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Abstract
This study was done to determine whether social and environmental factors alter cocaine reward and
proteins implicated in mediating drug reward in rats during early adolescence. On postnatal day
(PND) 23, rats were housed under conditions where both social (number of rats per cage) and
environmental (availability of toys) factors were manipulated. Socially isolated rats were housed
alone impoverished with no toys (II) or enriched with toys (IE). Social rats were housed 2 rats/cage
with no toys (SI2) or with toys (SE2), or 3/cage with (SE3) or without (SI3) toys. On PND 43, cocaine
conditioned place preference (CPP) sessions began with the post-test done on PND 47. Cocaine CPP
was established in response to 5 or 10 mg/kg cocaine in II rats, and CPP was decreased with the
addition of cagemates or toys. No CPP was seen to any dose in SI3 or SE3 rats. Enriched housing
(SE3) increased dopamine transporter (DAT) protein in the nucleus accumbens compared to II. There
also were differential effects of cocaine on tyrosine hydroxylase and DAT depending on housing,
with both increased by cocaine in II but not SE3 rats. DARPP-32 was unchanged by housing or
cocaine, while phospho-Thr34-DARPP-32 was increased by cocaine treatment across conditions.
Thus, both social and environmental enrichment decrease cocaine CPP during adolescence and
different housing alters proteins that regulate dopaminergic neurotransmission in a manner that may
account for the observed differences in cocaine-induced reward.
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Introduction
Environmental factors can modulate the behavioral and neurochemical effects of drugs of abuse
in adult rats. Isolation or crowding affect food and water consumption by adult male rats
(Brown and Grunberg, 1996) and juvenile male rats housed in socially and environmentally
enriched conditions eat less and gain weight at a slower pace than rats housed alone without
enrichment (Zaias et al., 2008). Adult rats in an impoverished environment (singly housed rats
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with no toys) exhibited increased activity and rearing (Boyle et al., 1991, Heidbreder et al.,
2000), while those in an enriched environment (group housing plus toys) decreased exploration
and basal activity (Bowling et al., 1993, Varty et al., 2000, Neugebauer et al., 2004). In addition,
an enriched environment has been associated with lower levels of stress-response hormones
in rats (Belz et al., 2003). A recent study showed that social activity itself is rewarding in that
adolescent rats developed a conditioned place preference to an environment paired with another
rat compared to an isolated environment, and that the social environment interacted with
cocaine to produce greater reward than either factor alone (Thiel et al., 2008).

Environmental enrichment has been shown to alter systems that mediate the effects of drugs
of abuse in adult rats. For example, enrichment increased glucose utilization in the nucleus
accumbens (Gonzalez-Lima et al., 1994). In addition, rats in an enriched environment had
decreased dopamine uptake in the medial prefrontal cortex, but not striatum or accumbens
(Zhu et al., 2004, Zhu et al., 2005) and no change in dopamine transporter binding (Zhu et
al., 2005). In contrast to rats, in mice enrichment decreased both dopamine transporter binding
and mRNA in striatum (Bezard et al., 2003), but did not alter dopamine levels (Solinas et al.,
2008). After two months of housing during adolescence through adulthood, environmental
enrichment in mice regulated gene expression of proteins involved in signal transduction, cell
proliferation, and cell structure and metabolism (Thiriet et al., 2008), and increased levels of
Delta-Fos B (Solinas et al., 2009). In addition, repeated administration of cocaine had multiple
effects on Delta-Fos B with increases compared to saline in standard housed mice, but decreases
in mice in standard housing vs enriched mice (Solinas et al., 2009).

Most studies investigating the role of environmental conditions used adult animals, or housed
the animals under different conditions when they were young but tested during adulthood. Rats
housed in groups during adolescence are more sensitive than isolated rats to a conditioned place
preference to cocaine in adulthood (Schenk et al., 1986). On the other hand, rats isolated on
PND 21 exhibit enhanced cocaine self-administration as adults compared to group housed
animals (Schenk et al., 1987, Ding et al., 2005). In contrast, cocaine self-administration is not
different in rats that were housed under social or isolated conditions once they were adults
(Bozarth et al., 1989). Thus, the environment may play a more important role in influencing
behavioral effects of psychostimulants when conditions are implemented while the animal is
young. It is not clear, however, if housing effects are immediate or if rats need to be housed
differentially for many weeks until they are adults before changes are observed. Adolescence
is a critical period for initiation of drug use, thus it is important to understand factors that
regulate this behavior. Adolescents under age 18 accounted for 34% of new cocaine initiates,
thus approximately 918 adolescents per day tried cocaine for the first time during 2006
(NSDUH, 2007) and there are numerous studies showing that drug effects differ during this
period compared to adulthood (for review see Izenwasser, 2005). For example, it has been
shown that adolescent male rats exhibit a conditioned place preference to cocaine at lower
doses than adult male rats (Badanich et al., 2006, Zakharova et al., 2009b), and that cocaine
produces a greater increase in dopamine levels in the nucleus accumbens, compared to adults
(Badanich et al., 2006, Walker and Kuhn, 2008). The purpose of this study was to investigate
the individual and combined roles that environmental and social housing play in mediating
cocaine reward and neurochemistry during adolescence.

Experimental Procedures
Subjects

The animals used in this study were maintained and the studies were conducted in accordance
with the guidelines of the Guide for Care and Use of Laboratory Animals, National Research
Council, Department of Health, Education and Welfare, NIH Publication 85-23, revised 1996
and all studies were approved by the University of Miami Institutional Animal Care and Use
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Committee. Male Sprague-Dawley rats (Charles River, Wilmington, MA) were used in all
studies. Rats were housed in a temperature and humidity-controlled environment under a 12 h
light/dark schedule with lights on at 7 a.m. and off at 7 p.m. All behavioral testing was done
during the light schedule between 9 a.m. and 4 p.m. with each group tested at the same hour
each day and the conditions randomized over the course of the day. Food and water were
available ad libitum.

Housing
Rats were received on postnatal day 23 (PND 23) and immediately housed in standard large
shoebox cages measuring 46cm long × 29 cm wide × 20.5cm high in one of several conditions.
Both social (number of rats per cage) and environmental (availability of toys) factors were
manipulated (Table 1). Socially isolated/environmentally impoverished (II) rats were housed
alone (1 rat/cage) and had no toys available. Socially isolated/environmentally enriched (IE)
rats were housed alone (1 rat/cage) with toys available. Social/environmentally impoverished
rats were housed either 2 rats/cage (SI2) or 3/cage (SI3) with no toys, while social/
environmentally enriched rats were housed 2/cage (SE2) or 3/cage (SE3) with toys. For the
environmentally enriched conditions, toys were placed in the cages and different toys were
rotated in and out of the cages each time the cages were changed (twice/week). Plastic tunnels
and hollow balls (that the animals could move in and out of or climb over), in addition to toys
that the rats could chew (non-toxic dog bones and plastic toys) and scratch paper were used.
On PND 43 (20 days after housing conditions began) cocaine CPP studies were begun.

Cocaine Conditioned Place Preference (CPP)
The CPP apparatus consisted of an acrylic box (40.64 × 40.64 cm) with a removable center
barrier. On one side, the walls were white, the lid was black and white striped, and the floor
was smooth. On the other side, the walls were black and white striped, the lid was white, and
the bottom was textured. On day 1 (PND 43), a 30 min pretest was done on each rat. During
this test, the rats were placed in the chamber with the center barrier removed and were able to
move freely to both sides. The amount of time spent on each side of the chamber was recorded
for 30 min. During the conditioning phase (days 2–4), the rats were injected twice daily – in
the morning (between 9 am and 12 pm) and in the afternoon (1 pm-5 pm) with saline or cocaine
(3 – 10 mg/kg, ip). Control groups of rats that received saline on both sides of the chamber
also were run. Morning and afternoon sessions were separated by at least 4 hours. As described
in numerous other studies of CPP during adolescence (Badanich et al., 2006, Brenhouse and
Andersen, 2008, Kota et al., 2008, Solinas et al., 2009), this twice-daily schedule was used
instead of conditioning with saline and cocaine on separate days because of the constraints
involved in doing developmental studies. To ensure that the entire experiment could be
completed within the adolescent period, it was important to have the CPP conditioning period
be as short as possible. On day 5, CPP testing was done in the middle of the day. The doses of
cocaine were selected based upon our previous studies showing that 5 mg/kg cocaine produced
the maximal CPP in male adolescent rats under these conditions (Zakharova et al., 2009a,
Zakharova et al., 2009b).

Measurement of Tyrosine Hydroxylase, Dopamine Transporters, Cdk5 and DARPP-32 by
Western Blot Analysis

Brains from rats housed either II or SE3 and treated with 5 mg/kg/day of cocaine or saline for
three days were collected 22 hours after the last injection. The nucleus accumbens (NA) was
dissected as described in our earlier publications (Izenwasser and Cox, 1990, Izenwasser et al.,
1990, Izenwasser et al., 1996, Muller and Unterwald, 2005, Perrine et al., 2008). Briefly, to
dissect the NA, a slice was taken between Bregma + 2.20 and Bregma + 1.00, according to the
rat brain atlas (Paxinos and Watson, 1982), the slice was laid flat and the NA was punched out.
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Tissues were sonicated in boiling 1% SDS, boiled for 5 minutes, and aliquots were stored at
−80°C until assayed. Tyrosine hydroxylase, which is the rate-limiting enzyme in the synthesis
of dopamine, the dopamine transporter (DAT), which is the direct target of cocaine, and
dopamine, cAMP regulated phosphoprotein - mw 32 (DARPP-32), which is a key intracellular
dopamine receptor signaling molecule, and Cdk5, which is purported to increase the
phosphorylation of Thr75-DARPP-32 (Bibb et al., 2001), were measured. These molecules
have been shown to play important roles in regulating dopaminergic neurotransmission and
the response to cocaine (Ritz et al., 1987, Svenningsson et al., 2005).

Protein concentrations were determined using the Lowry assay (Lowry et al., 1951). Protein
extracts (25–40µg) were subjected to SDS-polyacrylamide gel electrophoresis (10% Tris-HCl
BioRad Ready-gels) and transferred for 95 minutes to nitrocellulose membranes. Membranes
subsequently were blocked for 1 hour in blocking solution consisting of 5% nonfat dry milk
and Tween-TBS and incubated overnight at 4°C in antibodies to the following proteins:
phospho-tyrosine hydroxylase (pTH, 1:1000; Cell Signaling), total tyrosine hydroxylase, (TH,
1:1000; Chemicon), cyclin-dependent kinase-5 (Cdk5, 1:1000; Cell Signaling), phospho-
Thr34-Dopamine and cAmp Regulated PhosphoProtein-Mr 32 kDa (p-Thr34-DARPP-32,
1:1000 PhosphoSolutions), total DARPP-32 (1:5000, PhosphoSolutions), dopamine
transporter (DAT, 1:1000; Chemicon) and anti-tubulin antibody (1:20000–30000; Sigma). All
blots were incubated in the anti-tubulin antibody to correct for differences in protein loading
and transfer. Following overnight incubation in primary antibodies, membranes were washed
in Tween-TBS and incubated in either anti-mouse or anti-rabbit antibody conjugated to
horseradish peroxidase (Vector Laboratories, Burlingame, CA) for 1 hour at room temperature.
Immunoreactivity was visualized by chemiluminescence following incubation in Supersignal
West Pico Chemiluminescent Substrate (Pierce, Rockford, IL) with bands being quantified
using densitometry (FujiFilm Image System). Proteins of interest are expressed as a ratio to
tubulin as measured from the same blot.

Chemicals
Cocaine HCl was obtained from NIDA, (Rockville, MD) and dissolved in saline.

Data Analysis
For the CPP tests, preference for the cocaine-paired side was determined and two different
analyses were done. T-tests were done for each dose in each condition to compare the
preference data (time spent in cocaine-paired side minus time in saline-paired side) to 0 to
determine whether a significant preference (or aversion) had occurred in each group. This test
showed whether or not each individual dose produced a significant preference for the cocaine-
paired side. In addition, dose-effect data were analyzed using a two-way analysis of variance
(training dose x living condition) to compare conditions. Post-hoc comparisons were done,
where appropriate, using Fisher’s Protected Least Significant Difference (PLSD). P values less
than 0.05 were considered significant for all tests.

Data from western blots were analyzed by a two-way (housing x drug treatment) ANOVA.
Where appropriate, ANOVAs were followed by post hoc analyses with Fisher's Protected Least
Significant Difference (PLSD). P values less than 0.05 were considered significant.

Results
Cocaine CPP

None of the groups developed a significant CPP to saline (Fig. 1). In these rats, saline was
paired with both sides of the chamber on the conditioning days. The II (n=7), IE (n=8) and SI2
(n=9) groups all developed a significant preference for the cocaine-paired side over the saline-
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paired side after training with 5 mg/kg cocaine, as shown by positive preference values
significantly different from 0 (Fig. 1, P<0.05). Data from the SE2 (n=8), SI3 (n=8) and SE3
(n=9) groups were variable with some rats preferring the cocaine-paired side and others
preferring the saline-paired side. Thus, overall, none of these groups (SE2, SI3, or SE3)
exhibited either a significant preference or aversion to the cocaine-paired side after
conditioning with the 5 mg/kg dose of cocaine. A significant CPP also was established in
response to 10 mg/kg cocaine in the II rats (n=7; P≤0.0256). In contrast, no CPP was seen in
the IE (n=10), SI2 (n=28), SE2 (n=10), SI3 (n=7) or SE3 rats (n=9). A dose of 3 mg/kg cocaine
(II (n=7), IE (n=8), SI2 (n=10), SE2 (n=8), SI3 (n=6), and SE3 (n=9)) did not produce a
significant preference or aversion in any of the six groups of rats.

An overall ANOVA of the CPP data for all three doses showed that there was a significant
effect of group (F(5,132)=3.398; P≤0.0064) and of dose (F(2,132)=4.282; P≤0.0158), but no
significant interaction. Post hoc tests showed that the SE3 group was significantly different
from all other groups.

Since the 3 mg/kg dose of cocaine did not produce CPP in any of the six groups, this may
artificially have made the groups look more similar than if only active doses were included in
the analysis, since theoretically an unlimited number of ineffective doses could have been
tested. If only the doses that produced a significant CPP in any of the groups were included in
the ANOVA (i.e. 5 and 10 mg/kg cocaine) there was a significant effect of group (F(5,90)=3.926;
P≤0.0029), as had been seen in the overall ANOVA with all three doses). In this case, post hoc
tests showed that II, IE, and SE3 were significantly different from all other groups and that SI3
was significantly different from II, IE, and SE3. Thus, the analyses showed that additional rats
and/or environmental enrichment to the home cage decreased cocaine-induced CPP. Isolated
rats were the most sensitive to conditioned rewarding effects of cocaine whereas neither the
SE2, SI3, nor SE3 rats (the three most enriched groups) developed a significant CPP to any of
the doses of cocaine tested.

Regulation of Tyrosine Hydroxylase, Dopamine transporters, and DARPP-32
Representative immunoblots for all of the markers are shown in Fig. 2. To investigate potential
molecular mechanisms underlying the effects of housing conditions on the rewarding
properties of cocaine, the levels of three proteins that are critical to dopaminergic
neurotransmission, and hence cocaine reward, were measured in the brains from the two
extreme groups, II and SE3. There was a significant interaction between housing condition (II
vs SE3) and drug treatment (vehicle vs cocaine) on total TH:tubulin in the NA (F(1,26)=4.27,
P ≤ 0.049) but neither main effect was significant. Post-hoc tests showed that total TH was
increased significantly in the NA of II rats in response to three injections of 5 mg/kg cocaine
(administered during the CPP training sessions) compared to control saline-injected II animals
(P ≤ 0.05; Fig. 3A). In contrast, there was no effect of cocaine on total TH in the SE3 rats.
Similarly, there was a significant interaction between housing and drug treatment on
pTH:Tubulin (F(1,25)=4.805, P ≤ 0.0372), and post-hoc comparisons showed that there was a
significant increase in pTH:tubulin in the II rats after cocaine treatment, while there was no
difference between cocaine- and saline-injected rats in the levels of pTH in the SE3 group (Fig.
3B). The ratio of pTH to total TH was not significantly altered in response to either housing
condition or cocaine administration.

A two-way ANOVA showed that there was a significant interaction between housing and drug
treatment on DAT protein levels (F(1,28)= 6.61, P ≤ 0.016). DAT was significantly higher in
the nucleus accumbens of saline-injected SE3 rats than in saline-injected II rats (P ≤ 0.05; Fig.
4). In addition, cocaine significantly increased DAT in the nucleus accumbens of II rats (P ≤
0.05), but had no effect in the SE3 rats.
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There were no significant effects of either housing or cocaine treatment on total DARPP-32
levels in the nucleus accumbens (Fig. 5A). However, there was a significant overall effect of
cocaine treatment on p-Thr34-DARPP-32 levels (F(1,28)=4.333, P ≤ 0.047), such that overall
p-Thr34-DARPP-32 was increased across housing conditions in response to cocaine (Fig. 5B).
Cdk5 was not altered significantly by either housing or cocaine treatment (data not shown).

Discussion
The present study shows that adolescent rats are affected by alterations in social and
environmental housing conditions. These data extend the existing literature of studies done
primarily in adult rats by showing that social and environmental factors independently alter
the behavioral response to cocaine and that these alterations can be observed soon after housing
rats in different conditions.

Cocaine Reward
These results demonstrate that during adolescence the conditioned rewarding effects of cocaine
are inversely related to the degree of enrichment. Thus, isolated impoverished adolescent (PND
43) rats established preference for the cocaine-paired side after training with 5 or 10 mg/kg
cocaine, while isolated enriched rats (IE) and rats housed two per cage without toys (SI2)
demonstrated sensitivity to the conditioned rewarding effects of only 5 mg/kg cocaine. In
contrast, rats living 2/cage with toys (SE2), or 3/cage without (SI3) or with (SE3) toys showed
no conditioned place preference at any of the doses of cocaine tested. Previously, it was shown
that exposure to an enriched environment during adolescence attenuated the behavioral and
neurochemical effects of prenatal cocaine during adulthood (Neugebauer et al., 2004). In
addition, while isolated adult rats (PND 63) developed a significant CPP to methamphetamine,
enriched rats failed to do so (Gehrke et al., 2006). In contrast, it has been reported that animals
housed post-weaning in isolation were less sensitive to the conditioned reward effects of
amphetamine (Wongwitdecha and Marsden, 1995) or cocaine (Schenk et al., 1986) than were
grouped housed animals when tested as adults on PND 63. Thus, the effects of housing appear
to change as the animal becomes an adult. One consideration in comparing these studies is that
the housing conditions and the ages vary across studies. It is possible that under some
conditions, the conditions induce greater levels of stress on the animals than in other studies.
For example, once the animals become adults, they are larger and it is possible that this creates
a greater stress in the group housed animals, that may become a bit more crowded as they grow.
In addition, it is likely that dopaminergic neurochemistry will continue to change as the animals
age in response to housing conditions. These factors likely would contribute to differences in
cocaine reward.

Other studies have examined drug self-administration in response to environmental
enrichment. It was shown that environmental enrichment (8–10 rats/cage with toys) or social
enrichment (2 rats/cage) decreased amphetamine self-administration compared to isolated rats
housed without toys (Bardo et al., 2001). In contrast, there were no differences in acquisition
or levels of administration of cocaine in rats housed as adults (PND 63–91 upon arrival) either
in groups (10/cage) or individually, however, rats housed in isolation as adults did acquire
heroin self-administration more rapidly than group housed rats (Bozarth et al., 1989). Thus, it
may be that social and environmental factors differentially alter drug reward depending upon
which drug is being tested. However, the differences in housing conditions and age of the rats
both at initial housing and during testing could be factors in mediating these different results.
In addition, although psychostimulants ultimately increase dopaminergic transmission,
different drugs do so in different ways. Thus, changes in the function of dopamine and serotonin
transporters and receptors as a function of housing would not necessarily be expected to alter
the effects of these drugs in the same way. Additional studies examining alterations in
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dopamine transporter activity across time will help to elucidate differences in drug effects. In
spite of these caveats, the existing data do show that, in addition, to the differences observed
in both the behavioral (e.g. Caster et al., 2005, Badanich et al., 2006, Zakharova et al.,
2009b) and neurochemical (Philpot and Kirstein, 1999, Badanich et al., 2006, Walker and
Kuhn, 2008) effects of cocaine in adolescent males compared to adults, the behaviors can be
altered further by social and environmental manipulations.

Dopaminergic Neurotransmission
There were a number of differences in components of the dopamine system in response to
social and environmental enrichment and to cocaine exposure. Tyrosine hydroxylase is the
rate-limiting enzyme in the synthesis of dopamine, and its activity is regulated by its
phosphorylation state (Haycock and Haycock, 1991), hence the levels of both phosphorylated
tyrosine hydroxylase and total tyrosine hydroxylase were measured. Three injections of 5 mg/
kg cocaine significantly increased the levels of phosphorylated tyrosine hydroxylase and total
tyrosine hydroxylase in the nucleus accumbens of II rats only. In contrast, cocaine exposure
had no effect on the abundance of phosphorylated tyrosine hydroxylase or total tyrosine
hydroxylase in rats housed in an enriched environment. Increases in phosphorylated tyrosine
hydroxylase suggest that dopamine synthesis was increased in response to cocaine selectively
in the isolated and impoverished rats.

The level of DAT in the nucleus accumbens was significantly altered in response to housing
conditions. Environmentally and socially enriched rats had significantly more DAT in the
accumbens than isolated and impoverished rats in the absence of drug administration. In
addition, cocaine administration produced a significant increase in DAT only in the II rats. At
face value, these findings seem consistent with the CPP data showing that only the II rats
developed a significant CPP to multiple doses of cocaine, while the SE3 rats did not exhibit a
significant CPP to any of the doses tested. The elevated levels of DAT in the II rats in response
to cocaine is interesting because our previous studies showed that while repeated cocaine
administration led to an increase in DAT densities in multiple regions of the limbic system in
adult rats, there was no effect in adolescent rats housed under standard conditions (2/cage
without toys) (Collins and Izenwasser, 2002). Of note, in adult rats living in an enriched
environment there is a decrease in dopamine uptake in the medial prefrontal cortex, but not in
the striatum or accumbens (Zhu et al., 2004, Zhu et al., 2005), and there are no changes in
binding to the dopamine transporter (Zhu et al., 2005). Additional studies are necessary in the
adolescent rats to determine whether the changes in DAT protein shown here are accompanied
by changes in binding to the dopamine transporter or the function of the transporter.

It has been shown that isolation housing alters a number of dopaminergic markers compared
to group housing (4 rats/cage) measured 12 weeks after differential housing beginning on PND
21. Basal dopamine turnover is increased in the amygdala and decreased in the infralimbic
prefrontal cortex in response to isolation, and whereas the nucleus accumbens is unchanged
(Heidbreder et al., 2000). It also has been shown using in vivo electrochemistry that baseline
dopamine signal amplitude and dopamine clearance rates in the medial prefrontal cortex are
increased in enriched versus impoverished rats (Neugebauer et al., 2004). In rats housed in an
enriched environment for 84 days beginning on PND 84, the density of dopamine D1 receptors
is significantly reduced in the prefrontal cortex compared to rats living in an isolated condition
(Del Arco et al., 2007). Although these measures were taken in older rats, the findings are
consistent with the present behavioral findings showing that cocaine produces little or no
reward in rats housed in an enriched environment. Metabolic activity, measured as changes in
2-deoxyglucose utilization, is 40% higher in the nucleus accumbens after only four days of
daily exposure to enrichment compared to individually housed impoverished rats (Gonzalez-
Lima et al., 1994).
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DARPP-32 is a phosphoprotein that is enriched in medium spiny neurons of the striatum. It is
a critical mediator of dopaminergic signaling and, as such, regulates the behavioral effects of
dopamine and drugs that act on dopaminergic receptors (Svenningsson et al., 2004). When
DARPP-32 is phosphorylated at the Thr-34 site by protein kinase A (PKA), DARPP-32
becomes a potent inhibitor of protein phosphatase 1 (Hemmings et al., 1984). In contrast,
phosphorylation of DARPP-32 at the Thr-75 site by Cdk5 results in its conversion to an
inhibitor of PKA (Bibb et al., 1999). It has been reported that mice containing a mutation of
Thr34 in DARPP-32 but not Thr75, exhibit a reduction in cocaine conditioned place preference
and acute locomotor responses (Zachariou et al., 2006). The results presented herein show that
neither total DARPP-32 nor p-Thr34-DARPP-32 was altered by housing conditions alone.
However, p-Thr34-DARPP-32 was increased by three days of cocaine administration under
both the II and SE3 housing conditions.

In adult rats, it has been shown previously that five daily injections of cocaine (15 mg/kg/day)
increase Cdk5, which is purported to increase the phosphorylation of Thr75-DARPP-32 (Bibb
et al., 2001). In the present study, there were no changes in Cdk5 in response to either the
differential housing conditions or the three daily injections of 5 mg/kg cocaine in the adolescent
rats. The difference in the regulation of Cdk5 could be due to the age of the rats in the present
study or to the different dosing regimen of cocaine. Given the increases in p-Thr34-DARPP-32
found after cocaine exposure in the present study, it is not surprising that Cdk5 levels were not
increased. This finding also supports previous reports of a lack of correlation between Cdk5
signaling and cocaine-regulated behaviors (Hiroi et al., 1999, Zachariou et al., 2006).

It is interesting to note that a previous study showed that methylphenidate increased p-Thr34-
DARPP-32 in brain slices from adult mice but did not alter p-Thr34-DARPP-32 levels in young
(PND14–15 or 21–22) mice (Fukui et al., 2003). Further, differences in the levels of p-Thr34-
DARPP-32 in the striatum of adult and young (PND24) mice both at baseline and following
cocaine administration have been demonstrated (Niculescu et al., 2008). Thus, the regulation
of DARPP-32 phosphorylation by psychostimulants appears to be age-dependent and may play
an important role in the age-specific responses to these drugs.

Summary
In summary, there are significant effects of both social and environmental enrichment on the
conditioned rewarding responses of adolescent males to cocaine. These behavioral changes
likely are mediated by neuroadaptations in dopaminergic neurotransmission and possibly other
neurochemical systems that underlie the responses to psychostimulants. The present findings
demonstrate that isolated impoverished rats are more sensitive to the rewarding properties of
cocaine during adolescence, and this may be due to an upregulation of tyrosine hydroxylase
activity and DAT levels in the accumbens compared to rats housed under enriched conditions.
Social and environmental enrichment may protect against cocaine reward by preventing these
changes in dopamine neurotransmission. Therefore, factors including social and environmental
conditions should be taken into consideration when ascertaining risk or developing prevention
or treatment strategies for psychostimulant abuse in adolescents.
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Fig. 1.
Effects of 3, 5 and 10 mg/kg cocaine on conditioned place preference in groups of rats housed
under different social and environmental conditions. SAL refers to groups trained with saline
on both sides of the chamber. Data are presented as mean ± SEM preference values (time spent
in cocaine-paired chamber minus time spent in saline-pared chamber during posttest expressed
in seconds). CPP decreased as either social or environmental enrichment (rats and/or toys) was
added to the cages (compare A, B, C). Both 5 and 10 mg/kg cocaine led to significant
preferences in the II rats, whereas only 5 mg/kg cocaine produced a significant preference in
the IE and SI2 rats. The SE2, SI3, and SE3 rats did not exhibit a significant preference in
response to any of the doses tested. *significantly different from 0 (p<0.05).

Zakharova et al. Page 12

Neuroscience. Author manuscript; available in PMC 2010 October 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Representative immunoblots of nucleus accumbens tissue from II and SE3 rats following
vehicle (veh) or cocaine (coc) administration. Bands represent pTH, total TH, DAT,
pDARPP-32 (Thr. 34), DARPP-32, and tubulin (from top to bottom).
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Fig. 3.
TH, as measured by Western blot in the NA of rats housed in either II or SE3 conditions. (A)
Total TH:tubulin is increased following 3 daily injections of cocaine in the II rats, but is
unchanged in the SE3 rats. (B) In rats housed in the II condition, cocaine led to a significant
increase in phosphorylated TH (pTH) in the NA. There was no effect of cocaine on pTH in the
SE3 rats. Data shown are mean ± SEM; n=7–9/group; *P < 0.05 compared to II vehicle (VEH)
treated rats.
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Fig. 4.
DAT protein, measured by Western blot, in the NA of rats housed in either II or SE3 conditions.
DAT is increased significantly in response to housing in the enriched environment (SE3)
compared to the isolated environment (II). In addition, 3 daily injections of cocaine
significantly increased DAT only in the rats housed in an impoverished condition. There was
no effect of cocaine on DAT protein in the SE3 rats. Data shown are mean ± SEM; n=7–9/
group; *P < 0.05 compared to vehicle (VEH).
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Fig. 5.
DARPP-32, as measured by Western blot in the NA of rats housed in either II or SE3 conditions.
(A) Total DARPP-32:tubulin is not significantly altered by either housing condition or by 3
daily injections of cocaine in either the II rats or the SE3 rats. (B) p-Thr34-DARPP-32 is
increased across housing conditions in response to cocaine administration such that overall the
cocaine-treated rats had higher levels of p-Thr34-DARPP-32 regardless of housing condition.
Data shown are mean ± SEM; n=7–9/group.
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Table 1
Housing conditions

Environmental conditions Social conditions (# rats/cage)

Isolated (1 rat/cage) Social2 (2 rats/cage) Social3 (3 rats/cage)

Impoverished (no toys) II SI2 SI3

Enriched (toys) IE SE2 SE3
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