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Locomotor Sensitization Is Modulated
by Environmental Stimuli
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We have previously reported that intravenous (I.V.) 
administrations of 0.5–1.0 mg/kg of amphetamine in the 
absence of any environmental stimuli predictive of drug 
administration failed to induce psychomotor sensitization 
whereas the same drug did produce robust sensitization 
when given in association with environmental novelty. 
These results were obtained by studying rotational behavior 
in animals with a unilateral 6-OHDA lesion of the 
mesostriatal dopamine system. The purpose of this study 
was to determine if environmental novelty has a similar 
effect on sensitization to the locomotor activating effects of 
amphetamine in neurologically intact rats. Rats were 
implanted with I.V. catheters and divided in four groups. 
Two groups were housed in locomotor activity cages and 
given seven consecutive I.V. infusions of either saline 
(SAL-HOME group) or 0.375 mg/kg of amphetamine 
(AMPH-HOME group), using a remotely activated 

delivery system. Simultaneously, the other two groups were 
transported to the test cages and given the same treatment 
(SAL-NOVEL and AMPH-NOVEL groups). After one 
week withdrawal, all groups were given an amphetamine 
challenge (0.375 mg/kg, I.V.). Amphetamine sensitization 
developed when the drug was administered under NOVEL 
conditions, as indicated by a progressive increase in 
ampheatmine-induced locomotor activity over test sessions 
and by a greater response to the amphetamine challenge in 
the AMPH-pretreated versus the SAL-pretreated group. In 
contrast, no sensitization was observed under HOME 
conditions. Similar results were obtained with the analysis 
of vertical activity. [
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Repeated administration of psychostimulant drugs,
such as amphetamine and cocaine, produces a progres-
sive and persistent hypersensitivity to their behavioral
activating effects (Robinson and Becker 1986; Stewart
and Badiani 1993). It has been suggested that drug-

induced neuroadaptations responsible for behavioral
sensitization may contribute to development of com-
pulsive drug-seeking in addicts (Robinson and Berridge
1993) and to other psychiatric disorders (Robinson and
Becker 1986; Segal and Schuckit 1983). The potential
clinical implications of drug sensitization has led to
considerable interest in factors that promote or hamper
its development, including nonpharmacological factors.

Indeed, there is increasing evidence that both the de-
velopment and the expression of behavioral sensitiza-
tion can be powerfully modulated by nonpharmacolog-
ical factors (for reviews, see Stewart and Badiani 1993;
Robinson et al. 1998). For example, we have recently re-
ported that environmental novelty can enhance the de-
velopment of sensitization to the psychomotor activat-
ing effects of amphetamine and cocaine (Badiani et al.

 

From the Department of Psychology, The University of Michigan,
Ann Arbor, Michigan, (AB, HSC, TER), Istituto di Farmacologia
Medica, University of Rome “La Sapienza,” Rome, Italy (SF).

Address correspondence to: Aldo Badiani, Department of Psy-
chology, The University of Michigan, 525 East University Street,
Ann Arbor, MI 48109-1109.

Received May 13, 1998; revised July 10, 1998; accepted August 3,
1998.



 

534

 

S. Fraioli et al. N

 

EUROPSYCHOPHARMACOLOGY

 

 

 

1999

 

–

 

VOL

 

. 

 

20

 

, 

 

NO

 

. 

 

6

 

1995a–c; Badiani et al. 1997; Robinson et al. 1998). That
is, the rate and the magnitude of behavioral sensitiza-
tion are greater when these drugs are administered to
rats immediately after they are placed in a novel test en-
vironment (group NOVEL), relative to when they are
administered to rats that have been housed in the same
environment for several days (group HOME). Further-
more, the differences between HOME and NOVEL
groups are magnified by removing, in HOME animals,
all environmental stimuli that usually accompany non-
contingent drug administration, such as the presence of
an experimenter in the testing room, the handling of the
animals, and the needle prick associated with intraperi-
toneal (IP) injections (Crombag et al. 1996; Browman et
al. 1998a, 1998b).

Most of our previous studies were conducted in rats
with a unilateral 6-OHDA lesion of the mesostriatal
dopamine system (although see Badiani et al. 1995a). In
these animals, amphetamine elicits rotational behavior
directed toward the side of the lesion, instead of loco-
motor activity and stereotyped behaviors, as in neuro-
logically intact animals. We discussed elsewhere the ad-
vantages offered by the measure of rotational behavior
over that of locomotor activity as an index of psycho-
motor activation (Badiani et al. 1995a, 1995c). However,
it is important to establish whether the effect of envi-
ronmental novelty on amphetamine sensitization de-
scribed above is unique to rotational behavior in rats
with a unilateral 6-OHDA lesion or whether it reflects a
more general modulation of the psychomotor activat-
ing effects of amphetamine, such as locomotor activity
in neurologically intact rats.

Thus, the purpose of this study was to compare the
development of sensitization to amphetamine-induced
locomotor activity in the presence of or in the absence
of environmental stimuli associated with drug adminis-
tration. To accomplish this, we modified our usual ex-
perimental procedure in two ways. First, we used a
very low dose of amphetamine so that psychomotor
sensitization would not result in a decrease of locomo-
tor activity because of the emergence of stereotyped be-
havior (for a review, see Segal and Schuckit 1983). Sec-
ond, we administered amphetamine to the NOVEL
group after a period of habituation to the test environ-
ment, avoiding the possibility that the usually large un-
conditioned locomotor response to a novel test environ-
ment may mask the development of sensitization (for
example, see Badiani et al. 1995a).

 

METHODS

Subjects

 

Male Sprague-Dawley rats (Harlan Sprague-Dawley
Inc., Indianapolis, IN), weighing 250–275 g at the begin-
ning of the experiment, were housed in stainless-steel

hanging cages in a temperature- and humidity-con-
trolled colony room (lights on from 6:00 to 8:00 

 

P

 

.

 

M

 

.).
Food and water were available 

 

ad libitum.

 

 The animals
were acclimatized to the colony room for 1 week before
any experimental manipulation.

 

Catheter Surgery

 

In all rats, an intravenous catheter was inserted into
their jugular vein using standard surgical techniques.
The details concerning catheter construction and cathe-
terization procedure have been described previously
(Weeks 1972; Crombag et al. 1996). The main modifica-
tion adopted in the present study was to secure the
catheter to the skin between the shoulder blades using a
tethering device similar to that described by Caine and
colleagues (1993). At the end of the surgery, the catheter
was filled with gentamicin solution (50 mg/ml) to pre-
vent infections. Catheter patency was assessed at the
end of the experiment by administering an intravenous
(I.V.) infusion of 0.2 ml thiopental solution. The data
from rats that did not become ataxic within 5 s were ex-
cluded from the study.

 

Apparatus

 

The computerized apparatus used to measure locomo-
tor activity and vertical activity (rearing behavior) has
been described previously (Badiani et al. 1995c). Briefly,
it included 10 ellipsoidal (45 cm 

 

3

 

 27 cm, 28 cm high)
cages made of Plexiglas and equipped with two series
of photosensitive devices. Two photobeams/photocells
(placed on the long side of the cage 23.5 cm apart and
4.5 cm from the cage floor) were used for the measure-
ment of locomotor activity (number of crossovers from
one side of the cage to the other). Other four photo-
beams/photocells (two on the short side, 23 cm apart,
and two on the long side, 38.5 cm apart; 13.5 cm from
the cage floor) were used for the measurement of verti-
cal activity (number of photocell counts).

 

Testing Procedures

 

After catheterization, the animals were divided into
four groups: SAL-HOME (

 

N

 

 

 

5

 

 4), SAL-NOVEL (

 

N

 

 

 

5

 

 5),
AMPH-HOME (

 

N

 

 

 

5

 

 7), and AMPH-NOVEL (

 

N

 

 

 

5

 

 5).
All 

 

N

 

s refer to the numbers of animals included in the
analysis of locomotor activity after successfully passing
the catheter patency test. Due to the malfunctioning of
some photocells, the data from two animals were ex-
cluded from the analysis of vertical activity.

 

Housing Conditions.  

 

Five days before beginning drug
treatments, HOME animals were transported to a test-
ing room where they were placed in the test cages de-
scribed above and tethered via a flexible cable to a liq-
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uid swivel fixed to a counter-balanced arm suspended
above the cage. HOME rats were left in these cages for
the entire duration of the experiment (i.e., the test cages
were also their “home”). Every morning (between 8:30
and 9:00 

 

A

 

.

 

M

 

.), the catheters were flushed with 50 

 

m

 

l of
sterile heparin solution and were connected to infusion
lines filled with heparin solution. The infusion lines
were connected via the liquid swivel to a syringe
mounted on an electronic pump. At 2:00 

 

P

 

.

 

M

 

. HOME an-
imals received an infusion of 70 

 

m

 

l of heparin solution
at a flow rate of 10 

 

m

 

l/min to habituate them to the
noise of the electronic pumps and to the infusion proce-
dures. At 6:00 

 

P

 

.

 

M

 

., the infusion lines were discon-
nected, and the catheters flushed with heparin solution.
During this phase, the rats in the NOVEL groups were
left in the main animal colony room, and their catheters
were flushed twice a day with heparin using the same
schedule as for HOME animals. This routine of catheter
flushing was continued for the entire duration of the ex-
periment in both the HOME and the NOVEL group.

 

Intermittent Drug Treatment.  

 

During the intermit-
tent drug treatment phase the rats received seven con-
secutive daily I.V. administrations of 0.375 mg/kg am-
phetamine or of saline. This dose of amphetamine was
selected because we previously determined that it is the
lowest dose able to produce locomotor activity in
NOVEL animals and half of the dose required to elicit ste-
reotyped behavior. The treatments were administered at
11:00 

 

A

 

.

 

M

 

., 1:00 

 

P

 

.

 

M

 

., or 3:00 

 

P

 

.

 

M

 

. so that the animals could
not establish an association between amphetamine ad-
ministration and time of day.

The infusion was administered according to the fol-
lowing procedure. The distal portion of the infusion
lines was filled with 15 

 

m

 

l of amphetamine solution
(AMPH-HOME) or saline (SAL-HOME). A tiny air bub-
ble separated the treatment solution from the heparin
solution that filled the remainder of the infusion line.
Each infusion consisted of 30 

 

m

 

l heparin solution (inter-
nal volume of the catheter), followed by 15 

 

m

 

l of am-
phetamine or saline solution, and by an additional 25 

 

m

 

l
of heparin solution, for a total of 70 

 

m

 

l delivered at a
flow rate of 10 

 

m

 

l/min. Thus, although the total infu-
sion period was of 7 min, the 15 

 

m

 

l of amphetamine or
saline solution was delivered over a period of 1.5 min.

HOME animals were connected to the infusion lines
in the morning after their catheter had been flushed
(8:30–9:00 

 

A

 

.

 

M

 

.), but the infusion occurred only 2–6 h
later, when the syringe pumps were activated by re-
mote control (i.e., from outside the testing room). In
contrast, the NOVEL rats were transported each day
from the animal colony to a testing room and placed in
locomotor activity cages identical to those in which
HOME rats lived. HOME animals were then tethered
and connected to an infusion line filled with either am-
phetamine (AMPH-NOVEL) or saline (SAL-NOVEL).

NOVEL animals were then left undisturbed in test envi-
ronment for 30 min before each infusion to minimize
the levels of spontaneous locomotor activity at the time
of the drug treatment. That is, the syringe pumps were
activated 25.5 min after the rats were placed in the test
environment (see Figure 1). Each test session lasted 60
min, after which time NOVEL rats were returned to
their hanging cages in the animal colony room.

 

Amphetamine and Saline Challenges.  

 

Following the
last amphetamine or saline treatment, all animals were
left undisturbed for 7 days, except for the husbandry
routine, weighing procedures, and catheter flushing
procedures. On the eighth day, all rats were adminis-
tered an I.V. infusion of 0.375 mg/kg amphetamine
(amphetamine challenge) to test for the expression of
amphetamine sensitization, using the same treatment
procedures described above. Twenty-four hours later,
all rats received an infusion of saline (saline challenge)
to test for the expression of a conditioned response to
the infusion procedure.

 

Drugs

 

Before surgery, the animals received 0.2 mg/kg I.P. at-
ropine methyl nitrate (Sigma Chemical Company, St.
Louis, MO) dissolved (0.5 mg/ml) in saline. Surgical
anesthesia was induced with 52 mg/kg I.P. pentobar-
bital sodium, dissolved (64.8 mg/ml) in a 10% ethanol
solution (Nembutal, The Butler Company, Columbus,
OH), supplemented with methoxyflurane (Metofane,
Mallikrody Veterinary, Mundelein, IL). Heparin (Sigma)
was dissolved (30 USP/ml) in saline. Thiopental so-
dium was dissolved (20 mg in 1 ml) in deionized water
(Pentothal, Abbott Laboratories, Chicago, IL). 

 

D

 

-amphet-

Figure 1. Each intravenous infusion consisted of 30 ml hep-
arin solution (internal volume of the catheter), followed by
15 ml of amphetamine or saline solution, and by an addi-
tional 25 ml of heparin solution, for a total of 70 ml delivered
at a flow rate of 10 ml/min. Thus, the 15 ml of amphetamine
or saline solution was delivered over a period of 1.5 min.
Notice that the syringe pumps for the NOVEL groups were
activated 25.5 min after the rats were placed in the test envi-
ronment.
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amine sulfate (Sigma) was dissolved (0.375 mg/ml) in
saline. All drug weights refer to the weight of the salts.
All solutions for intravenous administration were pre-
pared with buffered saline (0.9% NaCl) at pH 7.3.

 

Data Analysis

 

Differences between the AMPH-HOME and the AMPH-
NOVEL group on the first test session were assessed
with a planned Student’s t-test.

The data from the seven treatment sessions were an-
alyzed with a two-way analysis of variance (ANOVA)
with repeated measures (group, four levels: SAL-
HOME, AMPH-HOME, SAL-NOVEL, and AMPH-
NOVEL; test session, seven levels).

Locomotor sensitization was assessed in two ways.
First, we determined whether there was a progressive
increase in amphetamine-induced locomotion over
daily test sessions by performing linear regression anal-
yses in each treatment group (see Badiani et al. 1995a).
Second, we determined whether there were differences
in drug effect between amphetamine-pretreated and sa-
line-pretreated rats following 1 week withdrawal from
the treatment (amphetamine challenge). The data from
the amphetamine challenge and the saline challenge
test were analyzed with two-way ANOVAs (pretreat-
ment, two levels, SAL and AMPH; test environment,
two levels).

Pair-wise comparisons were conducted with Fisher’s
PLSD posthoc tests.

The details of the statistical analyses are reported in
the figure legends to make the Results section more
readable.

 

RESULTS

Locomotor Activity

 

Figure 2 illustrates the time-course of locomotor activity
before (0–30 min; habituation) and after (30–90 min;
treatment) the first I.V. infusion of either saline (SAL-
HOME and SAL-NOVEL groups) or 0.375 mg/kg am-
phetamine (AMPH-HOME and AMPH-NOVEL groups).
It can be seen that baseline locomotor activity in both
HOME groups was negligible (less than one crossover
in 10 min). Exposure to the novel test environment
(NOVEL groups) produced a modest but significant in-
crease in activity levels that declined over the 30 min of
the habituation period. Amphetamine treatment elic-
ited only a small, nonsignificant (

 

p

 

 

 

5

 

 .087) increase in
locomotor activity, confirming that this is a threshold
dose for the induction of locomotor activity, with no
significant differences between the AMPH-HOME and
the AMPH-NOVEL groups.

When given repeatedly under NOVEL conditions,
however, amphetamine began to produce a significant

increase in locomotor activity (see Figure 3B legend for
statistics), and this effect became progressively larger
with the repetition of the treatment (i.e., it sensitized),
as indicated by a significant positive slope for the line of
regression of crossovers over test sessions (

 

p

 

 

 

5

 

 .033).
When given under HOME conditions, amphetamine
also produced a significant increase in locomotor activ-
ity over the saline group (see Figure 3B legend for sta-
tistics), but this effect did not change over time (i.e.,
there was no sensitization).

Locomotor activity during the habituation period
(Figure 3A) was significantly higher in the two NOVEL
groups than in the two HOME groups. However, the
AMPH-NOVEL group was significantly more active
than the SAL-NOVEL group (

 

p

 

 

 

5

 

 .05), possibly because
of the development of a conditioned response to the test
environment.

Figure 4 (amphetamine challenge) shows the time
course of locomotor activity before and after a challenge

Figure 2. Time-course (5-min bins) of crossovers (means 6
SEs) before (0–30 min; habituation) and after (30–90 min; treat-
ment) the first I.V. infusion of either saline (SAL-HOME and
SAL-NOVEL groups) or 0.375 mg/kg amphetamine (AMPH-
HOME and AMPH-NOVEL groups). A two-way ANOVA
showed that during the habituation period there was a signifi-
cant effect of environment (F1,17 5 5.55, p 5 .031), but no sig-
nificant effect of treatment (F1,17 5 47.91, p 5 .25), nor an
environment by treatment interaction (F1,17 5 0.11, p 5 .75).
The two-way ANOVA on the data from the treatment period
showed no significant effect of environment (F1,17 5 0.18,
p 5 .67) and no environment by treatment interaction (F1,17 5
0.08, p 5 .79); the effect of treatment approached significance
(F1,17 5 3.29, p 5 .087).
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Figure 5 (saline challenge) shows the time course of
locomotor activity activity before and after an infusion
of saline given 24 h after the amphetamine challenge
session. On this occasion, there were no significant dif-
ferences between the AMPH-NOVEL and the SAL-
NOVEL group during the habituation period, and there
was no evidence of conditioned response to the infu-
sion procedure in any group.

 

Vertical Activity

 

The analysis of vertical activity (Figure 3C,D; Figure 6)
substantially confirmed the results obtained with the

Figure 3. Mean number (6SEM) of crossovers (A and B) and vertical activity counts counts (C and D) before (0–30 min; habit-
uation) and after (30–90 min; treatment) seven concecutive daily I.V. infusions of either saline (SAL-HOME and SAL-NOVEL
groups) or 0.375 mg/kg amphetamine (AMPH-HOME and AMPH-NOVEL groups). (A): A two-way ANOVA with repeated
measures showed a significant effect of group (F3,17 5 20.02, p , .0001) but no effect of test session (F6,102 5 1.13, p 5 .35), nor
environment by test session interaction (F18,102 5 1.54, p 5 .091). Posthoc Fisher PLSD tests indicated significant differences
(ps < .001) between the NOVEL groups and both HOME groups, and between the AMPH-NOVEL group and the SAL-NOVEL
group (p 5 .033). (B): A two-way ANOVA with repeated measures showed a significant effect of group (F3,17 5 95.79, p ,
.0001) and test session (F6,102 5 3.78, p 5 .002), and an environment by test session interaction (F18,102 5 2.28, p 5 .005). Pos-
thoc Fisher PLSD tests indicated significant differences (ps < .001) between the AMPH groups and both SAL groups and
between the AMPH-NOVEL group and the AMPH-HOME group (p , .0001). Regression analyses showed a significant posi-
tive slope for the regression of number crossovers over test session (i.e., sensitization) in the AMPH-NOVEL (r2 5 .63, p 5 .033)
but not in the AMPH-HOME group (r2 5 .26, p 5 .24). (C): A two-way ANOVA with repeated measures showed a significant
effect of group (F3,14 5 39.83, p , .0001) but no effect of test session (F6,84 5 1.34, p 5 .24); there was an environment by test
session interaction (F18,84 5 2.06, p 5 .014). Posthoc Fisher PLSD tests indicated significant differences (ps < .01) between the
NOVEL groups and both HOME groups, and between the AMPH-NOVEL group and the SAL-NOVEL group (p , .0001). (D):
A two-way ANOVA with repeated measures showed a significant effect of group (F3,14 5 14.46, p , .0001) but no effect of test
session (F6,84 5 3.78, p 5 .002), nor environment by test session interaction (F18,84 5 1.14, p 5 .14). Posthoc Fisher PLSD tests
indicated significant differences (ps < .001) between the AMPH-NOVEL group and all other groups (p , .0001). Regression
analyses showed a positive (although not significant) slope for the regression of number crossovers over test session in the
AMPH-NOVEL (r2 5 .46, p 5 .095) but not in the AMPH-HOME group (r2 5 .025, p 5 .73). The asterisk refers to a one-tail
Student t-test between the AMPH-HOME and the AMPH-NOVEL group.

infusion of 0.375 mg/kg amphetamine as a function of
drug pretreatment (AMPH versus SAL) and of environ-
mental condition (HOME versus NOVEL). Only ani-
mals in the NOVEL group sensitized, as indicated by
significant differences between AMPH-pretreated and
SAL-pretreated groups in the NOVEL (p 5 .004) but not
in the HOME condition (p 5 .59). Furthermore, the pre-
treatment by environment interaction approached sig-
nificance (p 5 .069). Locomotor activity levels during
the habituation period were similar to those observed
on the seventh test session for all four groups, and
again there was a significant difference between
AMPH-NOVEL and SAL-NOVEL groups (p 5 .025).
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analysis of locomotor activity. However, this time there
was a significant difference between the AMPH-HOME
and the AMPH-NOVEL group (p 5 .048) on the first
test session (Figure 3D).

Most importantly, sensitization of vertical activity
also developed under NOVEL but not HOME condi-
tions. Figure 3D shows that there was a positive, al-
though not significant, slope for the line of regression of
photocell counts over test sessions only in the AMPH-
NOVEL group (p 5 .095). Furthermore, on the amphet-
amine challenge session (Figure 6), there were signifi-
cant differences between AMPH-pretreated and SAL-
pretreated groups in the NOVEL (p 5 .002) but not in
the HOME condition (p 5 .81), and there was a pretreat-
ment by environment interaction (p 5 .014).

As with locomotor activity, on the saline challenge
session, there were no differences between the AMPH-
NOVEL and SAL-NOVEL groups either before or after
the saline infusion, and there was no evidence of condi-
tioned response to the infusion procedure in any group
(data not shown).

DISCUSSION

We reported previously that repeated intravenous ad-
ministrations of moderate doses of amphetamine (0.5–
1.0 mg/kg) failed to induce sensitization of rotational
behavior in rats with a unilateral 6-OHDA lesion of the
mesostriatal dopamine system, when the drug was
given at home in the absence of any environmental
stimuli predictive of drug administration (Crombag et
al. 1996; Browman et al. 1998b). In contrast, the same
treatment produced robust sensitization when adminis-

Figure 4. Time-course (5-min bins) of crossovers (means 6
SEs) before (0–30 min; habituation) and after (30–90 min;
treatment) an I.V. infusion of 0.375 mg/kg amphetamine in
animals that had received repeated infusions of either saline
(SAL-pretreatement) or (AMPH-pretreatment) under either
HOME or NOVEL conditions. A two-way ANOVA showed
that during the habituation period there was a significant
effect of environment (F1,17 5 43.85, p , .0001) but no effect
of pretreatment (F1,17 5 3.11, p 5 .095), nor environment by
treatment interaction (F1,17 5 2.97, p 5 .1). The two-way
ANOVA on the data from the treatment period showed sig-
nificant effect of environment (F1,17 5 5.99, p 5 .025) and
pretreatment (F1,17 5 7.37, p 5 .015); the environment by
pretreatment interaction approached significance (F1,17 5
3.74, p 5 .069). Posthoc Fisher PLSD tests indicated signifi-
cant differences between the AMPH-NOVEL and the
AMPH-HOME group (asterisks, p 5.004) and between the
AMPH-NOVEL group and the SAL-NOVEL group (dagger,
p 5 .004).

Figure 5. Time-course (5-min bins) of crossovers (means 6
SEs) before (0–30 min; habituation) and after (30–90 min;
treatment) an I.V. infusion of saline in animals that had
received repeated infusions of either saline (SAL-pretreate-
ment) or 0.375 mg/kg amphetamine (AMPH-pretreatment)
under either HOME or NOVEL conditions. A two-way
ANOVA showed that during the habituation period there
was a significant effect of environment (F1,17 5 8.04, p 5
.011) but not of pretreatment (F1,17 5 0.03, p 5 .87), nor an
environment by treatment interaction (F1,17 5 0.19, p 5 .67).
The two-way ANOVA on the data from the treatment period
showed no significant effect of environment (F1,17 5 0.93,
p 5 .35) or pretreatment (F1,17 5 0.31, p 5 .59), nor environ-
ment by treatment interaction (F1,17 5 0.06, p 5 .81).
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tered immediately after exposing the animals to a novel
test environment. We report here that this effect of envi-
ronmental novelty on the susceptibility to amphet-
amine sensitzation is not unique to rotational behavior
or to animals with a unilateral 6-OHDA lesion. Neuro-
logically intact rats that received repeated I.V. infusions
of 0.375 mg/kg amphetamine in the absence of environ-
mental stimuli predictive of drug administration did
not develop behavioral sensitization to the locomotor
activating effects of amphetamine. In contrast, animals
that received the same amphetamine treatment after be-
ing placed in a relatively novel test environment did de-
velop sensitization to amphetamine-induced locomo-
tor activity and rearing.

In the present study, environmental novelty did not
significantly affect the acute locomotor response to am-
phetamine, although it did enhance amphetamine-
induced rearing behavior. Despite no effect of environ-

mental condition on the acute locomotor response,
there was a marked effect of environment on the devel-
opment of locomotor sensitization. In previous studies
(Badiani et al. 1995a, 1997; Crombag et al. 1996; Brow-
man et al. 1998b), however, we have found that envi-
ronmental novelty enhances both the acute rotational
response to amphetamine and the development of sen-
sitization to this effect. A number of procedural differ-
ences between these earlier experiments and the
present study might explain why there was no effect of
environment on the acute locomotor response to am-
phetamine in the present study. First, the dose of am-
phetamine used here was quite low (0.375 mg/kg I.V.)
and just at the threshold required to elicit locomotor ac-
tivation. Thus, there may have been a “floor effect.”
Second, to control for the large unconditioned locomo-
tor response produced by exposure to a novel environ-
ment, the animals in the NOVEL group were habitu-
ated for 30 min to the test environment before drug
administration. This may have been sufficient to abolish
the effect of environmental novelty on the acute loco-
motor response but not that on locomotor sensitization.
However, it is important to emphasize that such a dis-
sociation was not evident with the analysis of rearing
behavior. Taken together, the present findings provide
further evidence for the notion that the effect of envi-
ronmental manipulations on the susceptibility to be-
havioral sensitization can be dissociated from their ef-
fect on acute drug responsiveness. We reported a
similar phenomenon in an experiment using cocaine, in
which there was no effect of environmental novelty on
the acute response to cocaine, whereas there was a large
effect on cocaine sensitization (Badiani et al. 1995b).

We have previously discussed (Badiani and Robin-
son 1994; Badiani et al. 1995a; Robinson et al. 1998) a
number of possible explanations for the modulatory ac-
tions of environmental novelty on amphetamine sensi-
tization. One hypothesis we have investigated in detail
is based on the assumption that the development of
sensitization depends on associative learning processes
(Pert et al. 1990; Stewart 1992). The ability of drug-
paired environmental stimuli to acquire conditioned
stimulus properties, for example, might add a progres-
sively larger conditioned response (CR) to the uncondi-
tioned drug effect. As illustrated in Figure 4 and 6,
animals treated with amphetamine under NOVEL con-
ditions did exhibit a psychomotor CR to the test envi-
ronment. It is unlikely, however, that this CR could have
contributed to the development of amphetamine sensiti-
zation in the AMPH-NOVEL group because the treat-
ment occurred about 30 min after exposure to the test
environment when the CR had almost completely sub-
sided (see Figure 4, top panel). On the other hand, asso-
ciative learning processes might have endowed the test
environment with the ability to modify the psychomotor
response to amphetamine independently of its ability to

Figure 6. Time-course (5-min bins) of vertical activity pho-
tocell counts (means 6 SEs) during the amphetamine chal-
lenge session (see Figure 4). A two-way ANOVA showed
that during the habituation period there was a significant
effect of environment (F1,14 5 22.47, p 5 .0003) and pretreat-
ment (F1,14 5 5.80, p 5 .030), and an environment by treat-
ment interaction (F1,14 5 6.18, p 5 .026). The two-way
ANOVA on the data from the treatment period showed sig-
nificant effect of environment (F1,14 5 8.98, p 5 .01) and pre-
treatment (F1,14 5 6.04, p 5 .028) and an environment by
pretreatment interaction (F1,14 5 7.91, p 5 .069). Posthoc
Fisher PLSD tests indicated significant differences between
the AMPH-NOVEL and the AMPH-HOME group (asterisks,
p , .001) and between the AMPH-NOVEL group and the
SAL-NOVEL group (dagger, p 5 .002).
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elicit a CR (for a discussion of this issue, see Anagnost-
aras and Robinson 1996; Stewart and Badiani 1993).

Alternatively, the action of the novel test environ-
ment as a stressor might have modulated the develop-
ment of amphetamine sensitization independently of
associative learning processes. Indeed, it is well known
that environmental novelty can produce neuroendo-
crine and physiological changes usually associated with
conditions of stress, such as activation of the hypo-
thalamo-pituitary-adrenal axis and corticotrophin-releas-
ing factor-dependent hypertension, tachicardia, and hy-
perthermia (Friedman and Ader 1967; Morimoto et al.
1993) and that these changes do not easily extinguish
even after repeated exposure (Hennessy 1991). Re-
peated exposure to stressors has been shown to pro-
duce sensitization to the psychomotor activating effects
of amphetamine (Antelman et al. 1980). Environmental
novelty may have acted similarly to enhance amphet-
amine sensitization in the NOVEL group.

We do not know what neurobiological mechanisms
are responsible for these effects of environmental nov-
elty on the psychomotor activating effects of amphet-
amine. The behavioral activating effects of amphet-
amine are thought to depend on the ability of
amphetamine to release dopamine in the terminal re-
gions of the mesostriatal dopamine system, especially
in the caudate and nucleus accumbens (Wise and
Bozarth 1987; Le Moal 1995). In addition, amphetamine
produces a cascade of postsynaptic changes that may be
modulated independently of dopamine release, includ-
ing the induction of immediate early genes such as c-fos
in the medium spiny neurons of the striatal complex
(Graybiel et al. 1990). We have demonstrated that envi-
ronmental novelty has no effect on amphetamine phar-
macokinetics (Badiani et al. 1997) or the ability of acute
amphetamine to increase extracellular concentrations of
dopamine either in the caudate or in the core or shell of
the nucleus accumbens (Robinson and Badiani 1994).
Thus, it appears that the ability of environmental nov-
elty to enhance the psychomotor activating effects of
amphetamine does not depend on a modulation of the
primary neuropharmacological actions of this drug.

In contrast, we have found that environmental nov-
elty can alter the ability of acute amphetamine to induce
the expression of the immediate early gene c-fos in D1
and D2 receptor subpopulations of striatal neurons
(Badiani et al. 1998). These findings suggest that the neu-
ral circuitry engaged by amphetamine varies as a func-
tion of the environment in which the drug is adminis-
tered. Furthermore, since c-fos is a transcription factor
implicated in the regulation of other genes, changes in
its regulation may result in long-lasting neuroadapta-
tions in the neural systems that mediate amphetamine
actions. We are currently investigating whether am-
phetamine sensitization is accompanied by enduring
changes in the expression of intermediate early genes.
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