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Turning behaviour as an index of the action
of amphetamines and ephedrines on central
dopamine-containing neurones
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Summary

1. Rats lesioned unilaterally in the substantia nigra show no obvious abnorm-
alities after recovery from the operation but rotate towards the lesioned side
after administration of drugs of the amphetamine and ephedrine groups.
2. (+)-Amphetamine and (-)-amphetamine are equally potent in producing
turning behaviour but ( +)-methylamphetamine is considerably more effective.
3. (-)-Ephedrine (with a 8-OH group on the ethylamine side chain) induces
turning but only in doses approximately 20 times greater than (+)-methyl-
amphetamine.
4. (+)-Norpseudoephedrine was the most effective of the ephedrine isomers
tested followed by (-)-ephedrine and (+)-pseudoephedrine.
5. Turning produced by (-)-ephedrine and (+)-methylamphetamine is not
reduced by FLA63 (50 mg/kg) 4 h previously, but is almost completely inhibi-
ted by a-methyl-p-tyrosine (150 mg/kg) 12 h previously.
6. Reserpine pretreatment potentiates turning produced by (-)-ephedrine.
7. Chlorpromazine (5 mg/kg) completely blocks turning induced by (+)-
methylamphetamine although it concurrently increases exploratory activity.
The level of exploratory activity after the (+ )-methylamphetamine-chlor-
promazine combination is more than 3 times that attained after saline alone.

Introduction

The distribution of dopamine in the mammalian central nervous system differs
from that of noradrenaline (Bertler & Rosengren, 1959). A large proportion of this
amine i-s concentrated in the corpus striatum. Lesions in the ipsilateral ventral
mesencephalon drastically reduce the dopamine content of the corpus striatum
and lead to retrograde cell degeneration in the pars compacta of the substantia nigra
(Sourkes & Poirier, 1965; Poirier, Singh, Sourkes & Boucher, 1967). These ex-
periments suggest the existence of an uncrossed dopamine-containing pathway
connecting the substantia nigra with the corpus striatum and this conclusion is
strongly supported by studies with the Falck-Hillarp histochemical technique
(Anddn, Carlsson, Dahlstrom, Fuxe, Hillarp & Larsson, 1964; Anden, Dahlstrom,
Fuxe, Larsson, 1966a; Hokfelt & Ungerstedt, 1969). Such studies show that fluo-
rescence attributable to the presence of catecholamines is concentrated in varicosities
in the nerve terminals within the corpus striatum. Experiments suggesting release
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of amine from the nerve terminals after stimulation in the region of the nigro-
neostriatal pathway support the hypothesis that dopamine acts as a neurohumour
(Portig & Vogt, 1969 ; Arbuthnott, Crow, Fuxe, Olson & Ungerstedt, 1970).
Anden (1966) suggested a method for studying the action of drugs on central

dopamine neurones. Rats with unilateral lesions of the nigro-neostriatal pathway
appear relatively normal after recovery from the lesioning procedure but show a
marked rotation towards the side of the lesion when treated with combinations of
certain drugs, for example with nialamide and DOPA, or with reserpine and
nialamide (And6n, Dahlstrom, Fuxe & Larsson, 1966b). Turning also results from
administration of moderate doses of amphetamines (Anden, Rubenson, Fuxe &
H6kfelt, 1967; Crow & Gillbe, 1970; Ungerstedt & Arbuthnott, 1970; Arbuthnott
& Crow, 1971). These effects therefore may represent an index of the action of
drugs on central dopamine neurones. In that case, turning can be used to compare
drug potencies and to investigate the interaction of drugs on central dopamine
mechanissms.

Experiments on the inhibition of tritiated amine uptake into cortical and striatal
brain slices suggest that the uptake process into dopamine-containing neurones
differs from that into noradrenaline-containing neurones (Ross & Renyi, 1967).
The relative potencies of (+)- and (-)-amphetamine in blocking uptake into these
two types of central catecholamine neurone may also differ (Taylor & Snyder, 1970).
Ephedrines act on peripheral sympathetic postganglionic fibres, blocking noradrena-
line uptake (McNeil, Muschek & Commarato, 1970), and causing increased nor-
adrenaline release (Valette, Cohen & Bralet, 1966) as has been suggested for am-
phetamines (Burn & Rand, 1958; Axelrod & Glowinski, 1965), but differ from the
amphetamines by the presence of a -OH group on the carbon atom of the ethyl-
amine side chain, that is in the manner in which noradrenaline differs from dopa-
mine. In these experiments we have investigated the activity of amphetamines and
ephedrines in eliciting turning behaviour and the antagonism of such turning by
amine synthesis inhibitors and neuroleptic drugs. The introduction of the dopa-
mine- -oxidase inhibitor FLA63 (bis-(4-methyl-1-homopiperazinylthiocarbonyl)-
disulphide (for structural formula see Svensson & Waldeck, 1969) has provided a
means of distinguishing between drugs which act on central noradrenaline and those
which act on central dopamine stores. FLA63 (40 mg/kg) produces a greater deple-
tion of brain noradrenaline at 2-5 h than does a-methyl-p-tyrosine (200 mg/kg),
without decreasing brain dopamine concentrations as does the latter drug (Persson
& Waldeck, 1970), and the action of a-methyl-p-tyrosine is maximal at 12 hours
(Nagatsu, Levitt & Udenfriend, 1964). In these experiments we have used
a-methyl-p-tyrosine (150 mg/kg) 12 h previously to deplete brain noradrenaline and
dopamine stores, and FLA63 (50 mg/kg) 4 h previously to deplete brain nor-
adrenaline alone.

Methods
Male hooded Lister rats, weighing 200+20 g, were anaesthetized with an intra-

peritoneal injections of sodium pentobarbitone (1 ml/kg body weight). Unilateral
lesions in the substantia nigra were made by passing a charge of 40 mC through
a varnished steel electrode (anode) implanted stereotaxically (co-ordinates according
to the atlas of Fifkova & Marsala (1967): P4 5 L10V8 5), the circuit being com-
pleted by an anal cathode.
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At least 1 week after the operation, the rats were tested for turning towards
the lesioned side after an intraperitoneal injection of (+)-methylamphetamine (5
mg/kg). A group of ten rats which turned well under (+)-methylamphetamine
were selected for further drug trials.

The test drugs were administered to the same group of rats, at least 1 week being
allowed between each drug trial. The number of turns in 1 min towards the side of
the lesion was recorded for each rat at 15 min intervals.

Exploratory activity was assessed in an open field apparatus (diameter 120 cm).
The number of entries into squares (40 cm x 40 cm) marked on the base of the
apparatus were counted in 1 min periods of observation for each rat.

The following drugs were used: (+)-methylamphetamine hydrochloride
(Burroughs Wellcome); (+)-amphetamine sulphate (Smith, Kline & French); (-)-
amphetamine sulphate (Smith, Kline & French); (-)-ephedrine hydrochloride
(Evans Medical); (+)-norpseudoephedrine hydrochloride (Pierce); (+)-pseudo-
ephedrine hydrochloride (Burroughs Wellcome); a-methyl-p-tyrosine (Axel Kistner
AB); FLA63 (AB Biotec); reserpine (B.D.H.); chlorpromazine hydrochloride (May
& Baker); cocaine hydrochloride (Macfarlan Smith). All drugs were dissolved in
0-9% NaCl solution with the exceptions of reserpine, which was dissolved in the
minimum amount of glacial acetic acid and diluted with distilled water, and FLA63
which, together with an equal weight of (-)-ascorbic acid, was dissolved in distilled
water. The standard formulae of the amphetamine and ephedrine derivatives used
are shown in Fig. 1.
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FIG. 1. Structural formulae of the amphetamine and ephedrine isomers used. R and S are
notations of absolute configuration according to the sequence rule.
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Results
Amphetamines

The effects of intraperitoneal injections of (+)-methylamphetamine, (+)-amphet-
amine and (-)-amphetamine, each in a dose of 5 mg/kg are recorded in Fig. 2.
(+)-Methylamphetamine was significantly the most potent with a mean maximum
turning rate of over twenty turns/minute. ( + )-Amphetamine and (-)-amphetamine
were approximately equipotent.
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FIG. 2. Turning rates/min after administration of
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FIG. 3. Tuming elicited by (-)-ephedrine compared with (+)-methylamphetamine.
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Ephedrines
(-)-Ephedrine produced turning at the rather high dosages of 50 mg/kg and

100 mg/kg (Fig. 3). The onset of turning was slower than with (+)-methyl-
amphetamine but the duration of the response is similar. (+ )-Norpseudoephedrine
was significantly the most potent of the isomers tested, followed by (-)-ephedrine
and (+)-pseudoephedrine (Fig. 4). All were administered in doses of 50 mg/kg.

-- (+)- Norpseudoephedrine (50 mg/Kg)

-- (-)- Ephedrine (50 mg/Kg)

(+)- Pseudoephedrine (50 mg/Kg)

min

FIG. 4. Comparison of the potency of ephedrine isomers in producing turning behaviour.
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Pretreatment with inhibitors of catecholamine synthesis
Turning produced by (+)-methylamphetamine (5 mg/kg) was very much reduced

by administration of a-methyl-p-tyrosine (150 mg/kg) 12 h previously, but not by
FLA63 (50 mg/kg) given 4 h previously (Fig. 5). Similarly, turning produced by
(-)-ephedrine (100 mg/kg) was not reduced by FLA63 but greatly diminished by
a-methyl-p-tyrosine administered in the same doses 4 and 12 h respectively before
ephedrine (Fig. 6).
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---(-)- Ephedrine 4h after FLA63 (50 mg/Kg)

(-)-Ephedrine 12h after a- methyl -p tyrosine
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FIG. 6. Effect of pretreatment with FLA63 and a-methyl-pstyrosine on turning initiated by
(-)-ephedrine.
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FIG. 7. Effect of reserpine pretreatment on turning produced by (-)-ephedrine.
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Pretreatment with reserpine
Pretreatment with reserpine (4 mg/kg) 24 h before (-)-ephedrine (100 mg/kg)

resulted in a potentiation of the ephedrine effect (Fig. 7). The reserpine syndrome
(inactivity; ptosis; hunched-back posture) was maximal at this time but was effec-
tively reversed by ephedrine or amphetamine administration.

Cocaine
Cocaine, which inhibits the uptake of dopamine into striatal slices in concentra-

tions of 2 x 10-6M (Ross & Renyi, 1967), did not produce turning in doses up to
20 mg/kg.

Effect of chlorpromazine
Chlorpromazine (5 mg/kg) was given 30 min after ( +)-methylamphetamine

(5 mg/kg). Turning ceased within 15 min (Fig. 8) although at this time the amphet-
amine response in animals not treated with chlorpromazine is still maximal.
Exploratory activity, however, was markedly increased after chlorpromazine and
this level of exploratory activity was significantly higher (P<0 001) than in a control
experiment in which the same rats were given a saline injection alone.
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FIG. 8. Tums / min and exploratory activity recorded after a saline control injection; 30 min
after (+)-methylamphetamine (MA) (5 mg/kg); 15 min after chlorpromazine (CPZ) (5 mg/kg)
(that is 45 min after the injection of (+)-methylamphetamine). Reduction of (+)-methyl-
amphetamine induced turning after chlorpromazine P<0.001. Increase of exploratory activitv
after the (+)-methylamphetamine chlorpromazine combination from the saline control level
P<000l.
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Discussion

Specific lesions in the region of the nigro-neostriatal tract alone cause amphet-
amine-induced turning (Crow, 1971) and such lesions are associated with a depletion
of dopamine in the ipsilateral striatum (Arbuthnott & Crow, 1971). Furthermore,
unilateral stereotaxic injections of 6-hydroxydopamine which selectively destroy
catecholamine-containing neurones, give results equivalent to those following
electrolytic lesions (Ungerstedt, 1969; Ungerstedt & Arbuthnott, 1970). These
findings are consistent with the hypothesis that turning results from excess dopamine
release on one side of the brain, and somewhat similar turning results from elec-
trical stimulation through electrodes implanted in the region of the substantia nigra
(Arbuthnott & Crow, 1971). However, rats with unilateral nigro-neostriatal lesions
do not turn unless treated with drugs. This may indicate either that the dopamine
neurones are not normally active or that the animals can compensate for the absence
of one nigro-neostriatal pathway.
The present pharmacological studies reinforce the case that turning behaviour

is dependent upon an action on dopamine-containing neurones. Turning produced
by methylamphetamine and (-)-ephedrine is substantially reduced by the tyrosine
hydroxylase inhibitor a-methyl-p-tyrosine but not by the dopamine-,8-oxidase in-
hibitor FLA63 at the time at which the depletion of noradrenaline produced by
this drug is maximal.

There are several possible modes of action of the amphetamines: blockade of
amine uptake at the nerve ending; monoamine oxidase inhibition and release of
catecholamines from the nerve terminals (Carlsson, 1970 ; Fuxe & Ungerstedt, 1970).
We have shown that turning is not produced by cocaine, which is the most effective
agent inhibiting uptake of dopamine into striatal slices (Ross & Renyi, 1967), and
that nialamide, a potent monoamine oxidase inhibitor, by itself produces only
minimal turning (Anden, 1966). By exclusion therefore it seems likely that the
actions of the amphetamines in eliciting turning reflect an active release of dopamine
from the nerve terminals.
(+)-Amphetamine and (-)-amphetamine are equally effective in eliciting turning

behaviour. Taylor & Snyder (1970) have shown that the relative potencies of these
drugs on dopamine uptake are similar and these results suggest that (-)-amphet-
amine may be used to influence central dopamine mechanisms with proportionately
less effect, as Taylor & Snyder have demonstrated, on central noradrenaline stores.
The ephedrines initiate turning behaviour and this turning is not in any way

reduced by FLA63, the dopamine-p-oxidase inhibitor, but is practically abolished
by a-methyl-p-tyrosine. These results suggest that the ephedrines do not act
directly but are dependent on the continuing synthesis of dopamine but not of nor-
adrenaline. Ephedrines therefore probably resemble amphetamines in their action
on central dopamine mechanisms.
The most potent of the ephedrines, (+)-norpseudoephedrine, was approximately

20 times less active than (+)-methylamphetamine. Presumably, the OH group,
whether in the 1R position (as in (-)-ephedrine) or in the 1S position (as in (+)-
norpseudoephedrine) reduces the action on central dopamine. (+)-Norpseudo-
ephedrine, the most active in the series, is also the most active in increasing loco-
motor activity (Fairchild & Alles, 1967). The interpretation of this result in
structural terms is obscure. (+)-Pseudoephedrine differs from (+)-norpseudo-
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ephedrine by the addition of a methyl group attached to the amine group on the
acarbon atom. This, however, is the difference between (+)-methylamphetamine
and (+)-amphetamine, but in this instance (+)-methylamphetamine is the more
active.

In view of the suggestion that the ephedrines release mainly granular stores (Rech
& Stolk, 1970) the potentiation of the effects of ephedrines by reserpine is surprising.
This action is comparable to the enhancement by reserpine of the actions of (+)-
amphetamine on locomotor activity (Smith, 1963).
Turning produced by amphetamines is completely blocked by chlorpromazine

(5 mg/kg). This appears to be a specific effect as the animals show no signs of
sedation at this dose, and on the contrary exploratory activity is increased. It might
be argued that the nature of the turning greatly limits exploratory activity but
phenothiazine administration also increases exploratory activity in rats given similar
doses of the amphetamines to induce stereotyped behaviour (Randrup & Munkvad,
1965; Del Rio & Fuentes, 1969). It is also pertinent that exploratory activity after
the amphetamine-chlorpromazine combination is significantly higher than the control
levels for the same rats given only a saline injection. The specificity of action of
chlorpromazine against amphetamine-induced turning is compatible with the hypo-
thesis that a major mode of action of the phenothiazines is to block dopamine
receptors (Van Rossum, 1966; O'Keefe, Sharman & Vogt, 1970).
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REFERENCES
ANi#N, N.-E. (1966). On the function of the nigro-neostriatal pathway. In: Mechanisms of Release

ofBiogenic Amines, ed. von Euler, U. S., Rosell, S. & Uvnas, B., pp. 357-359. Oxford: Pergamon
Press.

AND&N, N.-E., CARLSSON, A., DAHLSTROM, A., FuxE, K., HILLARP, N. A. & LARSSON, K. (1964).
Demonstration and mapping out of nigro-neostriatal dopamine neurons. Life Sci., 3, 523-530.

AND&N, N.-E., DAHLSTR6M, A., Fuxn, K. & LARssoN, K. (1966a). Further evidence for the presence
of nigro-neostriatal dopamine nuerons in the rat. Am. J. Anat., 116, 313-326.

ANrN, N.-E., DAHoST6M, A. Fuxn, K. & LARSSON, K. (1966b). Functional role of the nigro-
neostriatal dopamine neurones. Acta pharmac. tox., 24, 263-274.

ANDAN, N.-E., RUBENSON, A., PuXE, K. & HOKFELT, T. (1967). Evidence for dopamine receptor
stimulation by apomorphine. J. Pharm. Pharmac., 19, 627-629.

ARBUTHNOTr, G. W., CROW, T. J., FuxE, K., OLSON, L. & UNGERSTEDT, U. (1970). Depletion of
catecholamines in vivo induced by electrical stimulation of central monoamine pathways.
Brain Res., 24, 471-483.

ARBUTHNOTr, G. W. & CRow, T. J. (1971). The relationship between turning behaviour and unilateral
release of dopamine in the rat. Expl. Neurol., 30, 484-491.

AXELROD, J. & GLOwVNSKI, J. (1965). Effect of drugs on the uptake, release and metabolism of
'H-norepinephrine in the rat brain. J. Pharmac. exp. Ther., 149, 43-49.

BERTLER, A. & ROSENGREN, E. (1959). Occurrence and distribution of dopamine in brain and other
tissues. Experientia, 15, 10-11.

BURN, J. H. & RAND, M. J. (1958). The action of sympathomimetic amines in animals treated with
reserpine. J. Physiol., Lond., 144, 314-336.

CARLsSON, A. (1970). Amphetamine and brain catecholamines. In: Amphetamines and Related
Compounds, ed. Garattini, S., & Costa, E., pp. 289-300. New York: Raven Press.

CROW, T. J. & GILLBE, C. (1970). Methamphetamine-protriptyline interaction in rotating rats.
Br. J. Pharmac., 38, 458P.

CROW, T. J. (1971). The relationship between lesion site, dopamine neurones and turning behaviour
in the rat. Expl. Neurol., 32, 247-255.

DEL Rio, J. & FUENTEs, J. A. (1969). Further studies on the antagonism of stereotyped behaviour
induced by amphetamines. Eur. J. Pharmac., 8, 73-78.



Cerebral dopamine and turning behaviour 667

FAIRCHILD, M. D. & ALLES, G. A. (1967). The central locomotor stimulatory activity and acute
toxicity of ephedrine and norepinephrine isomers in mice. J. Pharmac. exp. Ther., 158, 135-139.

FIFKOVA, E. & MARSALA, J. (1967). Stereotaxic Atlas for the rat brain. In: Electrophysiological
Methods in Biological Research, ed. Bures, J., Petran, N., & Zachar, J., pp. 444 453. New York:
Academic Press.

FUXE, K. & UNGERSTEDT, U. (1970). Histochemical, biochemical and functional studies on central
monoamine neurons after acute and chronic amphetamine administration. In: Amphetamines
and Related Compounds, ed. Costa, E. & Garattini, S., pp. 257-288. New York: Raven Press.

HOKFELT, T. & UNGERSTEDT, U. (1969). Electron and fluorescence microscopical studies on the
nucleus caudatus putamen of the rat after unilateral lesions of the ascending nigrostriatal
dopamine neurones. Acta physiol. scand., 6, 415-426.

MCNEIL, J. H., MUSCHEK, L. D. & COMMARATO, M. A. (1970). Ephedrine-adrenergic amine inter-
action on heart phosphorylase, adenyl cyclase and amine uptake. Eur. J. Pharmac., 10, 145-150.

NAGATSU, T., LEvrrr, M. & UDENREND, S. (1964). Tyrosine hydroxylase the initial step in
norepinephrine biosynthesis. J. biol. Chem., 239, 2910-2917.

O'KEEFE, R., SHARMAN, D. F. & VOGT, M. (1970). Effect of drugs used in psychoses on cerebral
dopamine metabolism. Br. J. Pharmac., 38, 287-304.

PERSSON, T. & WALDECK, B. (1970). Further studies on the possible interaction between dopamine
and noradrenaline containing neurons in the brain. Eur. J. Pharmac., 11, 315-320.

POIRIER, L. J., SINGH, P., SOURKES, T. L. & BOUCHER, R. (1967). Effect of amine precursors on the
concentration of striatal dopamine and serotonin in cats with and without unilateral brainstem
lesions. Brain Res., 6, 654-666.

PORTIG, P. J. & VOGT, M. (1969). Release into the cerebral ventricles of substances with possible
transmitter function in the caudate nucleus. J. Physiol., Lond., 204, 687-715.

RANDRUP, A. & MUNKVAD, I. (1965). Special antagonism of amphetamine induced abnormal
behaviour. Psychopharmacologia, 7, 416-422.

RECH, R. H. & STOLK, J. M. (1970). Amphetamine-drug interactions that relate brain catecholamines
to behaviour. In: Amphetamines and Related Compounds, ed. Garattini, S. & Costa, E., pp.
385-413. New York: Raven Press.

Ross, S. B. & RENYI, A. L. (1967). Inhibition of the uptake of tritiated catecholamines by anti-
depressant and related agents. Eur. J. Pharmac., 2, 181-186.

SMrIH, C. B. (1963). Enhancement by reserpine and a-methyl DOPA of the effects of d-amphetamine
upon the locomotor activity of mice. J. Pharmac. exp. Ther., 142, 343-350.

SOURKES, T. J. & POIRIER, L. J. (1965). Influence of the substantia nigra on the catecholamine content
of the striatum. Brain, 88, 181-192.

SVENSSON, T. H. & WALDECK, B. (1969). On the significance of central noradrenaline for motor
activity: experiments with anew dopamine-f3-hydroxylase inhibitor. Eur. J. Pharmac., 7, 278-282.

TAYLOR, K. T. & SNYDER, S. H. (1970). Amphetamine, differentiation by (+) and (-) isomers of
behaviour involving norepinephrine or dopamine. Science, N. Y., 168, 1487-1489.

UNGERSTEDT, U. (1969). Behavioural registration of dopamine synaptic activity in the brain after
6-hydroxy-dopamine lesions. Acta physiol. scand., 77, Suppl. 330, 117.

UNGERSTEDT, U. & ARBUTHNOTr, G. W. (1970). Quantitative recording of rotational behaviour in
rats after 6-hydroxy-dopamine lesions of the nigrostriatal dopamine system. Brain Res., 24,
485-493.

VALETrE, G., COHEN, Y. & BRALET, J. (1966). Action de 1'ephedrine sur I'aorte du Rat in vitro
Biochem. Pharmac., 15, 177-185.

VAN RossUM, J. M. (1966). The significance of dopamine receptor blockade for the mechanism of
action of neuroleptic drugs. Archs int. Pharmacodyn. Ther., 160, 492-494.

(Received July 15, 1971)


