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and Brain-Stimulated Reward 
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Abstract. Three centrally active inhibitors of 
phenylethanolamine-N-methyl transferase (PNMT; 
E.C. 2.1.1.28), the terminal enzyme for epinephrine 
biosynthesis in the brain, produced dose-related de- 
creases in rates of responding for rewarding brain 
stimulation in adult male rats. Decreases occurred at 
dosages that did not produce measurable neurologic 
impairment. This suggests a possible role for central 
epinephrine-containing neurons in the maintenance of 
reward-mediated behaviors. 
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The involvement of central catecholamine-(CA-)con- 
taining neurons in the mediation of reward has been 
established through a variety of anatomical, pharma- 
cological, and neurochemical techniques. Anatomical 
findings, for example, suggest a considerable degree of 
overlap between brain sites supporting intracranial self- 
stimulation and CA-containing cell bodies or fiber 
bundles (Crow, 1972a, b; German and Bowden, 1974). 
Moreover, pharmacological manipulation of these sites 
suggests that drugs potentiating the release of CA lower 
threshold current levels that will maintain operant 
responding for central stimulation and increase rates of 
response for a given intensity of current. As might be 
expected, CA-specific blockers, biosynthesis inhibitors, 
and neurotoxins produce opposite effects (e.g., Rolls, 
1975; Stein, 1968, 1975; Wise et al., 1973). Additional 
support for CA control of central reward comes from 
the relationship of self-stimulation and central neu- 
rochemical changes; i.e., self-stimulation results in 
potentiated CA release and increased CA biosynthesis 
(e.g., Arbuthnott et al., I971 ; Miliaressis et al., 1975). 

Heretofore, most studies of catecholaminergic in- 
volvement in self stimulation and reward have focused 
on noradrenergic (NA) or dopaminergic (DA) systems, 
since these were the only two CA neurotransmitters 
believed to exist in the brain (Fuxe et al., 1970; 
Ungerstedt, 1971). Recently, however, a third CA, 
epinephrine (Epi), has also been identified and localized 
in the brains of mammals and other species, and this 
suggests another neurotransmitter that may be in- 
volved in the mediation of reward. Evidence for Epi 
involvement comes from three sources. On the one 
hand, Epi-containing cells are known to innervate a 
number of brain sites that support self-stimulation, e.g., 
the locus coeruleus and a variety of hypothalamic and 
limbic system sites (Hokfelt et al., 1974; Saavedra et al., 
1974; Lew et al., 1976). At least one report suggests that 
self-stimulation may also be obtained from Epi cell 
bodies (Carter and Phillips, 1975; note also O'Donohue 
and Hagamen, 1967, Figs. 3 and 4). Furthermore, most 
pharmacological manipulations affecting NA and DA 
biosynthesis have necessarily also altered CNS Epi 
stores since NA and DA are the neurochemical pre- 
cursors of Epi synthesis, and therefore the reported 
behavioral changes may be a function of either the 
former neurotransmitters or Epi. Finally, intraventri- 
cular administration of exogenous Epi increases ongo- 
ing rates of operant responding for medial forebrain 
bundle self-stimulation (Hasegawa, 1975). 

Until recently no drugs were available to test 
specifically for the behavioral effects of inhibiting 
Epi biosynthesis. Several inhibitors of PNMT have 
now been developed, however, and we have studied 
their effects on ICS. The drugs we have used are 
Lilly DCMB; 2,3 dichloro-a-methylbenzylamine: 
SKF7698; 3 methyl-l,2,3,4 tetrahydro (1)benzo- 
thieno-(3,2-c) pyridine hydrochloride: SKF64139; 
7,8 dichloro-l,2,3,4 tetrahydroisoquinoline HC1 
(Fuller et al., 1973; Lew et al., 1976; Pendelton et 
al., 1976). 
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M A T E R I A L S  A N D  M E T H O D S  

The subject pool consisted of 16 adult male Sprague-Dawley rats 
weighing 300-475 g obtained from a local supplier (Charles River 
Farms, Portage, Michigan). They were maintained with food (Wayne 
lab blocks) and water continuously available, with automatically 
programmed day/night cycles of 12 h each (light onset and offset were 
at 7 and 19 h). Each rat was used for a total of 6 -10  drug and vehicle 
tests of 14-h duration each. Five rats were used to test each drug 
dosage and a control group of 5 rats injected with 0.9 ~ sterile saline 
vehicle was run concomitantly with each drug injection. Because of 
the limited solubility of SKF 7698, both drug and control injections 
for this compound utilized a 1 ~o Tween-80 in saline vehicle. All drugs 
were administered by i.p. injection and dosages were based on the 
established CNS neurochemistry of each compound. In each case the 
maximum dose used for behavioral testing had previously been 
shown to produce 90 ~ or greater inhibition os PNMT (Lew et 
al., 1976). A 72-h drug-free recovery period preceded a Nven drug 
injection. Recovery from drug effects was virtually complete at 48 h 
(i.e., rates recovered to 90 ~ or more in all cases). 

The self-stimulation task of Wolf et al. (1973) was used for all 
testing. Surgical procedures, brain sites, stimulation parameters, 
apparatus, and training procedures were identical with published 
reports. In the present experiments the displacement of a 14cm 
x 16cm steel plate located 14cm from the cage floor resulted in the 
delivery of monopolar brain stimulation through a skull-mounted 
wire brushing. Stimulation consisted of a 0.3s train of 60cps 
sinusoidal current. Final values of current ranged from 50-200 ~tA. 
At the close of the experiment all subjects were sacrificed with an 
overdose of sodium pentobarbital (Nembutal) and perfused initially 
with 0.9 ~ saline and subsequently with format-saline-acetic acid 
fixing solution. Brains were then sectioned and stained with cresyl 
violet for standard histological examination (Luna, 1960). 

In addition to self-stimulation, subjects were also tested under the 
same drug dosages for possible neurological impairment (e.g., ataxia, 
loss of coordination, sedation). Neurological testing involved placing 
individual subjects upon a horizontal 1 m 2 wire grid located 1 m from 
the floor during the fourth hour after injection. The grid was rotated 
90 ~ until it was perpendicular to the floor, and rats were considered 
intact if they remained upon the grid or attempted to climb to its 
upper surface. Rats that fell from the grid or slid toward its lower 
surface were considered impaired. 

R E S U L T S  

In i t ia l  base l ine  rates  of  response  (to the neares t  100 re- 
sponses)  for  the three  d rugs  were 2 5 0 0 re s ponse s /h  
( range  5 0 0 - 3 7 0 0 ) ,  2 9 0 0 r e s p o n s e s / h  ( range  8 0 0 -  
4100) a n d  2100 re s p o n s e s / h  ( range  5 0 0 - 3 0 0 0 )  for 
D C M B ,  64139, a n d  7698 respectively.  Af te r  d rug  
t r e a t m e n t  the  rates  dec l ined  wi th in  1 h, a n d  r educ t i ons  
pers is ted t h r o u g h o u t  the session. Since i nd iv idua l  sub-  
jects  showed  widely d i f fer ing response  basel ines ,  scores 
were percen tage  t r a n s f o r m e d  to a l low equa l  weigh t ing  
o f  all change.  The  effects o f  d r u g  a n d  vehicle in jec t ion  
on  se l f - s t imula t ion  are p resen ted  in  F i g u r e  1. I n j ec t i on  
of  vehicle across  sessions p r o d u c e d  on ly  m i n o r  a n d  
incons i s t en t  changes  in  rate,  while each o f  the  three  
drugs  clearly reduced  se l f - s t imula t ion  in  a dose- re la ted  
m a n n e r .  Neuro log ica l  i m p a i r m e n t  was obse rved  on ly  
a t  the highest  dose of  each  d r u g  tested,  while  s igni f icant  
r educ t ions  in  response  rates  were f o u n d  cons ide rab ly  
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Fig. 1. Effect of three epinephrine biosynthesis inhibitors on self- 
stimulation. All scores for 14-h session given as mean percentages 
of vehicle (i.e., 0 mg/kg) and percent SEs. * P < 0.01 in relation to 
vehicle-injected control; t-test for independent samples (Dixon and 
Massey, 1969) 

Fig. 2. Composite histology of self-stimulation sites (figures re- 
drawn after De Groot, 1959). Sections are -4.6,  - 4 . 2 A  
(Figs. 17, 18) 

be low these levels. Ra t e  r e d u c t i o n s  therefore  were 
a p p a r e n t l y  n o t  a f u n c t i o n  o f  m o t o r  i m p a i r m e n t  or  
sedat ion.  Ra te  r educ t i ons  due  to seda t ion  are also 
un l ike ly  since D C M B ,  which  effectively inh ib i t s  self- 
s t imu la t ion ,  r epor ted ly  has  direct  cen t ra l  s t i m u l a n t  
effects (Fu l le r  et al., 1973). F i n a l  h is to logic  exam-  
i n a t i o n  revealed  all sites to be  loca ted  in  the  cauda l  
media l  f o r eb ra in  b u n d l e  at  the  level o f  the pos te r io r  

h y p o t h a l a m u s  (Fig.  2). 

D I S C U S S I O N  

Prev ious  repor t s  have  ind ica ted  r a t e - e n c h a n c i n g  effects 
for  exogenous  Epi  a d m i n i s t r a t i o n  (Hasegawa ,  1975). A 
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role for adrenergic neurons  in self-st imulation is also 

established by the f inding of self-st imulation from Epi 
cell bodies and axons (Carter and  Phillips, 1975; 
O ' D o n o h u e  and  Hagamen,  1967). It  might  be no ted  in 
this regard that  no t  all a t tempts to find self-st imulation 
in these areas have been successful (Clavier and 
Rout tenberg ,  1974; Rout tenberg ,  1975). Other studies, 

however, have pointed to robus t  self-st imulation along 
the postulated trajectory of Epi paths (Ritter and  Stein, 
1974; also see above). S t imula t ion  parameters  may be 
one cause of  this discrepancy (Carter  and  Phillips, 
1975). Nontheless,  self-st imulation from cell bodies and 
fibers remains  an impor t an t  source of  suppor t ing  
evidence for the present  thesis. 

Previous demonst ra t ions  of adrenergic involvement  
in bra in  s t imulat ion have largely relied on anatomical  
evidence. Our  studies also indicate a role for adrenal ine 
based on selective pharmacological  disrupt ions of self- 
s t imulat ion.  Since the pharmacological  effects are 
postulated to be adrenaline-specific, the effects of the 
drugs employed on other neurochemical  systems 
should, clearly, also be taken into account.  It might  be 
noted  that  S K F  64139 may have side effects that  render  
in terpre ta t ion  of this drug difficult. Behaviorally effec- 
tive dosages of 64139 may increase serotonin  (Khalsa  et 
al., 1976) as t ransmit ter ,  which may itself have in- 
hibi tory effects on reward (e.g., Katz  and  Carroll,  
1977). On  the other hand,  the remaining  two drugs are 
no t  k n o w n  to have this effect, and all three behavioral  
patterns,  are quite similar. We have also observed 
reductions in self-st imulation with yohimbine,  a block- 
er of adrenaline-sensi t ive adenyl cyclase (Katz and  
Carroll,  unpubl i shed  data), a serotonin antagonist .  
This f inding suggests that wh~le serotonegic act ivat ion 
is an impor t an t  factor in the control  of  reward it is 
p robab ly  no t  the cause of the present results. 

The present findings may be taken as a pre l iminary 
extension of the catecholamine theory of reward to a 
third neurot ransmit ter .  This extension may help to 
explain previous reports that  appeared to be inde- 
pendent  of NE or D A  (viz. Rout tenberg,  1975). 
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