
Brain Research, 253 (1982) 231-241 231 
Elsevier Biomedical Press 

Long-Term Facilitation of Amphetamine-Induced Rotational Behavior and 
Striatal Dopamine Release Produced by a Single Exposure to Amphetamine" 

Sex Differences 

TERRY E. ROBINSON, JILL B. BECKER and SHARON K. PRESTY 

Psychology Department and Neuroscience Laboratory, University of  Michigan, 1103 E. Huron St., Ann Arbor, 
MI  48109 (U.S.A.) 

(Accepted May 24th, 1982) 

Key words: long-term facilitation - -  amphetamine - -  rotational behavior - -  striatal dopamine 

Amphetamine (AMPH)-induced rotational behavior in non-lesioned rats and AMPH-stimulated dopamine (DA) release from 
striatal tissue fragments in vitro were used to study the long-term effects of a single injection of AMPH on activity in the 
mesostriatal DA system. A single injection of a low dose of AMPH (1.25 mg/kg) greatly enhanced the rotational behavior produced 
by a second injection of AMPH given 3-4 weeks later in intact female, ovariectomized female and castrated male rats. The effect of 
AMPH pretreatment in intact males differed from that in the other groups. When only 7-8 days separated the two test sessions both 
intact male and female rats showed sensitization of rotational behavior, but the magnitude of the change was greater in females. In 
addition, a single injection of 1.25 mg/kg of AMPH in vivo produced a long-lasting (3-5 weeks) enhancement of AMPH-stimulated 
DA release from striatal tissue in vitro. It is suggested that: (1) repeated injections of AMPH are not necessary to produce a long- 
lasting facilitation of behaviors mediated by the mesostriatal DA system; (2) gender and/or hormonal state influences the develop- 
ment of long-term changes in the mesostriatal DA system; and (3) changes in DA release from presynaptic terminals may 
contribute to the behavioral sensitization produced by stimulant drugs. The phenomena reported here may provide complementary 
in vitro and in vivo models for studying neuroplasticity in brain DA systems. 

INTRODUCTION 

It is well established that the repeated admini- 

stration of  amphetamine (AMPH) results in a pro- 

gressively enhanced behavioral response to subse- 
quent injections11,22,2~,39,41, 44. That is, the loco- 

motion, stereotypy or rotational behavior produced 
by the initial injection of  AMPH typically has a less 
rapid onset, is less intense, and/or is shorter-lasting 

than observed following subsequent injections. This 
phenomenon has been described in different species, 
with a variety of  stimulant drugs, and has been 

variously termed sensitization, reverse tolerance, 
agonist hypersensitivity and behavioral facilitation. 
Although many different paradigms have been used 
to study sensitization the typical experiment in- 
volves a series of  injections of  a dopamine mimetic 
drug, usually given one or two times a day, and uses 
stereotypy as the behavioral index of  mesostriatal 
DA activity. 

However, it is not clear that dopamine-mimetic 

drugs must be administered repeatedly to produce 
long-term changes in behaviors mediated by the 

mesostriatal DA system. A single injection of 

AMPH or apomorphine may enhance the beha- 
vioral effects of a subsequent injection given weeks 
later 2,7,12,27. In fact, it has been suggested that the 

intermittent exposure to stimulants may be more 
effective in producing sensitization than repeated or 
continuous exposure1,12,al, 38. In the experiments 

reported here we examined the long-term effects of  a 
single injection of  A M P H  on AMPH-indttced ro- 

tational behavior. Since we had previously found 
that gonadal hormones modulate mesostriatal DA 
activity in a sexually dimorphic manner6, 86, we 

also examined the influence ofgonadectomy in both 
males and females. 

Anotber question of interest concerns the neuro- 
logical basis of  sensitizaticn. A number of  studies 
have examined the effects of  repeated injections of  
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AMPH on DA receptor binding, but with conflic- 
ting results 17,19,2~,3°,z4. Studies of DA levels, syn- 
thesis and metabolism have also failed to find evi- 
dence for long-lasting changes which could account 
for behavioral sensitization 24,4°. We approached 
this problem by examining the long-term effects of a 
single injection of AMPH on the AMPH-stimulated 
release of DA from striatal tissue in vitro 4. We 
found that a single exposure to AMPH in vivo 
produced a long-term enhancement of AMPH-sti- 
mulated DA release in vitro. These changes in DA 
release parallel the sensitization of rotational be- 
havior, and therefore may be at least partially 
responsible for the phenomenon of sensitization. 

MATERIALS AND METHODS 

S u b j e c t s  

The experiments were conducted with 250-350 g 
adult Holtzman rats (Holtzman, Madison, WI), 
which were housed individually and had constant 
access to food and water. The animal colony was 
maintained on a reversed light/dark cycle (14:10 11) 
with the lights going out at 06.30 h. All testing was 
conducted during the 'night' portion of the rats' 
day/night cycle. 

Procedures  f o r  t es t ing  ro ta t iona l  behav ior  

We used amphetamine (AMPH)-induced rota- 
tional behavior in non-lesioned rats as a behavioral 
index of mesostriatal dopamine (DA) activity 14. 
Amphetamine-induced rotational behavior in rats 
with unilateral 6-hydroxydopamine lesions of the 
mesostriatal DA system is thought to be due to the 
asymmetrical release of DA in the striatum 43. When 
AMPH is administered to non-lesioned rats they 
also turn in circles in one dominant direction 14,2°. 
This behavioral asymmetry observed in normal ani- 
mals is thought to be due to an endogenous asym- 
metry in the mesostriatal DA system 14. 

Rotational behavior was measured by automated 
spherical rotometers similar to those described by 
Greenstein and Glick t6. The rotometers were inter- 
faced with a microprocessor which recorded every 1/4 
turn (90 °) made to the right or left during each 5 min 
interval. From these data the following were calcu- 
lated: (a) t o ta l  1 /4  turns  - -  the number of  1/4 turns 
made to the left plus those made to the right; (b) 

t o ta l  ro ta t ions  - -  a rotation consists of 4 consecutive 
1/4 turns in the same direction. Total rotations are 
rotations to the left plus those to the right; (c) ne t  

ro ta t ions  - -  net rotations are the number of total 
rotations in the dominant direction minus those in 
the non-dominant direction; (d)percent dominance  

- -  the number of total rotations in the dominant 
direction divided by total rotations times 100 (i.e. the 
percent of total rotations made in the dominant 
direction); and (e) e x t r a  1 /4  turns  - -  the number of 
total 1/4 turns minus total rotations times 4 (i.e. the 
number of 1/4 turns which do not contribute to ro- 
tations). 

In our initial experiment all animals were gently 
handled for a few days prior to testing. On 
the first day of testing they were placed in a 
rotometer for a 15-min habituation period. 
Immediately following this each animal was in- 
jected intraperitoneally (i.p.) with 1.25 mg/kg of D- 
amphetamine sulfate (AMPH) dissolved in 0.9% 
saline (1.25 mg/ml). Following the injection rota- 
tional behavior was recorded for 60 min, after which 
time the animal was removed from the rotometer 
and replaced in its home cage. The animals were 
then left tmdisturbed in their home cages for 3-4 
weeks. After 3-4 weeks the above procedure was 
repeated. 

The dose of  1.25 mg/kg of AMPH was selected on 
the basis of the extensive dose-response studies of 
Glick and his colleagues la. These researchers have 
examined the rotational behavior of non-lesioned 
rats given over 12 different doses of  AMPH, ranging 
from 0.625 to 25 mg/kg. They found a biphasic 
dose-response with peak rotational behavior occur- 
ring at 1.25 and 20.0 mg/kg. The 20 mg/kg dose 
produced more variable rotational behavior than 
1.25 mg/kg, and doses between 5 and 15 mg/kg 
resulted in relatively poor rotational behavior (see 
ref. 14 for a discussion of this issue). Therefore, to 
use rotational behavior in non-lesioned rats as a 
behavioral index of mesostriatal DA activity one is 
confined to a narrow effective dose range. 

In previous studies we found sex differences in 
both AMPH-induced rotational behavior and the 
AMPH-stimulated release of DA from striatal tis- 
sueZ,G, aS. Since gonadal hormones appear to modu- 
late mesostriatal DA activity we tested 4 groups of 
rats in this experiment: (I) intact females; (2) intact 



males; (3) ovariectomized females (OVX); and (4) 
castrated males (CAST). Gonadectomies or sham- 
operations were performed under ether anaesthesia 
at least 2 weeks prior to the first test session. One 
additional group of intact female rats was tested in 
the same manner as described above; however, 
during the first test session saline was injected and 
during the second test session (3 weeks later) 1.25 
mg/kg of AMPH was administered. 

The second behavioral experiment reported here 
was conducted exactly as described above, except: 
(1) only intact male and female rats were tested; (2) 
there were only 7-8 days between the first and 
second test sessions; and (3) the males were tested 
with 1.25 mg/kg and the females with 0.85 mg/kg of 
AMPH. We know from a previous study that these 
systemic doses of AMPH result in equivalent brain 
levels of AMPH in male and female rats 5. 

AMPH-stimulated release of striatal DA in vitro 
This experiment was conducted with 16 OVX 

female rats. At least 2 weeks after OVX, half of the 
rats were given an i.p. injection of 1.25 mg/kg of 
AMPH dissolved in 0.9 % saline and the other half 
an injection of an equal volume of saline. The 
animals were immediately replaced in their home 
cages and remained there undisturbed for 3-5 
weeks. At the end of this time the animals were 
killed by decapitation and the left and right striatum 
quickly removed from the brain. The two striata 
from each rat were pooled and placed in an indi- 
vidual perifusion chamber. The perifusion chamber 
was positioned in a constant temperature (37 °C) 
water bath. See Becker and Ramirez 4 and Gallardo 
and Ramirez la for a detailed description of the 
perifusion apparatus and technique. Briefly, a me- 
dium consisting of a Krebs-phosphate buffer also 
containing 0.1% albumin and 18 % D-glucose at pH 
7.4 was infused through the chamber at a constant 
rate of 100/zl/min, and a volume of 500/zl main- 
tained in the chamber. Following a 45-min equili- 
bration period effluent samples were collected on ice 
at 4 min intervals. As each sample was collected, 20 
/~1 of a solution containing 8 × 10 -4 M NaHSO4 
and 4 mg/1 dihydroxybenzylamine in 0.05 N HCIO4 
was added to each tube. Following the collection of 
the 5 baseline samples, a pulse of D-amphetamine 
(initial salt concentration in the chamber of 10 -a M) 
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was delivered into the chamber and samples col- 
lected at 4 min intervals for an additional 20 min. 
Samples were centrifuged at 3500 × g for 45 min at 
4 °C after collection. These effluent samples were 
later assayed for DA using high performance liquid 
chromatography with electrochemical detection 
(HPLC-EC). 

The HPLC-EC system employed a Whatman 
ODS-3 reverse-phase C-18 column and a LC-4 
amperometric detector with a glassy carbon elec- 
trode (BioAnalytical Systems, Lafayette, IN). The 
mobile phase was composed of 3 parts of 0.1 M 
citric acid, 2 parts 0.1 M NaHPO4, 0.0004 ~ sodium 
octyl sulfate, and 15~ methanol (apparent pH 
3.35). The mobile phase was pumped at 1 ml/min 
and continuously recycled. The detector potential 
was set at ÷0.72 V versus an Ag/AgC1 reference 
electrode. Ten microliter samples of the supernatant 
were assayed with a sensitivity of 10 pg DA at an 
amplifier potential of 2 nA/V. 

OVX female rats were used in this experiment for 
the following reasons: (a) in our behavioral experi- 
ments we found that OVX females show a long- 
lasting (3-4 weeks) sensitization of rotational be- 
havior following a single injection of 1.25 mg/kg of 
AMPH (see Results); (b) the AMPH-stimulated 
release of DA from striatal tissue obtained from 
OVX rats is much lower than from intact females or 
males (6). We thought this lower rate of DA release 
would make it easier to see a small increase; and (c) 
we wanted to avoid the large fluctuations in striatal 
DA release seen across the estrous cycle in intact 
female rats (6). 

RESULTS 

Experiment 1. Change in AMPH-induced rotational 
behavior between 2 test sessions separated by 3-4 
weeks in intact female, 0 VX female, CAST male and 
intact male rats 

Following an injection of AMPH the majority of 
animals turned predominantly in one direction, as 
reported earlier by Glick and his colleagues 14. Of a 
total of 37 female rats 19 turned predominantly to 
the right and 18 predominantly to the left (intact 
females - -  10 right (R), 11 left (L); OVX - -  9R, 7L). 
However, of a total of 50 male rats 32 turned left 
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and only 18 right (Z 2 = 3.92, P < 0.05; intact males 

- -  10R, 17L; CAST - -  8R, 15L). Some animals 

made very few net rotations. The analysis of dif- 

ference scores which follows was conducted for the 

87 'lateralized' rats which: (a) made 5 or more net 

rotations during each test session; (b) had a percent 

dominance score of 70 or greater during each test 

session; and (c) turned in the same dominant di- 

rection daring both test sessions. The 'non-latera- 

lized' rats are discussed separately (see below). 

To determine if there was a change in rotational 

behavior between the first (lst) and second (2nd) test 
sessions difference scores were obtained for all ani- 

mals by subtracting the number of net rotations 

made daring the 1st test session from those made 

during the 2nd. If  each group made, on the average, 

the same number of net rotations daring each test 
session this difference score would equal zero. A 

positive number indicates more net rotations were 

made during the 2nd test session than during the 1 st, 

and a negative number that more net rotations were 

made during the 1st test session than during the 2nd. 

Fig. I shows the difference in net rotations be- 

tween two test sessions separated by 3-4 weeks for 

all 4 groups of animals. A t-test was conducted for 

each group to test the hypothesis that the difference 

between the two test sessions equals zero (all tests 
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Fig. 1. The mean (± S.E.) difference in the number of net 
rotations produced by AMPH between two 60-rain test 
sessions separated by 3-4 weeks. From left to right the groups 
consist of intact females, OVX females, intact males and 
CAST males. All groups except the intact males made signifi- 
cantly more net rotations during the 2nd test session than 
during the 1st (see text). 

two-tailed). The difference scores for the intact 
females, OVX females and CAST males are all 

significantly greater than zero (t -= 5.01, 3.18 and 

3.78, and P < 0.001, 0.006 and 0.001, respectively). 

These 3 groups made approximately 50-60 mere net 

rotations during the 2rid test session than during the 

1st. This represents an average percent increase of 

105'I{i for these 3 groups. In contrast, the intact 

males did not show any difference in net rotations 

between the 1st and 2nd test sessions (t : 0.87; see 

Fig. 1). 

The same analysis as just described was also 

conducted for total rotations and extra quarter turns 

(XQT). Exactly the same pattern of results was 

found for total rotations as for net rotations. How- 

ever, a very different pattern was found for XQT. 

The difference scores for XQT did not differ from 

zero for any of the 4 groups. Thus, all the animals 

made the same number of XQT during the 2rid test 

session as during the 1st. 

A simple inspection of the data presented in Fig. I 

would lead one to conclude that a single injection of 

AMPH resulted in a long-term enhancement (sen- 
sitization) of rotational behavior in intact females, 

OVX females and CAST males, but not in intact 
males. However, an analysis of the difference in net 

rotations between the 1st and 2nd test sessions for 

each 5 min interval (see Fig. 2) reveals the results are 

more complex than is evident from Fig. 1. Fig. 2 
shows that the intact females, OVX females and 

CAST males made more net rotations during the 

2nd test session than during the 1st test session for 

every 5 min interval following AMPH treatment. A 
one-way analysis of variance for repeated measures 

across time was conducted on the difference scores 
for each of the 4 groups. There were no significant 
changes in the difference scores across time for the 

intact females, OVX females and CAST males. 
However, the intact males showed a significant 
decline in their difference scores across time (F 

5.91, P -< 0.001). 
Comparisons between the 4 groups were made 

using a profile analysis ~9 of all 12 five-minute inter- 
vals. An overall profile analysis comparing the 4 
curves presented in Fig. 2 was significant (P -< 
0.004), confirming that the 4 curves are not parallel. 
Subsequent profile analyses were therefore con- 
ducted comparing each group with each other 
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Fig. 2. Time course of the changes in the number of net rotations produced by AMPH between two test sessions separated by 3-4 
weeks. Each data point represents the mean (=t: S.E.) difference in net rotations for one 5-min interval. There are 3 habituation 
intervals represented to the left of the vertical dashed line and 12 intervals after AMPH administration represented to the right of 
the dashed line (see text for a description of these results). 

group. These comparisons showed that the profile 
for the intact males differs f rom that of  all other 
groups (P < 0.038-0.001). None of  the other 3 
groups differ f rom each other, except the profile of  
the OVX females is not parallel with that of  the 
CAST males (P < 0.02). 

Since the difference scores for the intact males 
decreased over time additional profile analyses were 
conducted comparing the profiles of  the 4 groups 
over the initial 6 intervals (30 rain) of  the test session 

separately f rom the last 6 intervals of  the test session 
(30 min). An overall profile analysis comparing the 4 
groups across the initial 6 intervals was not signifi- 
cant. Therefore, these 4 profiles are parallel. Also, 
the 4 groups do not differ significantly in the level of  
the difference scores over the first 30 min of  the test 
sessions (Fig. 2). This suggests the difference be- 
tween the 4 groups is due entirely to differences 
which develop during the last 30 rain of  the test 
session. This suggestion is supported by the profile 
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analysis on the last 6 irttervals. An overall profile 
analysis of  the 4 curves obtained over the last 6 

intervals was significant (P < 0.01). Further profile 

analyses between each group showed that the intact 
males differ f rom the intact females, OVX females 

and CAST males (P < 0.005). The other groups do 
not differ from each other, except again, the OVX 
females have a different profile than the CAST males 

(P < 0.02). 
In summary, the impression from Fig. 1 that 

intact females, OVX females and CAST males made 

more net rotations during the 2nd test session than 
during the 1st is confirmed by the more detailed 
analysis given in Fig. 2. However, it may be mis- 

leading to say that the intact males do not show 
sensitization (Fig. 1). Fig. 2 shows that the intact 
male did make more net rotations during the 2nd test 
session for the first few 5 min intervals after AMPH 
administration. In contrast to the other groups the 

intact males did not sustain this enhancement of 
rotational behavior over the full l-h session. In fact, 
by the last few intervals of  the test session negative 

difference scores were obtained, indicating that the 
intact males actually made more net rotations 
during the 1st test session. 

An enhancement in the number of  rotations be- 
tween the 1st and 2nd test sessions could result from 
either a decrease in the number of  total rotations 
made in the non-dominant direction, an increase in 
the turns to the dominant direction, or both. Table I 
shows that the increase in net rotations seen in intact 
females, OVX females and CAST males was largely 
due to an increase in turns to the dominant side. The 

difference in the number of  full rotations made in 
the dominant direction between the 1st and 2rid test 
sessions was significantly greater than zero for the 
intact females, OVX females and CAST males (t .... 
4.62, 3.59, 3.71; P ~5 0.001, 0.003 and 0.002, respec- 
tively). In the OVX females and CAST males there 
was no change in the number of full rotations made 
in the non-dominant  direction (t -- 1.0 and 0.9, 
respectively), while the intact females actually show- 
ed a small, but statistically significant decrease (t ---- 
2.17, P ~, 0.04). Thus, the behavior of  the intact 
females, OVX females and CAST males was far 
more lateralized after the 2nd AMPH treatment 
than after the 1st. In contrast, the intact males 
showed no change in full rotations to either the 

T A B L E  I 

Mean ( [  S.E.) difference in the number of  full rotations in 
the dominant or non-dominant direction between the )qrst test 
session, and a second test session given 3--4 weeks later 

A positive value indicates that  the an imals  made  more  full 
ro ta t ions  dur ing  the second test session than dur ing  the first. 
A negative value indicates the  opposite.  Rotat ional  behavior 
was induced with 1.25 mg/kg  of  A M P H .  

Dominant Non-dominant 
direction direction 

Intact  females 50.1 5 10.8"* -2.8 - 1 .3 '  
OVX females 58.1 i 16.2"* 3.4 3.3 NS 
Intact  males  10.2 :t 14.1 NS -8.1 1.5 NS 
CAST males  62.2 :~ 16 .8 '*  - -0 .8  i: 0.9 NS 

* P -~, 0.04 (t-test) 
** Differs f rom a predicted m e a n  of  0.0, P , 0.003. 
NS ~-: Not  significantly different f rom 0.0. 

dominant or non-dominant side between the two 
test sessions (Table 1). 

For the striking rise in behavioral sensitivity to 
AMPH to occur it seems that the animals must be 
behaviorally lateralized. Eleven intact females, 16 
OVX females, 14 CAST males and 13 intact males 
were not included in the above analysis because they 
did not meet the criteria outlined in the first para- 
graph of the results section of  this paper (i.e. they 
were not qateralized'). These animals did not show 
any significant change between the 1st and 2nd test 
sessions on any of the measures taken. Fig. 3 shows 
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Fig. 3. The  difference in the  n u m b e r  o f  net  rotat ions produced 
by A M P H  between two 60-rain test sessions separated by 3-4 
weeks in non-lateral ized rats (see text). 
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the difference in the number of  net rotations be- 

tween the 1st and 2nd test sessions for these 'non- 
lateralized' rats. The t-tests conducted to determine 
if these difference scores differ from zero were all 
non-significant (for intact females, t = 1.0; OVX 
females, t = 0.1 ; CAST males, t = 1.1 ; intact males, 
t = 1.1). A one-way analysis of  variance comparing 

the 4 groups of non-lateralized animals was also 

non-significant (F = 0.5). 
Lastly, a group of 9 female rats were injected with 

saline during their 1st test session and with A M P H  3 
weeks later. When these animals were tested with 

A M P H  3 weeks after the saline they did not show a 
significantly greater number of  net rotations than 
did female rats given A M P H  during the 1st test 

session. 

Experiment 2. Change in AMPH-induced rotational 
behavior between 2 test sessions separated by 7-8 days 
in intact male and female rats 

The difference in net rotations between test ses- 

sions separated by 7-8 days for intact male (n --  30) 
and female rats (n = 28) is shown in Fig. 4. t-Tests 
conducted to determine if the mean difference scores 
are greater than zero were significant for both males 
and females (for males, t = 2.77, P < 0.01 ; females, 
t = 4.84, P < 0.0001; see Fig. 4A). Thus, both 

intact males and females made significantly more net 
rotations during the 2nd test session than during the 
1st. However, the intact females showed a signifi- 

cantly greater increase in net rotations between the 
two test sessions than did the intact males (t-test on 

difference between two means, t --  1.97, df ---- 56; P 

< 0.05; Fig. 4A). 
As in Experiment 1, an analysis of  the difference 

scores in net rotations across each 5-min interval 
revealed an interesting pattern of  change across time 
(Fig. 4B). A profile analysis of  the curves plotted in 
Fig. 4B revealed that the male and female profiles 
are parallel (i.e. their shapes are not significantly 
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different). However, the same analysis resulted in a 
significant difference in the level of the two curves, 
the female difference scores being greater than the 

males' (P < 0.036). In addition, one-way analyses of 
variance for repeated measures across time show 
that the magnitude of  the difference between the two 
test sessions declines significantly over the 12 five- 
minute intervals in both the males and females (P <: 
0.001). 

Experiment 3. Changes in A MPH-stimulated dopa- 
mine release ['rom striatal tissue in vitro produced by 
A MPH pretreatment in vivo 

The amount of DA released from striatal tissue 
was measured for 5 four-minute baseline intervals 
and for 5 four-minute intervals following a pulse 
injection of A M P H  into the perifusion chamber. All 
the animals were ovariectomized, but half had been 
given an i.p. injection of AMPH (1.25 mg/kg) and 
half an injection of  saline a month prior to being 
killed (n - 8/group). The baseline level of  DA 
released (pg/mg/min) into the effluent from striatal 
tissue was the same in AMPH-pretreated and saline- 
pretreated rats. However, the level of AMPH-sti-  
mulated DA release differed in the two groups. 

Fig. 5A shows the percent change from baseline in 
AMPH-stimulated DA release for saline and 
AMPH-pretreated animals. Baseline is defined as 
the average level of DA release over the 20 rain 
baseline period. Both saline- and AMPH-pretreated 
rats showed an increase in DA release when AMPH 
was added to the perifusion chamber, but the per- 
cent increase was significantly greater in AMPH-  
pretreated rats than in saline-pretreated rats (t ~= 

2.35, P < 0.03). Fig. 5B shows the percent change in 
DA release across time. It can be seen that during 
the first interval following the introduction of 
AMPH into the chamber the striatal tissue from 
both the saline- and AMPH-pretreated animals 
showed a comparable increase in DA release, How- 
ever, the tissue from AMPH-pretreated animals 
sustained a relatively high level of DA release while 
the rate of DA release from saline-pretreated tissue 
declined. A two-way analysis of  variance with re- 
peated measures on one factor was performed on the 
data shown in Fig. 5B. It confirmed that the striatal 
tissue obtained from AMPH-ptetreated rats showed 
a greater increase in AMPH-stimulated DA release 
than did striatal tissue obtained from saline-pre- 
treated rats (F -:: 5.5, P ,/. 0,034). 



DISCUSSION 

In the experiments reported here we used AMPH- 
induced rotational behavior as a behavioral index ot 
mesostriatal DA activity to study long-term changes 
produced by AMPH treatment. We found that a 
single injection of a relatively small dose of AMPH 
can greatly enhance the rotational behavior pro- 
duced by a second injection given 3-4 weeks after 
the initial treatment in intact female, OVX female 
and CAST male rats. In contrast, when 3 4  weeks 
separated the 2 test sessions intact male rats did not 
show the same pattern of change in AMPH-induced 
rotational behavior as did the other groups. If  only 
7-8 days separated the 2 test sessions, intact male 
and female rats did show a similar pattern of sensiti- 
zation, but the magnitude of the change was signifi- 
cantly greater in females than males. 

There are a number of factors which could ac- 
count for this long-term facilitation of rotational 
behavior produced by a single injection of AMPH. 
It is possible that the initial experience in the test 
apparatus somehow 'primes' or conditions the ani- 
mal so that its behavioral response is enhanced upon 
a second exposure to the apparatus 42. Segal 3s has 
examined experiential factors involved in the pro- 
gressive augmentation of stereotyped behavior pro- 
duced by repeated AMPH injections and concludes 
they cannot account for sensitization (also see refs. 7 
and 37). Evidence reported here supports this con- 
clusion. Intact male rats had the same experience as 
intact female, OVX female and CAST male rats 
during the first test session, but did not show a 
similar pattern of sensitization 3-4 weeks later. In 
addition, a group of female rats injected with saline 
on the first test session and given AMPH 3 weeks 
later did not differ from females given AMPH for 
the first time. This suggests that experience with the 
apparatus alone is not sufficient to produce sensiti- 
zation. However, this does not exclude the possi- 
bility that conditioning plays some role in the sensi- 
tization phenomenon. 

Another factor which could account for sensiti- 
zation is that AMPH or one of its metabolites 
persists in brain tissue long after the first injection 
and somehow increases the efficacy of the second 
injection. Although this possibility has not been 
ruled out it does not seem likely that it could be 
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responsible for such long term changes as reported 
here 7,zS,3s. 

It has been suggested by a number of researchers 
that the sensitization of stereotyped behavior pro- 
duced by CA agonists is in fact due to long-term 
changes in the functional activity of CA neurons ~2, 
27,37,38. The initial injection of AMPH could alter 
CA biosynthetic capacity, storage, release, feedback 
control systems or receptor sensitivity. We report 
here that a single injection of 1.25 mg/kg of AMPH 
in vivo produced a long-lasting (3-5 weeks) enhan- 
cement of AMPH-stimulated DA release from stria- 
tal tissue in vitro. The dose of AMPH used to 
produce this enhancement of striatal DA release was 
the same as that which produced a facilitation of 
rotational behavior. The enhancement of striatal 
DA release also lasts at least as long as the enhance- 
ment of rotational behavior. Obviously, these 
changes in the responsiveness of striatal tissue to 
AMPH could be responsible for the facilitation of 
rotational behavior. Indeed, long-lasting changes in 
the release of DA may also be involved in the 
sensitization of stereotyped behaviors produced by 
the repeated administration of stimulant drugs. This 
does not exclude the possibility that changes in other 
dopaminergic mechanisms are also involved. For 
example, it has been suggested that sensitization is 
due to a subsensitivity of DA autoreceptorsl,3,21, 27, 
30. This would be expected to produce an enhance- 
ment in DA release. Of course, we cannot rule out 
the possibility that the actual change(s) takes place 
in a non-dopaminergic system which modulates DA 
activity. 

The differences between the 4 groups in the pat- 
tern of sensitization across the test session are 
intriguing. The significance of these patterns is not 
clear, but they may provide clues as to the neuro- 
logical mechanisms which underlie sensitization. It 
is possible that the change produced in females by 
AMPH pretreatment is simply more robust than that 
in males, and this accounts for the ability of females 
to sustain their enhanced level of rotational behavior 
across all twelve 5-min intervals. It is also possible 
that the differing patterns represent changes in two 
distinct processes. Changes in one process (e.g. DA 
release, receptors, etc.) may result in enhanced rota- 
tional behavior during the initial few 5-rain intervals 
after AMPH administration, and changes in a sec- 
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and distinct process may be responsible for the sus- 

tained sensitization seen in females, but not  males, 

during the last few 5-min intervals. Females showed 

a greater enhancement of  rotational behavior during 

the last few 5-min intervals when 3 4 weeks sepa- 

rated the 2 test sessions than when only 7-8 days 

separated the 2 test sessions. Therefore, the process 

responsible for the sensitization observed during the 

latter part o f  a test session may take a considerable 

( >  1 week) amount  o f  time to develop. Further 

experiments are required to resolve these issues. 

The fact that one exposure to A M P H  may induce a 

long-term facilitation of  both rotational behavior 

and AMPH-st imula ted  DA release raises the ques- 

tion of  whether it is necessary to repeatedly admi- 

nister stimulant drugs over extended periods o f  time 

to induce long-lasting changes in neural activity. 

Sensitization following a single injection of  a DA 

mimetic is not  unique to rotational behavior, and 

has been reported for stereotyped behaviors as 
well ~,7,1e,27 (also see ref. 26). Receptor hypersensi- 

tivity has also been reported following a single in- 

jection of  a CA antagonist  s,9. Antelman and 

Chiodo ~ recently suggested that the sensitization 

produced by A M P H  or tricyclic antidepressants is 

actually enhanced if drug injections are widely 

spaced in time. The idea that drug effects may be 

greater when drugs are administered infrequently, 

and that 'drug-free'  periods are required for maxi- 

mal sensitization, has obvious implications for the 

etiology and pharmacological  t reatment of  psy- 

chiatric disorders (e.g. see refs. I and 33). 

It is intriguing that the pattern o f  long-term 

changes differed depending on sex and hormonal  

condition. Gonadal  hormones are known to be 

intimately involved in controlling the patterns of  

neural connectivity in the hypothalamus and pre- 

optic area during development ~5. In  birds gonadal 

hormones  continue to alter neuronal systems 

throughout  adul thood 1°,a2. The perinatal hormonal  

environment also influences the extent of  axonal 

collateral sprouting in the hippocampus of  adult 

rats as. In adult rats gonadal hormones  modulate 

mesostriatal DA activity< ts, and there are sex dif- 

ferences in this system 6,3'~,3G. Therefore, it seems 

reasonable to speculate that hormones influence the 

development o f  long-term changes in the meso- 

striatal DA system (also see ref. 23). However, the 

extent of  gonadal hormone involvement in this 

phenomenon remains to be determined. For exam- 

ple, another factor which may contribute to the sex 

differences reported here is the possibility of  sex 

differences in the lateralization of  striatal DA'a'% 
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