Pharmacology Biochemistry and Behavior, Vol. 2, pp. 735—-740. ANKHO International Inc., 1974. Printed in the U.S.A.

Noradrenaline, Dopamine, and
Brain-stimulation Reward’

E. T. ROLLS, P. H. KELLY AND S. G. SHAW

Department of Experimental Psychology, University of Oxford, OX1 3UD

(Received 20 May 1974)

ROLLS, E. T., P. H. KELLY AND S. G. SHAW. Noradrenaline, dopamine, and brain-stimulation reward. PHARMAC.
BIOCHEM. BEHAV. 2(6) 735-740,1974. — Attenuation of self-stimulation produced by blockade of noradrenaline
receptors (phentolamine) or inhibition of noradrenaline synthesis (disulfiram) was associated with sedation (defined by
decreased locomotor activity and decreased rearing) in rats. Attenuation of self-stimulation produced by blockade of
dopamine receptors was associated with only minor sedation. Thus when both arousal and self-stimulation are
measured, it is found that noradrenaline is less specifically involved in self-stimulation than dopamine. The
noradrenergic theory of reward cannot be accepted until it is shown that noradrenaline has an effect on reward aspects
of self-stimulation independently of its general effects on behavior measured here by locomotor activity and rearing.
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IT has been suggested that the release of noradrenaline
from noradrenaline-containing neurons mediates brain-
stimulation reward (see [25, 26, 37—44]). Much of the
evidence for this ‘noradrenergic theory of reward’ is, we
believe, weak in two respects (see also {31,32]). First,
many of the treatments used to support the theory are
rharmacologically non-specific, and affect catecholamines
apart from noradrenaline, for example dopamine. For
example, the treatments such as amphetamine, meth-
amphetamine, and a-methyl-m-tyrosine or tetrabenazine
after monoamine oxidase inhibition which release noradren-
aline from nerve terminals and facilitate self-stimulation
[25, 37—40] also release dopamine [1, 68, 19, 22, 46].

Similarly the treatments which attenuate self-stimulation
[1, 7, 11, 12, 26, 37—40] such as a-methyl-p-tyrosine,
reserpine and tetrabenazine which reduce brain concentra-
tions of noradrenaline, and haloperidol and chlorpromazine
which block noradrenaline receptors also reduce brain
concentrations of dopamine [7, 22, 24, 35, 47] and block
dopamine receptors [2]. Further, 6-hydroxydopamine
attenuates self-stimulation [41,44] but in the doses used
reduces brain concentrations of both noradrenaline and
dopamine [4, 5, 45]. Thus these treatments provide only
poor evidence that one particular catecholamine, noradren-
aline, is involved in brain-stimulation reward. Second, many
of the treatments used to support the noradrenergic theory
of reward are behaviorally non-specific, and affect behavior
apart from brain-stimulation reward, for example arousal.
For example, amphetamine increases, and a-methyl-p-
tyrosine decreases, both self-stimulation rate and arousal
measured by stimulus-bound locomotor activity compar-
ably [15]. The decrease in self-stimulation rate which
occurs with a-methyl-p-tyrosine could be due to sedation,
and much more evidence is required to show that the

release of noradrenaline mediates reward, and does not
affect self-stimulation only by behavioral side effects.

There have been few studies of the effects on brain-
stimulation reward of treatments which alter the activity in
specific catecholaminergic systems. One agent, disulfiram,
which depletes the brain of noradrenaline (NA) but not of
dopamine (DA) by inhibiting the enzyme dopamine
B-hydroxylase [13,21] can abolish self-stimulation [27,48]
but also produces some sedation.

Two main points therefore require further investigation.
The first is whether it is noradrenaline or dopamine which
is involved in self-stimulation. The second is whether the
release of noradrenaline (see also [43]) (or dopamine)
mediates reward produced by brain stimulation as opposed
to affecting self-stimulation rate by an indirect effect on,
for example, arousal. The experimental design we chose to
investigate these points was to compare the effects on both
self-stimulation and arousal of interference with noradren-
aline or dopamine. In Experiment 1 we measured the
effects of disulfiram (which decreases the synthesis of NA
but not DA), phentolamine (which blocks receptors sensi-
tive to NA but not DA receptors — [23]) and spiroperidol
(which blocks DA but not NA receptors — [2]) on self-
stimulation rate and two measures of sedation. The level of
sedation was measured by spontaneous locomotor activity
(for details see [33]) and by spontaneous rearing, a good
measure of arousal/sedation [3].

EXPERIMENT 1
Method

Spontaneous locomotor activity was measured in a
cage 27 X 27 X 27 c¢cm [32]. The cage had a false floor

' This work was supported by the Medical Research Council. The spiroperidol was generously supplied by Janssen Pharmaceutica (Belgium)

and the disulfiram by Berk Pharmaceuticals Ltd (England).

735



736

supported on four microswitches, which depressed if a rat
stood over the switch. Four counts were produced if the
rat walked once round the cage. Sometimes the rats
reared (lifted both forepaws high off the ground), and
this was counted.

Eight male rats (3 albino Wistar and 5 hooded Lister)
were tested while each of the drugs was active, or after a
placebo. A test consisted of a 5 min measurement of
spontaneous locomotor activity and rearing followed by a
10 min test of lateral hypothalamic self-stimulation rate
[31].

The level-head co-ordinates for the lateral hypothal-
amus were 3.0 mm behind bregma, 1.5 mm lateral to the
midline, and 7.6 mm beneath the dura. Examples of the
self-stimulation sites determined with the aid of frozen
25y thionin-stained sections are shown in Fig. 1. The
electrodes were 00 size stainless steel insect pins insulated
except for 0.2 mm at the tip. All drugs were injected
intraperitoneally (i.p.). Disulfiram (200 mg/kg) was
injected as a suspension in 2 ml of 1% methyl cellulose
2 hr before testing. Phentolamine mesylate (10 mg/kg),
dissolved in M/100 tartaric acid, was injected 40 min
before testing. Spiroperidol (Janssen) (0.1 mg/kg) dis-
solved in M/100 tartaric acid was injected 2 hr before
testing. Pilot experiments had shown no differences
between the three possible placebo treatments, and there-
fore only one placebo, M/100 tartaric acid injected 2 hr
before testing, was included in the experiment. Except for
the disulfiram the injection volume was 2 ml/kg. The
animals were divided randomly into 4 groups of 2. Every
animal was tested 4 times, once after each of the 4 treat-
ments. Tests were separated by at least 48 hr. An animal
was always tested at the same time each testing day. The
order of the treatments was balanced between the groups.
After injection the animal was replaced in its home cage
until required for the 5 min locomotor activity and rear-
ing test. Then the animals were induced to self-stimulate
by priming and, if necessary, by placing the animal on the
lever. The first 3 min of the 10 min self-stimulation test
were considered as a warm-up period and were not
included in the computation of self-stimulation rate.

FIG. 1. Examples of the lateral hypothalamic self-stimulation sites
used in this study.
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Results

The bar histograms in Fig. 2 show that when disulfiram
or phentolamine produced a modest reduction in self-
stimulation rate (from 70 to about 42 bar-presses/min),
the animals were very drowsy, as measured by the
decrease in rearing and the decrease in locomotor activity.
The animals also looked drowsy. Therefore inhibition of
the synthesis of NA (disulfiram treatment) or blockade of
noradrenaline receptors (phentolamine treatment) does
reduce self-stimulation rate, but at the same time
produces drowsiness. It is also shown in Fig. 1 that treat-
ment with spiroperidol reduced self-stimulation rate from
70 to 10 bar-presses/min, and left rearing and locomotor
activity relatively high (compared to disulfiram and
phentolamine). Therefore a pharmacological treatment,
spiroperidol, can be found which appears to attenuate
reward aspects of seif-stimulation more specifically with
respect to arousal than disulfiram and phentolamine.

Discussion

It can be concluded that the effects of interference
with noradrenaline (disulfiram and phentolamine treat-
ments) on brain-stimulation reward are relatively
non-specific since a large effect on arousal relative to the
effect on self-stimulation is produced.

The disulfiram and phentolamine treatments probably
act here through an effect of noradrenaline on the brain
because these effects of disulfiram can be reversed with
intraventricular injections of noradrenaline [481; intra-
ventricular infusions of noradrenaline in the normal rat
produce arousal [11] and intracranial injections of 20 ug
of phentolamine in the normal rat produce sedation
(personal observations).

EXPERIMENT 2

Because the results of Experiment ! indicate that the
roles of noradrenaline and dopamine in brain-stimulation
reward must be reconsidered, the results were extended in
Experiment 2 by performing dose-response curves of the
effects of disulfiram and spiroperidol on locomotor activity
and self-stimulation rate. New groups of rats were used in
this experiment, but the apparatus and general procedure
were as in Experiment 1.

Method

Bach rat was tested for both locomotor activity and
lateral hypothalamic self-stimulation after an i.p. injection
of disulfiram, spiroperidol, or placebo. A number of rats
were tested at more than one drug dose. The rate of self-
stimulation or amount of locomotor activity of each rat
was measured as in Experiment 1 and expressed as a per-
centage of the group mean under the placebo condition.

Results

It was found that treatment with disulfiram produced a
greater reduction of locomotor activity than of self-
stimulation at all drug doses (Fig. 3). In contrast, spiro-
peridol produced a greater reduction of self-stimulation
than of locomotor activity at all drug doses (Fig. 3). This
confirms the results of Experiment 1: when compared to
spiroperidol, treatment with disulfiram decreases arousal
more than self-stimulation rate.
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FIG. 2. The effects of spiroperidol (0.1 mg/kg), disulfiram (200 mg/kg), and phentolamine (100 mg/kg) on rearing, locomotion and

self-stimulation in eight rats. The histograms represent the means + S.E. Associated with a partial attenuation of self-stimulation,

disulfiram and phentolamine produce sedation. In contrast, spiroperidol attenuates self-stimulation much more than arousal. Relative to

the placebo, the effects of disulfiram and phentolamine on rearing, of disulfiram on locomotor activity, and of spiroperidol on

self-stimulation, are significant at the 0.01 level. Relative to the placebo, the other effects are significant at approximately the 0.05 level
(Mann-Whitney U-test).

Further evidence that the attenuation of self-stimulation
produced by disulfiram is relatively non-specific follows
from an additional observation. Even at a dose of 200
mg/kg disulfiram did not produce a large attenuation of
self-stimulation. A larger attenuation of self-stimulation
afrer two hours was found using the procedure [48] of
allowing the animals to self-stimulate continuously follow-
ing the drug injection (see Fig. 3). This greater attenuation
of self-stimulation was accompanied by a greater depression
of locomotor activity, in line with the conclusions from the
main part of this experiment (Fig. 3). That this degree of
attenuation of self-stimulation by disulfiram is not a
specific effect on brain-stimulation reward follows from the
finding that 4 of the 8 rats on this condition died as a result
of the procedure.

DISCUSSION

When the functions of noradrenaline and dopamine in
self-stimulation are considered in the light of these experi-
ments in which both self-stimulation and arousal were
measured, two main conclusions follow. First, treatments
which affect noradrenaline and attenuate self-stimulation
produce general effects on behavior. These general effects
were measured in this study by decreased locomotor
activity and rearing, and are referred to here as sedation, or
decreased arousal. The animals certainly looked sedated.
The sedation produced by disulfiram is relatively great in
that another agent (spiroperidol) which attenuates self-
stimulation produces much less sedation. These findings
show that alterations of noradrenaline affect many types of
behavior including self-stimulation. It cannot be concluded

that the release of noradrenaline mediates reward until it is
shown that the effect of altered noradrenergic activity on
self-stimulation is a direct effect on reward, and is not
mediated by an indirect effect. For example, it has to be
excluded that the drowsiness produced by disulfiram does
not account for the effect of disulfiram on self-stimulation.
It is not enough to state that barbiturates do not always
decrease self-stimulation rate (Wise and Stein [48]),
because these drugs affect many types of behavior, e.g.,
frustrative non-reward [14], have some stimulant proper-
ties [18], and may facilitate or depress self-stimulation
[20]. Such observations do not remove the necessity for
performing adequate behavioral controls when a specific
effect of a drug on reward is claimed [48]. It can be noted
that arousal probably normally does affect self-stimulation
rate [20, 27, 28, 32]. Because manipulations of noradrena-
line affect arousal, the noradrenergic theory of reward
[37—44, 48] cannot be accepted until controls for this
(and other) side-effects have been performed. If it can be
shown that noradrenaline affects reward independently of
its effects on other types of behavior such as locomotor
activity, then the noradrenergic theory of reward can be
accepted.

The second main conclusion is that the blockade of
dopamine receptors attenuates self-stimulation relatively
specifically with respect to arousal. (The experimental
design allows the conclusion that the relatively small degree
of sedation produced by spiroperidol does not account for
the attenuation of self-stimulation, in that a similar degree
of sedation following disulfiram produced only a minor
attenuation of self-stimulation - see Fig. 3.) Whether or
not the attenuation of self-stimulation produced by



dopamine-receptor blockade is due to a blockade of trans-

mission in reward pathways remains
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FIG. 3. Dose-tesponse curves of the effects of disulfiram (upper)
and spiroperidol (lower) on self-stimulation rate and locomotor
activity. Disulfiram attenuates locomotor activity more than self-
stimulation rate. In contrast, spiroperidol attenuates self-stimulation
rate more than locomotor activity. Each point represents the mean
+ S.E. The number of rats is indicated beside each point. On the
disulfiram dose-response curve the 200 meg/kg (after self-
stimulation) condition refers to 8 rats allowed to self-stimulate
continuously and tested 2 hr after the disulfiram injection on both
locomotor activity and self-stimulation.

to be shown. It has
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motor response of bar-pressing rapidly [16,34]. Neverthe-
less the possibility that a motor impairment accounts for

been shown that the degree of motor impairment produced
by doses of spiroperidol which attenuate self-stimulation is
small, and that the treated rats are still able to perform the

the effects of spiroperidol on self-stimulation cannot be
excluded [341].
There is other evidence that dopamine is involved in
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self-stimulation of at least some sites. Crow etal [10]
obtained self-stimulation when electrodes were near the
dopamine-containing cell bodies (especially the
Group A 10) in the ventral mesencephalon. The dopamine-
receptor blocking agent pimozide attenuates MFB self-
stimulation [17,46]. We [16,34] have shown that
self-stimulation of many different sites (the septal area,
nucleus accumbens, anterior hypothalamus and midbrain
tegmentum) is attenuated by spiroperidol. It should be
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noted that the lateral hypothalamic self-stimulation sites
used in this study are near axons of noradrenergic and of
dopaminergic neurons.

There have been extrapolations from the noradrenergic
theory of reward to abnormal human emotional behavior
[37—41, 44]. Given the evidence above that the noradren-
ergic theory of reward is far from proven, any extrapolation
to the etiology of schizophrenia or depression [37—41, 44]
must be considered to be very tentative.

REFERENCES

1. Andén, N. E. On the mechanism of noradrenaline depletion by
a-methyl-m-tyrosine and metaraminol. Acta pharmac. tox. 21:
260-271,1964.

2. Andén, N. E., S. G. Butcher, H. Corrodi, K. Fuxe and U.
Ungerstedt. Receptor activity and turnover of dopamine and
noradrenaline after neuroleptics. Eur. J. Pharmac. 11:
303-314,1970.

3. Benebova, O., A. Simane and K. Kunz. Pyruvate, alpha-keto-
glutarate and gamma-aminobutyrate in brains of rats with
different levels of excitability. Physiol. Behav. 2: 203-205,
1967.

4. Breese, G. R. and T. D. Traylor. Effect of 6-hydroxydopamine
on brain norepinephrine and dopamine: evidence for selective
degeneration of catecholamine neurons. J. Pharmac. exp. Ther.
174: 413-420, 1970.

5. Breese, G. R. and T. D. Traylor. Depletion of brain noradrena-
line and dopamine by 6-hydroxydopamine. Br. J. Pharmac. 42:
88-89,1971.

6. Carlsson, A. Amphetamine and brain catecholamines. In:
Amphetamines and Related Compounds, edited by E. Costa
and S. Garattini. New York: Raven Press, 1970, pp. 289-316.

7. Chan, O.-L. and R. A. Webster. Effect of tetrabenazine and
a-methyl-m-tyrosine on exploratory activity and brain cate-
cholamines in rats. Br. J. Pharmac. 41: 691-699, 1971.

§. Christie, J. E. and T. J. Crow. Turning behaviour as an index of
the action of amphetamines and ephedrines on central
dopamine-containing neurones. Br. J. Pharmac. 43: 658667,
1971.

9. Cole, J. and D. P. Dearnaley. A technique for measuring
exploratory activity in rats: some effects of chlorpromazine
and chlordiazepoxide. Arzneimittel-Forsch. 21: 1359-1362,
1971.

10. Crow, T. J., P. J. Spear and G. W. Arbuthnott. Intracranial
self-stimulation with electrodes in the region of the locus
coeruleus. Brain Res. 36: 275-287, 1972.

11. Geyer, M. A., D. S. Segal and A. J. Mandell. Effect of intra-
ventricular infusion of dopamine and norepinephrine on motor
activity. Physiol. Behav. 8: 653—658,1972.

12. Gibson, S., E. G. McGeer and P. L. McGeer. Effect of selective
inhibitors of tyrosine and tryptophan hydroxylases on
self-stimulation in the rat. Exp! Neurol. 27: 283-290, 1970.

13. Goldstein, M. and K. Nakajima. The effect of disulfiram on
catecholamine levels in the brain. J. Pharmac. exp. Ther. 157:
96102, 1967.

14. Gray, J. A. The Psychology of Fear and Stress. London:
Weidenfeld and Nicholson, 1971.

15. Kelly, P. H. D. Phil. Thesis, Oxford University, 1974.

16. Kelly, P. H.,E. T. Rolls and S. G. Shaw. Functions of catechol-
amines in brain-stimulation reward. Brain Res. 66: 363—-364,
1974.

17. Liebman, J. M. and L. L. Butcher. Effects on self-stimulation
behavior of drugs influencing dopaminergic neurotransmission
mechanisms. Arch. Pharmac. 277: 305-318,1973.

18. Machne, X., I. Calma and H. W. Magoun. Unit activity of
central cephalic brainstem in EEG arousal. J. Neurophysiol.
18: 547-558, 1955.

19. McKenzie, G. M. and J. C. Szerb. The effect of
dihydroxyphenyl-alanine, pheniprazine and dextroampheta-
mine on the in vivo release of dopamine from the caudate
nucleus. J. Pharmac. exp. Ther. 162: 302308, 1968.

20. Mogenson, G. J. Effects of sodium pentobarbital on brain self-
stimulation. J. comp. physiol. Psychol. 58: 461—-462, 1964.

21. Musacchio, J. M., M. Goldstein, B. Anagoste, G. Poch and 1. J.
Kopin. Inhibition of dopamine-g-hydroxylase by disulfiram in
vivo. J. Pharmac. exp. Ther. 152: 5666, 1966.

22. Nickerson, M. Drugs inhibiting adrenergic nerves and structures
innervated by them. In: The Pharmacological Basis of Thera-
peutics. 4th ed., edited by L.S. Goodman and A. Gilman.
London: MacMillan, 1970, pp. 549-584.

23. Nickerson, M. and N. K. Hollenberg. Blockade of adrenergic
receptors. In: Physiological Pharmacology, vol. 4, edited by
W.S. Root and F. G. Hoffman. New York: Academic Press,
1967, pp. 243--305.

24. Persson, T. and R. Waldeck. Further studies on the possible
interaction between dopamine and noradrenaline containing
neurons in the brain. Eur. J. Pharmac. 11: 315--320, 1970.

25. Poschel, B. P. H. and F. W. Ninteman. Excitatory (antidepres-
sant) effects of monoamine oxidase inhibitors on the reward
system of the brain. Life Sci. 3: 963-910, 1964.

26. Poschel, B. P. H. and F. W. Ninteman. Hypothalamic self-
stimulation: its suppression by blockade of norepinephrine
biosynthesis and reinstatement by methamphetamine. Life Sci.
5:11-16,1966.

27. Roll, S. K. Intracranial self-stimulation and wakefulness:
effects of manipulating ambient brain catecholamines. Science
168: 13701372, 1970.

28. Rolls, E. T. Involvement of brainstem units in medial forebrain
bundle self-stimulation. Physiol. Behav. 7: 297310, 1971.

29. Rolls, E. T. Absolute refractory period of neurons involved in
M F B self-stimulation. Physiol. Behav. 7: 311-315,1971.

30. Rolls, E. T. Contrasting effects of hypothalamic and nucleus
accumbens septi self-stimulation on brainstem single unit
activity and cortical arousal. Brain Res. 31: 275-285, 1971.

31. Rolls, E. T. The neural basis of brain-stimulation reward. Prog.
Neurobiol. 3: 711-160, 1974.

32. Rolls, E. T. The Brain and Reward. Oxford: Pergamon Press,
1975.

33. Rolls, E. T. and P. H. Kelly. Neural basis of stimulus-bound
locomotor activity in the rat. J. comp. physiol. Psychol. 81:
173-182, 1972.

34, Rolls, E. T., B. J. Rolls, P. H. Kelly, S. G. Shaw, R. Dale and R.
Wood. The relative attenuation of self-stimulation, eating and
drinking produced by dopamine-receptor blockade. Psycho-
pharmacologia in press, 1974.

35. Spector, S., A. Sjoerdsma and S. Undenfriend. Blockade of
endogenous norepinephrine synthesis by a-methyl-tyrosine, an
inhibitor of tyrosine hydroxylase. J. Pharmac. exp. Ther. 147:
86-95, 1965.

36. Stark, P., J. A. Turk, C. E. Redman and J. K. Henderson.
Sensitivity and specificity of positive reinforcing areas to
neurosedatives, antidepressants and stimulants. J. Pharmac.
exp. Ther. 166: 163169, 1969.



740

37.

38.

39.

40.

41.

42.

Stein, L. Effects and interactions of imipramine, chlorproma-
zine, reserpine and amphetamine on self-stimulation: possible
neurophysiological basis of depression. In: Recent Advances in
Biological Psychiatry, vol. 4, edited by J. Nortis. New York:
Plenum Press, 1962, pp. 288—308.

Stein, L. Reciprocal action of reward and punishment
mechanisms. In: The Role of Pleasure in Behaviour, edited by
R. G. Heath. New York: Harper and Row, 1964, pp. 113-139.
Stein, L. Psychopharmacological substrates of mental depres-
sion. In: Antidepressant Drugs, edited by S. Garattini and
M. N. G. Dukes. Proceedings of the First International
Symposium, Milan (Excerpta med. Found. int. congress Series,
122). Amsterdam and c. 1966, 130-140.

Stein, L. Chemistry of Purposive Behavior. In: Reinforcement
and Behavior, edited by J. Tapp. New York: Academic Press,
1969, pp. 328-335.

Stein, L. Neurochemistry of reward and punishment: some
implications for the etiology of schizophrenia. J. Psychiat. Res.
8:345-361,1971.

Stein, L. and O. S. Ray. Brain stimulation reward ““thresholds”
self-determined in rat. Psychopharmacologia 1: 251-256,
1960.

43.

44,

45.

46.

47.

48.

ROLLS, KELLY AND SHAW

Stein, L. and C. D. Wise. Release of norepinephrine from
hypothalamus and amygdala by rewarding medial forebrain
bundle stimulation and amphetamine. J. comp. physiol.
Psychol. 67: 189198, 1969.

Stein, L. and C. D. Wise. Possible etiology of schizophrenia:
progressive damage to the noradrenergic reward system by
6-hydroxydopamine. Science 171: 1032-1036, 1971.
Uretsky, N. J. and L. L. Iversen. Effects of 6-hydroxydopa-
mine on catecholamine containing neurones in the rat brain. J.
Neurochem. 17: 269-278, 1970.

Wauquier, A. and C. J. E. Niemegeers. Intracranial self-
stimulation in rats as a function of various stimulus param-
eters: II. Influence of haloperidol, pimozide and pipamperone
on medial forebrain stimulation with monopolar electrodes.
Psychopharmacologia 27: 191-202,1972.

Weissman, A. and B. K. Koe. Behavioral effects of L-a-
methyltyrosine an inhibitor of tyrosine hydroxylase. Life Sci.
4:1037-1048, 1965.

Wise, C. D. and L. Stein. Facilitation of brain self-stimulation
by central administration of norepinephrine. Science 163:
299-301, 1969.



