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Abstract
Induction of the immediate early gene protein product Fos has been used extensively to assess neural
activation in the striatum after repeated amphetamine administration to rats in their home cages.
However, this technique has not been used to examine striatal activation after repeated administration
outside the home cage, an environment where repeated drug administration produces more robust
psychomotor sensitization. We determined the dose-response relationship for amphetamine-induced
psychomotor activity and Fos expression in nucleus accumbens and caudate-putamen one week after
repeated administration of amphetamine or saline in locomotor activity chambers. Repeated
administration of amphetamine enhanced amphetamine-induced locomotor activity and stereotypy
and Fos expression in nucleus accumbens, but not in caudate-putamen. In comparison, levels of Fos
expression induced by 1 mg/kg amphetamine were not altered in nucleus accumbens or caudate-
putamen by repeated amphetamine administration in the home cage. Double-labeling of Fos protein
and enkephalin mRNA indicates that Fos is expressed in approximately equal numbers of enkephalin-
negative and enkephalin-positive neurons in nucleus accumbens and caudate-putamen following
injections outside the home cage. Furthermore, repeated amphetamine administration increased drug-
induced Fos expression in enkephalin-positive, but not enkephalin-negative, neurons in nucleus
accumbens. We conclude that repeated amphetamine administration outside the home cage recruits
the activation of enkephalin-containing nucleus accumbens neurons during sensitized amphetamine-
induced psychomotor activity.
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Repeated psychostimulant drug administration produces a progressive augmentation, or
sensitization, of psychomotor activating effects including locomotor activity and stereotyped
behaviors (Kalivas and Stewart, 1991; Randrup and Munkvad, 1975; Robinson and Becker,
1986). Since these drug-induced behaviors are mediated in part by neuronal activity in nucleus
accumbens and caudate-putamen (Kelly et al., 1975; Robinson and Becker, 1986;
Vanderschuren and Kalivas, 2000; Wise and Bozarth, 1985), Fos immunohistochemistry and
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c-fos in situ hybridization have been used to assess sensitization-related changes of drug-
induced neuronal activation in these regions (Cole et al., 1995; Jaber et al., 1995; Persico et
al., 1993; Persico et al., 1995; Simpson et al., 1995; Turgeon et al., 1997). The majority of
these studies have found that repeated administration of amphetamine or cocaine to rats
attenuates subsequent drug-induced Fos expression in nucleus accumbens and caudate-
putamen (Cole et al., 1995; Jaber et al., 1995; Persico et al., 1993; Persico et al., 1995; Simpson
et al., 1995; Turgeon et al., 1997).

However, recent studies indicate that the environment in which the drug is administered
powerfully modulates the effects of amphetamine or cocaine administration on both
psychomotor activity and Fos expression in the striatum. First, amphetamine-induced
psychomotor activity and sensitization is greater when the drug is administered in a novel
environment (outside the rat’s home cage) than in the home cage (Badiani et al., 1995a; Badiani
et al., 1995b; Badiani et al., 1997; Badiani et al., 1998; Crombag et al., 1996; Crombag et al.,
1999; Fraioli et al., 1999; Uslaner et al., 2001a; Uslaner et al., 2001b). Second, Fos expression
induced by a single (acute) injection of amphetamine or cocaine is greater when the drug is
administered in a novel environment (Badiani et al., 1998; Uslaner et al., 2001a; Uslaner et al.,
2001b). Furthermore, amphetamine or cocaine induces Fos in both D1 receptor/dynorphin and
D2 receptor/enkephalin-containing medium spiny neurons in the striatum when the drug is
administered in a novel environment outside the home cage, while Fos is induced in only D1
receptor/dynorphin-containing neurons when the drug is administered in the home cage
(Badiani et al., 1999; Uslaner et al., 2001b).

The drug administration environment modulates the effects of repeated psychostimulant
administration on subsequent drug-induced Fos expression. Repeated cocaine administration
outside the home cage enhances cocaine-induced Fos expression in the nucleus accumbens
(Crombag et al., 2002; Hope et al., 2006; Todtenkopf et al., 2002). In the only related
amphetamine study, repeated amphetamine administration did not alter amphetamine-induced
c-fos mRNA levels in nucleus accumbens of unilateral 6-hydroxydopamine-lesioned rats
(Ostrander et al., 2003). However, this study used only a single challenge dose of amphetamine,
while we found that enhanced Fos protein expression following repeated cocaine
administration is critically dependent on challenge dose (Crombag et al., 2002). Additionally,
the thresholds for detecting Fos protein and c-fos mRNA in situ are different and 6-
hydroxydopamine lesions may have altered neural responsiveness in the intact side. Therefore
in the present study, we examined the effects of different challenge doses of amphetamine on
Fos expression in nucleus accumbens and caudate-putamen of intact rats one week after
repeated drug administration outside the home cage and assessed which types of striatal
medium spiny neurons express Fos.

Experimental procedures
Subjects

Male Sprague-Dawley rats (Charles River, Raleigh, NC) weighing 200–250g were used in all
our experiments. They were housed individually in standard plastic cages in a temperature and
humidity controlled room and maintained on a 12:12 hr reverse light/dark cycle (lights on at
8:00 PM) with free access to food and water. They were acclimatized to these housing
conditions for a minimum of 7 days prior to drug treatments.

Drug treatments and behavioral assays
Experiment 1: Repeated amphetamine administration in locomotor activity
chambers Amphetamine or saline was administered in locomotor activity chambers once
daily for five days. Each day during repeated drug administration, the rats were removed from
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their home cages and placed in locomotor activity chambers for 30 minutes to habituate. At
the end of the habituation period, the rats received a single intraperitoneal (IP) injection of
amphetamine (2 mg/kg; n=32) or saline vehicle (1ml/kg; n=31) and were immediately placed
back into the activity chambers for 120 additional minutes. The rats were brought back to their
home cages after each daily session. The locomotor activity chamber consisted of a 43 × 43
cm plexiglass activity monitor in a light- and sound-attenuating chamber. The monitor used 2
×16 infrared photobeams to quantify locomotor activity. The distance traveled before and after
the injection was calculated using activity monitor software from Med Associates (Georgia,
VT).

Following the repeated drug administration phase, the rats were kept in their home cages for
1 week (withdrawal phase). Finally, on the test day the rats were removed from their home
cages, placed in the same locomotor activity chambers for 30 minutes to habituate, and then
injected with 0, 0.5, 1, or 2 mg/kg amphetamine (IP; 8 rats for each dose). Locomotor activity
was monitored for 120 additional minutes and during this time-period the rats’ behavior was
also monitored with cameras mounted in the locomotor activity chambers. Stereotyped
behaviors were assessed every 4 minutes for 30 sec each time using a 9-point rating scale
adapted from Ellinwood and Balster (1974): 1-asleep; 2-inactive; 3-normal in place activity;
4-normal, alert, rearing, normal level of locomotor activity; 5-rearing, high level of locomotor
activity; 6-slow patterned behaviors, no rearing, normal level of locomotor activity; 7-faster
patterned behaviors, no rearing, high level of locomotor activity; 8-highly repetitive patterned
behaviors in a restricted area; 9-backing up, abnormally maintained posture.

Two hours after the challenge injection, each rat was deeply anesthetized with a mixture of
ketamine+xylazine (100+10 mg/kg, IP) and perfused transcardially with 100 ml of ice-cold
0.1M phosphate-buffered saline (PBS) followed by 300 ml of freshly prepared 4%
paraformaldehyde in 0.1M sodium phosphate (pH=7.4). The brain was removed and post-fixed
in the same fixative for 2 hours before being placed in 20% sucrose, 0.1M sodium phosphate
buffer (pH=7.4) at 4°C for 48 hours. Finally, the brain was frozen in powdered dry ice and
stored at −80°C until sectioning for Fos immunohistochemistry.

Experiment 2: Repeated amphetamine administration for double-labeling
histochemistry To determine which neuronal types express Fos, we repeatedly administered
amphetamine or saline to rats using the same procedure described in Experiment 1, with the
difference that only saline and 1 mg/kg amphetamine were administered on test day. Two hours
after challenge injections, each rat was deeply anesthetized with a mixture of ketamine
+xylazine (100+10 mg/kg, i.p.) and the brain was processed as described above. These brains
were used for double-labeling with Fos immunohistochemistry and enkephalin in situ
hybridization as described below.

Experiment 3: Repeated amphetamine administration in the home
cage Amphetamine or saline was repeatedly administered to 28 rats using the same treatment
regimen described above except that amphetamine or saline injections were administered to
rats in their home cages. Also, a single challenge dose of 1 mg/kg amphetamine was
administered: this dose was found to produce robust expression of psychomotor sensitization
and enhanced Fos expression when the drug was administered in locomotor activity chambers.
Thus, five once daily IP injections of either amphetamine (2 mg/kg; n=14) or saline vehicle
(1ml/kg; n=14) were administered to rats in their home cage. One week after the last
administration, each of the repeated saline or amphetamine groups was further divided into 2
groups of 7 rats that received an IP challenge injection of 1 mg/kg of amphetamine or saline
vehicle (1 ml/kg) in the home cage. Locomotor activity and stereotypy were not assessed for
this experiment. Two hours following the challenge injection, each rat was deeply anesthetized
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with a mixture of ketamine+xylazine (100+10 mg/kg, i.p.) and the brain was processed for Fos
immunohistochemistry as described above.

Fos immunohistochemistry
Twenty micrometer coronal sections were cut in a cryostat (Reichert-Jung 28000E, Leica Inc.,
Deerfield, IL) and placed into cryopreservant solution containing 0.1M sodium phosphate
buffer (pH=7.4), 20% glycerol and 2% DMSO. Sections were kept frozen at −80°C until further
processing. Sections were thawed, washed three times in phosphate-buffered saline (PBS) and
placed in blocking buffer: PBS with 3% normal goat serum (NGS) and 0.3% Triton X-100 for
2 hours at 22°C. Sections were then incubated overnight at 4°C with the anti-Fos primary
antibody (Ab-5; Calbiochem, EMD Biosciences, La Jolla, CA) diluted 1:10,000 in PBS
containing 0.3% Triton X-100 and 2% NGS. Sections were washed again with PBS and
incubated for 2 hr in biotinylated anti-rabbit secondary antibody (1:600), washed in PBS, and
then incubated for 2 hours in avidin-biotin-peroxidase complex (ABC Elite kit, PK-6100;
Vector Laboratories, Burlingame, CA). Finally, sections were washed and developed in 3, 3′-
diaminobenzidine (DAB) for approximately 4 min, transferred into PBS and mounted onto
chrom-alum/gelatin-coated slides. Once dry, the slides were dehydrated through a graded series
of alcohol (70, 95, 95, 100, 100% ethanol) and cleared with Citrasolv (Fisher Scientific,
Fairlawn, NJ) before coverslipping with Permount (Sigma, St. Louis, MO).

Bright-field images of brain sections were captured and digitized using a CCD camera
(Coolsnap Photometrics, Roper Scientific Inc., Trenton, NJ) attached to a Zeiss Axioskop 2
light microscope. The size of the image captured from each section was 1.76 × 1.36 mm with
a total area of 2.39 mm2. For analysis of the whole caudate-putamen and nucleus accumbens,
Fos-immunoreactive nuclei were counted from the entire captured image. For analysis of
nucleus accumbens core and shell subregions, Fos-immunoreactive nuclei were counted from
smaller areas (0.62 × 0.41 mm with a total area of 0.25 mm2) of the same captured images.
Fos-immunoreactive nuclei were counted using IPLab software for Macintosh (Scanalytics,
Inc., Fairfax, VA). Image capture and quantification of Fos-positive nuclei were conducted by
an observer blind to the experimental conditions. The pixel density threshold for detecting Fos-
immunoreactive nuclei was chosen to match that of experimenter-determined counts from
monitor images and microscope fields of view. Results were not significantly different when
we compared the automated method of quantifying Fos-immunoreactive nuclei using IPLab
with experimenter-determined counts by two different observers.

Double-labeling with Fos immunohistochemistry and enkephalin in situ hybridization
Double-labeling experiments were used to determine which types of medium spiny neurons
express Fos following repeated amphetamine administration outside the home cage. Sections
were obtained from rats in Experiment 2. The procedure for in situ hybridization is a
modification of that used in Backman et al (2001) for free-floating sections. Sections frozen
in cryopreservant solution were thawed and washed three times in PBS. Sections were then
pretreated with 0.5% Triton X-100 for 10 minutes, given two washes in PBS, 0.2N HCl for 10
minutes, two washes in PBS, and 0.25% acetic anhydride in 0.5M triethanolamine, pH=8.0 for
10 minutes. Sections were then washed twice in PBS and dehydrated with 50%, 70%, 95%,
and 100% ethanol before three final washes in PBS. Sections were incubated for 16 hours at
55°C with 4×107 cpm/ml of S35-labeled enkephalin riboprobe in hybridization solution
containing 50% formamide, 0.62M NaCl, 5X Denhardt’s solution, 20mM PIPES buffer
(pH=6.8), 10mM EDTA, 10% dextran sulfate, 250 μg/ml salmon sperm DNA, 250 μg/ml yeast
transfer RNA, 0.2% SDS, and 50mM dithiothreitol. The riboprobe was transcribed with SP6
polymerase and S35-labeled UTP from a plasmid encoding the rat enkephalin gene (obtained
from Dr. Steve Sabol, NIH, Bethesda, MD).
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The next day, sections were rinsed for 30 minutes at 22°C with 2XSSC and 10mM β-
mercaptoethanol before incubating them for 1 hour at 37°C in RNAse solution containing
5μg/ml RNAse A, 0.5M NaCl, 10mM Tris-Cl, pH=7.6, 10mM EDTA. Sections were then
rinsed for 1 hour at 55°C in 0.5XSSC, 50% formamide, 10mM β-mercaptoethanol followed
by 1 hour at 60°C in 0.1XSSC and 10mM β-mercaptoethanol. Sections were then washed three
times in PBS before processing with Fos immunohistochemistry as described above.

After development of Fos-immunoreactivity, sections were mounted onto glass slides, air-
dried, and exposed for 3 days to Hyperfilm MP (Amersham Biosciences, Piscataway, NJ) to
confirm successful labeling. Slides were then dipped in NTB-2 photographic emulsion (Kodak
Molecular Imaging Systems, New Haven, CT) with 0.2 M ammonium sulfate added, air-dried,
and exposed for 3–5 weeks at 4°C with dessicant. Slides were developed for 2 minutes in Kodak
D19 developer, rinsed in water, and fixed for 5 minutes in Kodak rapid fixer without hardener.
Slides were counterstained with cresyl violet and dehydrated through a graded series of alcohol
(70, 95, 95, 100, 100% ethanol) and cleared with Citrasolv (Fisher Scientific) before
coverslipping with Permount (Sigma).

Bright-field images of each brain section were captured and digitized using the same
microscope, camera, and software but using a 40X objective. Images from four areas of the
nucleus accumbens, including core and shell subregions, and four areas of caudate-putamen
were captured from coronal sections 2 mm anterior to Bregma. The size of each image was 0.4
× 0.34 mm with an area of 0.14 mm2. Two images were captured from each of these areas
before and after ferricyanide treatment. The first images had both Fos-labeled nuclei and silver
grains from in situ hybridization. High levels of silver grains from in situ hybridization labeling
obscured some of the underlying Fos-IR in the sections. Thus silver grains were removed by
oxidizing with ferricyanide using a modification of a recommended technique from Kodak
Applied Sciences. The slides were soaked in Citrasolv to remove coverslips and rehydrated
through 100, 95, 70% ethanol, and water. The slides were incubated for 2 minutes in 7.5%
potassium ferricyanide and rinsed three times in water. The slides were then dehydrated and
coverslipped as before and a second image of the same area was captured again. The number
of Fos-labeled, enkephalin-labeled, and double-labeled neurons were hand-counted by an
observer blind to the experimental conditions. Afterwards, the numbers obtained from the four
images of nucleus accumbens and the four images of caudate-putamen were added together to
produce total values for each brain region from each rat.

Data analysis
The behavior and histochemical data were analyzed using two-way analyses of variance
(ANOVA) with Challenge (Amphetamine versus Saline) and Repeated administration
(Amphetamine versus Saline) as the two main factors. Fisher’s PLSD post hoc tests were used
to make specific group comparisons. Effects were considered significant when p < 0.05.

Results
Experiment 1: Repeated amphetamine administration outside the home cage enhanced
psychomotor activation

Amphetamine-induced locomotor activity was significantly enhanced one week after repeated
amphetamine administration in the locomotor activity chambers (Figure 1A; two-way
ANOVA, effect of Challenge dose, F(3,55)=27.9, p<0.0001 and effect of Repeated
administration, F(1,55)=20.2, p<0.0001). Repeated amphetamine administration significantly
enhanced amphetamine-induced locomotor activity for 0.5, 1, and 2 mg/kg amphetamine
challenge doses. Locomotor activity following saline challenge injections was not significantly
different following repeated amphetamine versus repeated saline administration, which
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indicated that conditioned locomotion due to environmental exposure alone was not induced.
Habituation prior to each drug injection has previously been shown to prevent this form of
conditioned locomotion after repeated amphetamine administration (Crombag et al., 2001).
Test injections of 1 and 2 mg/kg, but not 0.5 mg/kg, amphetamine significantly increased
locomotor activity following repeated saline administration, while all doses of amphetamine
significantly increased locomotor activity following repeated amphetamine administration.

Following challenge injections, stereotypy was assessed every 4 minutes for 30 sec each time.
Since amphetamine-induced stereotypy was most pronounced 20 minutes following challenge
injections, we present data from only this time point in Figure 1. Amphetamine-induced
stereotyped behavior was significantly enhanced one week after repeated amphetamine
administration in the locomotor activity chambers (Figure 1B; two-way ANOVA, Challenge
dose, F(3,55)=20.02, p<0.0001, Repeated administration, F(1,55)=36.5, p<0.0001, Challenge
dose X Repeated administration, F(3,55)=3.5, p<0.05). Repeated amphetamine administration
significantly enhanced amphetamine-induced stereotypy for 0.5, 1, and 2 mg/kg amphetamine
challenge doses. All test doses of amphetamine injections significantly increased stereotypy
following repeated saline administration and repeated amphetamine administration.

Repeated amphetamine administration outside the home cage enhanced amphetamine-
induced Fos expression

Amphetamine challenge injections induced Fos expression in nucleus accumbens following
repeated amphetamine administration outside the home cage (example image in Figure 2C).
Similar to our previous studies (Crombag et al., 2002; Hope et al., 2006), we observed strongly
labeled brown oval-shaped Fos-immunoreactive nuclei with negligible neuropil staining.
Amphetamine-induced Fos expression was enhanced in the rostral nucleus accumbens after
repeated amphetamine administration (Figure 3, top row; two-way ANOVA, effect of
Challenge dose, F(3,51)=7.4, p<0.0005, Repeated administration, F(1,51)=8.3, p<0.01,
Challenge dose X Repeated administration, F(3,51)=3.0, p<0.05). This effect, however, was
dose-dependent as repeated amphetamine administration significantly enhanced drug-induced
Fos expression at 1 and 2, but not 0.5 mg/kg amphetamine (post-hoc analysis).

We also analyzed the challenge effect separately for the repeated amphetamine and repeated
saline groups. Challenge doses of 1 and 2, but not 0.5 mg/kg, amphetamine increased Fos
expression following repeated amphetamine administration. None of the challenge doses
increased Fos expression following repeated saline administration. Amphetamine challenge
injections had a significant overall effect on Fos expression in the caudal nucleus accumbens
as well (Figure 3, top row; effect of Challenge dose, F(3,51)=3.9, p<0.05), but there was merely
a trend towards enhanced drug-induced Fos expression after repeated amphetamine
administration (effect of Repeated administration, F(1,51)=3.3, p=0.07). We also analyzed the
challenge effect in the caudal accumbens separately for repeated amphetamine and repeated
saline groups. Challenge doses of 1 and 2, but not 0.5 mg/kg, amphetamine increased Fos
expression following repeated amphetamine administration. None of the challenge doses
increased Fos expression following repeated saline administration.

Amphetamine challenge injections induced Fos expression in caudate-putamen following
repeated saline or repeated amphetamine administration outside the home cage (example image
in Figure 2B). Amphetamine challenge injections significantly increased Fos expression in all
three coronal planes of caudate-putamen (Figure 3 bottom row; effect of Challenge dose for
rostral F(3, 52)=10.6; p<0.0001, for medial F(3, 55)=16.7; p<0.0001, for caudal F(3, 52)=21.4;
p<0.0001). However, drug-induced Fos expression was not enhanced after repeated
amphetamine administration. We analyzed the challenge effect separately for the repeated
amphetamine and repeated saline groups. For all three coronal planes, 0.5, 1, and 2 mg/kg
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amphetamine increased Fos expression following repeated amphetamine, while only 1 and 2
mg/kg amphetamine increased Fos expression following repeated saline administration.

We further examined Fos-immunoreactive nuclei in core and shell subregions of nucleus
accumbens (indicated by rectangles in Figure 2D). We assayed Fos-immunoreactive nuclei in
only the rostral (−2.0 mm to Bregma) nucleus accumbens since amphetamine-induced Fos
expression was significantly enhanced in only this rostral plane. In the core subregion,
amphetamine-induced Fos expression was enhanced after repeated amphetamine
administration (Figure 4A; two-way ANOVA, effect of Challenge dose, F(3,50)=5.1, p<0.005,
Repeated administration, F(1,50)=5.0, p<0.05, the interaction was not significant). This effect,
however, was dose-dependent as repeated amphetamine administration significantly enhanced
drug-induced Fos expression at 1 and 2 mg/kg, but not 0.5 mg/kg amphetamine. We analyzed
the challenge effect separately for the repeated amphetamine and repeated saline groups.
Challenge doses of 1 and 2, but not 0.5 mg/kg, amphetamine increased Fos expression
following repeated amphetamine administration. None of the challenge doses increased Fos
expression following repeated saline administration.

In the shell subregion, amphetamine-induced Fos expression was also enhanced after repeated
drug administration (Figure 4B; two-way ANOVA, effect of Challenge dose, F(3,50)=2.8,
p<0.05, Repeated administration, F(1,50)=5.6, p<0.05, the interaction was not significant).
This effect, however, was dose-dependent as repeated amphetamine administration
significantly enhanced drug-induced Fos expression at 1 mg/kg, but not 0.5 or 2 mg/kg
amphetamine. We analyzed the challenge effect separately for the repeated amphetamine and
repeated saline groups. None of the challenge doses of amphetamine increased Fos expression
following repeated amphetamine administration. Only the challenge dose of 2 mg/kg
amphetamine increased Fos expression following repeated saline administration. Overall,
regulation of Fos expression in the core subregion appears similar to that observed for the
whole rostral nucleus accumbens (Figure 3, nucleus accumbens at −2.0 mm to Bregma).

Experiment 2: Double-labeling with Fos histochemistry and enkephalin in situ hybridization
We used in situ hybridization for enkephalin mRNA along with Fos immunohistochemistry to
identify which neurons in rostral nucleus accumbens and caudate-putamen expressed Fos after
repeated saline and amphetamine administration in the locomotor activity chambers. Before
ferricyanide treatment, enkephalin containing neurons were strongly labeled by tightly grouped
clusters of black-colored silver grains, while Fos-immunoreactive nuclei were indicated by
small brown ovals as shown before (Figure 5B,D). Silver grains were removed by treatment
with ferricyanide to reveal underlying Fos-immunoreactive nuclei that appeared similar,
although darker brown and slightly grayer, to that observed following single-labeling for Fos
protein (Figure 5C,E). Double-labeling was performed in two batches. We compensated for
differences in Fos staining between these batches by normalizing with the average numbers of
Fos-labeled neurons in the repeated amphetamine-amphetamine challenge groups from each
batch. Although we identified a number of significant differences between groups, the
relatively low number of saline-challenged rats (n=4) made it difficult to obtain significant
effects for certain comparisons, particularly interactions between challenge injections and
repeated administration.

In the nucleus accumbens, Fos was expressed in approximately equal numbers of enkephalin-
positive and enkephalin-negative neurons: 32–63% of Fos-expressing neurons were
enkephalin-positive. Amphetamine challenge injections significantly increased Fos expression
in enkephalin-negative neurons (Figure 6A; F(1,22)=4.4, p<0.05). However, there was no
indication that drug-induced Fos expression was further enhanced by repeated amphetamine
administration. Meanwhile, amphetamine significantly decreased Fos expression in
enkephalin-positive neurons of rats that received repeated saline administration (Figure 6B; F
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(1,10)=6.3; p<0.05). This acute amphetamine-induced decrease was not present in rats that
received repeated amphetamine administration, largely because levels of Fos expression in
amphetamine-challenged rats were significantly higher following repeated drug administration
than following repeated saline administration (F(1,14)=5.5, p<0.05).

In the caudate-putamen, Fos was expressed more often in enkephalin-positive neurons than in
enkephalin-negative neurons: 53–75% of Fos-expressing neurons were enkephalin-positive.
Amphetamine challenge injections significantly increased Fos expression in enkephalin-
negative neurons (Figure 6C; F(1,18)=11.4, p<0.005). However, there was no indication that
drug-induced Fos expression was further enhanced by repeated amphetamine administration.
Amphetamine challenge injections did not significantly affect Fos expression in enkephalin-
positive neurons. However, repeated drug administration significantly enhanced overall Fos
expression in these neurons (Figure 6D; F(1,18)=4.4, p<0.05).

Experiment 3: Repeated amphetamine administration in the home cage
When administered to rats in their home cages, challenge injections with 1 mg/kg amphetamine
increased Fos expression in nucleus accumbens (Figure 7, top row; effect of Challenge for
rostral F(1, 26)=29.2; p<0.0001, for caudal F(1, 26)=15.4; p<0.001). However, drug-induced
Fos expression was not enhanced after repeated amphetamine administration in the home cage.
Challenge injections of saline in the home cage induced much lower levels of Fos expression
than that observed following saline injections in the locomotor chamber.

Similarly, challenge injections with 1 mg/kg amphetamine increased Fos expression in
caudate-putamen (Figure 7, bottom row; effect of Challenge for rostral F(1, 27)=56.5;
p<0.0001, for medial F(1, 27)=52.7; p<0.0001, and for caudal F(1, 27)=39.9; p<0.0001)
sections, but again, drug-induced Fos expression was not enhanced after repeated amphetamine
administration in the home cage. For both brain regions, challenge injections of saline in the
home cage induced much lower levels of Fos expression than levels observed following saline
injections in the locomotor chamber.

Discussion
Repeated amphetamine administration to rats outside their home cage (in the locomotor activity
chambers) enhanced drug-induced Fos expression in nucleus accumbens, but not in caudate-
putamen. Supporting the findings of Ostrander et al (2003), repeated amphetamine
administration in our study did not enhance drug-induced Fos expression in the nucleus
accumbens following the same 0.5 mg/kg amphetamine challenge dose used in their study. It
is possible that neural activity is enhanced at lower challenge doses of amphetamine, but this
enhancement can only be detected when the amphetamine dose is enough to induce high levels
of c-fos mRNA and Fos protein. If Ostrander and colleagues had used 1 or 2 mg/kg
amphetamine to induce c-fos mRNA, it is possible they also would have observed enhanced
induction following repeated amphetamine administration. In contrast, when using 1 mg/kg
amphetamine for test injections, repeated amphetamine administration in the home cage did
not alter drug-induced Fos expression in nucleus accumbens or caudate-putamen. It is still
possible that repeated amphetamine administration in the home cage could alter drug-induced
Fos expression if different doses of amphetamine are used for test injections. Previous studies
have observed attenuated drug-induced c-fos mRNA or Fos protein expression in both the
nucleus accumbens and caudate-putamen 1–2 days following repeated amphetamine
administration in the home cage (Cole et al., 1995; Jaber et al., 1995; Persico et al., 1993;
Persico et al., 1995; Simpson et al., 1995; Turgeon et al., 1997). However, this attenuation of
immediate early gene expression typically does not persist beyond 2 days (Persico et al.,
1995) which is consistent with our finding of unaltered drug-induced expression 7 days after
repeated drug administration in the home cage.
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We previously found that the drug administration environment has similar effects on Fos
expression following sensitization to cocaine. Repeated cocaine administration to rats outside
their home cage enhanced drug-induced Fos expression in nucleus accumbens (Crombag et
al., 2002; Todtenkopf et al., 2002), but not in caudate-putamen (Crombag et al., 2002;
Todtenkopf et al., 2002; Uslaner et al., 2003a). In contrast, repeated cocaine administration in
the home cage tends to attenuate drug-induced Fos expression in both nucleus accumbens and
caudate-putamen (Ennulat et al., 1994; Hope et al., 1992; Jaber et al., 1995; Moratalla et al.,
1996; Nye et al., 1995; Persico et al., 1993; Rosen et al., 1994; Steiner and Gerfen, 1993). Thus
the effect of drug administration environment on drug-induced Fos expression generalizes to
other psychostimulant drugs.

Amphetamine test injections in the home cage significantly increased levels of nucleus
accumbens Fos expression following repeated saline administration, but did not significantly
increase Fos expression when the drug was administered in the locomotor activity chamber.
The lack of induction following repeated saline administration was due to higher levels of Fos
expression following saline challenge injections in the locomotor activity chamber, which
minimized the effect of acute amphetamine test injections. The higher basal levels of Fos
expression following saline test injections are likely due to higher levels of novelty-associated
arousal that increase excitatory input to the striatum in general (Ferguson and Robinson,
2004).

In our study, acute amphetamine administration induced Fos expression in both enkephalin-
positive and enkephalin-negative medium spiny neurons in nucleus accumbens. Medium spiny
neurons are GABAergic striatal projection neurons (Kita and Kitai, 1988) and constitute 90–
95% of rat striatal neurons (Graveland and DiFiglia, 1985). In the caudate-putamen (reviewed
in Gerfen, 1992), half of these medium spiny neurons produce dynorphin and substance P
peptides, express primarily D1-type dopamine receptor mRNA, and project to midbrain
dopaminergic neurons, while the other half of these neurons produce enkephalin, express
primarily D2 dopamine receptor mRNA, and project to the pallidum. The nucleus accumbens
is similarly organized (Fauchey et al., 2000; Kalivas et al., 1993; Le Moine and Bloch, 1995;
Le Moine et al., 1991; Lu et al., 1998); but see (Meador-Woodruff et al., 1991) with the
exception that D1/dynorphin/substance P neurons project equally to both the ventral pallidum
and ventral tegmental area (Kalivas et al., 1993; Lu et al., 1997; Lu et al., 1998; Robertson and
Jian, 1995).

Previous studies found that acute administration of amphetamine or cocaine to rats in their
home cage induces c-fos or Fos primarily in D1-type medium spiny neurons (Badiani et al.,
1999; Berretta et al., 1992; Berretta et al., 1993; Moratalla et al., 1996; Ruskin and Marshall,
1994; Uslaner et al., 2001b) while acute drug administration outside the home cage induces
c-fos or Fos expression in both D1-type and D2-type medium spiny neurons in caudate-
putamen (Badiani et al., 1999; Ferguson et al., 2003; Jaber et al., 1995; Uslaner et al., 2001b;
Uslaner et al., 2003a). C-fos and Fos are also induced in both D1 and D2-type medium spiny
neurons in rat caudate-putamen following repeated cocaine administration outside the home
cage (Hope et al., 2006; Uslaner et al., 2003a).

Our present study extends these latter findings to Fos expression in both enkephalin-positive
and enkephalin-negative neurons, presumably D2 and D1-type neurons, in nucleus accumbens
following repeated amphetamine administration outside the home cage. To our knowledge,
only Jaber et al 1995 previously used challenge injections of amphetamine outside the home
cage after repeated drug administration to determine which cell types had altered drug-induced
c-fos or Fos expression. Similar to our findings, Jaber et al. found approximately 50% of Fos-
labeled neurons in caudate-putamen were enkephalin-positive. The slightly higher percentage
(52–75%) of Fos induced in enkephalin-positive neurons in our study could be due to the fact
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that all drug injections were administered outside the home cage, rather than just the final test
injection as in the Jaber et al. study. It is also noticeable that the percentage of amphetamine-
activated enkephalin- or D2-positive neurons is consistently lower when c-fos in situ
hybridization is employed rather than Fos immunohistochemistry (Ferguson and Robinson,
2004; Uslaner et al., 2001b; Uslaner et al., 2003b). First, c-fos in situ hybridization may require
higher levels of neural activity than Fos immunohistochemistry for detection. If neural
activation levels are slightly lower in enkephalin-positive neurons than in enkephalin-negative
neurons, then c-fos would be detected less often than Fos in enkephalin-positive neurons and
produce an overall appearance of a lower percentage of activated enkephalin-positive neurons.
Second, Badiani, Robinson, and colleagues examined c-fos expression after only single
administrations of amphetamine. Jaber et al. (1995) and our study have shown that the
proportion of Fos-expressing neurons that are enkephalin-positive is higher following repeated
drug administration than following a single administration of drug. Overall, it appears to be a
general finding that amphetamine and cocaine induce Fos in both D1-type and D2-type neurons
when the drug is injected outside the home cage, regardless of prior repeated drug
administration.

The more important finding, however, is that repeated amphetamine administration increased
Fos expression in enkephalin-positive neurons, but not in enkephalin-negative neurons, of the
nucleus accumbens and caudate-putamen. The increase in nucleus accumbens Fos expression
is partly due to amphetamine challenge injections producing a decrease of Fos expression in
enkephalin-positive neurons following repeated saline administration. Decreased Fos
expression in D2-type neurons is not entirely unexpected, since amphetamine-induced
dopamine activates D2 receptors on these neurons, and D2 receptor agonists, such as
quinpirole, have been shown to decrease levels of activity-dependent gene products, such as
zif/268 (Gerfen et al., 1995; Keefe and Gerfen, 1995) and enkephalin (Angulo, 1992;
Nisenbaum et al., 1994). Normally it is difficult to observe psychostimulant-induced decreases
in c-fos or Fos expression because basal levels are already low when vehicle is administered
to rats in their home cages. In the case of our study, the high basal levels of Fos expression
when rats are injected outside the home cage (discussed above) allowed us to observe decreased
Fos expression in the nucleus accumbens. However, the decrease in amphetamine-induced Fos
expression in enkephalin-positive neurons is countered by increased expression in enkephalin-
negative neurons; this gives the overall effect of no drug-induced Fos expression following
repeated saline administration that was observed in our single-labeling experiments. Following
repeated amphetamine administration, the lack of a drug-induced decrease of Fos expression
in enkephalin-positive neurons allows increased Fos expression in enkephalin-negative
neurons, leading to the overall effect observed in our single-labeling experiment of a drug-
induced increase in Fos expression. The lack of congruence between double-labeling and
single-labeling results in the caudate-putamen is more difficult to explain. It is possible that
Fos expression in areas sampled in our single-labeling experiment, but not sampled in the much
smaller areas sampled in our double-labeling experiments, countered the enhanced Fos
expression we observed in enkephalin-positive neurons.

Amphetamine or cocaine-induced Fos expression is traditionally thought to be due to D1
receptor-dependent activation of the cAMP signal transduction pathway (Berretta et al.,
1992; Robertson et al., 1991; Robertson et al., 1989; Stoof and Kebabian, 1981). Increased
cAMP levels then activate PKA-dependent phosphorylation of the transcription factor CREB
(Montminy and Bilezikjian, 1987) that induces c-fos transcription (Morgan and Curran,
1991; Sheng et al., 1990). However, amphetamine- and cocaine-induced Fos expression in D2-
type neurons following drug administration outside the home cage cannot be mediated by
activation of the cAMP pathway, since D2 receptors reduce cAMP signal transduction (Stoof
and Kebabian, 1981). Amphetamine-induced Fos expression in D2-type neurons is more likely
due to ERK/MAP kinase-dependent activation of CREB (Sgambato et al., 1998; Valjent et al.,
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2001; Vanhoutte et al., 1999) following strong glutamatergic activation of neural activity
(Berretta et al., 1997; Berretta et al., 1999; Canales et al., 2002; Ferguson and Robinson,
2004; Fu and Beckstead, 1992; Gerfen et al., 2002; Liste et al., 1995; Parthasarathy and
Graybiel, 1997; Sgambato et al., 1997; Sgambato et al., 1999). Indeed, we have previously
shown that enhanced cocaine-induced activation of CREB following repeated cocaine
administration in a novel environment is due to enhanced activation of ERK/MAP kinase, in
the absence of altered PKA activation (Mattson et al., 2005). ERK/MAP kinase signaling may
be similarly enhanced in D2-type neurons following amphetamine sensitization.

Amphetamine-induced locomotor activity and stereotyped behaviors are more strongly
sensitized following repeated amphetamine administration in a novel environment than in the
animal’s home cage (Badiani et al., 1995b; Badiani et al., 1997; Crombag et al., 1996; Crombag
et al., 1999; Fraioli et al., 1999). At the same time, neuronal activity is increased in D2-type
neurons by amphetamine injections in a novel environment, but not after amphetamine
injections in the home cage. The addition of glutamatergic activation and neuronal activity in
D2-type medium spiny neurons in nucleus accumbens may be an important factor underlying
more robust sensitization following repeated drug administration in a novel environment. It
should be noted, however, that psychomotor activity induced by the 0.5 mg/kg amphetamine
challenge dose is sensitized while Fos expression at this challenge dose is not sensitized. This
discrepancy is almost certainly due to differences in induction threshold, a common
methodological issue encountered in most molecular and cellular assays. Fos is not sufficiently
induced at 0.5 mg/kg amphetamine to show any differences in its expression. In any case,
baclofen-muscimol inactivation of similar accumbens neurons following cocaine sensitization
attenuated cocaine-induced locomotor activity, a fact which indicates that these neurons play
an important role in mediating psychomotor behavior (Hope et al., 2006).
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Figure 1.
(A) Locomotor activity and stereotyped behavior are sensitized after repeated amphetamine
administration in the locomotor activity chamber. Values for locomotor activity represent mean
±SEM (n=7–8 per group) of distance traveled during 2 hours following challenge injections
of different doses of amphetamine after repeated administration of amphetamine or saline. (B)
Values for stereotyped behavior represent mean±SEM (n=7–8 per group) assessed during the
30-second interval 20 minutes following challenge injections. * indicates significantly more
amphetamine-induced locomotor activity or stereotyped behavior for each challenge dose after
repeated amphetamine versus repeated saline administration.
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Figure 2.
(A) Schematic representation of brain regions captured for image analysis. Images were
captured from coronal sections approximately 2 and 1 mm anterior to Bregma for nucleus
accumbens and approximately 2, 1, and 0 mm anterior to Bregma for caudate-putamen. Fos-
IR nuclei were quantified from images of the regions indicated with gray rectangles. The size
of each image was 1.76 × 1.36 mm with a total area of 2.39 mm2. Drawings of coronal section
and coordinates were obtained from Paxinos and Watson (1998). Photomicrographs (with 5X
objective) of amphetamine-induced Fos-IR nuclei in (B) caudate-putamen and (D) nucleus
accumbens following repeated amphetamine administration. The large round area of white
matter in the left-hand side of the nucleus accumbens image is the anterior commissure. The
two rectangles in the nucleus accumbens image indicate core and shell subregions quantified
and shown in Figure 4; the size of each rectangle was 0.62 × 0.41 mm with a total area of 0.25
mm2. (C) Higher magnification photomicrograph (with 40X objective) of nucleus accumbens.
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Figure 3.
Amphetamine-induced Fos expression after repeated drug administration in the locomotor
activity chamber. Graphs indicate the number of Fos-IR nuclei in nucleus accumbens (top row)
and caudate-putamen (bottom row) at 2, 1, and 0 mm anterior to Bregma after repeated
administration of amphetamine or saline. Values represent mean±SEM (n=6–8 per group). *
indicates significantly more amphetamine-induced Fos-IR for each challenge dose after
repeated administration of amphetamine versus saline.
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Figure 4.
Amphetamine-induced Fos expression is enhanced in core and shell subregions after repeated
amphetamine administration in the locomotor activity chamber. Graphs indicate the number
of Fos-IR nuclei in core (A) and shell (B) 2 mm anterior to Bregma. Values represent mean
±SEM (n=6–8 per group). * indicates significantly more amphetamine-induced Fos-IR for each
challenge dose after repeated administration of amphetamine versus saline.
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Figure 5.
Representative images of Fos-immunoreactive nuclei expressed in enkephalin-positive and
enkephalin-negative neurons in the caudate-putamen (B,C) and nucleus accumbens (D,E) after
repeated amphetamine administration in the locomotor activity chamber. (A) Schematic
representation of brain regions captured for image analysis. Images were captured from areas
indicated with gray rectangles from coronal sections approximately 2 mm anterior to Bregma.
The size of each image was 0.4 × 0.34 mm with a total area of 0.14 mm2. Drawings of coronal
section and coordinates were obtained from Paxinos and Watson (1998). (B,D)
Photomicrographs (400X) of sections double-labeled for Fos-immunoreactive nuclei (brown,
oval objects) and enkephalin mRNA (clusters of black silver grains). (C,E) Photomicrographs
(400X) of same sections after reduction of silver grains with ferricyanide. Arrows indicate
enkephalin-positive Fos-immunoreactive neurons. Asterisks indicate enkephalin-negative
Fos-immunoreactive neurons. Cross signs indicate enkephalin-positive Fos negative neurons.
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Figure 6.
Levels of Fos expression in enkephalin-positive and enkephalin-negative neurons in the
nucleus accumbens and caudate-putamen after repeated amphetamine administration in the
locomotor activity chamber. For nucleus accumbens (A,B), asterisk indicates significantly
more amphetamine-induced Fos-IR in enkephalin-positive neurons after repeated
administration of amphetamine versus saline. Pound sign indicates that amphetamine challenge
injections produced a significant decrease of Fos-IR in enkephalin-positive neurons after
repeated saline administration. Cross sign indicates that amphetamine challenge injections
significantly increased Fos-IR in enkephalin-negative neurons. For caudate-putamen (C,D),
asterisks indicate significantly more Fos-IR after repeated administration of amphetamine
versus saline. Cross signs indicate that amphetamine challenge injections significantly
increased overall Fos-IR. Values represent mean±SEM (n=8 per group for amphetamine
challenge injections; n=4 per group for saline challenge injections).
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Figure 7.
Amphetamine-induced Fos expression after repeated drug administration in the home cage.
Graphs indicate the number of Fos-IR nuclei in nucleus accumbens (top row) and caudate-
putamen (bottom row) at 2, 1, and 0 mm anterior to Bregma following challenge injections of
1 mg/kg amphetamine or saline after repeated administration of amphetamine or saline. Values
represent mean±SEM (n=6–8 per group). * indicates significantly more Fos-IR induced by
challenge injections of amphetamine; no significant differences between repeated
administration of amphetamine and saline.
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