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Children and adolescents are increasingly exposed to psycho-
stimulants, either illicitly or for the treatment of common neu-
ropsychiatric conditions, such as attention deficit disorder with
and without hyperactivity. Despite the widespread use of psy-
chomotor stimulants in younger age groups, little is known
regarding the chronic molecular neuroadaptive responses to
these agents in the immature brain. Here we demonstrate that,
after chronic administration of the psychostimulants cocaine
and amphetamine, the transcription factor �FosB is upregu-
lated in the nucleus accumbens of periadolescent mice but not
in post-weanling or adult mice. Induction of �FosB also occurs

exclusively in the caudate putamen of periadolescent mice after
amphetamine administration. These results demonstrate the
unique plasticity in the adolescent brain of a critical molecule
that regulates psychostimulant action and suggest that these
neuroadaptive changes may be involved in the mediation of
enhanced addictive tendencies in the adolescent relative to the
adult.
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Psychostimulants are used in the treatment of common childhood
disorders, such as attention deficit hyperactivity disorder. In
addition, abuse of stimulants, including amphetamine and co-
caine, is common among adolescents, an age at which there is
evidence for enhanced addictive tendencies relative to adults
(Estroff et al., 1989; Myers and Anderson, 1991). Despite data
indicating developmentally regulated behavioral effects, little is
known regarding the molecular neuroadaptive responses in the
immature brain that occur during the time of administration of
these agents. Cocaine and amphetamine may effect long-lasting
behavioral changes partially via stimulation of dopamine D1

receptors and increases in levels of transcription factors, including
�FosB, in the dorsal striatum (i.e., caudate putamen) and the
ventral striatum (i.e., nucleus accumbens) (Chen et al., 1997).
Increases in levels of �FosB, perhaps via stabilization of protein
products, is sustained for several weeks after chronic exposure to
cocaine or amphetamine and is regulated at least in part by the
dopamine signal transduction pathway (Chen et al., 1997; Nestler
et al., 2001).

The central dopaminergic system of young animals is very
much in flux as a result of the changing levels of critical molecules
during normal development, including the dopamine D1 receptor
DARPP-32 (dopamine and cAMP regulated phosphoprotein; Mr

of 32 kDa) and cAMP (Ehrlich et al., 1990; Teicher et al., 1993;
Perrone-Capano et al., 1996; Tarazi et al., 1999; Andersen, 2002).
Exposure during this period to psychostimulants, which enhance

dopaminergic neurotransmission, may therefore result in quanti-
tatively and/or qualitatively different molecular responses, includ-
ing alterations in �FosB expression. To test the hypothesis that
there are age-dependent neuroadaptive responses during chronic
exposure to psychostimulants, three groups of mice were ana-
lyzed in serial experiments: adults (60 d old at onset of injec-
tions), periadolescent (33 d old at onset of injections), and post-
weanling (24 d old at onset of injection). This is the first direct
comparison of molecular neuroadaptive responses to chronic
psychostimulant exposure in these three age groups. We found
that, after identical treatment paradigms, periadolescent mice
show enhanced �FosB upregulation in response to both cocaine
and amphetamine.

MATERIALS AND METHODS
Animals and drug administration. Male CD-1 mice (Charles River Lab-
oratories, Kingston, NY) were housed on a 12 hr light /dark cycle (6:00
A.M. to 6:00 P.M.) with ad libitum access to food and water. Animals
were allowed to accommodate to the animal room for a minimum of 10 d
before the initiation of injections. Animals were handled by two investi-
gators who performed all injections in the same room in which the
animals were housed. All animals were weaned at 21 d of age. Injections
began at 24 (post-weanling), 33 (periadolescent), or 60 (adult) d of age.
Animals received 20 mg/kg cocaine (Sigma, St. Louis, MO), 5 mg/kg
amphetamine (Sigma), or an equal volume of saline intraperitoneally
between 4:00 and 5:00 P.M. daily for 7 d. Animals were killed by
decapitation after brief exposure to CO2 at 10:00 A.M. on the day after
the final injection. Brains were immediately removed from the skull, and
the caudate putamen and nucleus accumbens were rapidly dissected on
ice. All dissections were performed from coronal brain slices by a single
investigator, and protein extracts were prepared from fresh tissue with-
out freezing. All animal procedures were approved by the Institutional
Animal Care and Use Committee and were in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals.

Western blot analysis. For Western blot analyses, equal amounts of
protein (40 �g for caudate putamen and 20 �g for nucleus accumbens)
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from each sample were loaded in each lane of a 10% SDS-polyacrylamide
gel after measurement of protein concentrations with the BCA assay
(Pierce, Rockford, IL). Equal protein loading was also verified by visu-
alization of total protein by Ponceau Red after transfer to nitrocellulose
and/or blotting with anti-actin antibody (1:500; Sigma). The Fos-related
antigen (FRA) antiserum, which recognizes the �FosB isoforms, was
generously provided by Dr. M. Iadarola (National Institutes of Health,
Bethesda, MD) and used at a concentration of 1:4000. Previous studies
(Chen et al., 1997; Hiroi et al., 1997), including preadsorption of the
FRA antiserum with the M-peptide immunogen, demonstrated the spec-
ificity of this antiserum. The DARPP-32 5a monoclonal antibody, used at
1:10,000, was generously provided by Drs. Hugh Hemmings and Paul
Greengard (The Rockefeller University, New York, NY). The dopamine
transporter (DAT) antibody was from Chemicon (Temecula, CA). Blots
were reacted with NEN-DuPont (Boston, MA) chemiluminescence system
and exposed to film. Densitometric values for �FosB immunoreactivity
were obtained using ScanAnalysis for Apple (Biosoft, Ferguson, MO).
Statistical significance was determined using a one-way ANOVA, followed
by post hoc Tukey’s multiple comparison test or an unpaired, two-tailed
Student’s t test as indicated in the figure legends. For the drug treatment
experiments, analysis of each age group was performed on a separate blot,
and, therefore, each saline group was arbitrarily assigned a 100% value for
comparison between age groups. For the ontogeny studies, samples from all
age groups were analyzed together on a single blot.

RESULTS
Induction of �FosB after cocaine and amphetamine
occurs in the nucleus accumbens of only
periadolescent mice
The expression of �FosB was measured in the nucleus accumbens
and caudate putamen of post-weanling, periadolescent, and adult
mice after 7 d of amphetamine or cocaine administration. The
nucleus accumbens is the brain region believed to be most critical
for mediating the rewarding effects of psychostimulants. �FosB
immunoreactivity (35 kDa) was selectively induced in the nucleus
accumbens of periadolescent animals after chronic administra-
tion of amphetamine (Fig. 1A) or cocaine (Fig. 1B). In contrast,
levels of �FosB (35 kDa) were not significantly altered in the
nucleus accumbens of post-weanling or adult animals (Fig. 1A,B).
In the caudate putamen, �FosB levels (35 kDa) were also signif-
icantly upregulated after chronic amphetamine administration
only in periadolescent animals (Fig. 2A). All three age groups
showed significant increases in �FosB (35 kDa) expression in the
caudate putamen after chronic administration of cocaine (Fig.
2B). The magnitude of induction, however, was greatest in the
periadolescent animals, particularly compared with post-
weanlings (Fig. 2B). Other FRA and Fos isoforms were unaltered
in all age groups (data not shown).

DAT and DARPP-32 levels are not altered after chronic
cocaine or amphetamine
Several key molecules expressed by dopaminergic and/or dopami-
noceptive neurons, including DARPP-32, the D1 dopamine re-
ceptor, and DAT, contribute to acute and chronic responses to
psychostimulants (Moratalla et al., 1996; Fienberg et al., 1998;
Sora et al., 1998; Gainetdinov et al., 2001). Data from DARPP-32,
D1 receptor, and DAT null and DAT knock-down mice indicate
a complicated relationship among their levels, the regulation of
dopaminergic activity, and responses to psychostimulants. In fact,
�FosB induction does not occur in DARPP-32 null mice that
receive chronic cocaine (Fienberg et al., 1998). In adult mice,
however, 7 d exposure to 20 mg/kg cocaine does not alter total
levels of DARPP-32 (Fienberg et al., 1998). DAT protein regu-
lation has not been reported previously in mice exposed chroni-
cally to psychostimulants, although alterations in radioligand
binding to the dopamine transporter after exposure to psycho-

stimulants has been reported in some species (Letchworth et al.,
2001). Here we measured the levels of DARPP-32 and DAT
protein to determine whether the expression of these proteins is
altered after chronic psychostimulant administration in any of the
three ages of mice. Our findings indicate that there were no
significant changes in levels of total DARPP-32 or DAT in the
entire caudate putamen or nucleus accumbens after chronic ad-
ministration of either cocaine or amphetamine in any of the three
age groups (Table 1).

Baseline levels of �FosB are developmentally
regulated
We examined the ontogeny of �FosB because adult mice with
genetically engineered increased expression of �FosB in the

Figure 1. �FosB immunoreactivity in the nucleus accumbens after
chronic psychostimulant administration. CD-1 mice were injected once
daily with saline, amphetamine, or cocaine for 7 d beginning on day 24
(P24; post-weanling), day 33 (P33; periadolescent), or day 60 (Adult).
Levels of �FosB (35 kDa) immunoreactivity in the nucleus accumbens
are shown after chronic amphetamine (A) or cocaine (B) administration.
Representative immunoblots from saline- (S), amphetamine- (A), and
cocaine- (C) injected post-weanling (P24 ), periadolescent (P33), and
adult mice are shown in the top panels. Bottom panels show mean � SEM
percentage of basal �FosB expression. n values for each group are shown
in the bars. Significant increases in �FosB were found in the nucleus
accumbens of only the periadolescent mice. *p � 0.05; **p � 0.01
(Student’s t test; saline vs drug).
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striatum have a heightened behavioral response to psychostimu-
lants (Kelz et al., 1999). We found that baseline levels of �FosB
were significantly lower in younger animals compared with adult
in both the caudate putamen and nucleus accumbens (Fig. 3A).
Levels of functional markers of the dopamine system, including
DARPP-32 (Ehrlich et al., 1990), DAT (Perrone-Capano et al.,
1996), and dopamine receptors (Teicher et al., 1993; Tarazi et al.,
1999) are also developmentally regulated. Previous reports in
CD-1 mice indicate a peak in striatal DARPP-32 at postnatal day
28 (P28) (Ehrlich et al., 1990). In rat caudate putamen and
nucleus accumbens, D1 receptor levels peak from P28 to P40
(Teicher et al., 1993; Tarazi et al., 1999), but similar studies have
not been performed in the mouse. In contrast, here we found that
DAT protein levels in the caudate putamen and nucleus accum-
bens were constant between postnatal day 24 and adulthood (Fig.
3B). Thus, the relative ratios between D1 receptors, DAT,

DARPP-32, and �FosB differ between age groups, potentially
resulting in differences in D1 receptor activity that could influ-
ence the degree of �FosB induction.

DISCUSSION
Behavioral effects of psychomotor stimulants are age dependent.
Addictive tendencies are highest in adolescence, when use of illicit
substances escalates (Estroff et al., 1989; Myers and Anderson,
1991). In fact, younger children frequently become dysphoric when
exposed to psychostimulants, whereas adolescents and adults ex-
perience euphoria (Rapoport et al., 1980). In rodent models, some
studies suggest that periadolescent animals have higher baseline
levels of activity (Spear and Brake, 1983) and altered responses to
psychostimulants relative to younger and older animals. Thus, they
show less locomotor stimulation and novelty seeking in response to
acute low-dose administration of psychostimulants relative to
weanling and adult animals but increased hyperactivity after high-
dose treatment. With chronic administration, sensitization to
cocaine-induced locomotion is greater in periadolescent rats com-
pared with adults, whereas sensitization to stereotypy is lower.
Also, microdialysis data have revealed differences between peri-
adolescent and adult rats in regard to sensitization to amphe-
tamine-induced dopamine release (Laviola et al., 1995; Adriani et
al., 1998; Adriani and Laviola, 2000; Laviola et al., 2001). However,
there are conflicting studies as to the long-term reactivity to co-
caine after methylphenidate administration in adolescent rats
(Brandon et al., 2001; Andersen et al., 2002). These latter two
reports highlight the difficulty in comparing studies when different
experimental paradigms are used. Attempts to compare behavioral
studies in younger animals are further confounded by use of
different species and strains.

The mouse is becoming an increasingly important animal
model in the study of use and abuse of psychostimulants, and this
is the first systematic analysis of molecular neuroadaptive re-
sponses in three different developmental ages in mouse or any
other single species. Previous studies from which we derived our
treatment paradigms have demonstrated an increase in �FosB in
the isolated dorsal and ventral striatum of wild-type adult rats
after chronic cocaine and amphetamine administration (Hope et
al., 1994; Nye et al., 1995; Turgeon et al., 1997) but only in the
combined dorsal and ventral striatum or isolated dorsal striatum
of wild-type adult mice after chronic cocaine (Fienberg et al.,
1998; Zachariou et al., 2001).

We now demonstrate a spatial and quantitative difference in
psychostimulant-induced �FosB in post-weanling, periadoles-
cent, and adult mice. The observation of a heightened response in
the periadolescent animals compared with adults and post-
weanlings is strengthened by the fact that the response is similar
in cocaine- and amphetamine-treated mice. The psychostimulants
cocaine and amphetamine both increase synaptic dopamine, as
well as serotonin and norepinephrine, but by different mecha-
nisms. Cocaine binds to the plasmalemma transporters for dopa-
mine, serotonin, and norepinephrine and inhibits their reuptake
into presynaptic terminals. In contrast, amphetamine promotes
the release of these transmitters. The selective induction of
�FosB in the nucleus accumbens of only the periadolescent age
group after 7 d of stimulant administration and the relatively
heightened induction of �FosB in the caudate putamen may be a
neurobiological representation or cause of the previously noted
increased tendency to abuse psychostimulants in this age group
(Estroff et al., 1989; Myers and Anderson, 1991) and other long-
term changes in gene expression, which differ between age groups

Figure 2. �FosB immunoreactivity in the caudate putamen after chronic
psychostimulant administration. CD-1 mice were injected once daily with
saline, amphetamine, or cocaine for 7 d beginning on day 24 (P24;
post-weanling), day 33 (P33; periadolescent), or day 60 (Adult). Levels of
�FosB (35 kDa) immunoreactivity in the caudate putamen are shown
after chronic amphetamine (A) or cocaine ( B) administration. Represen-
tative immunoblots from saline- (S), amphetamine- (A), and cocaine- (C)
injected periadolescent mice (P33) are shown in the top panels. Bottom
panels show mean � SEM percentage of basal �FosB expression. n values
for each group are shown in the bars. Significant amphetamine-induced
increases in �FosB immunoreactivity were found in the caudate putamen
of only periadolescent mice (A). Chronic cocaine administration pro-
duced increases in �FosB in all three age groups ( B). *p � 0.05; **p �
0.01 (Student’s t test; saline vs drug).
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(Andersen et al., 2002). Moreover, these differences may be
intrinsically regulated by developmental alterations in levels of
key molecules, including �FosB itself. The potential implications
of differences in baseline levels of �FosB between age groups is
analogous to that proposed regarding differences between rat
strains (Haile et al., 2001). In fact, we anticipate that similar strain
differences will be found among inbred mice. It is also possible
that mice of different ages will show differing molecular adapta-
tions in areas of the brain other than the nucleus accumbens.

Additional analysis using periadolescent mice with genetically
engineered alterations in levels of key molecules and concurrent
behavioral observations will further test these hypotheses.
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