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Abstract
We have previously shown that environmental enrichment decreases the activating and rewarding
effects of the psych psychostimulant cocaine and increases resistance to the neurotoxic effect of the
Parkinson-inducing drug MPTP. These effects were accompanied by an increase in the striatal
expression of the neurotrophin BDNF, an increase in the striatal levels of delta- Fos B and by a
decrease in striatal levels of the dopamine transporter, the main molecular target for cocaine and
MPTP. Here, we used cDNA arrays to investigate the effects of rearing mice in enriched
environments from weaning to adulthood on the profile of expression of genes in the striatum
focusing on genes involved in intracellular signalling and functioning. We found that mice reared in
an enriched environment show several alterations in the levels of mRNA coding for proteins involved
in cell proliferation, cell differentiation, signal transduction, transcription and translation, cell
structure and meta metabolism. Several of these findings were further confirmed by real-time
quantitative PCR and, in the case of protein kinase C lambda, also by western blot. These findings
are the first description of alterations in striatal gene expression by an enriched environment. The
striatal gene expression regulation by environment that we report here may play a role in the resistance
to the effects of drugs of abuse and dopaminergic neurotoxins previously reported.
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1. Introduction
The term enriched environment (EE), refers to housing conditions that enhance sensory,
cognitive and motor stimulation. EE usually consists of larger cages containing several objects,
often including a running wheel, which vary in composition, shape size, texture and color
(Nithianantharajah and Hannan, 2006; van Praag et al., 2000). The positive effects of EE on
animal learning and memory were first described in the 1940's by Hebb who allowed laboratory
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rats to roam freely in his house and observed behavioural improvements in these rats compared
to ratshoused in standard laboratory conditions(Hebb, 1947). Later on, Rosenzweig and
colleagues (Rosenzweig, 1966) described EE as a combination of complex inanimate and social
stimulation. Since then, many studies in laboratory settings have confirmed and extended the
notion that rodents reared in EE show improved learning and memory performance (Iuvone et
al., 1996; Young et al., 1999). In addition, exposure to an EE has been shown to induce
biochemical and structural changes in several brain regions in particular in the cortex and the
hippocampus (Diamond et al., 1976; Kempermann et al., 1997; Nithianantharajah and Hannan,
2006; van Praag et al., 2000). Alterations include increased brain weight and size (Bennett et
al., 1969), increased neurotransmitter levels such as acetylcholine (Rosenzweig and Bennett,
1969), serotonin and noradrenaline (Chaouloff, 1989), as well as enhanced gliogenesis
(Diamond et al., 1966) and neurogenesis (Kempermann et al., 1997). These alterations may be
due, at least in part, to changes in gene expression produced by environmental stimulation.
Indeed, previous studies have shown that, in the hippocampus, EE induces alterations in the
expression of several genes involved in synaptic function and cellular plasticity of wild-type
as well as transgenic mice lacking the NMDA receptor 1 subunit (Li et al., 2007; Rampon et
al., 2000a,b).

The positive effects of EE are not limited to learning and hippocampal structures but may be
extended to motivational and motor functions and to striatal structures. In fact, environmental
enrichment was shown to be beneficial in several psychiatric and neurodegenerative disorders
implicating monoamine systems where it can (i) compensate for impairments in animal models
of schizophrenia, Huntington's, and Parkinson's diseases; (ii) increase resistance to the
addictive properties of psychostimulant drugs; (iii) level-out the consequences of prenatal
stress in animal models of depression (Laviola et al., in press). For instance, we have previously
shown that mice reared in EE were protected against the neurotoxic effects of a pro-
parkinsonian neurotoxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Bezard et
al., 2003; Faherty et al., 2005), and against the stimulation of locomotor activity by an acute
injection of cocaine (Bezard et al., 2003). In addition, we have recently found that the rewarding
and sensitizing effects of cocaine are also reduced in EE mice and that this reduction is
associated with reduced reactivity of striatal neurons to the effects of cocaine but not with
changes in cocaine-induced dopamine release in the nucleus accumbens (Solinas et al., in
press). The resistance of enriched mice to dopaminergic drugs may be due, in part, to the
reduced levels of DAT, the main molecular target of cocaine and MPTP, and to increased levels
of BDNF and delta-Fos B in the striatum (Bezard et al., 2003; Solinas et al., in press).
Nevertheless, the positive influence of stimulation by EE against the effects of MPTP and
cocaine is likely to be also due to other EE-induced changes in gene expression in striatal
neurons. In order to test this hypothesis we used cDNA array analysis techniques to identify
more global and complex influence of EE on the striatum. The cDNA array chips contained
sequences targeting genes involved in several intracellular functions such as signal
transduction, cell proliferation and differentiation, transcription and translation, structural
rearrangements and metabolism that were chosen because little is known on the effects of EE
on these genes (Tanaka et al., 2000). Some of the array data were further confirmed by real-
time PCR. Effects of EE were finally verified by western blot analysis for protein kinase
lambda. A special emphasis was placed on this gene because PKCs are known to participate
in several cellular processes including synaptic plasticity.

2. Results
2.1. Several families of genes are regulated by environmental stimulation

To identify possible molecular adaptations induced by enriched housing conditions in
comparison to standard environments (SE) conditions, we analysed the transcriptional

Thiriet et al. Page 2

Brain Res. Author manuscript; available in PMC 2009 July 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



responses in striatal tissue by cDNA arrays. Our analysis revealed that out of 16896 transcripts,
48 were differentially regulated (p<0.05). We applied hierarchical cluster analysis to profile
these transcripts based on similarities in the patterns of expression (Fig. 1). Two differential
expression profiles were obtained showing that 34 genes were significantly up-regulated
whereas 14 genes were down-regulated after exposure to environmental stimulation from
weaning to adulthood. These genes belong to several classes of genes that play a role in cell
proliferation and differentiation, intracellular signalling including transcription and translation,
structural changes, and cell metabolism (Table 1). Among the genes that code for proteins
involved in cell proliferation, prothymosin alpha (Ptma), which is regulated by spatial
discrimination learning (Robles et al., 2003), was up-regulated whereas cyclin M2 was down-
regulated. Genes belonging to the Notch pathway (dtx3, esg1 and dkk2) involved in cell fate
and differentiation were regulated as well. Given the role of this pathway in learning and
memory (Costa et al., 2005), these changes could be involved in the cognitive enhancing effects
of EE (van Praag et al., 2000). EE down-regulated several members of another important family
of protein involved in cell structure (Actn3, Dec, Acta2, except for Sytl4) and these changes
might be involved in causing EE-induced architectural changes in the brain. Several other genes
regulated by EE may be involved in remodelling/axonal connection (Gpiap1, Timp4, Vasp).
Other regulated genes participate in gene expression (Ier2 and Atf3) and protein synthesis or
degradation (Mrpl52, Mrps15, Psmd4, Rnf4, Uck2-pending). Dynamin 1-like (Dnm1l), a gene
involved in endocytosis of activated growth factor receptors (Harrison-Findik et al., 2001) was
found to be decreased in EE mice. Finally, genes that belong to cellular signalling such as the
protein kinase PKC lambda and mitogen-activated protein kinase kinase kinase 12 (MAP3K12)
were also regulated by enriched environment. We have mostly focused on these later genes
because protein kinases and MAP kinases are known to play a crucial role in the effects of
stimulant drugs and may be responsible for the differential response to drugs in EE mice in
comparison to SE mice that others and we have previously reported (Bardo et al., 2001;Bezard
et al., 2003;Green et al., 2002;Solinas et al., in press).

2.2. Effects of environments on striatal mRNA levels of PKC lambda, MAP3K12, DEC, PSDM4
and DNM1L

We used quantitative RT-PCR to confirm the changes in transcripts belonging to various
families of genes involved in either signalling (PKC lambda, MAP3K12), cell architecture
(DEC), transcription and translation (PSDM4) as well as Dynamin 1-like gene (DNM1L) a
member of the dynamin superfamily (Praefcke and McMahon, 2004). Consistent with cDNA
arrays findings, significant changes were found in the same direction than observed with cDNA
arrays (Fig. 2). Specifically, EE caused increased expression of PKC lambda (+60%; Student
t-test: DF=15, t-value=−2.38; p<0.05), of MAP3K12 (+20%; Student t-test: DF=15, t-value=
−2.35; p<0.05) and of DNM1L (+40%; Student t-test: DF=12, t-value=−2.69; p<0.05). On the
other hand, the expressions of DEC and PSDM4 were decreased by EE (−20% and −15%,
respectively; Student t-test: for DEC, DF=15, t-value=2.46; p<0.05 and for PSDM4, DF=12,
t-value=2.45; p<0.05).

2.3. Effects of environments on striatal protein levels of PKC lambda
Since mRNA changes are not always correlated by changes at the protein level, we measured
the PKC lambda protein levels in the striatum of SE and EE by western blot (Fig. 3). In
agreement with what was found at the mRNA levels, we observed that EE increased the level
PKC lambda protein (+80%; Student t-test: DF=15, t-value=−3.74; p<0.01).

3. Discussion
We have used a cDNA arrays approach to identify the differential profile of transcription in
the striatum induced by rearing mice in enriched or standard conditions.Mice were placed in
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enriched or standard conditions right after weaning and for 2 months to expose them to these
environments during the entire duration of their adolescence, a critical period for neuro-
developmental plasticity (Crews et al., 2007; Sisk and Zehr, 2005). We found that indeed EE
caused a complex profile of gene expression which consisted of the regulation of 48 genes that
are implicated in various functions including cell proliferation and differentiation, intracellular
signalling, transcription and translation, as well as structural changes and cell metabolism. In
what follows, we will discuss the possible role of some of these changes in modifying striatal
functions observed after EE exposure and their potential implication in the resistance to drugs
of abuse and neurotoxins that was previously reported (Bezard et al., 2003; Nithianantharajah
and Hannan, 2006; Solinas et al., in press).

EE has been previously shown to produce up- or down-regulation of some genes and proteins
in several regions. Particularly relevant for the present work, some studies have used cDNA
arrays to investigate the effects of enriched environments on gene expression profiles in models
of neurode-generative diseases and ischemia (Costa et al., 2007; Lazarov et al., 2005; Ronnback
et al., 2005). In all these studies, EE were found to ameliorate cognitive impairments and to
produce a number of changes in gene expression in the hippocampus (Costa et al., 2007;
Lazarov et al., 2005; Ronnback et al., 2005). In particular, Ronnback et al. (2005) found that
in rat models of ischemia, the effects of EE in the hippocampus were concentrated on the 3
main families of genes (signal transduction, cell metabolism and cytoskeletal proteins) that we
also found to be altered by EE in the striatum. On the other hand, the other two studies that
used genetic mouse model of Alzheimer disease found that EE stimulate expression of genes
associated with learning, memory and neurotrophic actions in the hippocampus (Costa et al.,
2007; Lazarov et al., 2005). Concerning the striatum, no large-scale study has been described
in the literature. However, two genes known to participate in neuroplasticity, namely nerve
growth factor 1-A (NGF1-A) and Activity-regulated cytoskeleton (Arc) are over-expressed
after EE exposure (Pinaud et al., 2001, 2002). Also, our laboratory has previously described
EE-mediated down-regulation of the dopamine transporter and the up-regulation of the trophic
factor BDNF (Bezard et al., 2003) and increases in the striatal levels of the transcription factor
delta-Fos B (Solinas et al., in press). However, we estimated that it was unlikely that these few
genes could, by themselves, account for all the plastic changes induced by EE in the striatum.
Indeed, our array analysis was able to identify additional families of genes that participate in
the control of cell proliferation and differentiation, cell signalling and cell architecture. The
results of the present study are consistent with those of another study that reported that training
in an EE for 3 h, 6 h, 12 days or 14 days changes the expression of about 100 genes in the
cortex of adult mice (Rampon et al., 2000a). Specifically, the genes whose expression levels
were changed at 14 days belong to the same families of genes that those found in the present
study that focused on the striatum. Therefore, it appears that the effects of EE do indeed involve
a complex pattern of transcriptional changes in the brain.

Neuroplasticity is characterized by changes in synaptic organization and transmission. We have
found changes in the expression of genes involved in cell signalling including genes that are
involved in the regulation of the MAP kinase pathway. For example, a gene regulated by EE
in the striatum was MAP3K12 (also known as DLK, MUK, Zpk). MAP3K12 belongs to the
MAP kinase–kinase–kinase (MAPKKK) class of protein kinases and regulates MAP kinases
c-Jun amino-terminal kinase (JNK) via MAPKK7, which belongs to the MAP kinase–kinase
class of protein kinases (Gallo and Johnson, 2002). MAP3K appears to be involved in
neurodevelopment in mice (Hirai et al., 2005) as well as axon growth and neuronal migration
(Hirai et al., 2006). In a previous paper, expression of MAP3K12 mRNA was detected in the
brain of adult mice, but not in any other tissue tested. In situ hybridization analysis of mouse
brain sections revealed specific association of MAP3K12 mRNA with neuronal cell
populations, primarily in the hippocampus, the cerebral cortex, and the Purkinje cell layer of
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the cerebellum (Blouin et al., 1996). Our results indicate that MAP3K12 is also expressed in
the striatum and that its expression can be regulated by environmental manipulations.

Another interesting gene that we found to be regulated by EE is Dynamin 1-like (DNM1L)
which belongs to the dynamin superfamily (Praefcke and McMahon, 2004) that has been shown
to be involved in endocytosis of activated growth factor receptors (Harrison-Findik et al.,
2001). The effects of EE are believed to be due, at least in part, to increases in neurotrophic
factors (van Praag et al., 2000) and, indeed, we have previously shown that BDNF levels are
increased in the striatum of mice reared in EE (Bezard et al., 2003). Thus it is possible that
changes in DNM1L are related to increases in BDNF levels associated with enrichment.
Importantly, it has been recently shown that levels of Dynamin 1 are increased in the brain of
old mice (Poon et al., 2006). Given the well-known anti-aging effects of EE (Mora et al.,
2007), our data support the hypothesis that increases in DNM1L may be a part of the brain
compensatory reactions to counteract cellular aging.

Among the other genes that were regulated in our study, we focused on PKC lambda because
PKCs are known to participate in several cellular processes including synaptic plasticity. PKC
lambda is a newly discovered form of serine/threonine PKC that belongs to anatypical family
class of PKC (Blouin et al., 1996). In a previous study, PKC lambda mRNA was found to be
expressed mainly in the cortex and the hippocampus but not in the striatum of C57/BL6 mice
(Oster et al., 2004). Here we report the expression, and regulation by enriched environments,
of PKC lambda in the striatum and the cDNA arrays results were confirmed, at the mRNA
level, by real time quantitative PCR and, at the protein level, by western blot. The negative
results by Oster et al. (2004) might have been due to lower sensitivity of the in situ hybridization
techniques compared to the techniques used in this study. This possibility is supported by
findings that PKC lambda/zeta protein is indeed present in the nucleus accumbens of rats
(Chen et al., 2007) and the authors hypothesised that this protein might be involved in cocaine
addiction (Chen et al., 2007). The suggestion that atypical PKCs lambda/iota/zeta may be
involved in neurodegenerative diseases such as Alzheimer and Parkinson diseases also provide
support for the proposal that these kinases might be involved in plastic changes in the brain
(Crary et al., 2006) and that their expression can be affected by EE (Nithianantharajah and
Hannan, 2006). Thus, PKC lambda could play an important role in neuronal plasticity or
neuroprotection induced by EE. Interestingly, Regala and collaborators have shown a
regulation of Erk pathway by PKC lambda (Regala et al., 2005). Thus, PKC lambda and
MAP3K12 converge on and participate to the regulation of the same MAP kinase pathway.
Given the role of Erk pathway in cocaine addiction(Girault et al., 2007; Lu et al., 2006), it is
possible that EE modulates the reactivity to drugs through regulation of the expression of PKC
lambda and MAP3K12.

Another interesting result of our study is the regulation of genes involved in cell differentiation
and architectural changes that could be more directly involved in the neuroplastic changes
induced by EE and in the ability of EE to reduce the effects of drugs and toxins. Indeed, we
have found the regulation of three members of the Notch pathway, namely deltex homolog 3,
embryonal stem cell specific gene 1 and dickkopf 2. Given the involvement of this pathway in
cell fate and differentiation and in the regulation of neurite growth and adult neurogenesis
(Berezovska et al., 1999; Costa et al., 2005), it is likely that these genes participate in the
synaptic morphological changes induced by EE in the striatum (Comery et al., 1996; Kolb et
al., 2003a,b). EE down-regulated the expression of several other genes that encode for proteins
involved in cell structure such as synaptotagmin-like 4, Actinin alpha 3, Decorin, Actin alpha
2. Other genes regulated by EE may be involved in remodelling axonal connections (GPI-
anchored membrane protein 1, Tissue inhibitor 4, Vasodilator-stimulated phosphoprotein).
Altogether, these results support the proposition that EE induces a profound structural changes
and reorganization of striatal neurons (Bezard et al., 2003; Nygren et al., 2006; Spires et al.,
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2004). For example, it has been shown EE induces long-lasting adaptations such as increases
in spine density and arborisation in the striatum of rats (Comery et al., 1996; Kolb et al.,
2003a,b). The striatum is one of the main terminals of dopamine neurons and it is a brain region
that plays a pivotal role in drug addiction and in voluntary motor behaviour especially its dorsal
part (Everitt and Robbins, 2005; Jaber et al., 1996). As a matter of fact, several behavioral
consequences have been described after EE. For example, we have found that EE produces
faster adaptation to novelty and reduces the locomotor activity (Bezard et al., 2003) as well as
conditioned place preference and behavioral sensitization induced by cocaine (Solinas et al.,
in press).We and others have also found that EE protects against the neurotoxic effects of the
Parkinson-inducing drug MPTP (Bezard et al., 2003; Faherty et al., 2005) while several
findings from the group of Hannan have shown that EE ameliorates several symptoms in a
mice model of Huntington disease (Nithianantharajah and Hannan, 2006). Since there is a high
level of correlation between transcript expression and protein expression in murine tissue
(Kislinger et al., 2006), and although it is difficult to single out a gene responsible for these in
vivo effects, it is possible and even likely that the changes reported here played a role in the
resistance to cocaine and MPTP previously reported (Bezard et al., 2003; Faherty et al.,
2005).

In conclusion, we found that rearing mice in an enriched environment during adolescence
induces a variety of changes in the expression of genes in the striatum, an area that plays a
pivotal role in motor and motivated behaviours. The pattern of gene expression is compatible
with several studies that have reported dramatic morphological changes induced by EE in the
striatum. In addition, the regulation of genes involved in cell signalling is compatible with our
recent results indicating that effects of cocaine and MPTP are reduced by EE.

4. Experimental procedures
4.1. Subjects

Male C57Bl/6J mice were housed in a temperature-controlled environment on a 12-h light/12-
h dark cycle with the lights on from 7:00 a.m. to 7:00 p.m. and had ad libitum access to food
and water. All experimentation was conducted during the light period. Experiments were
carried out in accordance with the European Communities Council Directive of 24 November
1986 (86/609/EEC) for the care of laboratory animals.

4.2. Housing environmental conditions
After weaning (3 weeks of age), mice were randomly divided in groups of 4 in either a standard
environment (SE) or an enriched environment (EE). SE consisted of common housing cage
(25×20×15 cm). The EE consisted of a larger (60× 38×20 cm) cage containing constantly a
running wheel and a small house and four-five toys that were changed once a week with new
toys of different shape and color. Mice were housed in either SE or EE for at least 2 months,
throughout the adolescence period and until adulthood, before the start of the experiments. All
experiments were conducted at adulthood.

4.3. Tissue and RNA preparation
After 2 months in either SE or EE, mice (n=8 per group) were decapitated and brains were
removed. Striatum (including caudate and accumbens nuclei) were isolated by freehand
dissection as previously performed (Thiriet et al., 2005), immediately frozen on dry ice and
stored at −80 °C until use. RNAs were isolated using RNeasy Mini kit (Qiagen). RNA integrity
was assessed by electrophoresis in a denaturating 1% agarose-formaldehyde gel and
concentration was determined by measuring OD at 260 nm. In EE and SE groups, the 6 samples
from each group having the best RNA quality were used for cDNA arrays (n=6). All RNA
samples were used for real-time PCR (n=8) experiments.
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4.4. CDNA array analysis
Arrays experiments were performed using single channel labelling 33P nylon membrane-based
cDNA arrays containing 16896 features, which include 12341 unique mouse genes and
expressed sequence tags (ESTs). These membranes were kindly provided by the Gene
expression and Genomics Unit, National Institute of Aging, NIH (Baltimore, USA).
Information about the cDNA array used can be found at the Gene Expression and Genomics
Unit websites (http://www.daf.jhmi.edu/microarray/index.htm and
http://lgsun.grc.nia.nih.gov). Protocols on array printing are available at this website
(http://www.daf.jhmi.edu/microarray/protocols.htm). Each mouse's striatal RNA was
processed and run on a separated array membrane. Five µg of total RNA from each sample
was reverse-transcribed into 33P-labeled individual cDNA samples using the Superscript II
reverse transcriptase (Invitrogen) and purified on biospin P-30 spin columns (BioRad). Probes
were then used for overnight hybridization at 55 °C onto cDNA arrays membranes. Detailed
hybridization protocol can be found at the following website
(http://www.daf.jhmi.edu/microarray/protocols/protocol4.pdf). The arrays were exposed to a
low-energy phosphor screen (Molecular Dynamics) for 5 days, the screen was scanned using
a Phosphorimager 860 (Molecular Dynamics), and pixel intensities quantified using the
software ImageQuant.

4.5. Analysis of cDNA arrays and hierarchical clustering
Array data analysis was supervised by the Gene Expression and Genomics Unit (NIA/NIH,
Baltimore, USA). To minimize possible bias due to individual background differences, 6 mice
were used to represent each group. Due to potential experimental variations, non specific
uniform background across entire arrays was normalized by Excel software using global
normalization. The data value for each spot on each membrane was divided by the median
intensity value of that membrane to obtain a normalized intensity value. Intensity data for each
gene were logarithmically transformed. To eliminate noise from low level expression, we
filtered out all genes whose average normalized intensity between the two groups of mice was
less than zero. The cDNA arrays data sets were analyzed using the z-score transformation
normalization method (Cheadle et al., 2003), in which log-transformed and normalized
hybridization intensity values provide the basis for p-value-based significance calculations by
a z-test in Excel. The Z scores were calculated on the overall mean of the transcripts before
any filtering or selection, using the following formula:

Two-tailed p-values were used to identify transcripts with decreased or increased expression,
respectively. Individual z-ratio data represent a normalized ratio between the 2 groups (EE and
SE) of animals. A gene expression was regarded as up-regulated if the z-score value of its
transcript was ≥1.5 times higher in the enriched conditions in comparison to the standard
conditions. Agene was regarded as down-regulated if the z-score value of this transcript was
≤0.5 times smaller in the enriched conditions in comparison to the standard conditions. Only
differences with a p≤0.05 were regarded as significant. The choice of an appropriate fold-
change and a non-stringent P cutoff has been based on recent reports that this approach can be
successful in identifying reproducible gene lists (Shi et al., 2006). Functional grouping analysis
for significantly changed genes was performed using Amigo (http://www.geneontology.org/)
and supported through literatures search. Hierarchical clustering analysis was performed using
TreeView and Cluster software downloaded from Eisenlab website
(http://rana.lbl.gov/EisenSoftware.htm).
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4.6. Real-time reverse transcription-polymerase chain reaction (real-time RT-PCR)
We confirmed cDNA array results by using the real-time RT-PCR technique for 5 genes picked
in different families, i.e. 2 kinases involved in cell signalling (PKC lambda and MAP3K12);
decorin (DEC) a gene involved in cellular architecture, Proteasome 26S subunit, non-ATPase
4 (PSMD4) a gene involved in transcription and translation and a member of the dynamin
family, Dynamin 1-like (DNM1L),which is involved in several processes including budding
of transport vesicles, division of organelles, cytokinesis and pathogen resistance (Praefcke and
McMahon, 2004). Total RNA previously extracted from striatum (n=8) was reverse-
transcribed using the Superscript II reverse transcriptase (Invitrogen) (Thiriet et al., 2005,
2002). PCR experiments were then performed using LightCycler technology and the
DyNAmo™ Capillary SYBR® Green qPCR kit (Ozyme, France). HPLC-purified and gene-
specific primers were obtained from the Synthesis and Sequencing Facility of Johns Hopkins
University (Baltimore, USA). The sequences of primers used were: TTT GGA CCA AGT TGG
TGA (upstream) and CAT TGC ATA AAT GCG ATC T (downstream) for PKC lambda; CTA
GAA GAG GAA CTG GTG A (upstream) and TGA GCA ATT CCC TCT CTT T
(downstream) for MAP3K12; TTG TCA TAG AAC TGG GCG (upstream) and GCA CTT
CAG TGA GAG AAG TA (downstream) for DEC; TGG TGA AAC TAG CTA AAC G
(upstream) and GAG GCA CTG TCA CTA GA (downstream) for PSMD4; TAG GTG GCC
TTA ACA CTA T (upstream) and AAT GAT CCT CTG CAT CTC (downstream) for DNM1L;
ATG GTG AAG GTC GGT GTG (upstream) and ACT CCA CGA CAT ACT CAG
(downstream) for glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The reactions were
performed as follows: DNA Master SYBR Green I mix (containing Taq DNA polymerase,
dNTP, MgCl2, and SYBR Green I dye) was incubated with primers (20 µM) and cDNA
template. The amplification program consisted of 1 cycle of 95 °C with 10 min hold (“hot
start”) followed by 40 cycles of denaturation (95 °C, 10 s), annealing (56 °C, 20 s) and extension
(72 °C, 15 s). Fluorescence data collection was performed at the end of each extension phase.
Amplification was followed by melting curve analysis using the program run for 1 cycle 95 °
C (0 s), 65 °C (10 s), and 95 °C (0 s) in order to confirm the amplification specificity. A negative
control without cDNA template was run with every assay to assess the overall specificity and
to verify that no primer-dimer was generated. The relative standard curve was established with
serial dilution of a cDNA solution with an unknown concentration,which corresponds to a mix
of 5 samples randomly picked. Template concentrations using the relative standard curve were
given arbitrary values. The mean concentration of GAPDH was used to control for input RNA
because it is considered a stable housekeeping gene. The mean GAPDH concentration was
determined once for each cDNA sample and used to normalize all other genes tested from the
same cDNA sample. The relative change in gene expression was recorded as the ratio of
normalized data over the mean value for each gene in SE mice.

4.7. Western blot
For determinations of PKC lambda (78 kDa) protein levels in the striatum, 8 mice that were
either reared in SE or EE were sacrificed by decapitation, their brains were removed and striata
were immediately dissected as described above. Proteins were extracted according to the
protocol of PKC lambda antibody manufacturer (BD Biosciences). Briefly, brain tissues were
homogenized in boiling lysis buffer (350 µl for 25mg), containing SDS 1%, sodium ortho-
vanadate 1 mM, Tris 10 mM pH 7,4 in distilled water, with 0.05 U aprotinin A, 1 µM pepstatin,
1 µM leupeptin, 0.1 mM benzamidine, 10 nM chloroquin, 10 nM Soybean Trypsin inhibitor,
0.1 mM Nα-Tosyl-L-lysine chloro-methyl ketone hydrochloride, 100 µg/ml Nα-p-Tosyl-L-
arginine methyl ester hydrochloride and 0.1 mM PMSF protease inhibitors. After
homogenization using ultra turrax for 15 s (IMLAB Laboratories technology, France), samples
were boiled for 3 min and centrifuged at full speed for 10 min. Supernatant were collected and
stored at −20°C until analysis. Protein samples (about 30 µg) were subjected to SDS-
polyacrylamide gel electrophoresis (10% acrylamide/0.27% N,N′-methylenebisacrylamide
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resolving gel), for 120 min at 90 V. Proteins were transferred to PVDF membranes at 20 V
overnight and the blots were blocked for 1 h in 5% non-fat dry milk in TBS-Tween 0.1%.
Primary antibody incubation was then performed with rabbit anti-PKC lambda IgG (1:1000)
(BD Biosciences) in blocking buffer (5% milk in TBS-Tween 0.1%) overnight. The blots were
then washed 3×10 min in blocking buffer and incubated for 120 min in blocking buffer with
goat anti-mouse antibody (1:1000) conjugated to horse-radish peroxidase (Bio-Rad
Laboratories, France). The blots were washed 2×10 min in blocking buffer and 10 min in TBS,
then developed with an enhanced chemiluminescence system (Pierce, France) before being
exposed to a Kodak MS Film (VWR, France) for 1min. The blots were subsequently incubated
with an anti-beta-actin antibody (1/2000, Sigma-Aldrich Chimie, FRANCE SIGMA). Levels
of band density were quantified by densitometry using the ViosioLab 2000 analyser
(BIOCOM) and for each sample the results are expressed as level of PKC lambda/level of beta-
actin to adjust results according to protein loaded in each well. Care was taken to stay within
the linear range of the film.

4.8. Statistics
For real-time RT-PCR and western blot, we used a Student T test to compare SE and EE mice.
All analyses were done using the Statview 4.02 program (SAS Institute, Cary, NC). The null
hypothesis was rejected at p<0.05.

Abbreviations
EE, Enriched environments; SE, Standard Environment; MPTP, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine; BDNF, Brain-derived neurotrophic factor; cDNA, complementary DNA;
MAPK, mitogen-activated protein kinase; GAPDH, Glyceraldehyde-3-phosphate
dehydrogenase; SDS, c-Jun amino-terminal kinase (JNK).
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Fig. 1.
Hierarchical cluster analysis of gene expression profiles in the striatum of SE and EE mice.
The levels of expression of 48 transcripts were changed by EE. The modifications are in two
opposite directions (increased or decreased). For each gene, the expression in SE or EE is
shown for each of the 6 animals in both SE and EE groups. Each row shows changes in the
expression of a single gene whereas each column represents the expression of the genes within
a particular animal. Color scale, the expression level of each gene in a single sample relative
to its median abundance across all samples; red, expression level above the median;
yellow,median expression; green, expression level below the median; color saturation shows
the magnitude of deviation from the median.
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Fig. 2.
Quantitative RT-PCR analysis of some transcripts affected by EE. The expression of genes,
selected from various families of genes for their potential involvement in EE's effects on striatal
plasticity, was confirmed by RT-PCR. Selected genes were: Mitogen-activated protein kinase
kinase kinase 12 (MAP3K12), Protein kinase C lambda (PKC lambda), Decorin (DEC),
Proteasome 26S subunit non-ATPase 4 (PSMD4), and Dynamin 1-like (DNM1L). For all genes
examined, statistically significant changes were observed in the same direction as arrays
results. The data were obtained from 8 mice per group and determined individually. The amount
of each product was normalized by GAPDH value and then a ratio over mean SE value was
obtained. Values represent means±SEM. Student t-test, *p< 0.05 different from SE control.
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Fig. 3.
Levels of PKC lambda protein in the striatum of mice reared in standard or enriched
environments. EE mice show higher basal levels of PKC lambda than SE mice. Results are
expressed as level of PKC lambda over level of beta-actin. Values represent means±SEM.
Student T test, **p<0.01 different from SE control.
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