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Dietary trace amine-dependent vasoconstriction
in porcine coronary artery
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Division of Pharmacology, Welsh School of Pharmacy, Cardiff University, Cardiff, South Wales, UK

Background and purpose: The dietary trace amines tyramine and B-phenylethylamine (B-PEA) can increase blood pressure.
However, the mechanisms involved in the vascular effect of trace amines have not been fully established. The purpose of this
study was to evaluate whether trace amine-dependent vasoconstriction was brought about by tyramine and B-PEA acting as
indirect sympathomimetic agents, as previously assumed, or whether trace amine-dependent vasoconstriction could be
mediated by recently discovered trace amine-associated (TAA) receptors.

Experimental approach: The responses to p-tyramine and B-PEA were investigated in vitro in rings of the left anterior
descending coronary arteries of pigs.

Key results: p-Tyramine induced a concentration-dependent (0.1-3 mMm) vasoconstriction. The maximum response and pD,
value for p-tyramine was unaffected by endothelium removal or pre-treatment with antagonists for adrenoceptors, histamine,
dopamine or 5-HT receptors. B-PEA also produced a concentration-dependent (0.3-10 mMm) vasoconstriction which was
unaffected by endothelium removal, B-adrenoceptor or 5-HT receptor antagonists. A substantial, but reduced, response to
B-PEA was obtained in the presence of prazosin (aq-adrenoceptor antagonist), haloperidol (D,/D3 dopamine receptor
antagonist) or mepyramine (H; histamine receptor antagonist). The pD, value for B-PEA was unaffected by any of the
antagonists tested.

Conclusions and implications: Vasoconstriction induced by p-tyramine does not involve an indirect sympathomimetic effect,
although vasoconstriction caused by B-PEA may occur, in part, by this mechanism. We therefore propose that trace amine-
dependent vasoconstriction is mediated by phenylethylamine-specific receptors, which are closely related to or identical to
TAA receptors. These receptors could provide a target for new antihypertensive therapies.
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Introduction

Until recently, the trace amines tyramine and pB-phenylethy-
lamine (B-PEA) were considered merely metabolic by-pro-
ducts of tyrosine and phenylalanine decarboxylation,
respectively (Berry, 2004). Trace amines, such as tyramine
and B-PEA occur widely in plants and animals and are
metabolized by the enzyme MAO (Yang and Neff, 1973; Wu
and Boulton, 1975; Philips and Boulton, 1979; Durden et al.,
1988; Burchett and Hicks, 2006). High levels of tyramine and
B-PEA are found in chocolate, alcoholic beverages and
fermented foods such as cheese (Branchek and Blackburn,
2003). On consumption of trace amine-rich foods, tachycar-
dia and hypertension can result (Zucchi et al., 2006),
although these effects are typically observed at micromolar
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concentrations of tyramine and B-PEA. Micromolar trace
amine concentrations typically occur when patients treated
with MAO inhibitors consume foods that contain high
concentrations of tyramine or B-PEA (Faraj et al., 1976;
D’Andrea et al., 2003). The first signs of trace amine-
associated hypertension were discovered by a neurologist
who noticed that his wife, who was on MAO inhibitors, had
severe headaches (caused by cerebral vasoconstriction fol-
lowed by dilatation) when eating cheese (Blackwell, 1963).
For this reason, the hypertensive crisis is still called the
‘cheese syndrome’, even though other trace amine-rich
foods cause the same problem.

Tyramine-induced hypertension is also known as the
‘tyramine pressor response’. Clinically, the tyramine pressor
response is used as an experimental tool to study the
mechanisms of noradrenaline release from sympathetic
neurones (Raiteri et al.,, 1977; Knoll et al.,, 1996). The
tyramine pressor test is defined as the amount of tyramine,
by bolus i.v. injection, required to increase the systolic blood
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pressure by 30mm Hg. Tyramine sensitivity is taken as an
index of peripheral adrenergic function (Ghose, 1984).

Tyramine and B-PEA are found in nerve terminals contain-
ing classical biogenic amines, such as noradrenaline, dopa-
mine and 5-HT (Premont et al., 2001). Tyramine and B-PEA
also have chemical structures similar to noradrenaline,
which led to the assumption that, in the pressor test,
tyramine is taken into the pre-synaptic terminal by the
same amine membrane transporter as noradrenaline, and
releases this amine by displacing it from cytoplasmic pools of
vesicles and causing it to diffuse into the synaptic cleft
(Raiteri et al., 1977; Knoll et al., 1996). In other words,
tyramine and other trace amines act as indirect sympatho-
mimetic amines (Borowsky et al., 2001).

There has been some speculation, however, that the
tyramine pressor test may be inadequate to assess noradrena-
line release (Chalon et al., 2002). A dissociation between
changes in blood pressure and plasma noradrenaline follow-
ing injection of tyramine have demonstrated that the pressor
effects of tyramine may be mediated in part by a noradrena-
line-independent mechanism (Bianchetti et al., 1982;
Chalon et al., 2002).

The role of trace amines in blood vessels, however, has
been underestimated because there were no known dedi-
cated synapses or receptors using trace amines (D’Andrea
et al., 2003; Berry, 2004). The recent identification of a family
of G-protein-coupled receptors, which bind and are activated
by trace amines (known as trace amine-associated receptors,
TAA receptors) (Borowsky et al., 2001) raises the possibility
that these amines may be bona fide autacoids in the
vasculature.

The observation that TAA receptors are expressed in the
kidney supports a role for trace amines in blood pressure
regulation (D’Andrea et al., 2003). Human leukocytes and rat
heart also express transcripts for TAA receptors (D’Andrea
et al., 2003; Zucchi et al., 2006) and platelets store and
actively release tyramine, which may have an effect on
vascular tone (D’Andrea et al., 2003).

In this study, we evaluated whether the pressor effects of
the trace amines tyramine and -PEA were mediated through
a mechanism that was independent of the classical biogenic
amines, such as noradrenaline. Despite the absence of
antagonists for TAA receptors, we propose that tyramine
and B-PEA could mediate pressor responses through TAA
receptors. Owing to the limited availability of human vessels
in which to test this hypothesis, porcine coronary vessels
were used in this study. Porcine coronary vessels were chosen
for their close anatomical and physiological similarity to
human coronary vessels (Weaver et al., 1986; Cinca et al.,
1989, 1992; Kamimura et al., 1996)

Materials and methods

Tissue preparation

Porcine hearts (either sex) were collected from the local
slaughterhouse and rapidly transported at 4°C. Gross
dissection of the left anterior descending coronary artery
was conducted upon arrival in the laboratory and the vessels
placed in gassed (95% O,, 5% CO,) Krebs’-Henseleit solution
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(KHS; composition in mM: NaCl 120, KCI 4.76, NaHCO3 25,
NaH,PO4H,O 1.18, CaCl,2H,O 1.25, MgSO47H,0 1.18,
glucose 5.5). After equilibration to room temperature,
surrounding connective tissue was dissected free, and the
arteries were cut into rings of approximately 5 mm in length.
In studies requiring removal of the functional endothelium,
arterial rings were denuded of endothelium by gentle rolling
of the tissue segment after insertion of the tip of a fine pair of
small forceps into the lumen. The arteries were then
suspended between a stainless-steel hook and stationary
support rod positioned in 20 ml organ baths filled with KHS
maintained at 37 £ 0.5 °C and continuously oxygenated with
a 95% O;, 5% CO, gas mixture. The rings were progressively
stretched to a resting tension of 5g. Isometric tension was
measured by force transducers (Ormed, Welwyn Garden City,
Hertfordshire, UK) coupled to a PowerLab/4SP computer
system (AD Instruments, Charlgrove, Oxfordshire, UK) for
data collection. Data were analysed using Chart v.4.1.1
software (AD Instruments).

Experimental protocols

The viability of each porcine coronary arterial ring was
determined by contraction with 60mM KCl. KCI was
removed by repeated changes of bath KHS and the presence
of functional endothelium was confirmed by the demons-
tration of at least 70% relaxation in response to 10puM
bradykinin in rings pre-contracted with 5nM U46619
(9,11-dideoxy-11a,9a-epoxymethano prostaglandin F,,). In
denuded vascular rings, endothelium removal was con-
firmed by the absence of bradykinin-induced relaxation.
Baseline tensions were re-established, following repeated
changes in bath KHS to remove U46619 and bradykinin, and
a cumulative concentration-response curve to either nora-
drenaline, p-tyramine, f-PEA, histamine, 5-HT or dopamine
was constructed. Wherever necessary, antagonists were
introduced into the baths 15 min before addition of agonist.
Contraction produced by each concentration of agonist was
measured after a steady state had been reached. Values are
expressed as per cent KCl-induced contraction obtained
during the viability test.

Statistical analysis

Data are represented as means *s.e.mean with n indicating
the number of porcine hearts from which arterial rings were
obtained. Maximal contractions were determined with the
aid of a curve-fitting program (GraphPad, Prism). Compar-
ison of the different concentration-response curves was
performed by Student’s f-test for unpaired data or two-way
ANOVA (Concentration, treatment) using a computer statis-
tical package (InStat3, Prism), followed by post hoc Dunnett’s
test applied to determine individual differences between
multiple groups of data. A P-value of less than 0.05 was
considered to indicate statistically significant differences. For
some concentration-response curves, molar concentrations
producing 50% of maximum effect (ECso) were calculated by
fitting curves with the Boltzmann equation. pD, values were
then determined according to the equation pD,=-log
(molar ECsp) and compared using Student’s f-test for



unpaired data. A P-value <0.05 was considered statistically
significant.

Drugs and chemicals

Tyramine hydrochloride (p-tyramine), 2-phenylethylamine
hydrochloride (B-PEA), (#)-noradrenaline (+ )-bitartrate,
9,11-dideoxy-11a,9a-epoxymethanoprostaglandin F,, (U46619),
bradykinin triacetate, (+)-propranolol hydrochloride, pra-
zosin hydrochloride, ketanserin tartrate, methiothepin
mesylate, haloperidol, pyrilamine maleate (mepyramine),
histamine, 5-HT and dopamine hydrochloride were obtained
from Sigma (Sigma, Poole, Dorset, UK). All drugs were
prepared daily as stock solutions in distilled water, with the
exception of haloperidol, which was dissolved in hydro-
chloric acid before being neutralized to pH 7.4 with NaOH.
All working solutions were obtained by dilution of stock
solutions in KHS. All drug and molecular target nomencla-
ture conforms to the British Journal of Pharmacology’s
‘Guide to Receptors and Channels’ (Alexander et al., 2008).

Results

Role of adrenoceptors in trace amine-induced vasoconstriction
To ascertain the role of adrenoceptors in trace amine-
induced vasoconstriction in the left anterior descending
coronary artery, the effects of adrenoceptor antagonists
against responses to noradrenaline were first evaluated.
Cumulative addition of noradrenaline (0.1-100 uM) evoked
a small relaxation in endothelium intact vessels, which was
abolished in the presence of the non-selective B-adrenocep-
tor antagonist, propranolol (1 uM; Figure 1). The relaxation
response to noradrenaline in the absence of antagonists was
significantly enhanced upon removal of the endothelium
(Figurel and Table 1). The opposite response occurred,
however, in the presence of propranolol (1uM) where
vasoconstriction was observed to cumulative noradrenaline
doses in the endothelium-denuded vessel. The vasoconstric-
tions were significantly greater at noradrenaline concentra-
tions of 10-100puM than the responses in the absence of
propranolol in endothelium intact tissue (Figurel and
Table 1). The noradrenaline-induced vasoconstriction ob-
served in the presence of propranolol in denuded tissue was
abolished by the a;-adrenoceptor antagonist, prazosin (1 pM;
Figure 1).

p-Tyramine and B-PEA produced concentration-dependent
constrictions of endothelium intact porcine coronary ar-
teries (Figures 2a and c¢ and 3a). The vasoconstrictor
responses to p-tyramine and B-PEA did not differ, with the
exception of the dose of 0.1mM at which p-tyramine
produced a significantly greater constriction. The maximum
response to B-PEA appeared greater than that of p-tyramine
(Table 1), but this difference was not significant (Figures 2a
and c and 3a). There was however a significant difference
(P<0.05) between the pD, values of p-tyramine and B-PEA,
with the concentration-response curves to B-PEA to the right
of p-tyramine.

The presence of prazosin (1 um), alone or in combination
with propranolol (1uM), had no significant effect on the
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Figure 1 Contractile responses to noradrenaline (NA) in porcine

isolated coronary arteries. Responses to noradrenaline were assessed
in the absence and presence of endothelium, propranolol (1 um) and
prazosin (1pum). Data are meansz*s.e.mean from four separate
experiments, expressed as a percentage of the response to 60 mm
KCI. **P<0.01 indicate significant differences from noradrenaline
alone.

p-tyramine concentration-response curve in endothelium
intact tissue. Propranolol was found to increase significantly
the constriction obtained with p-tyramine at 10 pM, but it did
not affect the maximum contraction induced by p-tyramine
(Figure3b and Table 1). The pD, values for p-tyramine
concentration-response curves were unaffected by either
propranolol or prazosin, alone or in combination (Table 1).

Propranolol (1 uM) had no effect on the B-PEA-dependent
vasoconstriction. In contrast, the presence of prazosin, alone
or in combination with propranolol, resulted in a fall in the
maximum vasoconstriction caused by B-PEA, however this
was not significant (Tablel and Figure 3c). As with
p-tyramine, the pD, value for the B-PEA vasoconstriction
was unaffected by propranolol or prazosin (Table 1).

The concentration-response curves to both p-tyramine
and B-PEA, in the presence and absence of adrenoceptor
antagonists, lie to the right of the noradrenaline (1pM
propranolol and endothelium denuded) concentration—
response curve (Table 1). The maximum vasoconstrictions
to p-tyramine (63.4 £ 3.8%) and B-PEA (106.3 £ 15.0%) were
also significantly greater than the maximum response to
noradrenaline (1 uM propranolol and endothelium denuded;
15.9 £ 0.9%). The maximum response to noradrenaline (1 pM
propranolol and endothelium denuded) was achieved at
0.1 mM. p-Tyramine and B-PEA in the absence of antagonist
were able to achieve a comparable vasoconstriction (~15% of the
60mm KClI vasoconstriction) at concentrations of 0.1-0.3 mm.

Trace amine-dependent vasoconstriction in endothelium denuded
coronary artery

Vasoconstriction by p-tyramine and B-PEA was evaluated
in endothelium intact and endothelium denuded tissue
(Figure 4). Vasorelaxation to 10pM bradykinin (mean,
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Table 1 Effects of different biogenic amine antagonists on the maximum responses and pD, values of p-tyramine, B-PEA, noradrenaline, histamine,

dopamine and 5-HT in porcine coronary arteries

Treatment Maximum contraction (% KCI) pD; value n

Noradrenaline -8.1£19.6 — 4
Propranolol 1 um 0.0+£0.5 — 4
Endothelium denuded —40.2+5.9** — 4
Propranolol 1 uM and endothelium denuded 15.9+0.9** 4.94+0.11 4
Propranolol 1 uM and prazosin 1 pM & endothelium denuded 0.2+0.3 — 4

Histamine 81.5%3.1 4.95+0.12 6
Mepyramine 2 um 0.2+17.2%* — 6

Dopamine 9.5+£0.5 1.40£0.05 4
Haloperidol 0.7 nm —0.1£0.4*** — 9

5-HT 37.0+0.0 6.60+0.62 4
Ketanserin 3 nM & methiothepin 50 nm 1.0+ 0.6*** — 4

p-Tyramine 63.4+3.8 3.53£0.08 14
Propranolol 1 um 92.3%+16.8 3.33+£0.26 6
Prazosin 1 um 52.8+9.3 3.58+0.14 5
Propranolol 1 uM and prazosin 1 pum 72.3%6.2 3.31£0.10 5
Endothelium denuded 75.9+12.6 3.50+0.18 4
Haloperidol 0.7 nMm 441 +2.4 3.59+0.06 4
Mepyramine 2 uMm 43.8+3.7 3.57+£0.09 4
Ketanserin 3 nM & methiothepin 50 nm 38.0+£2.2 3.48£0.05 4
Propranolol 1 uMm, prazosin 1 uMm, haloperidol 0.7 nm, 42.7+2.5 3.40£0.06 4

mepyramine 2 puM, ketanserin 3 nM & methiothepin 50 nm

p-PEA 106.3+15.0 3.13£0.09 4
Propranolol 1 um 108.0+16.2 3.52+£0.08 4
Prazosin 1 um 69.8+6.8 3.32+0.07 4
Propranolol 1 uM & prazosin 1 um 65.7+5.2 3.10£0.07 4
Endothelium denuded 85.0+2.8 3.34+0.06 4
Haloperidol 0.7 nMm 56.5+8.2* 3.03+0.05 4
Mepyramine 2 um 50.5+6.3* 3.10+£0.06 4
Ketanserin 3 nM & methiothepin 50 nm 66.5+4.2 3.07+0.05 4
Propranolol 1 uM, prazosin 1M, haloperidol 0.7 nm, 53.0+4.5* 2.99+0.05 4

mepyramine 2 puM, ketanserin 3 nM & methiothepin 50 nm

Data represent mean + s.e.mean, n=4-14 in each treatment group. *P<0.05, **P<0.01, ***P<0.0001 vs corresponding controls (ANOVA-Dunnett’s or unpaired

t-test-Welch corrected).

28.9+1.1% response to U46619) in arterial rings pre-
contracted with S5nM U46619 confirmed that the endo-
thelium was intact. No change in the U46619-induced
contraction upon addition of 10um bradykinin (mean,
102.9£1.3% response to U46619) confirmed that the
endothelium had been successfully removed from the tissue.
No differences were observed between concentration—
response curves to trace amines in the presence or absence
of endothelium. Both maximum responses (Tablel and
Figure 4) for endothelium intact and endothelium denuded
tissue remained unchanged, and no shift in the concen-
tration-response curves was observed (Table 1).

Role of histamine, 5-HT and dopamine receptors in trace
amine-induced vasoconstriction

The trace amine-induced coronary constriction was not
eliminated by antagonists of adrenoceptors, therefore the
roles of other biogenic amine receptors were evaluated. The
magnitude of the responses to histamine, 5-HT and dopa-
mine were established from cumulative concentration—
response curves (Figure5 and Table 1). Histamine brought
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about a maximum constriction in the coronary artery five
times the magnitude of that produced by noradrenaline
(1uMm propranolol and endothelium denuded; Table 1).
Histamine-dependent vasoconstriction, up to a concentra-
tion of 3 mM, was abolished by the H; receptor antagonist
mepyramine (2pM; Figure 5a and Table 1). Maximum
vasoconstriction by 5-HT was approximately twice that
caused by noradrenaline (1 pM propranolol and endothelium
denuded; Table 1). A combination of 3 nM ketanserin (5-HT,,
receptor antagonist) and 50nM methiothepin (5-HT;p
antagonist) abolished 5-HT-dependent vasoconstriction up
to 0.1mM S5-HT (FigureSb and Table 1). Vasoconstriction
induced by dopamine could only be attained at concentra-
tions that would far exceed those found endogenously
(>1mM). Dopamine at the highest concentration tested
(3mM) gave a constriction of 9.5+0.5% (Figure Sc and
Table 1), which was eliminated by 0.7 nM haloperidol (D,
and D3 receptor antagonist).

p-Tyramine-dependent vasoconstriction (Figure 6a) was
unaffected by antagonists of histamine (2 uM mepyramine),
dopamine (0.7 nM haloperidol) or 5-HT (3 nM ketanserin and
3nM methiothepin). Both the maximum response and pD,
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Figure 2 Representative responses to cumulative concentrations of
p-tyramine (a and b) and B-PEA (c) in the absence (a and c) or the
presence (b) of all antagonists (propranolol, 1 p™; prazosin, 10 um;
ketanserin, 3 nM; methiothepin, 50 nM™; haloperidol, 0.7 nM; mepyr-
amine, 2 uM) in porcine coronary arterial rings with intact endothe-
lium. The duration of each response is measured in minutes (min)
and the magnitude of the response in gram (g).

value for p-tyramine remained unaltered (Table 1). B-PEA-
dependent vasoconstrictions were reduced by mepyramine
(2puM) at the highest concentrations studied (3-10mMm).
Haloperidol (0.7nM) also significantly reduced the
maximum contraction to B-PEA (Figure 6b and Table 1).
pD, values for B-PEA were unaffected by antagonists of
histamine, 5-HT and dopamine (Table 1).

To eliminate the effects that trace amines might have on a
range of amine receptors, a cocktail of antagonists for - and
aj-adrenoceptors (1pM propranolol and 1uM prazosin),
histamine receptor H; (2puM mepyramine), 5-HT receptors
5-HTp and 5-HT,4 (3nM ketanserin and 30 nM methiothe-
pin) and dopamine receptors D, and D3 (0.7 nM haloperidol),
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Figure 3 Concentration-response curves to p-tyramine (a and b)
and B-phenylethylamine (B-PEA); (a and c) in the absence (no
antagonist) and the presence of prazosin (1 um) and propranolol
(1 uM) constructed in porcine coronary arterial rings with intact
endothelium. Data are means*s.e.mean from 5 to 14 separate
experiments, expressed as a percentage of the response to 60 mm
KCl. When no error bar is shown, the error is smaller than the
symbol. *P<0.05 and **P<0.01 indicate significant differences from
the control (p-tyramine or B-PEA in the absence of antagonist).
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Figure 4 Concentration-response curves to p-tyramine (a) and
B-phenylethylamine (B-PEA; b) in the absence and the presence of
endothelium in porcine coronary arterial rings. Data are means +
s.e.mean from four separate experiments, expressed as a percentage
of the response to 60 mm KCl. When no error bars are shown, the
error is smaller than the symbol. There were no significant

differences between the responses at any of the concentrations
tested.

was added to the tissue before construction of concentra-
tion-response curves to trace amines. p-Tyramine-induced
constriction appeared slightly reduced, compared with
responses in the absence of antagonists, but this difference
was not significant (Figure 7a). Typical responses are shown
in Figures 2a and b. There was also no significant difference
in the maximum contraction to p-tyramine (Table 1). The
cocktail of antagonists affected B-PEA-induced vasoconstric-
tion to a greater degree than vasoconstriction caused by
p-tyramine (Figure 7b). The maximum contraction to f-PEA
was almost halved from 106.3+15.0% in the absence of
antagonists to 53.0£4.5% in their presence (Figure 7b and
Table 1). In the presence of a cocktail of antagonists, there
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Figure 5 Concentration-response curves to histamine (a), 5-HT (b)
and dopamine (c) in the absence and presence of mepyramine (a),
ketanserin and methiothepin (b) or haloperidol (c) constructed in
arterial rings with intact endothelium. Data are meansts.e.mean
from four to nine separate experiments, expressed as a percentage of
the response to 60 mm KCI. When no error bar is shown, the error is
smaller than the symbol. **P<0.01 and ***P<0.001 indicate
significant differences between histamine, 5-HT or dopamine in
the presence and absence of their respective antagonists.

was no significant difference between the maximum
responses obtained for p-tyramine and $-PEA.

The noradrenaline (1pM propranolol and endothelium
denuded) concentration-response curve lay to the left of all
the p-tyramine and B-PEA concentration-response curves,
regardless of the antagonists added to the coronary artery
(Table 1). The pD, values for p-tyramine and B-PEA in the



a 80 1
—&— p-Tyramine (no antagonist)
—— Mepyramine
70 A —a— Ketanserin & methiothepin
—O— Haloperidol
= 60 A
Q
X
S =
S g 50 4
23
92 .
£ 40
o9
88
g g 30 -
g
£ 20 A
10 A
ol% * T T .
6.0 -5.5 -5.0 -4.5 -4.0 -3.5 -3.0 -2.5 -2.0
[p-Tyramine] (log M)
b 140 +
—&— (-PEA (no antagonist)
—&— Mepyramine
120 1 —— Ketanserin & methicthepin
—O— Haloperidol
__ 100 A
o
X
c= i
SE 80
oS
28
s 2 |
% 60
o @
e c
g8
S g 40 A
2
20 A
0{a—-= ——8
-20 4

-6.0 -5.5 -5.0 -4.5 -4.0 -3.5 -3.0 -2.5 -2.0
[B-PEA] (log M)

Figure 6 Concentration-response curves to p-tyramine (a) and -
phenylethylamine (B-PEA; b) in the absence (no antagonist) and the
presence of ketanserin (3 nM) and methiothepin (50 nMm), haloperidol
(0.7 nM) or mepyramine (2puM) constructed in porcine coronary
arterial rings with intact endothelium. Data are means+s.e.mean
from 5 to 14 separate experiments, expressed as a percentage of the
response to 60 mm KCIl. When no error bar is shown, the error is
smaller than the symbol. *P<0.05 indicate significant differences
from the control (p-tyramine or B-PEA in the absence of antagonist).

presence of the cocktail of antagonists did not differ
significantly from the values in the absence of antagonist
(Table 1).

Discussion and conclusions

The left anterior branch of the coronary artery contains a
high proportion of B,-adrenoceptors and relatively few
a-adrenoceptors (Corr and Burnstock, 1991). In this study,
noradrenaline in the absence of adrenoceptor antagonists
was unable to cause vasoconstriction in endothelium intact
tissue, and in fact caused a small concentration-dependent
relaxation. It is likely that this vasorelaxation, caused by
the activation of large numbers of B,-adrenoceptors, out-
weighed any vasoconstriction caused by the activation of
a;-adrenoceptors. a,-Adrenoceptors on the endothelium also
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Figure 7 Concentration-response curves to p-tyramine (a) and
B-phenylethylamine (B-PEA; b) in the absence (no antagonist) and
the presence of all antagonists (propranolol, 1 uMm; prazosin, 10 pm;
ketanserin, 3 nM; methiothepin, 50nMm; haloperidol, 0.7 nM and
mepyramine, 2puM) constructed in porcine coronary arterial rings
with intact endothelium. Data are means +s.e.mean from 4 to 14
separate experiments, expressed as a percentage of the response to
60 mM KCI. When no error bar is shown, the error is smaller than the
symbol. *P<0.05 and **P<0.01 indicate significant differences from
the control (p-tyramine or B-PEA in the absence of antagonist).

mediate vasorelaxation (Thorin et al., 1998). Therefore, a
vasoconstrictor response to noradrenaline was only achieved
after the p,-adrenoceptor-dependent vasorelaxation was
eliminated using propranolol (Enocksson et al., 1995), and
the ay-adrenoceptor-dependent vasodilatation eliminated by
removing the endothelium (Thorin et al., 1998). Constric-
tion of the coronary artery by noradrenaline occurred
by smooth muscle ao;-adrenoceptors and was eliminated
with prazosin, an o;-adrenoceptor antagonist (Honner and
Docherty, 1999).

Trace amines increase total peripheral resistance, which
contributes to the pressor response, and it has long been
believed that this is due to p-tyramine and B-PEA displacing
classical biogenic amines, such as noradrenaline, from
their storage vesicles (Raiteri et al., 1977; Knoll et al., 1996).
This has led to their classification as indirectly acting
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sympathomimetic amines (Raiteri et al., 1977; Knoll et al.,
1996). The evidence presented in this paper, however,
suggests that this may not be the case, at least in the
coronary artery. Trace amines are capable of producing
constriction in the coronary artery that highly exceeds that
caused by noradrenaline. o4-Adrenoceptors play no role in
vascular constriction to p-tyramine, and play only a small
role in constriction to B-PEA, because their vasoconstrictor
responses were not eliminated by prazosin. Endothelial o,-
adrenoceptors also have no role in the trace amine response
in coronary artery, as removal of the endothelium (and
hence ay-adrenoceptors) again had no influence on trace
amine response.

If ay-adrenoceptors, and therefore an indirect sympatho-
mimetic action, do not account for the vasoconstrictor
responses to p-tyramine and B-PEA, then the next question
was whether other local autacoids or their receptors might
mediate their responses. In this study, we selected three
vasoactive compounds histamine, dopamine and S-HT.
Concentration-response curves for these three agonists were
generated in the presence or absence of selective antagonists.

Histamine produced a substantial vasoconstriction, which
was abolished by the H; receptor antagonist, mepyramine,
confirming that it was due entirely to this receptor subtype
(Haley, 1983). The response to p-tyramine was not signifi-
cantly reduced by mepyramine, indicating that histamine H;
receptors are not involved in the vasoconstriction. The
maximum response but not the pD, for B-PEA, however, was
reduced by mepyramine, although unlike histamine, the
response was not abolished. Whether this is because B-PEA
has some histaminergic properties, whether it is a nonspe-
cific effect of mepyramine or whether mepyramine also
exerts some inhibitory effect on the receptor that mediates
the vasoconstriction by B-PEA cannot be determined by
these results.

5-HT also exerted a substantial vasoconstriction of similar
magnitude to that of p-tyramine and B-PEA. This response
was abolished by the combination of 5-HT,5 and 5-HT;p
antagonists, ketanserin and methiothepin (Schoeffter et al.,
1996; Nilsson et al., 1999; Frishman and Grewall, 2000). This
confirms the role of these receptor subtypes in the vasocon-
striction of coronary arteries by 5-HT (Nilsson et al., 1999).
However, this combination of antagonists failed to inhibit
significantly the vasoconstriction induced by p-tyramine or
B-PEA, indicating that these 5-HT receptor subtypes were not
involved in the vasoconstriction caused by these trace
amines. Next, we examined the responses to dopamine,
which produced only a small vasoconstriction at the highest
concentration added (3mM). This is the first time that
responses to this amine appear to have been evaluated in the
left anterior descending coronary artery. The response was
abolished by the dopamine D, and D3 antagonist, haloper-
idol (Creese et al., 1975). Vasodilatation is the usual response
to dopamine in vascular beds, such as the renal and
mesenteric vasculature, a response mediated by dopamine
D; receptors (Martin and Broadley, 1995). Vasoconstriction
by dopamine is usually mediated by postjunctional o4-
adrenoceptors (Duval et al., 1985). The fact that dopamine
exerted a minor effect compared with the «;-adrenoceptor-
mediated vasoconstriction by noradrenaline (endothelium
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removed and B-adrenoceptors blocked), however, suggests
that o-adrenoceptors were not involved here. Furthermore,
the vasoconstriction was abolished by haloperidol, indicat-
ing that D, receptors were probably involved. Haloperidol
did not inhibit the vasoconstriction by p-tyramine but did
reduce the maximum response to B-PEA. These results
suggest that dopamine receptors do not mediate the
response to these trace amines but that haloperidol has
some nonspecific or non-selective effect on the responsive-
ness of the porcine coronary artery. When antagonists for
the receptors for the vasoconstrictors noradrenaline, hista-
mine, 5-HT and dopamine were combined, a substantial
vasoconstrictor response to p-tyramine and B-PEA remained.
As all antagonists had abolished the responses to their
respective agonists, it can be assumed that the residual
response was not mediated by any of these receptors.

The present results are consistent with previous results
from these laboratories using other indirectly acting sym-
pathomimetic amines. We recently showed that the amphe-
tamines, 3,4-methylenedioxymethamphetamine (ecstasy)
and cathinone, the active constituent of Khat leaves, caused
vasoconstriction of pig coronary arteries, which was not due
to an indirect sympathomimetic action (Baker et al., 2007).
We have also shown that cathinone exerts coronary
vasoconstriction in guinea-pig isolated hearts and constricts
guinea-pig aorta, responses which are not antagonized by
prazosin, and therefore not due to indirect sympathomi-
metic activity (Al-Motarreb et al., 2002; Al-Motarreb and
Broadley, 2003).

The question therefore is raised as to the nature of the
receptor that mediates this coronary vasoconstriction. In
guinea-pig aortae, we have shown that the vasoconstriction
by 3,4-methylenedioxymethamphetamine is not inhibited
by antagonists of endothelin ET,/ETg, angiotensin AT,, 5-
HT,, thromboxane TP receptors or ay-adrenoceptors (Baker
and Broadley, 2003). We suggest that the same would apply
for the structurally related trace amines, p-tyramine and
B-PEA, in pig coronary arteries. Thus, the known receptors
for vasoconstrictor biogenic amines do not appear to
mediate the coronary vasoconstriction by these trace
amines. Possible candidate target receptors are the TAA
receptors. This extensive family of G-protein-coupled recep-
tors, was discovered fairly recently and includes human and
rat TAA1 receptor, which bind p-tyramine and B-PEA, and rat
TAA4 receptor for which B-PEA is a very weak agonist but not
p-tyramine (Borowsky et al., 2001). p-Tyramine is the most
potent agonist known for human and rat TAAl receptor
expressed in COS-7 (African green monkey kidney fibroblast)
and HEK293 cells (human embryonic kidney cell line)
transfected with the receptor. B-PEA is also an agonist for
TAA1 receptor in transfected cells, but to a lesser degree
(Borowsky et al., 2001; Lindemann et al., 2005).

The amount of cAMP produced by transfected cells
expressing rat and human TAA1 receptor in response to
stimulation by p-tyramine and B-PEA was used to ascertain
the potencies of trace amines at this receptor. The potency
orders of p-tyramine and B-PEA is consistent with this study,
which found that p-tyramine-dependent vasoconstriction
curves lay to the left of those for B-PEA suggesting that
should the two trace amines be acting on the same receptor,



p-tyramine is a more potent agonist of the receptor than
B-PEA. Should the vasoconstriction observed in this study be
the result of TAA receptor activation, it is likely that the
response would be due to TAA1 receptors rather than TAA4
receptors.

The basal concentration range of circulating trace amines
differs greatly between patients of different ages and sex
(Boulton, 1976; Faraj et al., 1976; Ghose, 1984; Reimann
et al.,, 1992; Huebert et al., 1994; D’Andrea et al., 2003).
Concentrations comparable to those observed in this study
could be achieved by a number of means. Pressor responses
are typically associated with a high dietary intake of
tyramine (Branchek and Blackburn, 2003; Zucchi et al.,
2006), especially in those taking MAO inhibitors to prevent
its degradation in the intestine before reaching the vascu-
lature (Faraj et al., 1976; D’Andrea et al., 2003). Elevated trace
amine levels could also be attained in cigarette smokers, who
have 30-40% lower monoamine oxidase B, that degrades
B-PEA and p-tyramine, and 20-30% lower monoamine
oxidase A that degrades tyramine (Berlin and Anthenelli,
2001). Tyramine is also a natural constituent of tobacco
leaves, and is added to tobacco as a component of cocoa,
which is used as a flavouring agent; thus the daily intake of
tyramine from cigarettes is higher than tyramine intake from
other sources such as chocolate or wine (Rambali et al.,
2002).

Other individuals that may experience a trace amine-
associated hypertensive crisis, as a consequence of the trace
amine pressor response, are women taking isoflavones.
Isoflavones are a popular alternative to hormone replace-
ment therapy for treating symptoms associated with the
menopause (Hutchins et al., 2005). Isoflavones, such as
daidzin or daidzein, or their metabolites (equol) are capable
of inhibiting MAO, consequently when isoflavones are taken
in association with a trace amine-rich diet, hypertensive
crises have been reported (Hutchins et al., 2005).

In the light of the evidence presented in this study, further
research needs to be done into the role of trace amine
receptors in vasoconstriction, as, at least in the left anterior
coronary artery, the response to trace amines is not caused by
these amines acting as indirectly acting sympathomimetics
as previously assumed (Borowsky et al., 2001). Regardless of
the TAA receptor subtype by which the vasoconstriction
could be brought about, further research into the possible
role of these receptors in the cardiovascular system will be
hindered by the lack of antagonists for these receptors.
Furthermore, without the genetic sequence of the porcine
TAA receptor, other strategies such as small interfering RNA
are not possible. For the same reason, it has also not been
possible to undertake reverse transcription-PCR studies to
identify the mRNA for TAA receptors in the porcine coronary
artery. Although the human sequence is known, there appear
to be no conserved regions in the pig, which allow
preparation of suitable primers. It appears that trace amines
have a direct effect on coronary artery smooth muscle,
possibly through TAA receptors. These receptors could be
possible targets for new antihypertensive medications. The
magnitude of the vasoconstriction in the coronary artery
has important implications for smokers, which should be
emphasized in any antismoking counselling. Further
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research also needs to be done into isoflavone supplements
and dietary trace amine interactions, so that practitioners
can advise that elevated blood pressure could be a potential
side effect of this medication if used concurrently with a
tyramine- or B-PEA-rich diet.

In conclusion, this study has shown that the dietary trace
amines, p-tyramine and B-PEA, produced coronary vasocon-
striction that far exceeds that of noradrenaline alone. The
vasoconstriction by p-tyramine was not, despite accepted
dogma, caused by an indirect sympathomimetic action
through adrenoceptors. p-Tyramine and B-PEA caused vaso-
constriction independent of histamine, dopamine and 5-HT
receptors, and adrenoceptors which may be through a novel
phenylethylaminergic receptor that is identical, or closely
related, to the recently identified TAA receptors.
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