibility that the
inhibitory action of 5-HT is mediated indirectly by these
substances was tested because both of them can inhibit the
release of the neurotransmitter from postganglionic sym-
pathetic adrenergic nerve endings by the activation of
prejunctional histamine-H2 and muscarinic receptors, re-
spectively.18-20 However, the involvement of histamine
and acetylcholine appears unlikely since the specific recep-
tor antagonists failed to influence the response, and, in
addition, 5-HT appears to be many times more potent
than either of these substances in this tissue. Similarly it
could be argued that 5-HT may stimulate prostaglandin
synthesis. Since the presumed inhibition of prostaglandin
synthesis by meclofenamate failed to attenuate the relaxa-
tion it is unlikely that prostaglandins mediate the re-
sponse.

Hence the possibility remains that 5-HT activates spe-
cific receptors on the sympathetic nerve ending. The stud-
ies with phentolamine and methysergide suggest that the
nature of the prejunctional 5-HT receptor is different from
the receptor on the smooth muscle cell membrane, since a
concentration of each of these antagonists which signifi-

cantly inhibited the smooth muscle contraction failed to
affect the inhibition of adrenergic neurotransmission by 5-
HT. In further attempts to define the nature of this recep-
tor morphine was used because this substance inhibits the
nervous effects of 5-HT in several other tissues;25 how-
ever, it was without effect in this preparation.

The failure of 5-HT to inhibit the release of radioactive
compounds caused by tyramine, in contrast to its effect on
norepinephrine release by nerve depolarization, suggests
several possible mechanisms of action. Whereas the latter
is calcium-dependent, the displacement of norepinephrine
by tyramine is not.26 The depressor effect of 5-HT on the
sympathetic nerve terminal could therefore be mediated
directly by inhibition of the calcium influx associated with
nerve depolarization or indirectly by a change in the rest-
ing membrane potential.

High concentrations of 5-HT were shown to have an
indirect contractile effect on the saphenous vein which
appears to involve the uptake of this substance into the
sympathetic nerve ending and the release of norepineph-
rine. This conclusion is supported by three sets of observa-
tions: (1) the high concentration of 5-HT caused an in-
crease in the release of norepinephrine and its metabo-
lites; (2) the pattern of radioactive compounds released is
similar to that released by tyramine27 but differs from the
release by nerve depolarization in that there was a greater
proportion of deaminated metabolites; and (3) the in-
creased release of norepinephrine was inhibited by co-
caine. This indirect sympathomimetic action of 5-HT has
been observed previously in other tissues including rabbit
heart,10 guinea pig vas deferens," and cat spleen capsule.12

However, the fact that the contractions caused by 5-HT
were not depressed by cocaine at a concentration that
inhibits the amine uptake process suggests that the vaso-
constrictor action of 5-HT predominantly involves the
direct excitation of the vascular smooth muscle cells. By
contrast, the action of tyramine is almost totally limited to
its indirect sympathomimetic effect.18-28 In addition, co-
caine caused an increase in the maximum contractile re-
sponse to 5-HT. This is in contrast to the effect of cocaine
on norepinephrine-induced contractions in this tissue and
suggests a selective postjunctional action. Whether this
response is mediated by an increase in available receptors
or an increase in the efficacy of the 5-HT-receptor com-
plex cannot be determined. Previous investigations have
concluded that cocaine has a direct action on blood ves-
sels, sensitizing them to amines by a mechanism that is
unrelated to amine inactivation.29-30

The conclusion that the contractions of the vessel strips
caused by 5-HT were principally due to a direct action on
the smooth muscle cells is supported by the observation
that contractions occurred in the absence of a change in
the release of radiolabeled norepinephrine (Fig. 5 and
Table 1). As has been observed for other smooth muscle
tissues7-8-25 the contractions were antagonized by methys-
ergide and by the a-adrenergic blocking drug phentol-
amine. Whether 5-HT activates a-adrenergic receptors
cannot be determined on the available data. However, the
maximum contractions obtained with 5-HT were less than
those caused by norepinephrine. This pattern has been
reported for other blood vessels7-31 •32 and the inequality
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has been correlated with differences in the smooth muscle
electrophysiological responses to these substances.33 By
contrast, pulmonary, cerebral, and umbilical vessels are
more potently constricted by S-HT.*"*-32-34 The relative
differences in sensitivity to 5-HT and norepinephrine
among different blood vessels suggest the existence of
specific receptors for each agonist.

It has been reported that 5-HT potentiates responses of
human limb and rabbit ear arteries to norepinephrine.31-35

This was not observed in the present study although, in
some vessels, there appeared to be a synergistic interac-
tion between 5-HT and tyramine. This might have oc-
curred at the sympathetic nerve ending, since both these
substances have an indirect sympathomimetic action. The
fact that 5-HT failed to affect the release of radioactive
compounds by tyramine suggests that the potentiation is
caused by the preferential neuronal uptake of tyramine
resulting in a reduced uptake of 5-HT, hence, a greater
concentration of the latter available to activate the smooth
muscle cell directly.

The influence of sympathetic tone on the hemodynamic
response to an infusion of 5-HT can therefore be ex-
plained by the direct effects of this substance on adrener-
gic neurotransmission. For example, the decrease in total
limb and skeletal muscle vascular resistance by 5-HT in
the presence of a high sympathetic tone13"15 can be attrib-
uted to a potent inhibition of neurotransmitter release. At
high concentrations this decrease in resistance is opposed
by two additional actions of 5-HT: (1) a direct excitatory
action on the vascular smooth muscle cells, and (2) an
indirect sympathomimetic effect mediated by the neuronal
amine uptake process. The identification of dose-depend-
ent prejunctional actions of this substance helps to explain
previous observations in man that small doses cause an
increase in limb blood flow, but when large doses are
infused, the increase in blood flow is usually followed by a
dose-dependent decrease.'-3-5-18

The vasomotor response of a given vessel to this sub-
stance will depend on the summation of its separate effects
on the sympathetic nerve endings and on the smooth
muscle cells and therefore will be influenced by other
factors, including the density and distribution of the sym-
pathetic nerves within the vessel wall. For example, it
would be expected that the effect on the sympathetic nerve
endings would be most apparent in those vessels in which
there is dense innervation of the media and this factor
might explain regional differences in the response to this
substance.

5-HT normally circulates in association with the blood
platelets and is released during their aggregation. Recent
studies have also identified this substance in vascular tis-
sue36 and suggest that it may have a local role in the
maintenance of vascular tone. It is also found in the small
intestine and central nervous system and although its func-
tional relationship with the sympathetic nerves in these
regions remains speculative the present study would sup-
port an inhibitory interaction.
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Triggered and Automatic Activity in the Canine
Coronary Sinus

A N D R E W L. WIT AND P A U L F. CRANEFIELD

SUMMARY The effects of norepinephrine on the canine coronary sinus and atrial muscle outside of the sinus
ostium were studied. In the absence of electrical stimulation, norepinephrine caused spontaneous activity which
initially arose in the atrial muscle outside of the ostium, but the pacemaker soon shifted into the coronary sinus. When
the atrium was separated from the coronary sinus and norepinephrine was added, spontaneous activity occurred in the
atrium but not in the sinus. Stimulation of the coronary sinus, at this time, triggered sustained rhythmic activity. These
observations suggested that the focus of sustained rhythmic activity in atrial tissue outside of the ostium of the
coronary sinus had properties different from foci found along the length of the coronary sinus. Atrial fibers outside the
ostium had high resting potentials (-82 ± 4 mV) and action potentials with relatively rapid upstrokes (V ax = 80 ±
12 V/sec). They developed spontaneous diastolic depolarization when exposed to norepinephrine. Coronary sinus
fibers also had high resting potentials (-75 to —85 mV) and action potentials with relatively rapid upstrokes (V ax =
129 ± 9 V/sec). Some coronary sinus cells lost resting potential and became inexcitable when not stimulated.
Norepinephrine increased resting potential in these cells, restored excitability, and caused the appearance of a delayed
afterhyperpolarizan'on and afterdepolarization. Afterhyperpolarizations and afterdepolarizations also occurred in
some cells which remained excitable after a quiescent period. The amplitude of the afterdepolarizations increased
when stimulus rate increased or after a premature stimulus and nondriven action potentials often arose from the peak
of the afterdepolarization. Triggered sustained rhythmic activity followed. Afterdepolarizations and triggering were
sometimes facilitated by a prior period of quiescence. They were inhibited by verapamil and acetylcholine.

IN 1907 Erlanger and Blackman1 reported that the area
around the orifice of the coronary sinus in rabbits pos-
sessed a "high degree of rhythmicity." In 1912 Zahn2

produced tachycardia by warming the coronary sinus of
the canine heart. Many later studies on animals and hu-
mans have suggested that impulses arising in the region of
the coronary sinus may cause atrial extrasystoles, ectopic
rhythms, and tachycardias,3"5 but that concept has not
been universally accepted.

We know of no electrophysiological studies designed to
determine whether there are cells in the coronary sinus
capable of initiating impulses, exactly where such cells
might be, or the way in which they might become rhythmi-
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cally active. Possible causes of rhythmic activity include
reentry and diastolic depolarization; diastolic depolariza-
tion, in turn, may be spontaneous or may result from
afterdepolarizations that reach threshold.6 In this article,
we report our investigation of the electrical activity of
atrial fibers in the canine coronary sinus and around its
orifice. We have found two regions in or near the coronary
sinus that can act as pacemakers; one region shows sponta-
neous phase 4 depolarization whereas the other region
shows "triggered" activity6 arising from delayed afterde-
polarizations.

Methods

Preparations were isolated from 50 canine hearts. Mon-
grel dogs weighing 10-15 kg were anesthetized with so-
dium pentobarbital (30/mg per kg, iv). The hearts were
removed rapidly through a thoracotomy and dissected at
room temperature in a modified Tyrode's solution with the
following millimolar composition: NaCl, 137; NaHCO3,
13; dextrose, 5.5; NaH2PO4, 1.8; MgCl2, 0.5; CaCl2, 2.8;
and KCI, 4.0. The Tyrode's solution was equilibrated with
a gas mixture of 95% O2-5% CO2.
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