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ETTENBERG, A. AND P. M. MILNER. Effects o f  dopamine supersensitivity on lateral hypothalamic self-stimulation in 
rats. PHARM. BIOCHEM. BEHAV. 7(6) 507-514, 1977. - Dopamine (DA) receptor supersensitivity was demonstrated by 
potentiated d-amphetamine stereotypy after a three-day treatment regimen in which the DA receptor blocker pimozide 
(4.0 mg/kg) was administered twice dally. Similarly-induced DA supersensitivity produced a significant increase in the rate 
of lever-pressing for lateral hypothalamic (LH) intracranial self-stimulation (ICSS) and a significant decrease in ICSS 
thresholds. No change from pretreatment baselines was observed in vehicle-treated control animals. Following three-day 
treatment with the noradrenaline-(NA) and DA-receptor blocker, haloperidol (4.0 mg/kg twice daily), a single injection of 
the alpha-adrenergic agonist clonidine (0.15 mg/kg) caused increased running behavior. In contrast clonidine decreased 
running in rats pretreated with chronic pimozide or vehicle. These results indicate an increase in the sensitivity of central 
NA receptors following chronic haloperidol but not chronic pimozide. Taken together, these findings were interpreted as a 
potentiation in the reinforcing properties of LH-ICSS after chronic pimozide treatments due to increases in the sensitivity 
of DA and not NA receptors. 
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A L T H O U G H  an involvement  of  central  ca techolamine  (CA) 
neurons in the media t ion  of  intracranial  self-st imulation 
(ICSS) has been fairly well established [6 ,15] ,  specific 
a t tempts  at distinguishing be tween  the relative roles of  
noradrenal ine (NA) and dopamine  (DA) have not  yet  met  
with any clear success. A major  contr ibut ing  factor  to this 
problem has been that  most  of  the data presented as 
evidence of  media t ion  by one system, the other ,  or  bo th ,  
are derived f rom techniques  that  act to decrease ICSS 
behaviors.  Demonst ra t ions  of  decreased ICSS behaviors are, 
however ,  most  difficult  to in terpret  since surgical or 
pharmacological  procedures  that  produce  such results may 
do so by causing general malaise, sedation,  motor ,  arousal 
or sensory deficits all of  which may be independen t  of  
re ward. 

Fibiger et al. [ 1 3] ,  for  example ,  repor ted  that  cumula-  
tive records of  ICSS responding after  DA receptor  blockade 
or 6 -hydroxydopamine  revealed a uni form suppression of  
responding th roughout  the exper imenta l  session. These 
results were in terpre ted  in terms of  a m o t o r  deficit  in 
t reated animals since, if the rewarding propert ies  of  the 
ICSS had been reduced,  the cumulat ive record should have 
shown an ex t inc t ion  curve. There is no way of  knowing,  
therefore ,  whether  the reduct ions  in ICSS rates were the 
result of  a decrease in the reinforcing propert ies  of  the 
s t imulat ion or an al terat ion in the animals '  abil i ty to 
per form the required responses. 

The possibili ty that  various CA manipula t ions  produce  
reduct ions  in 1CSS behaviors by per formance  deficits of  
some kind is fur ther  suppor ted  by demons t ra t ions  that  

supposedly specific DA receptor  blocking or NA receptor  
blocking agents reduce ICSS from electrodes located in 
bo th  DA and NA brain sites [14, 24, 25] .  Fibiger etal. 
[13] have therefore  concluded:  " I t  remains possible of  
course that  dopaminergic  systems serve as impor tan t  
substrates of  reward . . . Our results indicate,  however ,  that  
demons t ra t ion  of such a role will require techniques  o ther  
than those which have been most  c o m m o n l y  used. (p. 26)"  
In view of this, Et tenberg  and Wise [11] proposed that  
recent  pharmacological  techniques  developed to produce 
central  DA receptor  supersensit ivity might  be of  use in 
clarifying the presently uncer ta in  role of  D A  in ICSS. 

Recep tor  supersensit ivity refers here to an increased 
sensitivity of  postsynapt ic  receptors  deprived of  their  
normal  neuro t ransmi t te r  for a period of  t ime ranging from 
several days to several weeks. The phenomenon  can be 
demons t ra ted  centrally fol lowing ei ther the dest ruct ion of  
presynapt ic  fibers [12, 36, 38] or long-term postsynapt ic  
receptor  blockade with various drugs [ 16, 33, 35 ]. 

If  a dopaminergic  substrate is in some way involved in 
the mediat ion of  ICSS re inforcement ,  then t rea tments  that  
produce DA receptor  supersensit ivity might be expec ted  to 
increase the reinforcing propert ies of  any given level of  
brain s t imulat ion.  Et tenberg  and Wise [ 11 ] have demon-  
strated similar increases in ICSS rates with ei ther  locus 
coeruleus or substantia nigra e lectrode placements  follow- 
ing chronic pimozide t reatments .  Al though these results 
might be in terpre ted  as implicat ing a dopaminergic  sub- 
strate in ICSS re inforcement ,  o ther  explanat ions  can 
certainly be proposed that  adequate ly  account  for the data. 
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It may be, for example, that increases in ICSS rates were a 
result of increases in arousal or general activity following 
DA receptor blockade. It is also possible that chronic 
pimozide treatments produced an alteration in noradrener- 
gic as well as in dopaminergic functioning. In the first case 
an increase in ICSS rates could be explained independently 
of any change in the reinforcing properties of the stimula- 
tion and, in the second case, even if an increase in the 
reinforcement-value of the ICSS occurred, it remains to be 
determined whether the increase was caused by DA or NA. 

EXPERIMENT 1 

In producing DA receptor supersensitivity Ettenberg and 
Wise [11] used a treatment regimen which involved twice 
daily injections of the DA receptor blocker pimozide over 
an eight-day period. Most other researchers have also used 
treatments which produce receptor blockade over periods 
of one to three weeks. A recent report by Christensen et al. 
[4],  however, has demonstrated potentiated apomorphine- 
induced and methylphenidate-induced gnawing following 
single injections of various catecholamine receptor blocking 
drugs. These results suggest that much shorter periods of 
receptor blockade may be sufficient to demonstrate recep- 
tor supersensitivity. 

An intermediate position was taken for the present 
study where a three-day period of DA receptor blockade 
was employed. Experiment 1 was done to determine 
whether such a treatment does in fact produce DA receptor 
supersensitivity. Since amphetamine stereotypy is generally 
believed to be mediated by central DA neurons [26,34] 
increase in the intensity of stereotypic responses to 
d-amphetamine following the three-day DA receptor block- 
ade was taken as a measure of DA receptor supersensitivity. 

METHOD 

Animals  

Sixteen male Sprague-Dawley rats weighing between 275 
and 300 g were used. Each animal was individually housed 
and provided with ad lib access to food and water. 

Procedure 

Each animal was injected in its home cage with 
4.0 mg/kg d-amphetamine sulfate a dose which had 
previously been determined to produce moderate levels of  
stereotypic behavior (unpublished data). The d-ampheta- 
mine was dissolved immediately before use in normal saline 
solution and injected intraperitoneally (IP) in a volume of 
1.0 mg/kg body weight. 

Stereotypy of each animal was rated during 15-sec 
observation periods according to a five-point scale (where 0 
= no stereotypic behavior and 4 = highly stereotypic or 
repetitive body movements combined with convulsive 
gnawing and biting at wires of the cage) modified from 
Ernst [ 10]. Stereotypy ratings were made for each animal 
every five min for 90 min and all ratings were made by the 
same observer without knowledge of the group to which 
each animal belonged. 

Twenty-four hr after the completion of the initial 
90-min stereotypy test just described, each animal was 
randomly assigned to either of two equal groups. The 
experimental animals were injected with 4.0 mg/kg pimo- 
zide twice daily ( l l : 0 0 a . m .  and l l : 0 0 p . m . )  on three 

successive days. Pimozide was dissolved in a hot aqueous 
solution of six parts tartaric acid to one part pimozide and 
was injected IP in a volume of 4.0 ml/kg body weight. The 
control animals were injected with the same volume of 
solution containing only the tartaric acid. 

Forty-eight hr after the final injections of pimozide or 
vehicle, each animal was again injected with 4.0 mg/kg 
d-amphetamine sulfate. This posttreatment stereotypy test 
was conducted in an identical manner to the pretreatment 
test previously described. 

RESULTS 

Posttreatment stereotypy scores for animals withdrawn 
from pimozide were significantly higher than pretreatment 
stereotypy scores for the same animals. This was not true of 
vehicle-control animals whose stereotypy scores were essen- 
tially the same before and after tartaric acid. Figure 1 
shows the mean scores for the experimental and control 
groups before and after treatments with pimozide or 
vehicle. 

The peak behavioral effects of a single injection of 
4.0 mg/kg d-amphetamine sulfate occurred at 80 min fol- 
lowing injection. The mean pretreatment stereotypy scores 
at 80 min were 1.50 for the control group and 1.75 for the 
experimental group (out of a maximum of 4.00). Forty- 
eight hr after vehicle treatments the 80 min score for the 
control group was slightly elevated to 1.75 (a nonsignificant 
increase). The mean score for the experimental group 48 hr 
after termination of pimozide, however, was greatly in- 
creased to 3.13 (one-tailed t-test for correlated means; 
t(7) = 2.99, p<0.05).  

DISCUSSION 

Stereotypic responses to a single injection of d-amphet- 
amine were of a significantly greater intensity after three- 
day treatment with pimozide than before such treatment. 
No change in the intensity of the stereotypy was observed 
after vehicle treatments. Since pimozide is believed to act 
by specifically antagonizing central dopamine receptors [ 1 ] 
and since amphetamine stereotypy is believed to be 
mediated by a central DA substrate [26,34]. It seems 
reasonable to suggest that these data provide a behavioral 
demonstration of DA receptor supersensitivity. 

The initial studies of catecholamine receptor supersensi- 
tivity, on the cat nictitating membrane [22],  demonstrated 
that the phenomenon developed only gradually over a 
period of several weeks [21]. However, recent experiments 
on central DA receptors have demonstrated supersensitivity 
shortly after single injections of various CA-acting drugs 
[4,39]. The present demonstration of potentiated d-am- 
phetamine stereotypy after only three days of DA receptor 
blockade further supports the contention that central DA 
supersensitivity may develop soon after a relatively short 
period of receptor blockade. 

EXPERIMENT 2 

Although Ettenberg and Wise [1 1] demonstrated in- 
creased ICSS rates of responding during DA receptor 
supersensitivity, it has long been known that a change in 
lever-press rate alone is a weak index for measuring changes 
in the reinforcement value of the stimulation [18]. It is 
important therefore, to determine the effects of DA 
supersensitivity (as produced in Experiment 1) on ICSS 
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FIG. l. Mean stereotypy-intensity scores from a single dose of d-amphetamine (4.0 mg/kg) before and 
after chronic vehicle or pimozide. Standard errors are shown at the time of peak behavioral effect. 

th resholds .  If DA supersens i t iv i ty  should  s o m e h o w  p roduce  
an  increase  in the  r e in fo rc ing  p roper t i e s  of  ICSS, t hen  one  
would  expec t  an  increased  ra te  of r e spond ing  for  ICSS for  a 
given cu r ren t  in t ens i ty  and  a c o n c o m i t a n t  lower ing  of  ICSS 
th resholds .  E x p e r i m e n t  2 was devised to tes t  this  h y p o t h e -  
sis. 

METHOD 
Animals 

T h i r t e e n  rats  s imilar  to  those  used in E x p e r i m e n t  1 were 
used. 

Surgery 

Prior  to  surgery an imals  were a l lowed seven clays to  
adap t  to  the  l a b o r a t o r y  e n v i r o n m e n t .  Each  an imal  was t hen  
anes the t i zed  wi th  an IP in jec t ion  of  50 mg/kg  sod ium 
p e n t o b a r b i t a l  ( N e m b u t a l )  and  s te reo tax ica l ly  i m p l a n t e d  
wi th  a 2 5 0 .  b ipolar  e lec t rode  (Plastic P roduc t s )  a imed  at 
the  lateral  h y p o t h a l a m u s .  The  t o o t h - b a r  was set at  3.2 m m  
above  the  in te raura l  l ine and  the  coo rd ina t e s  were:  0.8 m m  
pos te r io r  to Bregma;  1.5 m m  lateral  to  mid l ine ;  8.6 m m  
vent ra l  to  skull  surface.  

Apparatus 

The se l f - s t imula t ion  c h a m b e r  was made  of  w o o d  wi th  
d imens ions  of  30 x 30 x 30 cm. The  lever was loca ted  
2.5 cm above  the  f loor  of  the  c h a m b e r ,  p r o t r u d e d  5 cm 
f rom the  wall and  was 5 cm wide. Each  press of  the  lever 
p r o d u c e d  a 0.5 sec t ra in  of  in t rac ran ia l  s t imu la t i on  origina- 
t ing f rom a 60 Hz sine-wave s t imula to r .  Cur ren t  in t ens i ty  
was con t ro l l ed  by  a p o t e n t i o m e t e r  and  m o n i t o r e d  wi th  a 
m i c r o a m m e t e r .  

Procedure 

The animals  were a l lowed 10 days to recover  f rom 
surgery,  a f te r  which  each was t ra ined  to lever press for  
in t racran ia l  s t imu la t ion .  The  t ra in ing  p rocedu re  also in- 
volved adjus t ing  the  cu r r en t  i n t ens i ty  for  each  an imal  to a 

value tha t  p r o d u c e d  a s teady ra te  of r e spond ing  (range:  
2 0 - 4 5  ua).  

Tes t ing  involved two  successive sessions for  each an imal  
each day.  Dur ing the  first session, which  lasted 15 min,  
ICSS rates  were measu red  for  each an imal ' s  p r e d e t e r m i n e d  
cu r r en t  level. Dur ing the  second  session, which  immed ia t e ly  
fo l lowed the  first ,  ICSS th resho lds  were de t e rmined .  
Beginning wi th  a s t imu la t ion  cu r ren t  level at  which  a rat  
was bar-press ing steadily,  the  cu r ren t  was t hen  lowered  in 
5 ua  steps.  At  each step the  an imal  was given five t ra ins  of  
n o n - c o n t i n g e n t  s t imu la t i on  and  t hen  a l lowed one  min  to 
adjus t  to  the  new s t imu la t i on  in tens i ty .  The n u m b e r  of  
responses  made  dur ing  the  nex t  th ree  min  was t hen  
recorded .  This p rocedure  c o n t i n u e d  un t i l  the  rat  made  
f ewer  t han  five responses  in a th ree  min  period.  The  cu r ren t  
was t h e n  raised by  5 , a ,  the  an imal  given 5 t ra ins  of  
n o n - c o n t i n g e n t  s t imu la t ion ,  and  the  p rocedure  repea ted .  
Three  ascending  and  th ree  descending  runs  were averaged 
such t ha t  t h r e sho ld  was def ined  as the  average cu r r en t  
in tens i ty  above  which  a rat  made  more  t han  five responses  
and  be low which  an an imal  made  five or fewer  responses  in 
th ree  min.  

These tests  were done  every day for  a three  week per iod,  
by which  t ime  b o t h  ICSS rates  and  th resho lds  had  
s tabi l ized.  The  mean  ICSS rates  and  th re sho lds  for  each 
an imal  were t h e n  ca lcula ted  for  a per iod  of  th ree  successive 
days which  c o n s t i t u t e d  a p r e t r e a t m e n t  baseline.  Fo l lowing  
the  d e t e r m i n a t i o n  of  basel ines,  p imoz ide  or vehicle injec- 
t ions  were begun.  

Eight  of  the  animals  were chosen  at r a n d o m ,  ha l f  of  
which  were in jec ted  in t r ape r i t onea l ly  wi th  4.0 mg/kg  p imo-  
zide twice daily ( 1 1 : 0 0  a.m. and  11 :00  p .m.)  for  th ree  days 
and  hal f  of  which  were in jec ted  wi th  the  vehicle so lu t ion  of  
tar tar ic  acid (as in E x p e r i m e n t  1). For ty -e igh t  hr  a f te r  the  
f inal  in jec t ions  daily tes t ing  resumed in the  m a n n e r  
previously  descr ibed and  c o n t i n u e d  for  th ree  days by  which  
t ime  ICSS rates and  th resho lds  had  r e tu rned  to pre t rea t -  
m e n t  baselines.  

Five days af te r  r e tu rn  to basel ine a n o t h e r  three-day  
basel ine was de t e rmined .  Then  twice daily p imoz ide  and 
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vehicle  in jec t ions  were s ta r ted  again and the  p rocedu re  
previously  descr ibed was r epea t ed  in its en t i re ty .  This  t ime,  
however ,  the  an imals  t h a t  had  previously  been  given 
p imoz ide  n o w  received ta r ta r ic  acid,  while  those  t ha t  had  
previously  been  given the  vehicle  n o w  received p imozide .  

The  r ema in ing  five an imals  c o n s t i t u t e d  a con t r o l  g roup  
used to tes t  the  effects  of  DA supersens i t iv i ty  on  ope ran t  
levels of  responding .  These  animals  were each in jec ted  twice  
daily ( 1 1 : 0 0  a.m. and  11 :00  p .m. )  wi th  4.0 mg/kg  p imoz ide  
for  th ree  consecu t ive  days as previously  descr ibed.  For ty -  
eight  hr  a f te r  the  f inal  p imoz ide  in jec t ion  each an imal  was 
placed in the  e x p e r i m e n t a l  c h a m b e r  for  31 rain wi th  the  
s t imu la t i on  off. The  first min  was provided  as an adjust-  
m e n t  pe r iod  dur ing  which  no  data  were recorded .  The  
n u m b e r  of  responses  made  by  each an imal  dur ing  three  min  
per iods  was r eco rded  over  the  r ema in ing  30 min.  

All 13 an imals  were t h e n  sacrif iced and  per fused  wi th  
physiological  saline,  fo l lowed by a 10% F o r m a l i n  so lu t ion .  
The bra ins  were r emoved  and  f ixed in 10% F o r m a l i n  af te r  
which  e lec t rode  p l acemen t s  were d e t e r m i n e d  f rom 40 
th ion in - s t a ined  f rozen  sect ions.  

RESULTS 

Figures  2 and  3 show indiv idual  p e r f o r m a n c e s  and  group  
means  for  ICSS response  rates  and  th resho lds ,  respect ively ,  
dur ing  the  th ree -day  tes t -per iod  (expressed  as pe rcen t  of  
basel ine) .  All e ight  animals  d e m o n s t r a t e d  at  least  some 
increase  over  basel ine  in the i r  ra te  of  lever-pressing for  ICSS 
dur ing  wi thd rawa l  f rom p imozide .  In add i t ion ,  six ou t  o f  
eight  an imals  d e m o n s t r a t e d  lower  t h a n  basel ine  th re sho lds  
dur ing  p imoz ide  wi thdrawal .  This  was no t  the  case fol low- 
ing vehicle  t r e a t m e n t s  where ,  c o m p a r e d  to basel ine,  animals  
general ly  s h o w e d  sl ightly decreased rates of  ICSS and  
sl ightly e levated th resho lds .  A l t h o u g h  there  were several 
days b e t w e e n  the  m e a s u r e m e n t  of  the  first and  second 
basel ines,  basel ines  for  ICSS rates  and  th re sho lds  did no t  
change  s igni f icant ly  over  t ha t  per iod  of  t ime.  
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FIG. 2. Mean rates of ICSS responding over three test-days for each 
animal after chronic vehicle and pimozide, expressed as percent of 
pretreatment baseline. The overall means and standard errors of the 
means are indicated at the far right. For each subject the bar on the 
left indicates which treatment (chronic vehicle or chronic pimozide) 

was administered first. 

Two-ta i led  t- tests  for  cor re la ted  means  were done  to 
d e t e r m i n e  w h e t h e r  the  p e r f o r m a n c e  of  an imals  on  the  th ree  
tes t -days  di f fered f rom the i r  p e r f o r m a n c e  on  the  th ree  
basel ine  days. Dur ing  p imoz ide  wi thd rawa l  the  ra te  of  ICSS 
r e spond ing  increased s igni f icant ly  f rom a m e a n  basel ine  of  
638 .42  to 749 .38  responses  per  session ( ; ( 7 ) = 4 . 0 4 ,  
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FIG. 3. Mean ICSS thresholds over three test~lays for each animal 
after chronic vehicle and pimozide, expressed as percent of 
pretreatment baseline. The overall means and standard errors of the 
means are indicated at the far right. For each subject the bar on the 
left indicates which treatment (chronic vehicle or chronic pimozide) 

was administered first. 

p < 0 . 0 1 ) .  In add i t ion ,  fo l lowing p imozide  in jec t ions ,  there  
was a s ignif icant  decrease in ICSS thresholds ,  f rom a baseline 
mean  of  20.23 ua  to 15.34 ua ( t (7 )  = 5.01, p < 0 . 0 1 ) .  There  
were no  s ignif icant  changes  f rom basel ine  in ICSS thresh-  
olds or  rates  of  ICSS re spond ing  fo l lowing in jec t ions  of  
t a r ta r ic  acid (vehicle) .  

Pearson p r o d u c t - m o m e n t  cor re la t ion  coef f ic ien ts  were 
ca lcu la ted  in order  to  assess the  degree of  re la t ionsh ip  
b e t w e e n  the  p e r f o r m a n c e  of animals  on  the  ra te  and 
t h r e sho ld  measures.  A l though  the  cor re la t ion  be tween  
pe rcen t  changes  f rom basel ine for  rate and  th resho ld  
measures  was s t rong  a f te r  vehicle t r e a t m e n t s  (r = .71) it 
was r a the r  poor  fo l lowing chron ic  p imoz ide  (r = .053).  
This  resul t  again suggests tha t ,  as has been  previously  s ta ted  
[ 18 ] ,  ra te  changes  a lone  may  no t  be a very good ind ica to r  
of  changes  in r e in fo rcemen t .  

In the  no - s t imu la t ion  con t ro l  group,  a l though  all five 
animals  did r e spond  dur ing the i r  first min  in the  exper imen-  
tal  chamber ,  dur ing  no s u b s e q u e n t  th ree -min  per iod did the  
mean  for  the  group exceed  or  equal  five responses.  

His tology revealed t ha t  all t h i r t een  rats  had e lec t rode  
t ips in the  area of  the  lateral h y p o t h a l a m u s  dorso la te ra l  to  
the  fornix .  

DISCUSSION 

During p imoz ide - induced  supersens i t iv i ty ,  ra tes  of  re- 
spond ing  for lateral  h y p o t h a l a m i c  ICSS increased signifi- 
cant ly  while vehicle t r e a t m e n t s  p roduced  no  s ignif icant  
changes  f rom baseline.  These  data  suppo r t  the  f indings  of  
E t t e n b e r g  and  Wise [11]  who r epo r t ed  25% increases in 
ICSS r e spond ing  fo l lowing p imoz ide  t r e a t m e n t s ,  and  more  
recen t ly  those  of S impson  and  A n n a u  [31]  and  Eichler  
etal. [91 who  d e m o n s t r a t e d  s ignif icant  increases in ICSS 
r e s p o n d i n g  dur ing  wi thdrawal  f rom chron ic  exposure  to 
c h l o r p r o m a z i n e  (a CA recep to r  b locker )  and  chron ic  
exposure  to  sp i roper idol  (a DA recep to r  b locker ) ,  respec- 
tively. 

A l t h o u g h  increased ICSS rates  dur ing  DA supersensi-  
t iv i ty  might  be expla ined  as an increase in the  re inforc ing  
p roper t i e s  of  the  s t imu la t ion ,  o the r  h y p o t h e s e s  can accoun t  
for  these  results.  There  is, for  example ,  a great  deal of  
evidence impl ica t ing  DA pa thways  in the med ia t ion  of  
various m o t o r  responses  [2, 5, 29 ] .  Some invest igators ,  
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therefore ,  have argued that  while DA pathways  may be 
involved in central  r e in forcement  mechanisms they  are also 
critically involved in the per formance  of  operant  responses 
[13] .  If this were the case, t rea tments  which result in an 
increase in the pos tsynapt ic  sensitivity of  DA receptors  
might  produce various forms of  hyperact ive  behavior.  
Increased ICSS rates might  therefore  be explained wi thout  
reference to re inforcement .  

This hypothesis  seems unlikely,  however ,  in view of the 
fact that  fol lowing p imozide  t rea tments  animals demonstra-  
ted a significant decrease in ICSS thresholds. If increased 
rates of  responding were a result of  general hyperact ive  
behavior,  no drop in ICSS thresholds would  be expec ted  
since increased act ivi ty in i tself  should produce no change 
in the reinforcing propert ies  of  the s t imulat ion.  This is 
fur ther  suppor ted  by the fact that  operant  response rates 
(for no s t imula t ion)  de termined  for the five control  animals 
t reated with pimozide,  was never found to be above five 
responses per three minutes which was defined here as 
threshold.  Threshold changes themselves cannot  therefore  
be explained away as resulting f rom an increase in operant  
response rates. 

It may be argued that  increased ICSS response rates and 
decreased ICSS thresholds after  chronic pimozide,  resulted 
f rom heightened arousal and not  from any change in the 
reinforcing nature of  the ICSS. While this remains a 
possibili ty it is nevertheless an unlikely one. The authors 
know of no data demons t ra t ing  a reduct ion  in ICSS 
thresholds during increased arousal. Deutsch and Howar th  
[7] have shown that rats having undergone  ex t inc t ion  of  a 
lever-press response for ICSS will spontaneous ly  c o m m e n c e  
responding during the presenta t ion of  fear-producing stim- 
uli. However ,  the arousal p roduced  in that  s i tuation was 
repor ted  to greatly increase operant  levels of  responding. 
The cont ro l  group in the present exper iment  shows no such 
increase in operant  responding.  Fur the rmore ,  Deutsch and 
Howar th  [7] repor ted  that the evocat ion of  ICSS respon- 
ding with fear-producing stimuli  was very difficult  to 
demonst ra te  with rats trained with electrodes in the 
hypotha lamus .  The present s tudy did, of  course, involve 
lateral hypotha lamic  self-st imulation.  

A more likely explanat ion for the increased ICSS 
responding and decreased thresholds demons t ra ted  after 
chronic p imozide  might  be that  DA supersensit ivity pro- 
duces an increase in the reinforcing nature  of  lateral 
hypotha lamic  ICSS. This hypothesis ,  a l though adequate ly  
account ing for the data, is in no way conclusive and fur ther  
research is needed to rule out  alternative explanat ions.  
Fur thermore ,  should this hypothesis  be correct ,  the present 
data do not  suggest how the increase in the re inforcement  
value of  the s t imulat ion might  occur.  Fur ther  work would  
be necessary to determine,  for example,  whether  such a 
proposed increase in ICSS re inforcement  results f rom a 
direct manipula t ion  of  a central  DA re inforcement  system 
or through the role of  a modula to ry  non- re inforcement  DA 
system. 

E X P E R I M E N T  3 

Al though pimozide  is repor ted  to be a highly specific 
DA receptor  b locker  [ 1 ] a number  of  recent  reports  have 
been published suggesting that  p imozide  may also affect  the 
funct ioning of  central  NA neurons [3 ,32] .  These reports,  
combined  with the fact that  Et tenberg  and Wise [1 l]  
demonst ra ted  increases in ICSS with electrodes in the NA 

locus coeruleus after chronic pimozide,  cast some doubt  on 
the specificity of  the p imozide  t rea tment .  

There is a large body  of  evidence clearly implicating 
central  DA pathways in the media t ion  of  l ocomoto r  
act ivi ty [ 19,28] .  Fur ther  evidence exists, however ,  sug- 
gesting at least some modula to ry  role of  NA in l o c o m o t o r  
activity. This evidence consists primarily of  reports that  
demonst ra te  increases in l o c o m o t o r  behavior  fol lowing NA 
st imulat ion.  Segal and Mandell [30] ,  for example,  have 
shown that  intraventr icular  infusion of  NA can produce 
significant increases in l ocomoto r  activity and arousal. 
Related to this, Randrup and Scheel-Kruger [27] have 
demons t ra ted  that  d ie thyld i th iocarbamate ,  which acts in 
part to inhibit  dopamine-beta-hydroxylase  (the enzyme 
responsible for convert ing DA into NA) thus producing a 
decrease in NA content ,  did not  block amphetamine-  
induced s te reo typy  but did inhibit  the usual increase in 
l o c o m o t o r  activity seen after  amphetamine .  

More recent ly ,  Dunstan  and Jackson [8] have repor ted  
that  clonidine,  a selective alpha-adrenergic receptor  agonist, 
p roduced a marked increase in the l o c o m o t o r  activity of  
animals wi thdrawn f rom long-term t rea tment  with haloperi-  
dol. This s t imulatory  act ion of  clonidine seen in haloperi- 
dol-treated animals was not  evident in vehicle- treated 
animals thereby providing evidence for an increased sensi- 
t ivity of  central  NA receptors  after chronic haloperidol .  

If the p imozide  t rea tments  used in the previous two 
exper iments  were producing an increase in the sensitivity of  
central NA receptors,  then based on the work of  Dunstan 
and Jackson [8] ,  one should be able to demonst ra te  a 
l ocomoto r  s t imulat ion with clonidine. A failure to produce 
increased l ocomoto r  activity with clonidine would  suggest 
that  no detectable  change in NA receptor  sensitivity had 
occurred.  Exper iment  3 was devised therefore  to test the 
specificity of  the pimozide t reatment .  

METHOD 

Animals 

Thirty-six male Sprague-Dawley rats similar to those 
used in Exper iments  1 and 2 were used in the present 
study. 

Apparatus 

Two standard 14 in. (35 cm) diameter  running-wheels 
(Lafayet te  Ins t rument  Company ,  IN) each equipped with a 
mechanical  counter  to record the number  of  revolut ions 
each animal ran during any given period of  t ime, were used 
to measure l ocomoto r  activity. 

Procedure 

Each animal was placed in one of  the two running- 
wheels for 15 min every day. Half of  the animals were 
randomly assigned to one apparatus and half to the other.  
Each animal,  once assigned, was tested on the same 
apparatus for the durat ion of  the exper iment .  

Fol lowing a 2-week period of  famil iar izat ion with the 
running-wheels,  the rats were randomly  assigned to one of  
three equal groups. One group received 4.0 mg/kg pimozide  
injected intraper i toneal ly  (IP) twice daily for three days as 
in Exper iments  1 and 2. Another  group was similarly 
t reated for three days with IP inject ions of  4.0 mg/kg 
haloperidol .  The haloperidol  was prepared in a vehicle 
solut ion of  distilled water containing six parts tartaric acid 
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FIG. 4. Mean running-wheel performance after a single injection of clonidine (0.15 mg/kg) or saline in 
chronic pimozide (P), chronic haloperidol (H) or chronic vehicle (V) pretreated groups. Performance is 

expressed as percent of preclonidine (or presaline) baseline. 

to one part drug. The injection volume was held constant at 
4.0 ml/kg body weight. The third group was injected with 
the tartaric acid vehicle solution according to the schedule 
used for the pimozide and haloperidol groups. 

Forty-eight hrs after the end of these treatments each 
animal was tested for a total of one hr in the running-wheel 
apparatus. The first 15 min constituted a no-drug baseline. 
Half of the animals in each group were then given a single 
IP injection of 0.15 mg/kg clonidine hydrochloride and the 
other half a control injection of 0.9% saline solution. 
Finally the animals were replaced in the apparatus and 
running-wheel performance was recorded 15 rain, 30 rain 
and 45 min after injection. 

R E S U L T S  

All groups but one tended to decrease their amount of 
running-wheel behavior over time; however, the degree to 
which they did so varied from one condition to another. 
These results are clearly illustrated in Fig. 4 where mean 
running-wheel performance for each group is expressed as 
percent of preinjection baseline. 

An analysis of variance (three-factor mixed design with 
repeated measures on one factor) was computed on the 
percent-change data of each group from baseline. The 
analysis revealed a significant main effect of Pretreatment, 
F(2,30) = 4.99, p<0.05,  indicating that animals' rate of 
running differed according to what pretreatment was 
administered. Figure 4 clearly illustrates the differences in 
performance between vehicle pretreated, pimozide pre- 
treated, and haloperidol pretreated subjects. The main 
effect of Trials, F(2,60) -- 4.40, p<0.05,  indicates a signifi- 
cant change in performance as one tests at different times 
after saline or clonidine injections. More specifically all but 
one group of animals (vehicle pretreated, saline injected) 
showed decreases in mean running-wheel performance as 
one increased the time after saline or clonidine injection. 
This is illustrated by the negative slopes of the curves drawn 
in Fig. 4. 

The final significant effect in the analysis was a highly 
s i g n i f i c a n t  P r e t r e a t m e n t  x Drug  i n t e r a c t i o n ,  
F(2,30) = 12.69, p<0.001. The drug-factor in this case was 

the effect of saline or clonidine injections. The interaction, 
therefore, indicates that the effect of these injections on 
running-wheel performance differed for different types of 
pretreatment. In other words, animals' performance after 
saline differed for vehicle pretreated, pimozide pretreated 
and haloperidol pretreated animals. In addition, clonidine, 
which had a depressant effect on the running-wheel 
behavior of vehicle pretreated and pimozide pretreated 
animals, had a stimulatory effect on the performance of 
haloperidol pretreated animals. 

D I S C U S S I O N  

Clonidine at the dose used in the present study 
(0.15mg/kg)  has been shown to depress exploratory 
behavior [23] and self-stimulation responding [17]. The 
demonstration of depressed running-wheel behavior after 
clonidine in vehicle pretreated animals is therefore consis- 
tent with these findings. Since animals withdrawn from 
pimozide respond to clonidine in the same way as vehicle 
pretreated animals (i.e., they show a marked depression of 
running behavior), there is no evidence of any change in NA 
receptor sensitivity after chronic pimozide. 

Haloperidoi pretreated animals, however, were running 
at 92% of baseline 15 min after clonidine and still perfor- 
ming at 67% of preclonidine baseline 45 min after cloni- 
dine. Haloperidol while predominantly a DA receptor 
blocker, does have significant N A receptor blocking proper- 
ties in high doses [1]. It is therefore conceivable that the 
relatively high dose of 4.0 mg/kg haloperidol administered 
twice daily might have produced an increase in the 
sensitivity of noradrenergic as well as dopaminergic recep- 
tors as suggested by Dunstan and Jackson [8]. If central 
NA neurons did play some role in locomotor  activity as 
some have suggested [27, 30, 37],  then the stimulatory 
effect of clonidine on running in haloperidol but not 
vehicle pretreated animals, could be explained by an 
increase in the postsynaptic sensitivity of central NA 
receptors after three-day blockade with haloperidol. 

The effect of saline injections on running-wheel perfor- 
mance also differed with respect to pretreatment. Fifteen 
min after saline injections, pimozide and haloperidol 
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p re t r ea t ed  groups  were still r e s p o n d i n g  at 77% and  51% of 
p r e t r e a t m e n t  basel ines,  respect ively.  This increase  in run- 
n ing d e m o n s t r a t e d  in p imoz ide  and  ha lope r ido l  p r e t r e a t e d  
groups  suppor t s  the  c o n t e n t i o n  t ha t  supersens i t iv i ty  of  DA 
recep to r s  may  lead to some fo rms  of  hype rac t ive  behavior .  

G E N E R A L  DISCUSSION 

A d m i n i s t r a t i o n  of  4 .0  mg/kg  p imoz ide  to rats  twice  daily 
for th ree  days  p roduces  (48  hr  a f te r  the f inal  in jec t ion)  
a DA recep to r  supersens i t iv i ty  as d e m o n s t r a t e d  by  signifi- 
can t  p o s t t r e a t m e n t  increase  in s t e r eo typ i c  responses  to  
d - a m p h e t a m i n e .  The  na tu re  of  the  m e c h a n i s m  unde r ly ing  
the  p h e n o m e n o n  is at p resen t  u n k n o w n  a l t h o u g h  it is 
un l ike ly  t ha t  cen t ra l  r e cep to r  supersens i t iv i ty  develops  in 
the  same m a n n e r  as pe r iphera l  r ecep to r  supersens i t iv i ty  
since the  t ime  courses  of  d e v e l o p m e n t  of  the  t w o  p h e n o -  
m e n a  differ  great ly.  Cent ra l  supersens i t iv i ty  can occur ,  as in 
the  p resen t  s tudy ,  wi th in  48 hr  of  a re lat ively shor t  pe r iod  
of  r ecep to r  b lockade  while  the  per iphera l  p h e n o m e n o n  
requires  ch ron ic  r ecep to r  b lockade  and  takes  several weeks 
to  develop.  

It is p roposed  t ha t  the  s ignif icant  increases  in L H - I C S S  
response  rates  and  the  s ignif icant  decreases in L H - I C S S  
th re sho lds  d e m o n s t r a t e d  dur ing  p imoz ide - induced  DA su- 
persens i t iv i ty ,  ref lect  an increase in the  re in forc ing  proper -  
ties of  the  brain s t imula t ion .  A l though  DA supersens i t iv i ty  
does p roduce  increased l o c o m o t i o n  ( E x p e r i m e n t  3), the  
ICSS resul ts  c a n n o t  adequa t e ly  be exp la ined  by  a s imple 
hype rac t i v i t y  hypo thes i s  s ince while  such a h y p o t h e s i s  
might  pred ic t  increased r e s p o n d i n g  for  s u p r a t h r e s h o l d  
s t imu la t i on  it would  no t  pred ic t  any  decrease  in ICSS 
th re sho lds  (i.e., the  re in forc ing  p roper t i e s  of  the  s t imula-  
t ion  shou ld  n o t  change  dur ing  hype rac t ive  behav io r  a lone) .  
In add i t ion ,  there  was no  s ignif icant  increase in the  o p e r a n t  
response  rates  ( for  no  s t i m u l a t i on )  a f te r  p imoz ide  t rea t -  
men t s  in a con t ro l  group t h e r e b y  f u r t he r  weaken ing  the  
hype rac t iv i ty  model .  

F u r t h e r m o r e ,  in E x p e r i m e n t  3 the  s t i m u l a t o r y  ef fec t  of  
c lon id ine  d e m o n s t r a t e d  in ha loper ido l  p re t r ea t ed  an imals  

was no t  ev ident  in vehicle p r e t r ea t ed  an imals  suggesting a 
change had  occur red  in the  sensi t ivi ty  of  cen t ra l  NA 
n e u r o n s  a f te r  th ree  days of  ha loper ido l .  This  f inding f u r t h e r  
suggests t ha t  previous  r epor t s  of  d o p a m i n e  r ecep to r  super- 
sensi t ivi ty  a f te r  ch ron ic  ha loper ido l  mus t  be viewed wi th  
cau t ion ,  since NA supersens i t iv i ty  may  also be a c c o u n t i n g  
for  the  r epo r t ed  f indings.  

The  ef fec t  of  c lonidine  in the  p imoz ide  p re t r ea t ed  
group,  however ,  was ident ical  to  its a f fec t  on  the  vehicle 
p r e t r ea t ed  group (see Fig. 4). There  is t he re fo re  no  evidence  
to suggest any  increase in the  r ecep to r  sensi t ivi ty  of  NA 
neu rons  a f t e r  th ree  days of  p imoz ide  in ject ions .  The  
p roposed  increase  in the  re in forc ing  p roper t i e s  of  L H - I C S S  
dur ing  p imoz ide - induced  DA supersens i t iv i ty  c a n n o t  there-  
fore be a t t r i b u t e d  to  a nonspec i f ic  increase in the  sensi t ivi ty  
of  NA fibers  in the  LH or elsewhere.  

These  f indings,  of  course,  do no t  suggest the  m e c h a n i s m  
by which  the  DA recep to r  supersens i t iv i ty  p roduces  its 
effect .  It may  be, for  example ,  tha t  DA recep to r  supersensi-  
t ivi ty could p o t e n t i a t e  ICSS r e i n f o r c e m e n t  by  direct  
fac i l i ta t ion  of  a cent ra l  DA r e i n f o r c e m e n t  system.  However ,  
it is equal ly  possible t h a t  DA neu rons  migh t  af fec t  
r e i n f o r c e m e n t  on ly  via the i r  m o d u l a t o r y  in f luence  on  some 
o the r  n o n - D A  sys tem.  E i the r  way,  the  data  f rom these 
e x p e r i m e n t s  can be t aken  as evidence for  a s ignif icant  role 
of some k ind  for  cent ra l  DA n e u r o n s  in L H - I C S S  
re in fo rcemen t .  F u r t h e r m o r e ,  they  suggest tha t  p imozide-  
induced  supersens i t iv i ty  may  represen t  a valuable  too l  for  
more  clearly assessing the  func t iona l  role of  DA sys tems in 
o t h e r  behaviors .  
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