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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. 

Noradrenaline Dopamine Self-stimulation Reward Arousal 

IT has been suggested that the release of noradrenaline 
from noradrenaline-containing neurons mediates brain- 
stimulation reward (see [25, 26, 3 7 - 4 4 ] ) .  Much of the 
evidence for this 'noradrenergic theory of reward' is, we 
believe, weak in two respects (see also [31,32]). First, 
raany of the treatments used to support the theory are 
pharmacologically 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, 3 7 - 4 0 ]  also release dopamine [1, 6 - 8 ,  19, 22, 46].  

Similarly the treatments which attenuate self-stimulation 
[1, 7, 11, 12, 26, 3 7 - 4 0 ]  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 
altenuates 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 [151. The decrease in self-stimulation rate which 
occurs with c~-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 
~-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 

Me th od 

Spontaneous locomotor  activity was measured in a 
cage 27 X 27 X 27 cm [32]. The cage had a false floor 
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supported on four  microswitches,  which depressed if a rat 
s tood over  the switch. Four  counts  were produced if  the 
rat walked once round the cage. Sometimes the rats 
reared (lifted both forepaws high of f  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 l o c o m o t o r  act ivi ty and rearing fol lowed by a 
10 min test of  lateral hypotha lamic  self-st imulation rate 
[311. 

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-st imulation sites determined with the aid of  frozen 
25,u 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 
i n t r a p e r i t o n e a l l y  (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 h r  before 
tes t ing .  Pilot exper iments  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 exper iment .  Except  for 
the disulfiram the inject ion 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 t ime each testing day. The 
order of  the t reatments  was balanced between the groups. 
After  inject ion the animal was replaced in its home  cage 
until required for the 5 min l ocomoto r  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 rain self-stimulation test 
were considered as a warm-up period and were not  
included in the computa t ion  of  self-stimulation rate. 

1 
FIG. 1. Examples of the lateral hypothalamic self-stimulation sites 

used in this study. 

Results  

The bar histograms in Fig. 2 show that  when disulfiram 
or phento lamine  produced a modest  reduct ion in self- 
s t imulat ion rate ( f rom 70 to about  42 bar-presses/min), 
the animals were very drowsy, as measured by the 
decrease in rearing and the decrease in l ocomoto r  activity. 
The animals also looked drowsy. Therefore  inhibit ion of  
the synthesis of  NA (disulfiram t rea tment )  or blockade of  
noradrenaline receptors (phento lamine  t rea tment )  does 
r e d u c e  sel f -s t imulat ion rate, but at the same t ime 
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 locomoto r  
a c t i v i t y  relatively high (compared to disulfiram and 
phentolamine) .  Therefore  a pharmacological  t reatment ,  
spiroperidol,  can be found which appears to a t tenuate  
reward aspects o f  self-st imulation more specifically with 
respect to arousal than disulfiram and phentolamine.  

Discussion 

It can be concluded that  the effects of interference 
with noradrenaline (disulfiram and phento lamine  treat- 
m e n t s )  on  b r a i n - s t i m u l a t i o n  reward are relatively, 
non-specific since a large effect  on arousal relative to the 
effect  on self-st imulation is produced. 

The disulfiram and phento lamine  t rea tments  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  noradrenal ine in the normal rat 
produce arousal [l  l] and intracranial injections of  20/ag 
of  phento lamine  in tile normal rat produce sedation 
(personal observations).  

EXPERIMENT 2 

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

Method 

Each rat was tested for both  l o c o m o t o r  activity and 
lateral hypotha lamic  self-st imulation after an i.p. inject ion 
of  disulfiram, spiroperidol,  or placebo. A number  of  rats 
were tested at more than one drug dose. The rate of  self- 
s t imulat ion or amount  of  l ocomoto r  activity of  each rat 
was measured as in Exper iment  1 and expressed as a per- 
centage of the group mean under  the placebo condit ion.  

Results 

It was found that  t rea tment  with disulfiram produced a 
greater reduct ion  of  l o c o m o t o r  activity than of self- 
s t imulat ion at all drug doses (Fig. 3). In contrast ,  spiro- 
peridol produced a greater  reduct ion of  self-stimulation 
than of  l ocomoto r  activity at all drug doses (Fig. 3). This 
confirms the results of  Exper iment  1: when compared to 
spiroperidol,  t rea tment  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 
af~!er 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. 

D I S C U S S I O N  

When the functions of noradrenaline and dopamine in 
self-stimulation are considered in the light of these experi- 
me:nts 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 
n o t  the attenuation of self-stimulation produced by 
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FIG. 3. Dose-response 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 
d isu l f i ram dose-response curve the 200 mg/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. 

dopamine- recep tor  b lockade is due to a b lockade of trans- 
mission in reward pa thways  remains to be shown.  It has 
been shown that  the degree of m o t o r  impa i rment  p roduced  
by doses of  spiroperidol  which a t tenua te  self-s t imulat ion is 
small, and that  the t reated rats are still able to per form the 

m o t o r  response of bar-pressing rapidly [16 ,34] .  Neverthe-  
less the possibili ty that  a m o t o r  impa i rment  accounts  for 
the effects  of spiroper idol  on self-st imulat ion cannot  be 

excluded [34] .  
There is o ther  evidence that dopamine  is involved in 
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se l f -s t imula t ion  of  at  least some sites. Crow e ta l .  [10]  
ob ta ined  se l f - s t imula t ion  w h e n  e lec t rodes  were near  the  
d o p a m i n e - c o n t a i n i n g  c e l l  b o d i e s  ( e s p e c i a l l y  the  
G r o u p  A 10) in the  ven t ra l  m e s e n c e p h a l o n .  The  d o p a m i n e -  
r ecep to r  b lock ing  agent  p imoz ide  a t t e n u a t e s  MFB self- 
s t i m u l a t i o n  [ 1 7 , 4 6 ] .  We [16 ,34]  have s h o w n  t h a t  
se l f - s t imula t ion  of  m a n y  d i f f e ren t  sites ( the  septal  area, 
nucleus  accumbens ,  an t e r io r  h y p o t h a l a m u s  and  m i d b r a i n  
t e g m e n t u m )  is a t t e n u a t e d  by  spi roper idol .  I t  should  be 

n o t e d  t ha t  the  la teral  h y p o t h a l a m i c  se l f - s t imula t ion  sites 
used in this  s tudy  are near  axons  of  noradrenerg ic  and  of  
dopamine rg ic  neurons .  

There  have been  ex t r apo l a t i ons  f rom the  noradrenerg ic  
t heo ry  of  reward  to a b n o r m a l  h u m a n  e m o t i o n a l  behav io r  
[ 3 7 - 4 1 ,  4 4 ] .  Given  the  evidence above  t h a t  the  no rad ren -  
ergic t h e o r y  of  reward is far f rom proven ,  any  e x t r a p o l a t i o n  
to the  e t io logy of  sch izophren ia  or depress ion  [ 3 7 - 4 1 , 4 4 ]  
mus t  be  cons idered  to be very ten ta t ive .  
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