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Abstract

To assess the role of b-phenylethylamine in aspects of dopamine release, we measured the level of b-phenylethylamine in the rat
striatum after killing the rats by microwave irradiation. We then investigated the effect of b-phenylethylamine on electrically evoked
dopamine release from rat striatal slices in vitro. The striatal b-phenylethylamine level was 46.5"3.5 ngrg wet tissue, equivalent to 0.3
mmolrl. Superfusion with low concentrations of b-phenylethylamine up to 1 mmolrl had no effect on spontaneous or electrically evoked
dopamine release from striatal slices. Quinpirole reduced the evoked dopamine release from slices in a concentration-dependent manner.
The quinpirole-induced reduction of evoked dopamine release was attenuated 30% by superfusion with 0.3 mmolrl b-phenylethylamine.

Ž . Ž .Moreover, the y -sulpiride 0.1 mmolrl -induced increase in evoked dopamine release was also attenuated by superfusion with 0.3
mmolrl b-phenylethylamine. These data indicate that submicromolar levels of b-phenylethylamine could modify the dopamine
autoreceptor mediated changes in evoked dopamine release from rat striatal slices. q 1998 Elsevier Science B.V.
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1. Introduction

b-Phenylethylamine is a trace amine in mammalian
tissues with a chemical structure and pharmacological and
behavioral effects, that closely resemble those of am-

Ž .phetamines Wolf and Mosnaim, 1983 . b-Phenylethyl-
amine is synthesized in dopaminergic neurons of the ni-

Ž .grostriatal system Greenshaw et al., 1986 and released by
diffusion. The rate of diffusion is dependent on the rate of

Ž .synthesis Paterson et al., 1990; Juorio et al., 1991 . Be-
cause of the low endogenous concentration of b-phenyl-

Žethylamine in the brain Durden et al., 1973; Saavedra,
.1974; Reynolds et al., 1980; Huebert et al., 1994 and its

Žrelatively low potency in behavioral Antelman et al.,
.1977; Dourish and Cooper, 1984 and pharmacological

Ž .Philips, 1986; Bailey et al., 1987 experiments, there has
been much discussion as to whether endogenous b-phenyl-
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ethylamine has any physiological role. However, the rate
of synthesis of b-phenylethylamine in the rat brain is
similar to that of dopamine and almost four times that of

Ž .noradrenaline Durden and Philips, 1980 . Recently, it was
reported that low doses of b-phenylethylamine cause ipsi-
lateral rotational behavior in rats with unilateral 6-hyd-
roxydopamine lesions of the nigrostriatal dopamine system
Ž .Barroso and Rodrigez, 1996 . Low dose b-phenylethyl-
amine also causes substantial potentiation of the post-

Žsynaptic actions of dopamine and noradrenaline Paterson
.et al., 1991 . These data indicate that b-phenylethylamine

undergoes extremely rapid turnover in the brain and may
Ž .act in vivo as a neuromodulator Paterson et al., 1990 .

However, little is known concerning how b-phenylethyl-
amine affects dopaminergic transmission under physio-
logical conditions. The present study was conducted to
assess the effects of b-phenylethylamine on quinpirole-in-

Ž .duced reduction and y -sulpiride-induced enhancement
of electrically evoked dopamine release from striatal slices
in rats, which represent the function of the release modu-

Žlating dopamine autoreceptors Arbilla and Langer, 1981;
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.Yamada et al., 1993 . The striatal level of endogenous
b-phenylethylamine was also measured after killing of the
rats either by decapitation or microwave irradiation.

2. Materials and methods

2.1. DA release from striatal slices

Male Wistar rats weighing 250 to 300 g were used. The
animals were housed in a light-, humidity- and tempera-
ture-controlled environment for more than 7 days before
the experiments. They were killed by decapitation between
9.00 and 10.00 a.m. The brains were rapidly removed and
the slices obtained were put in ice-cold Krebs solution
aerated with 95% O and 5% CO . Four slices, each 0.32 2

Žmm thick, were made with a Micro Slicer Dohan EM.
.Co. at A9760 to A7630, according to the atlas of Konig

Ž .and Klippel 1963 . One slice was used for control experi-
Ž .ments superfusion without drugs and three were used for

perfusion with b-phenylethylamine andror quinpirole. The
striatal tissue in the slices was punched out with a metal

Ž .tube 3 mm inner diameter . One striatal slice was placed
in a chamber made from a Plexiglass tube in which
platinum electrodes had been mounted to stimulate the
slice. The slice was then superfused with Krebs solution
and aerated with 95% O and 5% CO , at a flow rate of2 2

0.7 mlrmin, at 378C. The composition of the Krebs solu-
Ž .tion in mmolrl was: NaCl, 118.0; KCl, 4.9; NaHCO ,3

25.0; NaH PO , 1.25; CaCl , 1.25; MgCl , 1.18 and2 4 2 2
Ž .glucose, 11.0, together with nomifensine 3 mmolrl . Af-

ter 30 min of superfusion, electrical field stimulation was
performed with platinum spiral electrodes set up at the end
of the chamber. The stimuli were 20 mA rectangular
pulses, 2 ms in duration, with a frequency of 1 Hz, applied

Ž . Ž .for 2 min, 30 min S1 and 62 min S2 after the beginning
of the superfusion. Various concentrations of b-phenyleth-

Ž .ylamine 0.1–1 mmolrl with or without 1 mmolrl quin-
pirole, a dopamine D receptor agonist, or 0.1 mmolrl2
Ž .y -sulpiride, a dopamine D receptor antagonist, were2

added to the superfusion medium 15 min before S2. In
another experiment, various concentrations of quinpirole
Ž .0.1, 0.3, 1 and 3 mmolrl were added at 15 min before
S2 to the superfusion medium with or without 0.5 mmolrl
b-phenylethylamine. The superfusate was collected in
tubes, as the 7-min fraction. Dopamine released into the
superfusate was adsorbed onto alumina, eluted with 300
ml of 0.1 molrl acetic acid and quantified by high perfor-
mance liquid chromatography with electrochemical detec-

Ž .tion HPLC-ECD . The HPLC method used has been
Ž .described previously Yamada et al., 1993 . The dopamine

release evoked during S1 and S2 was calculated by sub-
tracting the spontaneous dopamine release from the total
release. The spontaneous dopamine release during each
stimulation, assessed from the sample collected during the
7-min period preceding each stimulation, was expressed as
sp1 and sp2, respectively.

2.2. Determination of b-phenylethylamine leÕel in the rat
striatum

Rats were killed either by decapitation or by microwave
irradiation. The microwave was set at 5 kW for a duration
of 1.3 s. Each brain was quickly removed and the striatum
was dissected, then stored at y808C until analysis. Extrac-
tion of b-phenylethylamine from the striatum was per-

Žformed with a previously reported method Yamada et al.,
.1994a . In short, the striatal tissue was homogenized with

1 ml of 0.1 molrl formic acid and centrifuged at 10 000=g
for 5 min. 50 ng of deuterium-labeled b-phenylethylamine
was added to 0.5 ml of the supernatant as an internal
standard and the mixture was kept at 58C for 15 min for
equilibration. Following the addition of 0.2 ml of 5 M
NaOH, the sample was applied to an Extrelut column
Ž .3.5=1 cm, Merck for 15 min, then eluted with 7 ml of
ethyl acetate. The eluate was collected in a tube and
evaporated under a gentle stream of dry nitrogen gas. The
residue was then derivatized with 50 ml of pentafluoropro-
pionate anhydrous at 608C for 30 min. The solvent was
evaporated to dryness with dry nitrogen gas and the sam-
ple was reconstituted with 20 ml of ethyl acetate. 1 ml of
the solution was injected into a gas chromatography-chem-

Ž .ical ionization-mass spectrometer GC-CI-MS . GC-CI-MS
Žanalysis was carried out with a Hitachi M-80B Hitachi,

.Japan double-focused mass spectrometer interfaced to a
data acquisition system. Isobutane served as the CI reagent

Ž y6 .gas source pressure 4=10 Torr . Helium was used as
Ž .the GC carrier gas 40 mlrmin . The GC-MS interface

oven and transfer line were set at 2208C. A megabore
Ž .column 0.56 mm i.d., 15 m long, J&W Co. coated with

DB-1 was used. The oven temperature was maintained
isothermally at 1308C. For the selected ion monitoring

Ž qstudy, mrz 268 and 272 MH for b-phenylethylamine-
pentafluoropropionate and d4-b-phenylethylamine-penta-

.fluoropropionate were monitored. Peak area measure-
ments were used for the estimation of ion currents.

2.3. Data analysis

Values are expressed as ng of dopaminermg protein in
Ža slice per 7-min fraction or as the S2rS1 ratio mean"

.S.E.M. . The striatal level of b-phenylethylamine was
Ž .expressed as ngrg wet tissue mean"S.E.M. . Statistical

comparisons were performed using one way or two way
Ž .analyses of variance ANOVA , followed by Scheffe’s

F-test for the superfusion experiments and Student’s t-test
for the striatal level of b-phenylethylamine.

3. Results

3.1. Effects of b-phenylethylamine on dopamine release
from the striatal slices

The spontaneous release of dopamine was 0.32"0.01
Žngrmg protein per 7-min fraction mean"S.E.M., ns16,

where n represents the number of slices taken from eight
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Table 1
Effects of 2-phenylethylamine on dopamine release from rat striatal slices

PEA concentration Basal DA release Evoked DA realease

mM n sp2rsp1 ratio n S2rS1 ratio

0 16 1.04"0.03 16 1.13"0.05
0.1 9 1.06"0.06 9 1.02"0.03
0.3 16 1.07"0.014 16 1.18"0.04
1 16 1.12"0.03 16 1.11"0.06

) )10 6 1.37"0.04 6 0.82"0.05

PEA, 2-phenylethylamine; DA, dopamine.
Value is mean ratio"S.E.M., n represents the number of slices from 3 to
8 rats.
) P -0.05, compared to the control ratio.

.animals . Electrical stimulation induced a significant in-
crease in dopamine release, five-fold greater than the

Žspontaneous release 1.67"0.24 ngrmg protein per frac-
.tion . The control S2rS1 value was 1.13"0.05. The

spontaneous dopamine release from the striatum was un-
changed by concentrations of b-phenylethylamine up to 1
mmolrl, but was increased by superfusion with b-phenyl-

Žethylamine concentrations higher than 10 mmolrl Table
.1 . The evoked dopamine release was not changed by

superfusion with low concentrations of b-phenylethyl-
Ž .amine 0.1 to 1 mmolrl, Table 1 . The dopamine D2

Ž .receptor agonist, quinpirole 0.1 to 3 mmolrl , reduced the
evoked dopamine release from striatal slices in a concen-

Žtration dependent manner 96.3% of control for 0.1
mmolrl; 61.1% for 0.3 mmolrl; 55.6% for 1 mmolrl;

.58.3% for 3 mmolrl . This reduction in evoked dopamine
release was attenuated when the slice was superfused with

Ž0.5 mmolrl of b-phenylethylamine 95.7% of control for
0.1 mmolrl quinpirole; 72.4% for 0.3 mmolrl; 69.8% for

. Ž1 mmolrl; 68.1% for 3 mmolrl two way ANOVA,
Ž . .treatment, F 1, 40 s17, Ps0.00015, Table 2 . More-

Table 2
Effects of 2-phenylethylamine on quinpirole-induced reduction of evoked
dopamine release from rat striatal slices

Ž .Quinpirole conc. Evoked DA release S2rS1 ratio

Ž .mM n without PEA n with PEA 0.5 mM

0 12 1.08"0.08 12 1.16"0.04
0.1 6 1.04"0.06 6 1.11"0.04

a bc0.3 6 0.66"0.06 6 0.84"0.08
a ac1 6 0.60"0.04 6 0.81"0.05
a ad3 6 0.63"0.04 6 0.79"0.05

DA, dopamine; PEA, 2-phenylethylamine; conc., concentration. two-way
Ž .ANOVA, treatment F 1, 40 s17.63; P s0.00015.

aP -0.01.
b Ž .P -0.05 compared to each control quinpirole absent .
cP -0.01.
dP -0.05, compared to the same concentration of quinpirole without
PEA.
Value is mean ratio"S.E.M., n represents the number of slices from 3 to
6 rats.

Fig. 1. Effects of b-phenylethylamine on the quinpirole-induced reduc-
tion of evoked dopamine release from striatal slices in the rat. The
quinpirole-induced reduction of evoked dopamine release was attenuated

Ž Ž .by superfusion with b-phenylethylamine one-way ANOVA F 3, 27 s
6.01, P s0.003; ) P -0.05, compared to quinpirole group, Scheffe’s
test, ns7–8 in each group, n represents number of slices taken from 4

.animals . Values are mean"S.E.M. of S2rS1 ratios.

Ž .over, the quinpirole 1 mmolrl -induced reduction of
evoked dopamine release was also attenuated by superfu-

Žsion with b-phenylethylamine 0.1 to 0.6 mmolrl,
Ž . .ANOVA, F 3, 27 s 6.01, P s 0.003, Fig. 1 . The

Ž . Ž .dopamine receptor antagonist, y -sulpiride 0.1 mmolrl ,
enhanced the evoked dopamine release by 188%. This
effect was significantly attenuated by superfusion with 0.3
mmolrl b-phenylethylamine or 1 mmolrl b-phenylethyl-

Ž Ž . .amine ANOVA F 2, 21 s6.58, Ps0.006, Fig. 2 .

Ž .Fig. 2. Effect of b-phenylethylamine on the y -sulpiride-induced in-
crease in evoked dopamine release from striatal slices in the rat. The
Ž .y -sulpiride-induced increase in the evoked dopamine release was

Žattenuated by superfusion with b-phenylethylamine one way ANOVA
Ž . ) Ž .F 2, 21 s6.58, P s0.006; P -0.05, compared to y -sulpiride group,

Scheffe’s F-test, ns8 in each group, n represents number of slices taken
.from 4 animals . Values are mean"S.E.M. of S2rS1 ratios.
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3.2. Striatal leÕel of b-phenylethylamine

Rats killed by microwave irradiation had striatal b-
phenylethylamine levels of 46.1"3.42 ngrg wet tissue
Ž .mean"S.E.M., ns8 , a level seven-fold higher than

Žthat seen following decapitation 6.3"0.41 ngrg wet
tissue, mean"S.E.M., ns5, Student’s t-test, ts3.2,

.P-0.01 .

4. Discussion

The striatal level of b-phenylethylamine in rats killed
by decapitation was comparable to the levels reported in

Žprevious studies Lauber and Waldmeier, 1984; Juorio,
.1988; Boulton et al., 1990 . However, when rats were

killed by microwave irradiation, the striatal level of b-
phenylethylamine was seven-fold higher than that associ-
ated with decapitation. It has been reported previously that
the level of b-phenylethylamine in the whole rat brain
after killing with microwave irradiation is twice that seen

Ž .after decapitation Lauber and Waldmeier, 1984 . Our
results indicate that b-phenylethylamine has an extremely
rapid turnover rate in the brain, which is compatible with a
previous report that the half-life of the endogenous pool of

Ž .b-phenylethylamine is 0.4 min Durden and Philips, 1980 .
Since it takes less than 1.3 s to stop the oxidative deamina-
tion of b-phenylethylamine, the physiological concentra-
tion of b-phenylethylamine in the striatum would be ap-
proximately 0.3 mmolrl. In our study, low concentrations
of b-phenylethylamine up to 1 mmolrl had no effect on
the spontaneous dopamine release from striatal slices, but
10 mmolrl b-phenylethylamine caused a 32% increase in

Ž .spontaneous dopamine release Table 1 . Substantial evi-
dence suggests that b-phenylethylamine stimulates the

Žrelease of dopamine from synaptosomes Raiteri et al.,
. Ž .1977 , striatal slices Dyck, 1983 and in the perfusate

Ž .from a cannula in vivo Philips and Robson, 1983 . This
dopamine release is thought to be from the cytoplasmic
dopamine pool and carrier-mediated and Ca2q independent
Ž .Liang and Rutledge, 1982; McMillen, 1983 . As the tissue
was superfused with nomifensine in the present experi-
ment, b-phenylethylamine may enter the cell membrane

Ž .by simple diffusion. b-Phenylethylamine 10 mmolrl
caused a reduction of the dopamine release induced by

Ž .electrical stimulation Table 1 . High concentrations of
b-phenylethylamine may reduce the amount of dopamine
in the synaptic vesicles, resulting in the reduction of
depolarization-induced dopamine release from synaptic

Ž .vesicles as reported by Kamal et al. 1983 who studied the
effect of amphetamine on evoked dopamine release, or the
b-phenylethylamine-induced increase in basal release of
dopamine may activate dopamine autoreceptors to reduce
the evoked dopamine release from the slices. However, all
these effects were observed at higher concentrations of

Žb-phenylethylamine more than 5 mmolrl; Raiteri et al.,

.1977; Dyck, 1983; Philips and Robson, 1983 . In electro-
physiological studies, iontophoretic application of b-phen-
ylethylamine potentiates caudate neuron responses to the
iontophoretic application of dopamine and to electrical

Ž .stimulation of the substantia nigra Paterson et al., 1991 .
Partial agonistic properties of b-phenylethylamine at a -1

adrenoceptors in rat aortic strips and cerebral cortex have
Ž .been reported when high concentrations )26 mmolrl of

Žb-phenylethylamine was applied Hausen et al., 1980;
.Dyck and Boulton, 1989 . However, no one has been able

to show a direct interaction of submicromolar concentra-
tions of b-phenylethylamine at any site other than

Ž .monoamine oxidase type B EC1.4.3.4, Li et al., 1992 and
Ždopamine-induced change in membrane fluidity Harris et

. Ž .al., 1988 . In our study, a low concentration 0.3 mmolrl
of b-phenylethylamine alone had little effect on sponta-
neous or evoked dopamine release, but had an inhibitory

Ž .effect on the quinpirole-induced reduction or y -
sulpiride-induced enhancement of evoked dopamine re-
lease. This is the first report of a significant effect of
submicromolar concentrations of b-phenylethylamine on
dopamine neurotransmission. Dopamine D2 receptor ago-
nists reduce and D2 receptor antagonists enhance the
evoked dopamine release either by activation or blockade
of release-modulating dopamine autoreceptors at dopamine

Žnerve terminals Farnebo and Hamberger, 1971; Arbilla
and Langer, 1981; Starke et al., 1983; Parker and Cubeddu,

.1985; Lane and Blaha, 1986; Yamada et al., 1993, 1994b .
The present results indicate that b-phenylethylamine inter-
acted with dopamine autoreceptor-mediated changes in the
evoked dopamine release. The mechanism underlying the
partial agonist-like properties of b-phenylethylamine for
dopamine autoreceptors remains unknown. Chronic admin-

Žistration of a low dose of b-phenylethylamine 10 mgrkg
.for 28 days caused a down-regulation of dopamine D2

Ž .receptors in rats Paetsch and Greenshow, 1993 , indicat-
ing that b-phenylethylamine could affect the function of
dopamine D2 receptors. High-affinity binding sites for
w3 x ŽH b-phenylethylamine have been reported Hauger et

.al., 1982 but which were mainly to monoamine oxidase
w3 xtype B and specific binding sites for H b-phenylethyl-

Ž .amine have not been reported Li et al., 1992 . This latter
w3 xreport showed that specific binding of H b-phenylethyl-

amine at more than 0.3 mmolrl was found even in the
Ž .presence of monoamine oxidase inhibitors Li et al., 1992 .

The data indicate that a low-affinity binding site for b-
phenylethylamine should not be ruled out. b-phenylethyl-

Žamine is catabolized by monoamine oxidase type B Philips
.and Boulton, 1979 . Monoamine oxidase inhibitors, includ-

ing phenelzine, which is catabolized to b-phenylethyl-
Ž . Ž .amine in vivo Paetsch and Greenshow, 1993 , y -depre-

nyl and pargyline which have a structure similar to that of
w3 xb-phenylethylamine, inhibit H quinpirole binding in rat

Ž .striatal membranes Levant et al., 1993 . b-Phenylethyl-
amine may inhibit the quinpirole-induced reduction of
evoked dopamine release by inhibiting the binding of
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quinpirole. Further study would be necessary to determine
whether b-phenylethylamine displaces quinpirole and
sulpiride from their binding to dopamine D receptors. The2

presence of nomifensine, a dopamine uptake inhibitor, in
the Krebs solution that increased dopamine levels in the
synaptic cleft, may have resulted in tonic activation of the
dopamine autoreceptors. This may have modified the ef-
fects of b-phenylethylamine in our experimental set up.

In conclusion, the present results suggest that b-phenyl-
ethylamine at physiologically relevant concentrations could
affect the biochemical mechanisms interposed between
presynaptic autoreceptors and dopamine release, which
could be responsible for the neuromodulatory effect of
b-phenylethylamine.
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