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The release of tritium (3H) evoked by tyramine, potassium (K+) and 5-hydroxytryptamine 
(5-HT) from goat pial arteries preloaded with [3H]noradrenaline (3H-NA) was studied. In 
normal Krebs-bicarbonate solution (KBS) all these agents caused a transient increase in 
radioactivity release over the basal spontaneous outflow. The pattern of release evoked by 
5-HT was similar to that induced by tyramine with a slow onset and decline, but different 
from that induced by K+ which produced a rapid peak of 3H release followed by a quick fall. 
The removal of Ca2+ from the medium did not modify the efflux of radioactivity caused by 
tyramine, but the 3H efflux produced by K+ was markedly reduced. Nevertheless, in this 
Ca2+-free medium the 3H release evoked by 5-HT was partially, but significantly, decreased. 
These results indicate that K+ evokes NA release by a Ca2+-dependent process, probably of 
an exocytotic nature, while tyramine mediates NA release by means of a Ca2+-independent 
mechanism. However, 5-HT possesses a Ca2+-dependent and a tyramine-like component. 

Tyramine releases noradrenaline (NA) from adre- 
nergic nerves of peripheral tissues by means of a 
Ca2+-independent process (Thoenen et a1 1969; 
Chubb et a1 1972; Fozard & Mwaluko 1976). 
Furthermore, it has been proved that potassium ions 
(K+) release NA and dopamine-/3hydroxylase from 
sympathetic nerve endings by a Ca2+-dependent 
process similar to the physiological efflux of adrener- 
gic neurotransmitter (Garcia & Kirpekar 1975; 
Thoa et a1 1975). 

On the other hand, it has been demonstrated that 
5-hydroxytryptamine (5-HT) releases NA from 
several tissues (Fillion et a1 1971 ; Fozard & Mwaluko 
1976; Lluch et a1 1976; McGrath 1977; Starke & 
Weitzell 1978; Marin et a1 1979). However, this 
release is Ca2+-dependent in the isolated rabbit heart 
(Fozard & Mwaluko 1976), while in the rabbit 
pulmonary artery it might be tyramine-like (Starke & 
Weitzell 1978). 

Inspite of these studies in peripheral tissues, little is 
known about the influence of Ca2+ on the NA 
evoked by these agents in brain vessels. Therefore we 
have made a comparative study of the influence of 
extracellular Ca2+ on the tritium rH]release elicited 
by tyramine, K+ and 5-HT in goat pial vessels pre- 
loaded with 3H-NA. 

* Correspondence. 

M A T E R I A L S  A N D  METHODS 

Preparation of tissues and 3H eflux 
Goats (20-40 kg) were killed by i.v. injection of 
30ml of saturated solution of KCl. The brain was 
removed and the arteries of the circle of Willis with 
their branches were dissected, placed in a Petri 
dish which contained Krebs-bicarbonate solution 
(KBS) and the blood immediately washed out. The 
arteries were then divided into two pools of similar 
weight (40-50 mg). Each pool was placed in a cylin- 
drical nylon net and immersed in 4 ml of oxygenated 
KBS at 37 "C. After 15 rnin equilibration, tissues 
were exposed to f 3  H-NA (2 X ~O-'M, specific 
activity 10.7 Ci mmol-') for 30 min. One of the pools 
was washed with fresh KBS at 10min intervals 
during 100 min while the other was transferred into 
Ca2+-free KBS after 80min of washout where it 
remained until the end of the experiment. 

To measure the spontaneous 3H release the 
arteries were successively immersed in 5 vials con- 
taining 2 ml of fresh KBS for 3 min periods. The 
drug-evoked release was analysed by transferring the 
tissue to another 4 vials, each one containing 2 ml of 
KBS with the appropriate concentration of the drugs 
studied (140 mM of K+;  M of tyramine and 5- 
HT). Finally, the arteries were again exposed to fresh 
KBS in another 5 vials to allow a return to the basal 
level of 3H efflux. The total radioactivity present in 
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the media was analysed by adding 0.5 ml of each 
sample to 10 ml of Bray's solution (Bray 1960) and 
measured in a Nuclear Chicago liquid Scintillation 
counter, model Isocap 300, using the external 
standard method to correct for quenching. The results 
are expressed as counts min-l mg-' of wet tissue. 

Media 
The composition of normal KBS was (KIM): NaCI, 

115; KCI, 4.6; CaCI,, 2.5; KH,P04, 1.2; MgS04.- 
7Hz0, 1.2; NaHCO,, 25; glucose, 1 1 . 1  and the 
disodium salt of ethylenediaminetetraacetic acid 
(Na, EDTA) 0.03. This solution was equilibrated 
with 95% 0, and 5 %  CO, and the final pH was 
74-75. In the experiment with Ca2+-free KBS, CaCI, 
was omitted. In some experiments, 1 mM of ethylene- 
glycol-bis (p-aminoethyl ether) "'-tetraacetic acid 
(EGTA) was added to Ca2+-free KBS. 

Drugs, solutions and statistics 
The drugs used were: tyramine hydrochloride 
(Sigma); 5-hydroxytryptamine creatinine sulphate 
(Sigma); potassium chloride (Merck); ( *)-[3H]- 
noradrenaline hydrochloride (Radiochemical Centre, 
Amersham). 

Stock solutions of 5-HT and tyramine were 
prepared in 0.9% NaCl (saline) containing 0.01 % 
(w/v) ascorbic acid and kept frozen (- 20 "C). Stock 
solution of 3H-NA was made in 0.01 HCI and stored 
at 4 "C. 

High-K+ solution ( 1 4 0 m ~  final in the vial) was 
prepared by adding the appropriate amount of KCI 
from a concentrated (saturated at room temperature) 
KCI to normal KBS. The effects of an equivalent 
hyperosmolar KBS, made up with sucrose, on 
3H efflux was also tested in 2 experiments. 

Results shown in figures and the text were expres- 
sed as means f s.e. Statistical analyses were per- 
formed using Student's t-test. A probability value 
of less than 5 % was considered significant. 

R E S U L T S  

Spontaneous H release 
The spontaneous 3H efflux from goat pial arteries 
preloaded with 3H-NA showed a rapid initial decay 
followed by a moderate loss, which levelled off after 
approximately 90 min of washout. 

Release of 3H evoked by tyramine 
Tyramine ( 1 0 - 4 ~ )  increases the radioactivity release 
from brain vessels preincubated with 3H-NA. The 
peak was reached after 6 min incubation with tyra- 
mine, then it slowly declined but remained over the 

basal release even 15 rnin after removal of the drug 
from the medium. Furthermore, in CaZ--free solu. 
tion, with or without EGTA, the 3H release induced 
by tyramine was unchanged (Fig. 1).  
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FIG. 1. Tritium release induced by tyramine (Ty, ~ O - % I )  
from goat pial arteries in normal Krebs-bicarbonate 
solution (KBS) and KBS without Ca2+. Tissues were 
previously labelled with 3H-NA ( 2  x lO-,'M), and 
thoroughly waShed during 100 rnin before the initiation 
of sample collection. Vials containing 2 ml of bathing 
solution were collected every 3 min. Each column 
represents the tritium efflux during a period of 3 min. 
Number of experiments are shown in parentheses. 
Vertical lines represent s.e. of the means. Horizontal 
lines indicate the time of exposure to different solutions. 

release elicited by high-K+ 
Fig. 2 shows the marked increases of 3H release from 
pial arteries evoked by 140 mM of K'. The peak of 
radioactivity was obtained during the first 3 min and 
then quickly declined. When the arteries were incuba- 
ted in a Ca2+-free medium the release was greatly 
reduced (P < 0.005). The addition of sucrose to 
KBS to obtain a similar osmolarity to that of KCI 
solution, did not induce an increase of radioactivity 
over basal levels. This result indicates that the hyper- 
tonicity is not the cause of the release of 3H induced 
by the high-K+ solution. 

Release of 3H evoked by 5-HT 
Fig. 3 shows the pattern of 3H release induced by 
5-HT (10-4~).  The incubation of the arteries with 
5-HT produced a rise in the release of radioactivity 
which reached a peak 6 min later but remained over 
the basal release even 15 rnin after the drug was 
removed from the medium. 

Ca2+-deprivation, with or without EGTA, Sig- 
nificantly diminished (50%) the peak of 5-HT-- 
induced 3H release (P < 0.025) with respect to the 
radioactivity evoked by this drug in normal KBS. 
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FIG. 2. Tritium release induced by potassium (K+, 
140 mM) from goat pial arteries in normal Krebs- 
bicarbonate solution (KBS) and Ca2+-free KBS. 
Experimental design as in Fig. 1 .  Number of experi- 
ments are shown in parentheses. Vertical lines represent 
s.e. of the means. Horizontal lines indicate the time of 
exposure to different solutions. 

D I S C U S S I O N  

The experiments described show that tyramine, 5-HT 
and K+ induced 3H release from goat cerebral 
arteries preloaded with 3H-NA. The secretory effect 
of high K+ concentrations was Ca2+-dependent 
whereas with tyramine it was Ca2'-independent. 
5-HT was found to possess both Ca2+-dependent and 
Ca2+-independent components. 
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FIG. 3. Tritium release induced by 5-HT (10- '~)  from 
goat pial arteries in normal Krebs-bicarbonate solution 
(KBS) and Ca*++-free KBS. Experimental design as in 
Fig. 1 .  Number of experiments are shown in paren- 
theses. Vertical lines represent s.e. of the means. 
Horizontal lines indicate the time of exposure to dif- 
ferent solutions. 

The extracellular Ca2+ is one of the specific 
requirements for the release of NA from adrenergic 
nerves by physiological stimuli such as electrical 
stimulation or K+ (Rubin 1970; Kirpekar 1975). 
Therefore, the fact that the NA release evoked by 
tyramine and K+ was Ca2+-independent and Ca2+- 
dependent, respectively, suggests different mechan- 
isms for their secretory effects. These differences are 
also found in peripheral tissues. Thus, it has been 
reported that K+ depolarizes the adrenergic nerves 
causing NA-release by a Ca2+-dependent exocytotic 
mechanism (Thoa et a1 1975), while for tyramine this 
release is Ca2+ independent and of a non-exocytotic 
nature (Thoenen et a1 1969; Chubb et a1 1972; Thoa 
et a1 1975; Garcia et a1 1976). 

On the other hand, our results show that tyramine 
and 5-HT present a similar pattern of 3H-efflux, 
although the efflux evoked by 5-HT was greater than 
that caused by tyramine, when the same molar 
concentration was used. However, the influence of 
Ca2+ on the release was different depending on the 
agent used. Indeed, the release by tyramine was 
independent of extracellular Ca2+, whereas for 5-HT 
it seemed to be partially dependent on this cation. 
These results are similar to those obtained in rabbit 
heart in which lowering the extracellular Ca2+ does 
not alter the 3H efflux induced by tyramine but 
greatly reduces the 3H release caused by 5-HT, 
although this was not completely suppressed (Fozard 
& Mwaluko 1976). However, it has been reported in 
rabbit pulmonary artery that 5-HT evoked NA- 
secretion might, not be Ca2+-dependent (Starke & 
Weitzell 1978). In addition, the application of 5-HT 
to the rabbit superior cervical ganglion neurons 
(Wallis &North 1978) or on the nerve fibres of rabbit 
cervical vagus (Riccioppo Net0 1978) induces a rapid 
depolarization. Therefore in summary, 5-HT evokes 
3H release from goat brain vessels by both a 
tyramine-like and a K+-like mechanism, the latter 
could involve depolarization of perivascular adrener- 
gic endings. 
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