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In superfusion experiments with a crude synaptosomal fraction from the nucleus accumbens of rats, lysergic acid
diethylamide, mescaline and N,N-dimethyltryptamine (representing different chemical classes of psychotomimetics)
produced a concentration-related inhibition of K *-evoked [*H]dopamine release whereas spontaneous release re-
mained unchanged. The nonpsychotomimetic ergoline lisuride tested at the same concentration range did not modulate
spontaneous or K*-evoked [*H]dopamine release. The inhibitory effects of the psychotomimetics tested were
antagonized by equal concentrations of haloperidol or methiothepine. It is postulated that the effects of psycho-
tomimetics on DA release were triggered via simultaneous action at presynaptic dopamine and 5-hydroxytryptamine

receptors which are located at dopamine nerve endings in the nucleus accumbens.

Dopamine release Nucleus accumbens

1. Introduction

Dopamine (DA) receptor-mediated inhibition
of the stimulated release of previously accu-
mulated [°H]DA has been demonstrated in super-
fusion experiments with striatal slices and syn-
aptosomes of rats (for review and discussion of
conflicting data see Starke, 1978) and with syn-
aptosomes from the nucleus accumbens of rats
(Hetey et al., 1982).

Recently Ennis et al. (1981) reported an inhibi-
tion of DA release in the rat striatum by a series of
indoleamines and a concentration-dependent at-
tenuation of these inhibitory effects by 5-hydroxy-
tryptamine (SHT) antagonists. A similar phenome-
non has been shown in our experiments with syn-
aptosomes from the nucleus accumbens of rats
(Hetey et al., 1982). Both results suggest the pres-
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ence of inhibitory SHT receptors at DA nerve
endings at least in the striatum and nucleus ac-
cumbens of rats.

Psychotomimetics were shown to have ap-
proximately similar affinities to SHT and DA re-
ceptors in the brain but data regarding their ac-
tions upon the DA system are scarce (for review
see Freedman and Boggan, 1982). Push-pull
experiments with cats showed that lysergic acid
diethylamide (LSD) depressed the DA outflow
(Da Prada et al., 1975), decreased the concentra-
tion of homovanillic acid (HVA) in whole brain
(Pieri et al., 1978) and inhibited the K *-stimulated
DA release from superfused synaptosomes from
nucleus accumbens of LSD-pretreated rats (Hetey
and Quiring, 1980). On the other hand biochemi-
cal evidence suggests indirectly that the synthetic
psychotomimetics N,N-dimethyltryptamine
(DMT) could stimulate DA release (Waldmeier
and Maitre, 1977). However, the results from such
in vivo experiments are difficult to interpret and
no clearcut conclusions can be drawn about either
the site of action, or the presumed involvement of
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S5HT and Da receptors (Freedman and Boggan,
1982).

The occurrence of DA autoreceptors as well as
of SHT heteroreceptors at DA nerve endings in
the nucleus accumbens provides the opportunity
to elucidate the actions of psychotomimetics upon
Da release and to characterize the type of receptor
involved. We investigated the effects of three psy-
chotomimetics from different chemical classes, the
ergoline compound LSD, the phenethylamine de-
rivate mescaline and the indoleamine DMT in
comparison to lisuride, a nonpsychotomimetic
ergoline structurally related to LSD with potent
SHT and DA agonist effects (Freedman and Bog-
gan, 1982). For the characterization of the recep-
tors involved we used the DA antagonist halo-
peridol and the SHT antagonist methiothepine, the
most active and specific compound in antagoniz-
ing the inhibitory SHT effects on DA release from

synaptosomes of the nucleus accumbens (Hetey et

al, 1982) and on SHT release in various brain
areas (Cerrito and Raiteri, 1979; Gaothert, 1980;
Hetey et al., 1982).

Finally we carried out some comparative release
experiments without inhibition of monoamine
oxidase (MAO). The MAO inhibitors were shown
to change the distribution of DA into the different
compartments of presynaptic terminals and could
therefore induce artifactual results (Arbilla and
Langer, 1980).

2. Materials and methods
2.1. Tissue preparation

Male Wistar rats (VEB Versuchstierproduktion
Schonwalde) housed under standard conditions
(temperature 22 + 2°C, 12 h light/dark schedule,
food and water ad libitum) were sacrificed by
immersion into liquid nitrogen for about 7 s, the
brains rapidly removed and the nuclei accumbens
dissected out on ice-cooled Petri dishes. For pre-
paration of a crude synaptosomal fraction the
tissue was homogenized (teflon pestle, clearance
0.03 mm, 10 strokes) in 0.32 M sucrose containing
(mM) Na,HPO, 2.0; KH,PO, 0.7, MgCl, 1.0;
disodium EDTA 3.0; pH 7.3. Nuclei and cell

debris were removed by centrifugation (1000 x g
for 8 min; 2-4°Q).

2.2. Synaptosomal ['H Jdopamine release

The synaptosomal suspension was transferred
to a modified Mcllwain uptake buffer saturated
with 5% carbon dioxide in oxygen, containing
(mM) KC11.7; KH, PO, 1.3; Na,HPO, 10.4; NaCl
130.0; MgSO, 1.3; CaCl, 1.3; pargyline 0.125:
disodium EDTA 0.2; ascorbic acid 1.1; sucrose
17.3; glucose 11.0 (Mcllwain, 1951). and adjusted
to pH 7.3, The synaptosomal suspension was in-
cubated with [*H]DA (10~7 M) for 8 min at 37°C,
divided into two equal parts, placed on GFB
Whatman filters and transferred into two superfu-
sion chambers (inner volume 0.4 ml) as described
recently (Hetey and Quiring, 1980). The synapto-
somes were superfused at 37°C at a rate of 0.5
ml-min~"' at first for 10 min with a Mcllwain
normal buffer with a doubled concentration of
Ca’* followed for 8 min by superfusion with nor-
mal buffer to which the drugs to be tested were
added immediately before starting the superfusion.
Synaptosomes were depolarized for 4 min in a
Mcllwain buffer containing 30 mM K* with iso-
molar replacement of Na*. An additional 10 min
superfusion with normal buffer containing the
drugs finished the release experiment.

Superfusate fractions were collected every 2 min
and their radioactivity as well as the residual ra-
dioactivity in the synaptosomes at the end of the
experiments was determined by liquid scintillation
counting (LKB, model 1210, ultrobeta). For calcu-
lation of [*H]DA release, the difference between
the K*-stimulated and the virtually unstimulated
release was determined in relation to the total
amount of radioactivity present in the synapto-
somes at the onset of the stimulation period.

In the experiments without MAO inhibition the
same conditions were used with the exception that
the uptake and superfusion buffer did not contain
pargyline and that 3 effluent fractions were col-
lected each into 0.6 ml of 0.6 n acetic acid con-
taining 0.6% ascorbic acid: the spontaneous re-
lease fraction before and after the stimulation
period and the K *-stimulated release fraction (each
for 6 min beginning at 12, 18 and 24 min of




superfusion). After superfusion, the synaptosomes
were extracted with 0.1 n acetic acid containing
0.1% ascorbic acid and both the effluent fractions
and the extracts were but, at pH 4, on Dowex 50
WXS8-H* ion-exchange columns for DA separa-
tion (Taylor and Laverty, 1969). Column recovery
for DA was 86%. For calculating the K*-evoked
release of [PH]DA the average DA radioactivity of
the spontaneous release fractions was subtracted
from the corresponding DA value of the K-
stimulated fraction and expressed as the per-
centage of the [H]DA activity in the synapto-
somes at the onset of K* stimulation.

Statistical analysis was performed according to
Wilcoxon, Mann and Whitney (based on Wilco-
xon, 1947).

release of 3H-DA
% of controls ]
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2.3. Materials

The following drugs were used: [ethyl-1-
3H(N)J-dopamine (spec. activity 21.8 Ci/mmol;
New England Nuclear, Boston); N,N-dimethyl-
tryptamine (Sigma, St. Louis); haloperidol (G.
Richter, Budapest); lysergic acid diethylamide
tartrate (SPOFA, Prague); lisuride hydrogen
maleate (gift from Schering AG, West-Berlin),
mescaline sulfate (Merck, Darmstadt); methio-
thepine maleate (gift from Hoffmann-La Roche,
Basel); pargyline hydrochloride (VEB Fahlberg-
List, Magdeburg).

Haloperidol and DMT were dissolved in a few
drops of 2 N acetic acid and the pH was corrected
after adding the buffer to the final volume. The
other drugs were dissolved in distilled water and
stock solutions stored for a maximum of 1 week at
—~18°C. Lisuride was dissolved immediately be-
fore use.

Lisuride
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Fig, 1. Concentration-related inhibition by LSD and lack of inhibitory effects of lisuride on 30 mM K ™-evoked {*H]DA release from
results expressed as percent of controls; 100% =15.30% of total radioactivity.
heses. * P < 0.05; ** P <0.01 vs. controls, according to

superfused synaptosomes of the nucleus accumbens;

The values represent mean +S.E.M.; number of experiments in parent

Wilcoxon, Mann and Whitney.
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3. Results
3.1. Influence of LSD and lisuride on DA release

Superfusing synaptosomes from the nucleus ac-
cumbens, preloaded with [*H]DA, with a solution
containing 30 mM K* produced a marked in-
crease in tritium overflow which was shown to be
mainly Ca?*-dependent (Hetey and Quiring, 1980).
LSD added 10 min after the onset of the superfu-
sion with normal buffer did not change the spon-
taneous release. The K*-evoked tritium release,
however, was inhibited by LSD in a concentration-
related manner (fig. 1). There was already a sig-

release of SH- DA

[°/o of controls]

nificant reduction with a concentration of 10 * M
LSD. The maximum inhibition to 51.5% of the
controls was caused by a concentration of 10 ¢ M
LSD and an IC,, value representing half-maxi-
mum inhibition of about 7xX107* M LSD was
calculated. On the other hand, lisuride over the
concentration range 107 to 10 ° M did not in-
duce any significant change in the spontaneous as
well as in the K *-evoked tritium release (fig. 1).

3.2. Influence of mescaline and DMT on DA release

Mescaline and DMT did not change the spon-
taneous release over the concentration range 5 X

1009 DMT
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Fig. 2. Concentration-related inhibition by DMT and mescaline of 30 mM K *.evoked [*H]DA release from superfused synaptosomes
of the nucleus accumbens, expressed as percent of controls; 100% =14.45% and 15.35% of total radioactivity. The values represent
mean +S.EM.; number of experiments in parentheses. * P < 0.05; ** P < 0.01 vs. controls, according to Wilcoxon. Mann and

Whitney.



107° t0 5 X 1073 M. Both psychotomimetics how-
ever produced a concentration-dependent inhibi-
tion of the K *-evoked tritium release with similar
profiles (fig. 2). A rather high concentration, i.e.
107° M, was needed to cause a significant de-
crease. The maximum inhibitory effects did not
exceed 28% with mescaline (1C, value of about
6 X 107° M) and 24% with DMT (I1C,, value of
about 7 X 107° M). With bith compound a plateau
seemed to be reached at a concentration of 2 X
1075 M.

TABLE 1
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3.3. Actions of haloperidol and methiothepine upon
psychotomimetic-induced inhibition of DA release

At the concentrations used, neither haloperidol
nor methiothepine produced significant changes in
the spontaneous overflow and K *-evoked tritium
release was only slightly and non-significantly
increased. However, simultaneous superfusion with
haloperidol and with each of the psychotomimetics
caused a pronounced increase in the spontaneous
tritium release. These effects could be prevented
by adding cocaine (4 X 10~ ° M) which was there-
fore used throughout these experiments with
haloperidol. Additional experiments excluded the

Attenuation by haloperidol and methiothepine of the inhibitory effects of LSD, mescaline and DMT on 30 mM K *-stimulated
[TH]DA release from superfused synaptosomes of the nucleus accumbens of rats. Values represent means + S E.M.; (n) = number of
experiments. For further details see Methods. # P < 0.05; /¢ P < 0.0 vs. controls and psychotomimetics, respectively, according to

Wilcoxon, Mann and Whitney.

Drugs Final Surplus of K *- % of
concentration stimulated controls
(»M) tritium release,
% of total
radioactivity,
(n)
Controls 15.30+ 0.89 (15) 100
LSD 2 9.36+0.54 (16)* 61
LSD 2 13.80+0.64 (5)* 90
+ haloperidol 1
LSD 2 1210+0.70 (5)* 79
+ haloperidol 05
LSD 2 1473+141 (9" 96
+ methiothepine 1
LSD 2 13.50+1.77 (5)* 88
+ methiothepine 0.5
Haloperidol 1 ) 15.67+1.47 (4) 102
Methiothepine 1 1619+ 1.12 (3) 106
Controls 14.82+0.53 (5) 100
Mescaline 20 10.65+0.63 (5)° 72
Mescaline 20 15471072 (4)° 104
+ halopetidol s
Mescaline 10 IR1340.78 (4)* 122
+ methiothepine 5
DMT 20 9924129 (4° 67
DMT 20 13.08+0.50 (5)* 88
+ haloperidol 5
DMT 20 17201040 (3)¢ 116
+ methiothepine 5 1720+ 040 (3)¢ 116
Haloperidol 5 15.92+0.88 (4) 107
Methiothepine 5 16.86 +1.14 (4) 114
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possibility that cocaine changed the tritium over-
flow and the inhibition of K*-evoked release pro-
duced by the psychotomimetics (results not shown).

Haloperidol as well as methiothepine antago-
nized concentration-dependently the inhibitory ef-
fects of LSD 2 x 107% M (table 1). In both cases
half-equimolar concentrations of the antagonists
were sufficient to block the LSD effect completely.
The inhibition of K*-evoked tritium release in-
duced by mescaline and DMT 2X 107> M was
antagonized by haloperidol and methiothepine 5
X 107¢ M, respectively, in a quite similar manner
(table 1).

3.4. Influence of LSD on K *-stimulated DA release
without MAO inhibition

In the experiments without pargyline the con-
tent of ['H]DA in the spontaneous release frac-
tions was not different before and after the stimu-

lation period and averaged 49.2 + 4.6% of the total-

3H-content in the effluents (n = 10, mean
+S.EM.). The K*-stimulated release fraction
contained, in excess of the spontaneously released
DA, 93.2 + 3.2% [*H]DA (n = 5). Similarly, most
of the synaptosomal radioactivity at the end of the
superfusion was DA (88.4+5.7%, n=5). The
K *-stimulated DA release was 12.1 + 1.4% of the
synaptosomal DA content. De Langen and co-
workers (1979) had obtained similar results in
comparable experiments with synaptosomes of rat

TABLE 2

striatum. Like the K*-stimulated Da release, the
influence of LSD and the antagonists on release
was in the same range as in the experiments with
pargyline (see table 2).

4. Discussion

LSD. mescaline and DMT, representing differ-
ent chemical types of psychotomimetics, produced
a qualitatively similar concentration-dependent
inhibition of K™*-stimulated tritium release from
superfused synaptosomes preloaded with [H]DA.
Since ‘the basal tritium overflow remained
unchanged in the presence of the psychotomimet-
ics tested and the uptake inhibitor cocaine did not
modulate the inhibitory effects of the psycho-
tomimetics which, however. were blocked by a DA
and a SHT antagonist, respectively, it seems most
likely that the changes in the evoked overflow of
tritium reflect a receptor-mediated modulation of
transmitter release (for review see Starke, 1978).
The pronounced differences in potency of the psy-
chotomimetics tested correspond to similar dif-
ferences seen in electrophysiological, biochemical
and binding studies, in behavioural experiments
and with respect to the hallucinogenic potency in
man (for reviews see Aghajanian, 1982; Freedman
and Boggan, 1982). Our results are in accordance
with findings of Ennis et al. (1981) that the psy-
chotomimetic 5-methoxy-N,N-dimethyltryptamine

Antagonism by haloperidol and methiothepine of the inhibition by LSD of 30 mM K “-stimulated [*H]DA releasc from superfused
synaptosomes without MAO inhibition. Values represent means + S.E.M.; /¢ P < 0.01 vs. controls and LSD, respectively, according

to Wilcoxon, Mann and Whitney. For further details sce Methods.

Drugs Final Surplus of K - % of
concentration stimulated [ 'H|DA controls
(M) release, % of
total [TH]DA (n)
Controls 12,10 + 1.40(5) 100
LSD 2 6.784+1.65(5" 56
LSD 2 11.49+0.82 (9" 95
+ haloperidol 1
LSD 2 10.16 £1.30(5)° ’4
+ methiothepine 1
Haloperidol 1 13.43+2.45(4) 111
Methiothepine 1 11.86+0.73 (4) 98
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inhibits K *-evoked DA release from striatal shices.
Moreover, our results appear to confirm reports of
a reduced DA overflow seen in push-pull experi-
ments (Da Prada et al, 1975) and a decrease in
HVA (Pieri et al., 1978) and in the formation of
3-methoxytyramine (Kehr, 1977) after systemic
administration of LSD. However, there are also
conflicting data (Keller et al.. 1978) and the dosage
level seems to be rather important. A significant
decrease in the K*'-stimulated DA release from
superfused synaptosomes prepared from the
nucleus accumbens of LSD-pretreated rats could
be demonstrated only after i.p. injections of 0.5
mg,/kg LSD, whereas 0.1 mg/kg remained ineffec-
tive (Hetey and Quiring, 1980). Under special con-
ditions, i.e. after pretreatment with reserpine or
cerebral hemisection, LSD may already act at lower
doses upon presynaptic receptors at DA nerve
endings as has been shown by the finding of an
inhibition of the increased dopa accumulation
(Persson, 1977; Kehr and Speckenbach, 1978). Al-
though LSD and the other two psychotomimetics
were shown to inhibit DA release in vitro, some of
their effects on the DA system in vivo may be
triggered indirectly. Thus, 50 ng LSD microin-
jected into the medial raphe nucleus of conscious
rats increased the stimulated DA release in the
nucleus accumbens significantly, obviously by at-
tenuating an inhibitory SHT input to DA neurons
in the ventral tegmental area (Oelssner et al., 1982).

Decreased levels of striatal HVA and a more
pronounced decrease of dihydroxyphenylacetic
acid after . DMT have been interpreted as a su-
perimposition of MAO inhibitory properties and a
DA releasing action of DMT (Waldmeier and
Maitre, 1977). However, close inspection on the
experimental data does not provide direct evidence
for an increased DA release and according to our
in vitro results inhibitory rather than stimulatory
actions of DMT upon DA release must be taken
into account. On the other hand the lack of inhibi-
tory effects of lisuride suggests that the marked
decrease in HVA at both low and high doses
(Keller et al., 1978) and the delayed disappearence
of DA after a-methyl-p-tyrosine (Kehr, 1977) de-
pend on the stimulation of postsynaptic DA recep-
tors and triggering of receptor-coupled feedback
mechanisms. Furthermore, Kebabian and Kebab-
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ian (1978) reported that lisuride did not inhibit
striatal tyrosine hydroxylase in vitro which ap-
pears to provide further evidence for the lack of
presynaptic DA effects of lisuride.

The inhibition of DA release by LSD was
antagonized by the DA antagonist haloperidol as
well as by the SHT antagonist methiothepine in a
concentration-dependent and highly specific
manner. A qualitatively similar antagonism could
be demonstrated toward the inhibitory effects of
mescaline and DMT. The specifity of the DA
antagonistic properties of haloperidol is generally
accepted. In contrast to other much less potent or
even inactive SHT antagonists, methiothepine was
extremely potent in attenuating the inhibitory ef-
fects of SHT on DA release (Hetey et al., 1982)
and on its own release in superfusion experiments
with synaptosomes from the hypothalamus (Cer-
rito and Raiteri, 1979) and the nucleus accumbens
(Hetey et al., 1982), and with brain cortex slices
(Gothert, 1980).

The corresponding inhibitory effects of three
psychotomimetics of different chemical types, the
lack of effect of lisuride and the equal potency of a
DA and a SHT antagonist represent a rather un-
usual combination of effects. The possibility that
at least two distinct receptor types occur is sup-
ported by the finding that, in each case, inhibitory
effects of the transmitters DA and SHT on syn-
aptosomal DA release as well as on synaptosomal
tyrosine hydroxylase activity in the nucleus accum-
bens can be blocked only by the specific antagonist
haloperidol and methiothepine, respectively (Hetey
et al., 1982; Hetey, Kudrin, Shemanow, Rayevsky
and Oelssner, submitted for publication). The psy-
chotomimetics may interact simultaneously with
both receptor types, however, it is only poorly
understood why the blockade of one receptor by
the specific antagonist should also counteract ef-
fects mediated by the other receptor. Moreover,
the failure of lisuride to exert inhibitory actions
despite its more pronounced postsynaptic DA and
SHT agonist properties points to an effect specific
to psychotomimetics. It seems that agents capable
of stimulating both DA and SHT receptors simul-
taneously can contribute to the triggering of hal-
lucinogen-specific activities as shown with an in
vitro moel. The antagonism of the hallucinogen-in-
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duced effects by each specific blocker may be
explained by assuming that the hallucinogenic
molecule will be sterically hindered from acting via
the other .unoccupied receptor. Another possibility
is that the two presynaptic receptors interact allos-
terically and therefore recognition of the hallu-
cinogen is not possible at the unoccupied receptor
part. More detailed experiments are needed to get
a better insight into the postulated specific actions
of psychotomimetics at the biochemical level.
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