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It is reported that in rats the repeated intermittent administration of amphetamine produces a long:lasting enhancement in medial 
frontal cortex dopamine utilization. This change in mesocortical dopamine activity may be involved in the behavioraIsensitization 
produced by psychomotor stimulant drugs, and some of the cognitive abnormalities (e.g. amphetamine psychosis) associated with 
stimulant drug abuse in humans. 

People who are repea ted ly  exposed to psychomo- 

tor s t imulant  drugs,  such as amphe tamine  ( A M P )  or 

cocaine,  sometimes develop  cognitive and behavior-  

al abnormali t ies  that  are similar to those associated 

with paranoid  schizophrenia10.L4.~6.24. Al though this 

AMP psychosis dissipates upon withdrawal  from the 

drug, former A M P  addicts are hypersensi t ive to the 

psychotomimet ic  effects of A M P  even after years of 

abstinence 30. This suggests that  A M P  produces  a 

very long-lasting change in some neural  system(s)  m- 

volved in the psychotomimet ic  effects of st imulants 

The repea ted  intermit tent  adminis t ra t ion of A M P  

to non-human animals also produces  progressive and 

enduring changes in behavior ,  a phenomenon  known 

as behavioral  sensitization~2.~7,~9.32. It is thought  that  

behavioral  sensit ization represents  an animal model  

of A M P  psychosis24,2531,33, and therefore  there have 

been many at tempts  to identify an endur ing change 

m the brains of non-human animals previously ex- 
posed to A M P  2,23,25,33. Most of these la t ter  studies 

have concentra ted on the mesostr ia ta l  dopamine  

(DAJ system, largely because A M P  causes D A  re- 

lease, and mesostr ia ta l  D A  neurons  are known to be 

important  in mediat ing some of the behavioral  ef- 

fects of AMP.  However .  despi te  these efforts, the 

neural  basis of behaviora l  sensit ization is not well un- 
derstood23.33. 

In the exper iments  r epor ted  here we examined  the 

long-term effects of repea ted  in termit tent  injections 

of A M P  on frontal  cortex D A  activity for two major  

reasons. One.  it seemed possible that  a t rea tment  

that causes cognitive deficits would involve cortical 

dysfunction of some kind. Second,  it has been sug- 

gested that  behavioral  sensit ization is not  unique to 

the psychopharmacology of  st imulants,  but  can also 

be produced by stress3,4,22 One well-establ ished ef- 

fect of footshock stress is a relat ively selective en-  

h a n c e m e n t  in mesocort ical  D A  util ization 6-18-26-35 

Therefore .  we hypothes ized that if A M P  produces  its 

enduring effects on brain and behavior  by its action 

as a stressor,  it may also produce  an enduring en-  

h a n c e m e n t  in mesocort ical  D A  utilization. 

The first exper iment  to test this hypothesis  was 

conducted in ovar iec tomized (OVX) female rats. Fe- 

male rats were used because:  (1) they show much 

more robust  behavioral  sensit ization than males 27.29- 

and (2] O V X  females are likely to show less variat ion 

in dopaminergic  actwity than intact cycling fe- 

males 7,8. At  least 3 weeks after O V X  the animals 

were assigned to one of 3 groups.  Animals  in two of 

these groups received 7 daily i.p. injections of ei ther  

3.0 mg/kg D-AMP sulfate or 0.9% saline, Eight  days 

after the last inject ion of A M P  or saline, all of these 

animals received an t.p. injection of 200 mg/kg of c~- 
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methyl -D,L-p- tyros ine  methy l  es te r  h y d r o c h l o r i d e  

(MPT)  in sal ine to inhibi t  D A  synthesis  3a. Ten  min 

later ,  half  of  the A M P -  (n = 10) and half  of  the sal ine-  

(n = 9) p r e t r e a t e d  rats were  p laced  in test c h a m b e r s  

with a wire grid f loor ,  where  they  r ece ived  20 min of  

mild foo t shock  (1.3 m A ,  0.5-s dura t ion ,  eve ry  15 s). 

The  o the r  half  were  left  und i s tu rbed  in thei r  h o m e  

cages.  Exac t ly  30 min af ter  the in jec t ion  of  M P T  each  

rat was decap i t a t ed  and the en t i re  media l  f ronta l  cor- 

tex (an te r io r  to the genu of  the corpus  ca l losum) ,  the 

head  and body  of  the cauda te  nucleus  and the nuc leus  

accumbens  were  dissected f r eehand  in ice-cold sa- 

line. These  bra in  regions  were  also ob t a ined  f rom an- 

imals (n = 9) that  did not  rece ive  M P T  or  any o the r  

expe r imen t a l  t r ea tmen t .  The  tissue was assayed for  

D A  by H P L C  with e l ec t rochemica l  d e t e c t i o n > ,  and 

the decl ine  in D A  fo l lowing M P T  was used as an in- 

dex of  D A  ut i l izat ion 5,9-~5. 

As expec t ed  f rom prev ious  repor t s  m,26,3-s, 20 min 

of  foo t shock  stress s ignif icantly e l eva ted  f ronta l  cor-  

tex D A  uti l izat ion in sa l ine -p re t r ea t ed  cont ro l  ani- 

mals  (Fig. 1A).  H o w e v e r ,  of  m o r e  in te res t  was the 

effect  of  A M P  p r e t r e a t m e n t  on cort ical  D A  utiliza- 

tion. P rev ious  exposure  to A M P  p r o d u c e d  an endur -  

ing e n h a n c e m e n t  in mesocor t i ca l  D A  ut i l izat ion in 

the absence of foo t shock  stress,  such that  the addi t ion  

of  foo t shock  stress did not  fu r the r  enhance  f ronta l  

cor tex  D A  uti l izat ion in A M P - p r e t r e a t e d  animals  

(Fig. 1A).  This effect  was reg ional ly  specific,  as there  

was no inf luence  of  A M P  sensi t izat ion or  foo t shock  

stress on the rate  of  str iatal  or  nucleus  a c c u m b e n s  

D A  uti l izat ion (Fig, 1A).  

In a second e x p e r i m e n t  the effects  of  A M P  sensiti-  

za t ion on mesocor t i ca l  D A  ut i l izat ion were  repli-  

ca ted ,  modi fy ing  some p rocedures .  O V X  rats were  

p r epa red  as descr ibed  above ,  and then  r ece ived  an 

i,p, in jec t ion  of  e i the r  3.0 mg/kg  A M P  (n = 12) or  sa- 

line (n = 6) eve ry  3 - 4  days for  a total  of  9 in jec t ions .  

An  addi t iona l  14 animals  were  left  und i s tu rbed  (non-  

hand led)  dur ing  this t ime.  The  dose of  A M P  and in- 

jec t ion  reg imen  used in bo th  e x p e r i m e n t s  1 and 2 

were  chosen  because  they  are  known to p roduce  ro- 

bust behav iora l  sensi t iza t ion (e.g.  refs. 23, 27, 33). 

Ten  days af ter  the last in jec t ion ,  all the  A M P  and sa- 

line p re t r ea t ed  rats and 6 of  the n o n - h a n d l e d  rats re- 

ce ived  an i.p. in jec t ion  of  200 mg/kg  of  M P T  and 

were  then left  und i s tu rbed  in the i r  h o m e  cage for  30 

rain. These  animals ,  and the r ema in ing  8 non-han-  

died animals  (which did not  rece ive  M P T ) ,  were  then 

decap i t a t ed  and the media l  f ronta l  cor tex ,  s t r ia tum 

and nucleus  accumbens  dissected in ice-cold saline. 
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Fig. l. The effects of exposure to repeated interminent injec- 
tions of amphetamine (AMP) on forebrain dopamine (DA) uti- 
lization. The heavy vertical lines represent the mean ( _+ S.E.M. ) 
tissue levels of DA 30 min after an i.p. injection of a-methyl-p- 
tyrosine (MPT). expressed as a percent of tissue levels in rats 
that did not receive MPT, or any other experimental treatment 
(baseline). Note: the lower the number (and longer the line) 
the greater the rate of DA utilization. A: in the first experi- 
ment, animals were pretreated with saline (CTL) or AMP for 7 
days, and then 8 days later received footshock stress (S), or no 
footshock stress (NS) 20 rain before they were decapitated. For 
frontal cortex there was a significant main effect of stress (two- 
way analysis of variance: F = 15.7, P < 0.001), and a significant 
stress by pretreatment condition interaction (F = 5.4. P = 
0.02). The asterisks indicate groups that differed from saline 
pretreated animals that were not shocked (CTL-NS; planned t- 
tests, P < 0.03). In addition, DA utilization in AMP pretreated 
animals that were not shocked (AMP-NS) did not differ from 
that in AMP pretreated animals that were shocked (AMP-S). 
but was less than in saline pretreated animals that were shocked 
(CTL-S: P = 0.02). There was no significant effect of pretrcat- 
ment condition or footshock stress on DA utilization in the nu- 
cleus accumbens or striatum (two-way analyses of variancc 
non-significant). B: in Experiment 2 animals were either left 
undisturbed, or pretreated with salinc or AMP every 3-4 days 
for a total of 9 injections. Following MPT there were no differ- 
ences in DA levels between saline pretreated animals and those 
left undisturbed, and therefore these groups were pooled to 
form one control group (CTL). A planned t-test showed that, 
as predicted, DA utilization in the frontal cortex of AMP prc- 
treated rats was greater than in CTL animals (t - 2.3, P = 
0.015, one-tailed test). There was no significant effect of pre- 
'treatment condition on DA utilization in the nucleus accum- 
bens or striatum. Regional differences in the rate of DA utiliza- 
tion (cortex highest) reported previously are also evident (e.g. 
ref. 5). 
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The dissection p rocedure  differed from the first ex- 

per iment  in that brain slices were ob ta ined  using a 

cutting block descr ibed by Heffner  et al. lL The dis- 

section was as descr ibed by Heffner  et a l l5  except:  

(1) only the an te romedia l  frontal  cortex anter ior  to 

the genu of the corpus cal losum was removed:  and 

(2) the nucleus accumbens was removed  using a ml- 

cropunch. 

Fig. 1B shows that  again,  frontal cortex D A  utili- 

zation was significantly enhanced  in animals that  had 

been exposed to A M P  10 days earl ier ,  relative to sa- 

l ine- t reated controls  (P = 0.015). As  in the first ex- 

per iment ,  there  was no detec table  effect of A M P  

sensitization on D A  util ization in the s t r ia tum or  nu- 

cleus accumbens with this method.  Fronta l  cortex 

D A  levels in A M P  pre t r ea ted  rats were 23.4 and 

39.5% lower than those m sa l ine-pre t rea ted  rats in 

Exper iments  1 and 2, respectively.  The larger effect 

in Expt.  2 may be because:  (1) these animals received 

9 (vs 7) injections of  A M P :  and/or  (2) A M P  injec- 

tions spaced more  than 1 day apar t  (as in Expt.  2) 

produce more  robust  sensit ization than injections 

given closer together  in t ime 2-2L27. 

Al though changes in striatal  D A  util ization were 

not observed with the methods  used here  it is still 

possible that A M P  sensit ization alters mesostr ia ta l  or 

mesolimbic D A  activity. For  example ,  it has been 

shown that  AMP-s t imula t ed  endogenous  D A  release 

from striatal tissue in vitro is enhanced for at least a 

month following exposure  to A M P  in vivo (refs. 28. 

29, also see reL 20). In these la t ter  studies A M P  sen- 

sitization did not  influence the basal levels of  D A  re- 

lease or turnover ,  but enhanced the response to a 

subsequent  A M P  'chaUenge '20,28,29. This raises the 

possibility that  the increase in mesocort ical  D A  utili- 

zation observed here does not represent  a change in 

the basal rate of D A  util ization Perhaps  prior  expo-  

sure to A M P  resulted in enhanced sensitivity to sub- 

seq uent stress, and the e levated rate of mesocort ical  

D A  util ization was in fact an exaggerated response to 

the stress of the MPT rejection.  Changes in striatal 

activity may not have been observed because: ( 1 / t h e  

mesostr iatal  system is less responsive to stress than 

the mesocort ical  D A  systemS.~,26,35: or (2) the striatal 

response to stress is a more  rapid and transient  event  

than the cortical response 3-4 

In conclusion, these exper iments  show for the first 

t ime that the repea ted  intermit tent  exposure  to A M P  

produces  an enduring (at least 10 days) enhancement  

m medial  frontal  cortex D A  utilization I cf. ref. 13). 

Whether  the exposure  to repea ted  intermit tent  stress 

produces  comparab le  enduring changes in mesocort i -  

cal D A  activity remains  to be de te rmined .  Never the-  

less. we are compel led  to speculate that enhanced 

mesocort ical  D A  activity may be involved in the be- 

havioral  changes associated with A M P  sensit ization 

in non-human animals,  and the cognitive abnormal i -  

ties associated with both st imulant  drug abuse and 

s t ress-precipi ta ted psychopathotogies  thought to in- 

volve brain catecholamine dysfunction in hu- 
mans 1.4.11.24.25,33 
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