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HERBERG, L. J., D. N. STEPHENS AND K. B. J. FRANKLIN. Catecholamines and selfistimulation: evidence suggesting a 
reinforcing role for noradrenaline and a motivating role for dopamine. PHARMAC. BIOC, HEM. BEHAV. 4(5) 575-582,  
1 9 7 6 . -  Investigation of the role of noradrenaline (NA) and dopamine (DA) in self-stimulation showed that 
d-amphetamine (which releases more DA than does I-amphetamine, but not more NA) was much more effective than 
I-amphetamine in enhancing self-stimulation of NA sites in the locus coeruleus and near-lateral hypothalamus. In DA sites 
in the substantia nigra and far-lateral hypothalamus the effects of the 2 isomers were confirmed to be more nearly equal. 
Thymoxamine HCI (10 mg/kg IP), a specific a-adrenergic receptor blocker, depressed self-stimulation at all sites, but 
significantly more severely at DA sites. Thus the drugs most effective in influencing self-stimulation at a particular site were 
those acting predominantly on the unstimulated system. These findings were interpreted in terms of a hypothesis that DA 
and NA play complementary roles in self-stimulation and that both are essential; or, more specifically, that DA pathways, 
implicated in other motivational activities, contribute to a state of drive or arousal necessary for self-stimulation; while 
response-contingent noradrenergic activity (elicited by the electrodes directly, or indirectly via a transsynaptic route) 
mediates reinforcement. Further predictions from this hypothesis were tested as follows: (1)Direct pharmacological 
stimulants of adrenergic a-receptors should disrupt self-stimulation by acting randomly on the reinforcement system and 
disrupting response-reward contingencies; this was confirmed by the finding that the a-receptor stimulant clonidine HCI 
(0.05 mg/kg) depressed self-stimulation at all sites tested. (2)Direct stimulants of DA receptors should enhance 
self-stimulation of NA sites by augmenting dopaminergic motivational activity; but in rats with DA electrodes, 
noncontingent stimulation of DA receptors would also impose similar noncontingent activity on the transsynaptic 
noradrenergic reinforcement pathways and thus depress self-stimulation; this was confirmed by the finding that 
apomorphine (0 .3-1.0  mg/kg) was strongly stimulant for NA electrodes but strongly depressant for DA electrodes, and 
that the degree and direction of these effects was highly correlated with the differential effects of d- and l-amphetamine 
(rho = .65, p<0.01 ). Neither effect of apomorphine depended on the occurrence of motor stereotypy. These results can be 
interpreted in terms of 2-component models for self-stimulation, with the predominant transmitter of the drive component 
being identified as DA and that g the reinforcing component as NA. 

Catecholamines Self-stimulation Amphetamine Apomorphine Substantia nigra Noradrenaline 
Reinforcement Clonidine Locus coeruleus Dopamine Drive Thymoxamine Hypothalamus 

E X P L A N A T I O N S  of  the  se l f - s t imula t ion  p h e n o m e n o n  
general ly  invoke  a r e i n f o r c e m e n t  process  and a drive or 
arousal  process,  the  l a t t e r  being elici ted e i the r  by the  
e lec t rodes  d i rec t ly  [ 15 ], or ind i rec t ly  as a secondary  ef fec t  
of  re in forc ing  s t imu l a t i on  [53]  ( for  review see Gallistel  
[ 2 0 ] ) .  The  present  s tudy  sought  to  relate  these  views to 
recent  a n a t o m i c a l  f indings  which  have revealed a corre-  
spondence  b e t w e e n  sites where  se l f - s t imula t ion  may be 
ob t a ined  and the  ascending  c a t e c h o l a m i n e  (CA) pa thways  
of  the  bra in  [ 8 , 1 0 ] .  

The  ana tomica l  f indings  have been  s u p p o r t e d  by bio- 
chemical  [ 4 , 4 7 ] ,  pha rmaco log ica l  [9, 31, 39, 49]  and 
e lec t rophys io log ica l  [34]  evidence  but  the  relat ive roles of  
no rad rena l ine  (NA)  [40,571 and d o p a m i n e  (DA) [11,311 
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are d i sputed  and some s tudies  have yielded d i scordan t  
results. The  DA-recep tor  s t imulan t ,  a p o m o r p h i n e ,  for  
example ,  has been repor ted  to suppress  r e spond ing  [28 ,45]  
and to e n h a n c e  it [29 ,55]  seemingly  regardless of  e lec t rode  
site [ 6 ] ,  leading at least one group of  inves t igators  to  
conc lude  tha t  the d i rec t ion  of  its ac t ion  in d i f fe ren t  rats  
was de t e rmined  by " a c c i d e n t "  [5 ,6 ] .  O the r  cont rovers ies  
conce rn  the  effects  on  se l f - s t imula t ion  of  NA-synthes is  
b lockers  [ 4 3 , 5 7 ] ,  and the  relat ive roles of NA and DA in 
the s t imulan t  ac t ion  of  the  a m p h e t a m i n e s  [ 7 , 3 9 ] .  The 
present  s tudy  sought  to reconci le  these  f indings  in t e rms  of  
an hypo thes i s  tha t  se l f - s t imula t ion  was equal ly  d e p e n d e n t  
on  b o t h  NA and DA, ac t ing in conce r t  and respect ively  
media t ing  r e i n f o r c e m e n t  and drive. Thus  the drugs most  
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effective in influencing self-stimulation at a particular site 
would be those acting on the less strongly stimulated 
system of the two. In other words, self-stimulation of 
noradrcnergic sites should be particularly sensitive to drugs 
acting on DA receptors, and vice versa. 

To test this hypothesis and identify the role of each 
transmitter we have reinvestigated the effects on self- 
stimulation at different sites of each of 3 categories of 
tlrug: direct CA stimulants. indirect (i.e. presynaptic) CA 
stimulants. and an adrenergic &receptor blocking agent. We 
have reasoned that indirect stimulants. administered in 
moderate doses, might be expected to enhance information 
transfer in reinforcing pathways by selectively facilitating 
ongoing neural activity, including neural activity generated 
by the reinforcing stimulus. Direct stimulants, on the other 
hand, would excite postsynaptic receptors in a quasi 
random pattern, poorly correlated with presynaptic activity 
and largely independent of the animal’s ongoing activity. 
Although noncontingent stimulation might intensify tonic 
neural processes and raise the level of activities such as 
feeding behaviour [ 3.231 or genera! activity [ 21, it would 
tend to disrupt phasic processes involved in the reinforce- 
ment of discrete operants such as lever-pressing for food 
[I I or for brain stimulation [ 221. We therefore compared 
the effects on self-stimulation of direct and indirect 
stimulants with the purpose of distinguishing the possible 
reinforcing and drive inducing functions of different trans- 
mitter systems. 

Mk:THOD 

Arliniuls 

Twisted bipolar stainless steel electrodes were implanted 
in I of 3 brain areas in adult male Wistar rats: (a) the locus 
coeruleus (LC) (De Groot [ 141 coordinates: A- 1.8. 
0.8-1.2, 7.5), (b) the substantia nigra (SN) pars compacta 
(A-2.2, 2.0, 8.5) and (c) the near- and far-lateral lateral 
hypothalamus (LH) (A-5.2. 1.4, 8.8 and A-5.2, 2.0, 8.8). 
The LC and SN have been shown by histochemica! 
techniques to be largely constituted by noradrenergic and 
dopaminergic neurones respectively [ 13>35 1. 

The rats were trained to operate a pedal for 0.5 set sine 
wave reinforcing pulses, available at randomly varied 
intervals of 10 set mean duration (VI IO set). Use of this 
reinforcement schedule ensures a steady, seizure-fret rate of 
responding on which clear stimulant or depressant effects 
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can be imposed without any appreciable change in the rate 
at which reinforcing shocks are received [ 181. The stimu- 
lating current for each rat was fixed at the lowest intensity 
that elicited sustained responding at a rate between IO and 
20 responses per min, and regular training continued until 
response rates had become stable over a 2 hr session. Rats 
with LC electrodes were generally given at least 3 shaping 
sessions before being rejected as nonresponders. At the end 
of the experiment the anatomical location of the electrode 
tips was determined from 10 X enlarged photographic 
projections of unstained frozen sections. 

Drup 

d- and !-Amphetamine suplphatc (S.K.F.) were dissolved 
in physiological saline: apomorphine HC! (Evans Medical), 
clonidine HCI (Boehringer) and thymoxamine HC‘! (Warner) 
were dispensed from pharmaceutical ampoules and diluted 
with physiological saline as required. Solutions for injection 
were adjusted to a volume of approximately 0.5 ml and 
administered intraperitoneally at not less than 72 hr inter- 
vals. Table 1 shows the dosages, and the number of rats in 
different groups receiving each of the drugs administered. 

Procedurr 

Injections took place after self-stimulation had been in 
progress for approximately 45 min, and the rate of 
responding during the last 30 min before injection was 
taken as a pre-injection baseline. Self-stimulation continued 
for another 60 min after injection, and mean response rates 
were recorded automatically at IO min intervals. Except 
where indicated. drug effects were determined from 
response rates in the third IO min period after injection. 
and were expressed as a percentage of the pre-injection 
baseline. The relative effects of d- and !-amphetamine on 
response rates were compared as in a previous investigation 
[ 48 I by calculating the peak percentage increase in any IO 
min period in the hour after !-amphetamine and subtracting 
it from the corresponding figure for d-amphetamine. The 
dose level used was that found to yield maxima! discrimina- 
tion between different implantation sites [ 391, and a!! rats 
were scored and ranked in terms of the d-l differential 
obtained in this way. Rats which stopped responding after 
injections were encouraged to restart by taps on the lever: if 
this failed, by the administration of priming shocks, and 
then by the experimenter placing the rat bodily on the 

‘I‘ABI.E I 

SCh1HF.K 01. RATS IK EACti GKOUI’ KtXttVtNG L)tt,FEKEh’T IXXt:S OF EACH DKCG 

DOSC I.H-NA I.H-DA SN IS PVC; RF I‘~~t~il 
I>rll@ (mp’kg) II = 6 n = 5 ll=S n-3 n 3 1, = I n 7 13 

d- and I- 
Amphetamine 0.5 6 5 5 3 3 I 23 
Thymoxaminc IO.0 h 3 i 2 0 I I7 

Clonidine 0.015 5 3 0 0 0 0 x 

0.05 5 3 5 2 0 I I6 
0. I5 5 3 0 0 0 0 x 

Apomorphine 0. I h c 5 3 2 I ?? 

0.7 h 5 5 3 7 I ‘3 

I .o 4 3 > 3 3 I I’) 
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lever. This sequence was repeated at intervals unti l  
responding returned.  

For  analysis of  the results, all self-st imulators were 
assigned to 1 of  4 groups according to their  his tology or, in 
the case of  LH electrodes,  on the basis of  the relative 
effects  of  d- and 1-amphetamine: ( 1 ) G r o u p  LC comprised 
rats with electrodes shown histologically to be within the 
LC as defined by the dis t r ibut ion of  the CA-containing cells 
in the atlas of  Palkovits and Jacobowi tz  [35] .  ( 2 ) G r o u p  
SN had electrodes in or on the margin of  the SN; (3) Group 
LH-NA has LH electrodes which yielded d - I  differentials  
equal to or greater than the median value of  all LH 
electrodes (i.e. i> 33); (4) Group LH-DA had LH electrodes  
yielding d - I  differentials less than the median. Rats with 
electrodes elsewhere in the brain were not  assigned to the 
above groups,  and their  results were considered separately. 

RESULTS 

ltistology 

LOCUS coeruleus. Of 6 reinforcing electrodes  aimed at 
the LC, 3 te rminated  in the anter ior  LC between the dorsal 
tegmental  nucleus and the mesencephal ic  nucleus of  the 
trigeminal nerve and were assigned to Group LC, and 3 
terminated  in the adjacent  periventr icular  grey mat te r  
(PVG), Fig. IC. Eighteen electrodes  terminat ing in or above 
the dorsal tegmental  nucleus, and 2 electrodes in the LC 
failed to support  self-stimulation. 

Substantia nigra. Of 6 reinforcing electrodes aimed at 
the SN, 5 terminated within it or on its dorsal margin and 
were included in Group SN. The o ther  e lect rode s topped 
short,  in the ret icular  fo rmat ion  (RF) ,  Fig. lB. 

Lateral hypothalamus. Three electrodes terminated in 
the far-lateral LH just medial to the internal capsule, 4 were 
in the perifornical  near-lateral LH, and 3 were in an 
in termedia te  posit ion,  Fig. 1A. One brain was not  available 
for sectioning. 

d- and l-Amphetamine 

The mean d-1  differential  for LC electrodes  (106 -+ 26 
SE) was much higher than for SN electrodes  (19 + 12 SE) 
with overlap (a tie) occurr ing once. Inspect ion of  individual 
placements  in the SN (Fig. I B) shows that the lowest  
differentials  were obtained f rom sites slightly below and 
lateral to the main concent ra t ion  of  cell bodies const i tu t ing 
Area A9 [ 13] ; more superficial e lectrodes (and the short 
e lect rode in the reticular fo rmat ion)  gave somewhat  higher 
differentials,  perhaps because they were in a posit ion to 
recruit  fibres of  the noradrenergic tegmental  radiation now 
known to penet ra te  this area [30] .  

Differentials  recorded f rom the 3 PVG electrodes 
(respectively 12, 14 and 43) (Fig. 1B) resembled those 
generally recorded in the SN rather than in the LC, 
consistent with o ther  recent reports  of  funct ional  and 
pharmacological  differences be tween this area and the LC 
[29 ,46] .  

Differentials in the LH (Fig. 1A) ranged from - 6  to 118, 
and, as elsewhere repor ted  [48] were negatively correlated 
with the distance of  the electrode site from the midline 
(Spearman rho = - 0 . 7  n = I0, p<O.05) .  Preinjection rates 
of  responding in Groups LC, LH-NA, LH-DA and SN were 
respectively 18.4, 20.0, 21.7 and 15.2 responses per min for 
tests with d-amphetamine,  and 21.6, 21.8, 21.8 and 15.8 
responses per min for l -amphetamine.  The differences 
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FIG. I. Coronal sections of rat brain after de Groot [ 14] (A and BI 
or Pellegrino and Cushman [37] (C) showing the location of 
electrodes supporting self-stimulation. Numerals indicate the d- I  
amphetamine differentials for each rat ranging from extreme 
dopaminergic values ( -  12) to extreme noradrenergic values (+I 68). 
A: Lateral hypothalamus (wanting one rat with d- I  differential = 
76). B: Substantia nigra (n = 5) and reticular formation (n = I). 
C: Locus coeruleus (n = 3) and periventricular central grey 

(n -~ 3). 

be tween groups were not significant (Kruskal-Wallis 1t = 
2.8, df  = 3, p>0 .3 ) ,  and there was no correlat ion between 
the mean pre-amphetamine  rate and the magnitude of the 
d - I  amphe tamine  differential  (Spearman rho = 0.10, n = 
19, n.s.). Mean preinject ion rates in each group remained 
stable near these levels throughout  the investigation. 

Thymoxamine 

T h y m o x a m i n e  (10 mg/kg) caused transient f laccidity 
and a depression of  self-st imulation in every rat, fol lowed 
by a rapid recovery which was usually comple te  within 20 
min. To el iminate zero scores response rates were calculated 
over 20 min periods, and the average maximal  fall in the 
1 hr af ter  t h y m o x a m i n e  (70 per cent)  proved significantly 
greater than the average maximal fall after saline (13 per 
cent)  (Wilcoxon T = 4, n = 17, p<0 .01) .  The DA groups 
(Groups SN and LH-DA; mean d - I  amphe tamine  differ- 
ential = 13.9) were more strongly affected than the NA 
groups (Groups LC and LH-NA; mean d 1 differential  = 
87.9), the respective falls being 79 per cent and 61 per cent  
(Mann-Whitney U = 16, nn = n2 = 8, p<0 .05) ,  and there 
was a significant negative correlat ion between the d-1  
differentials of  all rats tested in all groups and the degree of  
slowing caused by t hymoxamine  (Spearman rho = -.52, n = 
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Clonidine 

Clonidine (0.05 mg/kg) depressed responding in virtually 
all (14 /15)  rats regardless of  implanta t ion  site, the mean 
response rate in the third 10 rain period after  inject ion 
being reduced to 59.5 per cent of  the preinject ion rate. 
Rats which s topped responding were inactive but their eyes 
stayed open and they retained the abili ty to make 
coordinated  movements .  In the series of  LH rats treated 
with 3 doses of  clonidine (0.015,  0.05 and 0.15 mg/kg) the 
reduct ion in response rate was significantly dose-dependent  
(respectively 14.7, 40.9 and 71.9 per cent ;  Fr iedman Xr 2 = 
19.5, n = 8, p<0 .01 ) .  There was no significant relat ionship 
be tween the degree of  slowing and the d - I  differential  
(Spearman rho = - .29, n = 15, n.s.). 

o ~ 200 
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Apomorphine 

The initial effect  of  apomorph ine  regardless of  dose was 
a brief depression of  responding in virtually all (22 /23)  rats 
tested, and at the Iowset dose (0.1 mg/kg) this was usually 
the only effect  apparent  (see Fig. 2B). With doses of  0.3 
and 1.0 mg/kg, however ,  initial depression was fol lowed 
ei ther by a fur ther  fall, or  by a sharp increase in responding 
to well above baseline levels, usually reaching a max imum 
by the third 10 min period after inject ion (Figs. 2C and 
2D). 

A highly significant correlat ion (Spearman rho = .70, n = 
23, p<0 .01 )  was present be tween  the changes after  
apomorph ine  (especially the 0.3 mg/kg dose) and the values 
obtained for the d -1  different ial ;  thus Fig. 3 shows that the 
changes in response rate were much greater in Groups  LC 
and LH-NA than in Groups SN and LH-DA, and in opposi te  
directions.  All but 2 of  the LC and LH-NA rats showed 
substantial increases after I or both  higher doses of  
apomorphine ,  and all but 2 of  the SN and LH-DA rats were 
depressed by both doses. Two of  the PVG rats were 
depressed by both  doses; the third (with a d - I  differential  = 
45), and the RF rat, showed increases. For  all rats the 
changes in response rates after apomorph ine  were not  
significantly related to pre-inject ion levels of  responding 
(Spearman rho = - . 0 4 7 ,  n = 23, n.s.) or to the effects  of  
ei ther  d- or 1-amphetamine considered separately (Spearman 
0 > r h o < . 3 4 ,  n = 23, n.s.). 

The 1.0 mg/kg dose of  apomorph ine  almost  always 
elicited persistent sniffing and other  forms of  s te reo typed  
behaviour.  S te reo typy  somet imes  coexis ted with lever- 
pressing activity,  but 2 rats, which had been strongly 
facil i tated by 0.3 mg/kg, were possessed by cont inuous  
s te reo typed  movements  after the 1.0 mg/kg dose, and 
would not  self-stimulate. Ext inc t ion  of  responding in 
apomorphine- t rea ted  rats was somet imes  considerably 
delayed when the s t imulat ing current  was switched off,  in 
one case for as long as 30 min, but similar unreinforced 
lever-pressing for zero current  could not  be elicited in rats 
in which apomorphine  depressed self-st imulation,  or if the 
rats were pre-extinguished before being treated with 
apomorphine .  The lower doses or apomorph ine  did not  
usually elicit s tereotypy,  even in rats in which self- 
s t imulat ion was suppressed. 

n 
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17, p = 0.05). When scores f rom the DA and NA groups 
were treated separately,  a negative corre la t ion was still 
apparent  within the DA groups (rho = - . 8 0 ,  n = 8, p < 0 . 0 5 )  
but  not  within the NA groups (rho = - . 0 4 ,  n = 8, n.s.). 
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FIG. 2. Self-stimulation rates in 4 groups of rats recorded at 10 rain 
intervals for 1 hr after injection of saline (A), or apomorphinc in 
doses of 0.1 mg/kg (B), 0.3 mg/kg (C), or 1.0 mg/kg (1)), and 
expressed as a percentage of the preinjection rate. Figures in 
parenthesis indicate the number of rats in each group receiving each 

treatment. 

DISCUSSION 

d- and l-Amphetamine 

The unambiguous  difference between the d - I  dif- 
ferentials of  Groups L(" and SN confirms earlier reports 
that the 2 amphetamines  different ia te  reliably be tween 
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FIG. 3. Changes in self-stimulation rates at noradrenergic (high 
differential) implantation sites (Groups LC and LH-NA, n = 9) and 
at dopaminesgic (low-differential) implantation sites (Groups SN 
and LH-DA, n = 10) in the third 10 rain period after various doses 
of apomorphine. For the 1.0 mg/kg dose, sample sizes were n = 7 
and n = 8 respectively. *different from preinjection rate (p<0.05), 

+noradrenergic sites different from dopaminergic sites (p<0.05). 

self-stimulation of dopaminergic and noradrenergic areas of 
the brain [391. The use of d- and I-amphetamine for this 
purpose was originally based on observation that d- 
amphetamine was 10 times more active than the 1-isomer in 
inhibiting neuronal uptake of NA, but equally active on DA 
uptake [52] ;  the same relationships were expected to 
govern their stimulant effects on self-stimulation. More 
recent uptake studies, however, have revealed precisely the 
opposite order of potencies [17, 21, 25],  and studies not of 
CA uptake but of its release (which contributes more than 
does reuptake inhibition to the stimulant action of amphet- 
amine [44] ) have shown the d-isomer to be 10 times more 
potent in releasing DA I7] and equipotent in releasing NA 
[511. 

It is thus necessary to consider whether the special 
effectiveness of d-amphetamine at noradrenergic self- 
stimulation sites may be due to the facilitated release of DA 
rather than NA. Noradrenergic electrodes would normally 
release ample NA but would not release DA except by an 
indirect and relatively less efficient transsynaptic route. 
Thus, on the present hypothesis, the rate-limiting factor in 
noradrenergic sites would be the availability of DA, not 
NA, and this would explain why such sites are particularly 
sensitive to dopaminergic drugs such as d-amphetamine. 
The converse picture would apply to dopaminergic sites; 
they would be particularly sensitive to noradrenergic drugs 
and thus equally sensitive to d- and 1-amphetamine. Further 
findings discussed in the following sections provide 

additional support for this interpretation and throw light 
on the nature of the complementary roles of the 2 
transmitters. 

Thymoxamine 
Thymoxamine reputedly exerts a selective blocking 

action on the adrenergic s-receptor without incurring the 
side effects of other c~-blocking agents [36],  and its 
depressant action on self-stimulation is thus further 
evidence that NA may have a specific role in self- 
stimulation. Furthermore, the finding that thymoxamine 
acted more strongly in the DA than the NA groups 
confirms a prediction from the present hypothesis, and 
would be difficult to explain entirely in terms of the 
sedative effects apparent in both groups. Nonspecific 
effects of thymoxamine may have been largely responsible, 
however, for the relatively milder slowing which occurred 
in the NA groups, since in the NA groups slowing was 
unrelated to the d -1  differentials. 

Clonidine 
Stimulating the adrenergic a-receptors with clonidine 

had the same effect as blocking them with thymoxamine. 
This finding not only again underlines the importance of 
NA in self-stimulation but suggests that its specific role may 
be the transmission of discrete packets of information 
correlated with the occurrence of reinforcing events; as we 
have pointed out, this would mean that direct c~-stimulants 
such as clonidine would tend to disrupt performance, 
regardless of electrode site, by breaking down this correla- 
tion and by reinforcing inactivity or irrelevant activity. 

One cannot exclude the possibility that sedative [24],  
hypotensive [24] or other [19] effects of clonidine 
contributed to its action on self-stimulation but these seem 
unlikely to have played a major role since the dose of 
clonidine effective against self-stimulation (0.05 mg/kg) has 
proved not incompatible with "persistent feeding activity" 
when administered intraventricularly [24],  while the EDs0 
for suppression of a relatively difficult conditioned avoid- 
ance response (pole-climbing) was over 40 times greater 
[27]. 

Apomorphine 

We cannot account for the brief depression that 
followed most injections of apomorphine or for the 
depressant effects of the lowest dose (0.1 rag). Similar 
findings have however been reported for mouse locomotor 
activity after low doses (0.05 mg/kg) that were sub- 
threshold for central thermogenic effects, and after low 
doses of DA (which does not cross into the brain), and it 
has therefore been suggested that nonspecific peripheral 
effects may contribute to the depressant action of 
apomorphine in low cnncentrations [ 32]. 

At higher doses, however, apomorphine sometimes 
caused a very marked increase in self-stimulation, and in 
this respect differed from clonidine which was everywhere 
depressant. This finding argues against suggestions [ 11,49] 
that DA and NA might play similar roles in similar but 
independent self-stimulation mechanisms. Moreover, virtu- 
ally all rats showing enhanced performance with 
apomorphine belonged to groups classified as noradrenergic 
(Groups LC and LH-NA), a finding significant in 3 respects: 
first, it constitutes further evidence that DA is a rate- 
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limiting factor in self-stimulation of noradrenergic brain 
sites; second, it shows that enhanced performance after 
apomorphine was unlikely to have been a simple manifesta- 
tion of stereotyped motor activity since stereotypy affected 
all rats, not just rats with noradrenergic implants; and 
finally, the fact that enhanced performance could be 
brought about by dopaminergic stimulation of an essen- 
tially random nature indicates that in these groups DA was 
not significantly involved in the transmission of response- 
correlated reinforcement signals. The alternative is that DA 
is involved in a tonic motivating process, and this possibility 
is considered in the next section. 

NA-DA Interaction 

The interaction of reinforcement and drive or arousal in 
self-stimulation has been considered in detail in models of 
self-stimulation proposed by J.A. Deutsch and others, and 
the logical status of each term has been rigorously defined 
[ 15,20]. The present findings can be integrated with these 
models by an hypothesis that the reinforcing component in 
such models depends in part on NA, and the motivating 
component on DA. This interpretation may be illustrated 
by considering two extreme cases. Fig. 4A indicates 
schematically how an electrode in a pure noradrenergic 
structure could maintain self-stimulation. Such an electrode 
would be in a position to excite optimal levels of adrenergic 
activity but would not elicit dopaminergic activity except 
via indirect transsynaptic pathways. Thus activity levels in 
the motivational component would tend to be suboptimal 
unless supplemented by possible endogenous motivational 
activity [16] or, as in the present case, by the effects of 
apomorphine. This interpretation readily accounts for the 
characteristically unenthusiastic quality of LC self- 
stimulation [12,42],  as well as for the absence of extinc- 
tion (or of  "drive decay" [26]),  after treatment with 
apomorphine [6] or d-amphetamine [33]. The extraor- 
dinary resistance to extinction conferred by these drugs 
also illustrates that in self-stimulation as in conventional 
learning tasks, large changes in reward may have relatively 
little effect on response strength as long as drive is 
continuously maintained at high intensity [20,41]. The 
dopaminergic drive component of self-stimulation does not, 
however, seem the complete equivalent of specific drives 
such as hunger or thirst since feeding and drinking are not 
usually evoked by apomorphine alone, or by LH stimula- 
tion unless the electrodes involve, in addition, parafornical 
pathways now known to be predominantly noradrenergic 
[48]. This is consistent with recent suggestions that the 
ascending DA pathways mediate a non-specific motivational 
state [54] which is manifested as specific drive activity 
only in the presence of a corresponding reinforcer [56]. 

Electrodes in purely dopaminergic structures are con- 
sidered in Fig. 4B; with such placements maximal activation 
of the dopaminergic component would be readily achieved, 
and self-stimulation of these sites is characterized by 
obviously excited behaviour with continual sniffing, 
jumping, and biting of the lever [10]. On the other hand, 
noradrenergic reinforcement activity would be elicited 
exclusively via synaptic connexions with the dopaminergic 
implantation sites and not by the electrodes directly. 
Randomisation of dopaminergic neural activity by 
administration of apomorphine would thus have similarly 
randomizing effects on reinforcing noradrenergic activity, 
with consequently disruptive effects on self-stimulation. 

A 

~ REINFORCEMENT 
i 

ENDOGENOUS ~ . . . .  ACTIVITY ~ MOTIVATION 

APOMORPHINE 

SELF - 
STIMULATION 

B 

SELF - 
STIMULATION 

FIG. 4. A: Self-stimulation of a pure noradtenergic structure. 
Adequate response-contingent reinforcement is generated by the 
electrodes, and the rate-limiting factor is thus level of dopaminergic 
activity derived either from the stimulating electrodes via a 
transsynaptic NA-to-DA route (broken line), or from endogenous 
motivational processes, and augmented in the present instance by 
apomorphine. The conjectural NA-to-DA connexion indicated by 
the broken line could mediate the 'incentive motivation' envisaged 
in some accounts of self-stimulation [53], but it would not be 
essential to Deutsch's account {15] in which the motivational 
component of self-stimulation need not derive exclusively from the 
stimulating current [16]. B: Self-stimulation of a purely dopa- 
minergic structure. Adequate dopaminergic activity is elicited by the 
stimulating current, and the rate-limiting factor is thus the level of 
noradrenergic response-contingent reinforcement, derived trans- 
synaptically from dopaminergic pathways. Randomisation of 
dopaminergic activity by apomorphine would disrupt the response 
contingency of the reinforcing signals and suppress self-stimulation. 
The broken line indicates the DA-to-NA transsynaptic connexion 
required by the present account. Its existence is supported by recent 

biochemical findings [ 38,50 ]. 

This prediction was confirmed in virtually all members of 
the dopaminergic groups; in these rats apomorphine acted 
like clonidine and depressed responding at all doses, 
including doses subthreshold for stereotypy. Hence, with 
these electrodes, response-contingent dopaminergic activity 
could be regarded as essential for reinforcement even if not 
constituting part of the reinforcement process proper. The 
absence of similar findings in previous studies [6,28] may 
have been due to the inclusion of implantation sites 
superficial to the SN. A reanalysis of one such set of 
conflicting data [6] carried out in the light of the present 
histological findings has uncovered significant site-related 
apomorphine effects (n = 10, p<0.05 2-tailed Mann- 
Whitney) similar to those reported here (C. k. E. 
Broekkamp, personal communication, 1975). 

Electrodes involving mixed populations of NA- and 
DA-containing neurones might be expected to give results 
intermediate between the extreme cases considered above, 
but the very few electrodes outside the target areas in the 
present study do not permit generalization to other 
self-stimulation sites or to areas traversed by other trans- 
mitter systems. 
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