
Pharmacology Biochemistry & Behavior, Vol. 6, pp. 545-552.  Copyright © 1977 by ANKHO International Inc. 
All rights of reproduction in any form reserved. Printed in the U.S.A. 

Metabolic and Experiential Factors 
in the Behavioral Response 
to Repeated Amphetamine' 

R O N A L D  G. B R O W N E  2 AND D A V I D  S. S E G A L  3 

Department  o f  Psychiatry, School o f  Medicine, University o f  California, San Diego, La Jolla, CA 92093 

(Rece ived  7 Feb rua ry  1977)  

BROWNE, R. G. AND D. S. SEGAL. Metabolic and experiential factors in the behavioral response to repeated 
amphetamine. PHARMAC. BIOCHEM. BEHAV. 6(5) 545-552,  1977. Previous studies have shown that repeated 
administration of d-amphetamine results in a progressive augmentation of locomotor activity and stereotypy. The present 
studies demonstrate that rats also exhibit an enhanced behavioral response following multiple daily injections of 
1-amphetamine and methylphenidate. Furthermore, behavioral augmentation is shown to persist for at least six days after a 
single injection of d-amphetamine. These results demonstrate the generality of the reverse tolerance phenomenon and 
indicate that metabolic factors, such as the formation of false neurotransmitters, do not account for the enhanced 
behavioral reslzonsiveness observed with multiple injections of these drugs. The role of experiential factors in the behavioral 
augmentation was studied by (1) varying the amount of continuous exposure to the experimental environment prior to 
d-amphetamine administration, and (2) examining the effects of repeated injections of saline or d-amphetamine in different 
environments prior to testing in the experimental chambers. The results, which revealed a behavioral augmentation 
independent of pretreatment condition, indicate that neither acclimation to the test chamber nor state-dependent 
conditioning to external stimuli accounts for the enhanced locomotor activity and stereotypy observed with repeated 
administration of psychomotor stimulants. 

Locomotor activity Stereotypy 
Behavioral augmentation 

l-Amphetamine d-Amphetamine Methylphenidate 

P R E V I O U S  studies  [20 ,23]  d e m o n s t r a t e d  tha t  r epea ted  
admin i s t r a t i on  of  d - a m p h e t a m i n e  p r o d u c e d  a progressive 
a u g m e n t a t i o n  of l o c o m o t i o n  and  of  more  res t r i c ted  behav-  
iors, i.e., s t e r eo typy .  Similar resul ts  have been  r epo r t ed  
more  recen t ly  for  l o c o m o t i o n  in mice [25]  and for  
s t e r eo typy  in guinea  pigs [ 1 0 ] .  A n u m b e r  of  d i f fe ren t  
m e c h a n i s m s  may  c o n t r i b u t e  to  this  behaviora l  augmen-  
ta t ion ,  inc lud ing  the  possible  i nvo l vem en t  of a m p h e t a m i n e  
metabo l i t e s .  In the  rat  d - a m p h e t a m i n e  is pr imar i ly  m e t a b -  
olized by liver mic rosomes  to p a r a - h y d r o x y - a m p h e t a m i n e  
(POA)  [1, 3, 91 which  in tu rn  is conve r t ed  to the  alleged 
false n e u r o t r a n s m i t t e r  p a r a - h y d r o x y - n o r e p h e d r i n e  (PONE)  
in per iphera l  and  cent ra l  no rad rene rg ic  n e u r o n s  by 
dopamine-C~-hydroxylase (DBH) [4, 7, 8, 11, 15] .  A l t h o u g h  
the d i sappearance  rate  of  a m p h e t a m i n e  and POA f rom 
brain is relat ively rapid,  reach ing  u n d e t e c t a b l e  a m o u n t s  in 
1 2 h r  [ 1 4 , 1 5 ] ,  brain levels of PONE decl ine only  sl ightly 
over a 2 4 h r  per iod  [ 3 , 1 5 ] .  Thus ,  this  m e t a b o l i t e  may  
c o n t r i b u t e ,  at least  in par t ,  to the  e n h a n c e d  behaviora l  
ef fects  observed dur ing  repea ted  d - a m p h e t a m i n e  adminis-  
t ra t ion .  Fo r  example ,  the r e d u c t i o n  in brain  n o r e p i n e p h r i n e  
(NE) levels co r r e spond ing  to the a c c u m u l a t i o n  of  PONE,  
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and  the  alleged c o n s e q u e n t  decl ine in cent ra l  adrenergic  
tone ,  was suggested as one po ten t i a l  m e d i a t o r  of a 
c o m p e n s a t o r y  increase in c a t e c h o l a m i n e  (CA) b iosyn thes i s  
a n d / o r  r ecep to r  sensi t ivi ty [ 2 0 ] .  Such c o m p e n s a t o r y  
changes  migh t  then  be respons ib le  for  the chronic  d-am- 
p h e t a m i n e - i n d u c e d  behaviora l  a u g m e n t a t i o n .  There fore ,  the  
possible i nvo lvemen t  of PONE was e x a m i n e d  in the  p resen t  
studies.  

In add i t ion  to me tabo l i c  variables,  s i tua t iona l  and 
exper ien t ia l  factors  are k n o w n  to play a role in the 
behaviora l  response  to single or  repea ted  admin i s t r a t i on  of  
d - a m p h e t a m i n e .  Indeed,  recent  evidence indica tes  tha t  
cond i t i oned  l o c o m o t o r  act ivi ty (i.e., m o t o r  act ivi ty which  
is c o n d i t i o n e d  to neu t ra l  s t imul i  a t t end ing  drug adminis-  
t r a t ion )  can resul t  f rom mul t ip le  in jec t ions  of  d -amphe t -  
amine  [ 2 6 ] .  However ,  while in our  s tudies  the tes t  c h a m b e r  
is rou t ine ly  ut i l ized as the h o m e  e n v i r o n m e n t ,  a p rocedure  
which  appears  to min imize  such cond i t ion ing ,  there  exists  
the possibi l i ty  t ha t  factors  associated wi th  acc l imat ion  to 
the test  c h a m b e r ,  e.g., i solat ion a n d / o r  s t a t e -dependen t  
cond i t ion ing ,  may inf luence  the behaviora l  response  to 
repea ted  d - a m p h e t a m i n e .  In this  regard Sahakian  et al. [ 19] 
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have recently reported that rats socially deprived from 
weaning exhibit more intense stereotyped behavior in 
response to amphetamine as adults. Hence, the present 
studies further examine the role of situational and experi- 
ential variables in the behavioral response to repeated 
amphetamine administration. 

METHOD 

Animals and Drugs 

Male Sprague-Dawley rats ( 300 -350  g) obtained from 
Hilltop Laboratories were housed under standard labora- 
tory conditions for at least 1 week prior to experimen- 
tation. All drugs were administered in a volume of 1 ml/kg 
and the doses are expressed as free base. D- and 1-amphet- 
amine sulfate were obtained from Smith, Kline and French 
Laboratories, and were administered subcutaneously. 
Methylphenidate (Ritalin, Ciba-Geigy Pharmaceuticals, 
Inc.) was administered intraperitoneally to avoid the 
necrotic lesions produced by subcutaneous injection of this 
drug. 

Apparatus and General Procedures 

The behavioral chambers and data recording systems 
previously described [20,23] allow for continuous auto- 
matic recording of locomotion as crossovers from one 
portion of the activity chamber to another; and as rearings 
detected when the rat makes contact with touchplates 
located 13 cm above the floor. Both measures are con- 
tinuously monitored with the use of a NOVA 1200 
computer. Stereotypy, including continuous sniffing, 
licking, chewing, gnawing and repetitive head and limb 
movements, concurrent with the absence of forward loco- 
motion, is characterized by regular observations through a 
viewing lens located in the door of the chamber and by 
detailed analysis of videotapes made of representative 
animals. 

Unless otherwise indicated, the animals were housed in 
the experimental chambers for the duration of an experi- 
ment. Food and water were continuously available and 
lighting was maintained on a 12 hr bright light/12 hr dim 
light cycle, The animals were injected with drugs or vehicle 
control at about 10 a.m. each day and at the same time, the 
chambers were serviced, i.e., food and water replenished 
and the internal chambers cleaned. The whole process 
required about 1 -2  min per box and was the only time 
during the day when the animals were disturbed. 

METABOLIC FACTORS: EXPERIMENT 1 

In order to determine the generality of the augmentation 
phenomena, and also the possible involvement of specific 
amphetamine metabolites, we examined the effects of 
repeated administration of 1-amphetamine and methyl- 
phenidate on locomotion and stereotypy in rats. The 
observation of behavioral augmentation during repeated 
administration of 1-amphetamine would rule out PONE as 
mediating the enhanced responsiveness since the 1-isomer of 
amphetamine is a poor substrate for DBH [4,15] and thus, 
is not converted to a false neurotransmitter [4,15]. 
Similarly, there is no evidence that methylphenidate and/or 
its metabolites act as false neurotransmitters [6,24]. 

Pro cedures 

Rats were placed in the experimental chambers up to 7 

days prior to the initiation of drug treatment, during which 
time they received daily injections of isotonic saline. The 
rats were then randomly assigned to the experimenta! 
groups and received 5 or 6 daily injections of either 
d-amphetamine (2.5 mg/kg), 1-amphetamine 16, 8, or 12 
mg/kg), or methylphenidate (3, 9, or 18 mg/kgl. Altera- 
tions in the behavioral response were assessed by comparing 
the results obtained on the first and last days of drug 
administration. Unless otherwise indicated, the data for this 
and subsequent experiments was analyzed by matched pairs 
t-test. 

Results and Discussion 

Figure 1 depicts the typical pattern of behavioral 
augmentation which occurs after 5 daily injections of 
d-amphetamine. A single dose of 2.5 mg/kg d-amphetamine 
produces a multiphasic response pattern [20,23],  consisting 
of an early and late period of enhanced locomotion and an 
intermediate phase of continuous stereotypy during which 
locomotion is absent. Following the fifth injection of 
d-amphetamine, the typical pattern of augmentation is 
apparent in the form of a more rapid onset of stereotypy 
reflected by fewer crossovers during the first hour (19 • 6 
for Day 5 vs 70+_ 14 for Day 1, p<0.01). Visual obser- 
vations verified that with repeated d-amphetamine adminis- 
tration the animals more rapidly engaged in continuous 
sniffing, licking and repetitive head movements with corre- 
spondingly reduced ambulation. Another component of the 

augmentation observed with repeated d-amphetamine is an 
elevation in post-stereotypy hyperactivity. However, al- 
though we have previously shown that 15 days of d-am- 
phetamine (2.5 mg/kg) results in a significant increase in 
locomotion following the stereotypy phase, the apparent 
increase after only 5 days did not achieve statistical 
significance {Fig. 1 ). 

Following an acute low dose of methylphenidate t3.0 
mg/kg, Fig. 1), the predominant response exhibited is 
enhanced locomotion. After 5 daily injections of this dose 
the response was not significantly different from that 
produced by the first injection. This result is similar to 
previous findings with 0.5 mg/kg d-amphetamine which 
required up to 15 days of injections before a significant 
increase in locomotion was observed. However, as with 
d-amphetamine, administration of higher doses of methyl- 
phenidate resulted in a significant augmentation after only 
5 daily injections. Thus, a dose of 9.0 mg/kg of methyl- 
phenidate, which after the first injection produced a 
prolonged period of locomotion, after the fifth injection 
elicited episodic periods of stereotypy reflected by signifi- 
cantly fewer crossovers during the first hour {22l ~ 43 vs 
77 , 12, p<0.01). This behavioral pattern characteristic of 
augmentation is further exemplified with repeated adminis- 
tration of a higher dose of methylphenidate (Fig. 1 ). During 
the first hour after an acute injection of 18 mg/kg of 
methylphenidate, the primary effect was enhanced loco- 
motion. By the fifth injection locomotion was replaced by 
continuous stereotypy as reflected by the marked reduction 
in locomotion (221 + 43 vs. 13 + 2, p<0.01). These find- 
ings demonstrate that repeated administration of methyl- 
phenidate, like d-amphetamine, produces an augmented 
behavioral response as indicated by the replacement of 
locomotion with stereotypy during the early time intervals. 

Figure 2 illustrates the effects of 6 daily injections of 
either 6, 12 or 18 mg/kg of 1-amphetamine. Although the 
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FIG. 1. Mean crossovers during successive 12 min intervals following 
the first and fifth injections of either d-amphetamine (2.5 mg/kg) or 
various doses of methylphenidate. Shaded areas indicate the period 
of focused stereotypy. Repeated injections of d-amphetamine and 
18 mg/kg of methylphenidate resulted in augmentation charac- 
terized by the more rapid onset of stereotypy. The replacement of 
locomotion with stereotypy is apparent by the fifth injection of 9 

mg/kg methylphenidate. N = 9 in each group. 

wel l -documented  po tency  differences are apparent ,  the 
pat terns of  augmenta t ion  for d- and 1-isomers of  amphet-  
amine are similar. For  the lower dose of d-amphetamine  
(6.0 mg/kg),  there is both  an increase in l ocomot ion  
(121 + 20 vs. 68-+ 17, p<0 .01  for the second hour)  and the 
progressive appearance of  episodic s te reo typy reflected by 
the transient decline in locomot ion  during the early 
intervals. With the in termedia te  dose of 1-amphetamine (12 
mg/kg),  the onset  of s te reo typy (12 min intervals 2 - 4 )  was 
significantly more rapid fol lowing repeated inject ion 
(114 + 44 vs. 21 ± 18, p<0 .02 ;  Wilcoxon matched  pairs test 
used because of  nonhomogene i ty  of  variance). The peak 
increase in crossovers (12 min interval 12) was also signifi- 
cantly enhanced by the sixth inject ion of 1-amphetamine 
(54 ± 10vs.  23 +- 5 , p < 0 . 0 2 ) .  

The results obta ined with mult iple  inject ions of  1-am- 
phetamine  and methy lphen ida te  demonst ra te  that the 
behavioral  augmenta t ion  is not  unique to d-amphetamine.  
Fur thermore ,  these studies appear to rule out  the possi- 
bility that a false neuro t ransmi t te r  such as PONE is 
involved in the progressive behavioral effects. 

METABOLIC FACTORS: EXPERIMENT 2 

The possible involvement  of  metabol i tes  in the behav- 
ioral augmenta t ion  can be fur ther  examined by charac- 
terizing the effects of a single inject ion of  d-amphetamine  
on the response to subsequent  administrat ion at a t ime 
when brain levels of d-amphetamine  and its metabol i tes  are 
known to be undetectable .  Af ter  an inject ion of  20 mg/kg 
of d , l -amphetamine,  brain levels of  PONE achieve a 
maximal  concent ra t ion  by 3 hr, but  decline very slowly 
with a half-life of  about  24 hr [14] .  With the high dose 
employed  in this s tudy,  PONE had not  comple te ly  disap- 
peared until  four  to six days after inject ion [ 14]. We have 
previously observed that  with modera te  doses of  amphet -  
amine, augmenta t ion  in the form of a more rapid onset of  
s te reo typy can be demonst ra ted  2 4 h r  after a single 
injection.  Therefore ,  if the behavioral  augmenta t ion  after a 
single inject ion could be shown to persist at a t ime when 
PONE is no t  detectable,  then the presence of  this false 
neuro t ransmi t te r  could be excluded as a necessary condi- 
t ion for the enhanced response. 

Procedures 

To compare  the carry-over effects  one and six days after 
the initial d-amphetamine administrat ion,  one group of rats 
received 4 daily injections of saline fo l lowed by two 
consecutive daily d-amphetamine  injections (2.0 m g / k g ) o n  
Days 5 and 6. Another  group received their  first 2.0 mg/kg 
d-amphetamine  injection on Day 1 fol lowed by 4 daily 
saline inject ions and a second 2.0 mg/kg dose of  d-amphet-  
amine on Day 6. This design allows all animals to be tested 
on the same day while minimizing the differences in 
handling and number  of  inject ions received prior to the 
second inject ion of  amphetamine .  

Results  and Discussion 

Figure 3 shows that a single 2.0 mg/kg inject ion of  
d-amphetamine  produced  hyperact iv i ty  as the p redominan t  
behavioral response. Rats receiving a second inject ion of  
d-amphetamine  24 hr later exhibi ted an augmented re- 
sponse as evidenced by the p ronounced  phase of  cont inu-  
ous s te reo typy during which l ocomot ion  was markedly  
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FIG. 2. Mean crossovers during tire 3 hrs following the first and sixth daily injections of various doses of I-amphetamine. 

Repeated administration produced an augmentation in both locomotor activity and stereotype. N = 7 in each group. 

r educed  (crossovers  for  12 m i n  intervals  2 - 8 ,  first vs. 
second  in jec t ion:  163 + 40  vs. 65 ~ 27, p < 0 . 0 1 ) . S i m i l a r l y ,  
rats  receiving the i r  second in jec t ion  6 days later  also 
r e sponded  wi th  a s ignif icant  increase in s t e reo typy  (183 
40 vs 57 + 25, p < 0 . 0 2 ) .  The two groups did no t  d i f fer  in 
the i r  respect ive  first and second responses  to a m p h e t a m i n e .  
The resul ts  of  this  e x p e r i m e n t  fu r the r  negate  the  possibi l i ty  
tha t  behaviora l  a u g m e n t a t i o n  is med ia t ed  by the presence  
of  a false n e u r o t r a n s m i t t e r  such as PONE since the brain  
levels of  this  c o m p o u n d  are s ignif icant ly  d i f fe ren t  at 24 hr  
and 6 days  fo l lowing in jec t ion  [14, t 5 ] ,  wh i l e  the be- 
havioral  response  to a second in jec t ion  of d - a m p h e t a m i n e  is 
similar at these two t ime intervals.  

E X P E R I E N T I A L  F A C T O R S :  E X P E R I M E N T  1 

Mice and  rats  isolated for  p ro longed  per iods  of  t ime  are 
more  sensit ive to the  toxic  effects  of s t imu lan t  drugs 
[ 2 , 2 7 ] .  F u r t h e r m o r e ,  Segal etal .  [22]  have d e m o n s t r a t e d  

tha t  af ter  on ly  four  to six days of i sola t ion rats  exh ib i t  
e n h a n c e d  s p o n t a n e o u s  and d - a m p h e t a m i n e - i n d u c e d  loco- 
m o t o r  act ivi ty .  Thus,  because in our  expe r imen t s  the rats  
are ma in t a ined  individual ly  in the test  chambers ,  it is 
conce ivable  tha t  fac tors  such as social isolat ion may 
accoun t  for  the e n h a n c e d  effects  p roduced  by repeated  
admin i s t r a t i on  of  d - a m p h e t a m i n e  and re la ted p s y c h o m o t o r  
s t imulan ts .  

Procedures 

Animals  were placed in the c h a m b e r s  three  days prece- 
ding 4 daily in jec t ions  of e i the r  saline or d - a m p h e t a m i n e  
(2.5 mg/kg) .  On the f if th in jec t ion  day all rats received a 
dose of  2.5 mg/kg of d - amphe t amine .  If fac tors  re la ted to 
acc l imat ion ,  social i sola t ion,  or repea ted  in jec t ions  are 
responsible  for  the e n h a n c e d  response  to d - a m p h e t a m i n e ,  
then  the  behaviora l  pa t t e rn  resul t ing f rom in jec t ion  of  
d - a m p h e t a m i n e  on Day 5 should  be similar for b o t h  groups,  
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t ha t  is, i n d e p e n d e n t  of pr ior  a m p h e t a m i n e  t r e a t m e n t .  

Resu l t s  and Discussion 

The response  of  the  two  groups  to a m p h e t a m i n e  on  the  
f i f th  day (Fig. 4)  is s igni f icant ly  d i f fe ren t  wi th  respect  to 
b o t h  onse t  of  s t e r eo typy  (49 + 11 vs 10 -+ 2 for  the  first  3 
1 2 r a i n  intervals,  p < 0 . 0 1 )  and pos t - s t e r eo typy  hyper -  
act ivi ty  (18 ~ 4 vs 36 -~ 5 for the  peak ef fec t  dur ing  the  
t h i r t e e n t h  12 rain interval ,  p < 0 . 0 1  ). In cont ras t ,  the  response  
to d - a m p h e t a m i n e  by the  saline p re t r ea t ed  group is no t  
s ignif icant ly  d i f fe ren t  f rom the  init ial  response  of  the  
a m p h e t a m i n e  p re t r ea t ed  group.  These  resul ts  indica te  t ha t  
the in te rven ing  four  days of  acc l imat ion  to the  test  
chambers ,  h a n d l i n g  and  s t imul i  associated wi th  repea ted  
in jec t ions  are no t  suf f ic ien t  to a ccoun t  for  the  behaviora l  
a u g m e n t a t i o n .  

E X P E R I E N T I A L  F A C T O R S :  E X P E R I M E N T  2 

C o n d i t i o n e d  l o c o m o t o r  act ivi ty  has  been d e m o n s t r a t e d  
by Tilson and  Rech [26]  to  a c c o u n t  for  the  increased 
responsiveness  they  observed  wi th  repea ted  d - a m p h e t a m i n e  
admin i s t r a t ion .  In tha t  s tudy  c o n c o r d a n c e  b e t w e e n  d-am- 

p h e t a m i n e  exposu re  and  the  test  c h a m b e r  was s h o w n  to be 
necessary in o rder  to p roduce  c o n d i t i o n e d  l o c o m o t i o n .  In 
con t ras t ,  an imals  receiving repea ted  d - a m p h e t a m i n e  in the  
h o m e  e n v i r o n m e n t  did no t  show e n h a n c e d  responsiveness  
to saline in the  tes t  chamber .  The  results  p resen ted  in Fig. 3 
the re fo re  are n o t  indicat ive  of such a cond i t i on ing  ef fec t  
since, a l t hough  a behaviora l  a u g m e n t a t i o n  is p roduced  a f te r  
a single in jec t ion  of d - a m p h e t a m i n e ,  there  was no  evidence 
of e levated act ivi ty in response  to saline dur ing  the  five 
days separa t ing  the  first and second d - a m p h e t a m i n e  injec- 
t ions.  Moreover ,  saline tests  admin i s t e r ed  fo l lowing long- 
te rm repea ted  d - a m p h e t a m i n e  in jec t ions  also failed to 
d e m o n s t r a t e  such a cond i t i on ing  ef fec t  [ 2 0 , 2 3 ] .  However ,  
the  possibi l i ty  exists  t ha t  s t a t e - d e p e n d e n t  cond i t i on ing  to 
e n v i r o n m e n t a l  s t imul i  un ique  to the  tes t  c h a m b e r  migh t  
a ccoun t  for  the  e n h a n c e d  effects  observed with chronic  
admin i s t r a t i on  of d - amphe t amine .  

Procedures  

To assess s t a t e -dependen t  cond i t i on ing  to the  test  
e n v i r o n m e n t ,  rats  received 4 daily in jec t ions  of e i ther  saline 
or 2.5 mg/kg  of d - a m p h e t a m i n e  in one of  three  d i f fe ren t  
e n v i r o n m e n t s :  (1)  singly housed  in the  s t andard  tes t  
chamber s ;  (2)  singly housed  in plastic cages; or (3)  g rouped  
eight  per  cage in plastic cages. Six hr  af ter  the  fou r th  
in jec t ion  all an imals  were placed in the s tandard  experi-  
m e n t a l  c h a m b e r s  and  on  the  fol lowing day the  behaviora l  
ef fects  of 2.5 mg/kg  of d - a m p h e t a m i n e  were assessed. 

Resu l t s  and  Discussion 

The response  of d - a m p h e t a m i n e  af te r  repea ted  in jec t ions  
in d i f fe ren t  e n v i r o n m e n t s  is dep ic ted  in Fig. 5. Fo r  all three  
e n v i r o n m e n t a l  cond i t ions ,  p r e t r e a t m e n t  wi th  d -amphe t -  
amine  p r o d u c e d  a more  rapid onse t  of  s t e r eo typy  ref lec ted  
as a d imin i shed  n u m b e r  of crossovers  dur ing  the first three  
12 min  intervals  a f te r  in jec t ion:  s tandard ,  78 ÷ 20 vs 
1 9 ± 3 ,  p < 0 . 0 2 ;  isolated,  9 9 + 2 4  vs 1 8 ± 5 ,  p < 0 . 0 1 ;  
g rouped ,  75 + 15 vs 23 + 6, p < 0 . 0 1 .  These resul ts  indica te  
tha t  the behaviora l  a u g m e n t a i o n  is no t  the  result  of  
cond i t i on ing  to e n v i r o n m e n t a l  s t imul i  un ique  to the  test  
c h a m b e r  since animals  receiving repea ted  a m p h e t a m i n e  in 
d i f fe rent  e n v i r o n m e n t s  cons i s ten t ly  show an e n h a n c e d  
response.  

GENERAL DISCUSSION 

D - a m p h e t a m i n e  a d m i n i s t r a t i o n  p roduces  a p ro longed  
r educ t ion  of  per iphera l  and brain  NE which  appears  to 
resul t  f rom the  accumula t i on  of  PONE in noradrenerg ic  
n e u r o n s  [ 1 3 , 1 5 ] .  This a m p h e t a m i n e  me tabo l i t e  which  is 
alleged to act as a false n e u r o t r a n s m i t t e r  has  been  impli-  
ca ted in the d e v e l o p m e n t  of  to le rance  to a m p h e t a m i n e -  
induced  anorex ia  and  h y p e r t h e r m i a  [ 16].  It has  also been  
p roposed  tha t  a PONE-med ia t ed  r educ t i on  in cent ra l  
noradrenerg ic  tone  migh t  resul t  in a c o m p e n s a t o r y  increase 
in NE b iosyn thes i s  a n d / o r  r ecep to r  sensi t ivi ty  [ 2 0 ] .  This  
c o n t e n t i o n ,  however ,  is no t  s u p p o r t e d  by our  f indings t ha t  
repea ted  admin i s t r a t i on  of l - a m p h e t a m i n e  and methy l -  
p h e n i d a t e  also resul ts  in enhanced  behaviora l  ef fects  
(Figs. 1 and 2) since ne i the r  of these drugs appear  to be 
me tabo l i zed  to a false n e u r o t r a n s m i t t e r  subs tance .  More- 
over, the resul ts  p resen ted  in Fig. 3 d e m o n s t r a t e  tha t  
behaviora l  a u g m e n t a t i o n  can be d e m o n s t r a t e d  for  at least 
six days af ter  in jec t ion  of a single m o d e r a t e  dose of  
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a m p h e t a m i n e ,  at which  t ime brain  levels of PONE are no  
longer  de tec tab le .  

The  p resen t  s tudies  do no t ,  however ,  exc lude  the 
possibi l i ty  t ha t  a m p h e t a m i n e  a d m i n i s t r a t i o n  m ay  induce  a 
pers i s ten t  ef fec t  on  disposi t ional  fac tors  such tha t  the  
a c c u m u l a t i o n  of  a m p h e t a m i n e  increases wi th  its repea ted  
in jec t ion .  In this  regard prev ious  r epor t s  indica te  tha t  in the  
CNS there  is no  d i f fe rence  or pe rhaps  even an increase [ 17] 
in the  d i sappearance  rate of d - a m p h e t a m i n e  with chron ic  
admin i s t r a t ion .  Never theless ,  i n t e r p r e t a t i o n  of  m a n y  of  
these s tudies  is l imi ted  because of the  use of  relat ively 
insensi t ive measur ing  t echn iques  as well as the  fai lure to 
d e t e r m i n e  a m p h e t a m i n e  levels in local ized brain  regions. 
Tha t  whole  brain d e t e r m i n a t i o n s  may  mask s ignif icant  
a l t e ra t ions  in regional  a m p h e t a m i n e  a c c u m u l a t i o n  is indi-  
ca ted by recen t  ev idence  which  repor t s  e n h a n c e d  accumu-  
la t ion  of  POA in s t r i a tum and o l fac to ry  tuberc les  bu t  no t  in 
h i p p o c a m p u s  and  h y p o t h a l a m u s  [5 ] .  Moreover ,  in prel imi-  
nary  s tudies  in co l l abora t ion  wi th  Dr. A. Cho examin ing  
regional  bra in  a m p h e t a m i n e  p h a r m a c o k i n e t i c s ,  we hve 
found ,  using i so topic  var iants  and gas c h r o m a t o g r a p h y - m a s s  
s p e c t r o m e t r y  t echn iques ,  pers i s ten t  residual traces of  d-am- 
p h e t a m i n e  which  appear  to  be released by s u b s e q u e n t  
in jec t ion  of  d - a m p h e t a m i n e .  A l though  the residual  pool  of  
a m p h e t a m i n e  is relat ively small,  it may  be localized in 
func t iona l ly  s ignif icant  sites and thus  c o n t r i b u t e  to the  
e n h a n c e d  behaviora l  response  to repea ted  a m p h e t a m i n e .  

Exper ien t ia l  fac tors  such as social g rouping  cond i t i ons  
have been  repor ted  to inf luence  the behaviora l  response  to 
a m p h e t a m i n e  [ 1 9 , 2 2 ] .  However ,  ou r  results  (Fig. 4) indi- 
cate tha t  i sola t ion is n o t  respons ib le  for the  behaviora l  

a u g m e n t a t i o n .  F u r t h e r m o r e ,  cond i t i on ing  to ex te rna l  stim- 
uli a t t end ing  the  in jec t ion  (Figs. 1 and 2 [ 2 0 , 2 3 ] )  or a 
c o n d i t i o n e d  drug response  (Fig. 5) does no t  appear  to be 
impl ica ted  in the  e n h a n c e d  responsiveness .  It is, however ,  
possible t ha t  c o n d i t i o n i n g  of  in t e rocep t ive  s t imul i  may 
a c c o u n t  for  the behaviora l  a u g m e n t a t i o n .  Cons i s ten t  with  
this  possibi l i ty  is the  obse rva t ion  tha t  d - a m p h e t a m i n e  can 
serve as a d iscr iminat ive  s t imulus  in the con t ro l  of  behav ior  
[]2[. 

A n u m b e r  of o the r  m e c h a n i s m s  may be impl icated in the 
e n h a n c e d  behavioral  e f fec ts  resul t ing f rom repeated  admin-  
i s t ra t ion  of p s y c h o m o t o r  s t imulan ts .  The  possible involve- 
m e n t  of sero tonerg ic  sys tems has  been examined  [211 and,  
a l t hough  the a m p h e t a m i n e  response  appears  to be modu-  
la ted par t icu lar ly  by the sero tonerg ic  sys tem or ig inat ing in 
the med ian  raphe,  any a l te ra t ions  in brain se ro ton in  a lone 
do no t  appea r  to be suff ic ient  to a c c o u n t  for  the behavioral  
a u g m e n t a t i o n .  

A c o m p e n s a t o r y  a l t e ra t ion  in b io syn the t i c  capaci ty  and 
recep to r  sensi t ivi ty has  also been  p roposed  [201.  Klawans 
and Margolin [10]  recen t ly  r epor t ed  tha t  fol lowing chronic  
a m p h e t a m i n e  p r e t r e a t m e n t ,  guinea pigs display a hyper -  
sensi t ivi ty to the  d o p a m i n e  recep to r  agonist  a p o m o r p h i n e .  
However,  our  s tudies  show tha t  whereas  changes  in the 
in tens i ty  and la tency  to onset  of s t e reo typy  are cons i s ten t  
wi th  an increased r ecep to r  responsivi ty ,  the dura t ion  of the 
s t e reo typy  phase is no t  co r respond ing ly  increased and,  in 
fact,  may be slightly decreased with pro longed adminis-  
t ra t ion .  An increase in the  du ra t ion  of s t e reo typy ,  as occurs  
wi th  increasing a m p h e t a m i n e  dose, might  be expec ted  if 
a m p h e t a m i n e  admin i s t r a t i on  resulted in recep tor  sensi- 



B E H A V I O R A L  RESPONSE TO A M P H E T A M I N E  551 

o---o ACUTE } 2. 5 mg/kg d-Amphetam/ne 
CHRONIC(5 days) 

40 t IstandordL 

20 

10 

I T T T T T 1 I I I l [ 1 ~ I I I I I 

2 4 6 8 I0 12 14 16 18 20 

4 o  

o 3 0  

z 0  

z l0 

LI.J 
I l T l T l'J"l I l l I I l I I l I I 

2 4 6 8 I0 12 14 16' 18 20 

40  - [Grouped (8/cage)J 

20 

10 

2 4 6 8 I0 12 14 16 18 20 

TIME (12rain. intervals) 

FIG. 5. Effects of 2.5 mg/kg d-amphetamine in rats pretreated 
with either saline or d-amphetamine in one of three different 
environments. The results suggest that behavioral augmentation is 

independent of pretreatment conditions. N = 8 in each group. 

t iza t ion .  Also incons i s t en t  wi th  a r ecep to r  supersens i t iv i ty  
model  is the  f inding t ha t  CA-s t imula ted  cyclic AMP 
accumula t ion ,  f r equen t ly  used as an index  of  CA recep to r  
sensi t ivi ty,  is r educed  af te r  chron ic  a m p h e t a m i n e  [ 181. We 
have rep l ica ted  this  obse rva t ion  in n e o c o r t e x  and caudate-  
p u t a m e n  wi th  the  use of a dosage regimen which  p roduces  
behaviora l  a u g m e n t a t i o n  (i.e., 2.5 mg/kg  d - a m p h e t a m i n e  
daily for  7 days  [Sko ln ick  and Segal, u n p u b l i s h e d  obser-  
va t ion]  ). 

With respect  to p resynap t i c  a l te ra t ions ,  we have no t  

found  any change in CA b i o s y n t h e t i c  capaci ty  as measured  
by ty ros ine  hyd roxy l a se  act ivi ty or s y n a p t o s o m a l  conver-  
sion of  ty ros ine  to d o p a m i n e  (Segal, Kuczenski  and Bullard,  
unpub l i shed  observa t ion) .  Similarly,  Shor t  and Shus te r  
[25] have r epo r t ed  tha t  there  is no  a l te ra t ion  in whole  
brain  tyros ine  hyd roxy l a se  act ivi ty a f te r  chron ic  amphe t -  
amine in mice. It is apparen t ,  the re fore ,  tha t  a l t hough  
several fac tors  war ran t  fu r the r  e x a m i n a t i o n ,  the mecha -  
n isms responsible  for  p s y c h o m o t o r  s t imu lan t - i nduced  be- 
havioral  a u g m e n t a t i o n  remain  to be e lucidated .  
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