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Development/Plasticity/Repair

Enriched Environment Confers Resistance to 1-Methyl-4-
Phenyl-1,2,3,6-Tetrahydropyridine and Cocaine:
Involvement of Dopamine Transporter and Trophic Factors
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We investigated, in mice, the influence of life experience on the vulnerability to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a
major neurotoxin that induces a Parkinson’s disease-like syndrome in humans, and to cocaine, a potent psychostimulant that promotes
drug addiction. Our findings show that adult C57BL/6 mice raised in an enriched environment (EE) for only 2 months are significantly
more resistant to both drugs compared with mice raised in a standard environment (SE). Indeed, EE mice showed decreased locomotor
activity in response to cocaine (10 and 20 mg/kg) as well as a different pattern of c-fos expression in the striatum compared with SE mice.
After MPTP treatment, SE mice showed a 75% loss of dopamine neurons, whereas EE mice showed only a 40% loss. The dopamine
transporter plays a key role in mediating the effects of both drugs. We thus investigated the regulation of its expression. EE mice showed
less dopamine transporter binding in the striatum and less dopamine transporter mRNA per dopamine neuron at the cellular level as
demonstrated by in situ hybridization. In addition, enriched environment promoted an increase in the expression of brain-derived
neurotrophic factor in the striatum. These data provide a direct demonstration of the beneficial consequences that a positive environ-
ment has in preventing neurodegeneration and in decreasing responsiveness to cocaine. Furthermore, they suggest that the probability
of developing neurological disorders such as Parkinson’s disease or vulnerability to psychostimulants may be related to life experience.
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Introduction

Dopamine is a neurotransmitter that has been implicated in a
wide variety of neurological and psychiatric disorders, including
Parkinson’s disease, attention-deficit hyperactivity disorder,
schizophrenia, and drug abuse (for review, see Jaber et al., 1996).
Dopamine neurotransmission is tightly controlled by its rapid
reuptake through the dopamine transporter (DAT), a plasma
membrane protein specific to dopamine neurons (Giros and Ca-
ron, 1993). We participated previously in the development of
strains of mice lacking the DAT (Giros et al., 1996). Our results
established not only the central importance of this transporter as
the element key to maintaining a dopaminergic homeostasis
(Jaber etal., 1999) but also its role in the behavioral and biochem-
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ical action of neurotoxins (Bezard et al., 1999; Fernagut et al.,
2002) and of drugs of abuse (Spielewoy et al., 2000).

The etiology of brain diseases is often multifactorial and may
be precipitated by inducers such as infective agents and neuro-
toxins. Unfortunately, the complex interactions between life ex-
periences and the pathogenic effects of such a huge family of
external events are currently unknown. For instance, life events
such as stress, drug intake, or conditioned stimuli may have long-
term repercussions on the whole organism and especially on the
CNS (Nesse and Berridge, 1997; Nestler and Aghajanian, 1997).
Several recent articles have provided striking evidence of the rel-
evance of this issue to genetically induced brain diseases. Indeed,
they show that life conditions can compensate for behavioral
impairments provoked by two genetic mutations, one inducing
motor disturbances mimicking Huntington’s disease (Van
Dellen et al., 2000) and the other a marked memory impairment
(Rampon et al., 2000). An enriched environment combining
both inanimate and social stimulation has also been shown to
stimulate mammalian brain plasticity in dentate granule cell neu-
rogenesis (Kempermann et al., 1997) and in glial cell prolifera-
tion (Walsh et al., 1969; Fiala et al., 1978).

Considering the well reported adaptive properties of mesen-
cephalic dopaminergic neurons in various pathological situa-
tions (Zigmond and Stricker, 1985), we hypothesize that envi-
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ronmental conditions may prove beneficial in brain diseases
affecting monoaminergic nuclei such as in drug addiction and
Parkinson’s disease. Here we describe the behavioral and molec-
ular consequences of raising mice in an enriched environment
(EE) and their differential response to a psychostimulant (co-
caine) or to a pro-parkinsonian neurotoxin [1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)] compared with mice raised
in a standard environment (SE). We show that EE decreases re-
sponsiveness to cocaine and protects against MPTP-induced
neuronal loss. These effects would be mediated, at least in part, by
a downregulation of the dopamine transporter, a mandatory tar-
get for psychostimulants (Jaber et al., 1996), and the obligatory
neuronal gate to dopaminergic neurotoxins (Gainetdinov et al.,
1997; Bezard et al., 1999). Furthermore, we suggest that this
downregulation may be related, although not limited, to the up-
regulation of the brain-derived neurotrophic factor (BDNF).

Materials and Methods

Housing. Inbred C57BL/6 mice (n = 144) were used in this study and
were housed in a temperature-controlled room under a 12 hr light/dark
cycle with ad libitum access to food and water. Experiments were per-
formed in accordance with the European Communities Council Direc-
tive of November 24, 1986 (86/609/EEC) for the care of laboratory ani-
mals. The mice were raised together in groups of four after weaning (at 3
weeks of age) for 2 months either in an SE or in an EE. The SE consisted
of common cage housing (30 X 15 X 15 cm). The EE constituted a larger
(75 X 45 X 25 cm) cage constantly containing six to seven toys, which
included a wheel and a small house that were randomly changed once per
week (Rosenzweig and Bennett, 1996).

Cocaine treatments and locomotor activity measurement. After 2
months in either environmental condition, motor activity was measured
in activity cages made of Plexiglas and aluminum wire mesh, as described
previously (Deroche-Gamonet et al., 2003). Mouse locomotor responses
to novelty were recorded during the first exposure to the activity cages.
Mice were then acclimated to the activity cages for 2 consecutive days. On
the fourth day, mice were first habituated to the activity cage for 50 min
and then injected with the appropriate dose of saline vehicle (intraperi-
toneally) or cocaine (10 or 20 mg/kg) (Cooperative Pharmaceutique
Francaise, Melun, France). They were then returned to the activity cages
for a 50 min period during which motor activity was recorded. At the end
of the 50 min recording period, mice were taken into another room and
killed by decapitation; their brains were then processed for in situ
hybridization.

MPTP treatments and measurement of N-methyl-4-phenylpyridinium
ion contents. After 2 months in either environmental condition, animals
were treated either with MPTP (20 mg/kg, i.p.) or with vehicle (0.9%
NaCl solution) using a schedule designed to induce a large dopaminergic
lesion (four injections at 2 hr intervals and a fifth injection 7 d later) as
described previously (Gross et al., 2003; Meissner et al., 2003). All mice
were killed 7 d after the last injection of MPTP (Jackson-Lewis et al.,
1995). Brains were removed and processed for either immunohisto-
chemistry, in situ hybridization, binding experiments, or N-methyl-4-
phenylpyridinium ion (MPP *) levels.

MPP  levels were determined as described previously (Przedborski et
al., 1992). Both SE and EE mice were killed 2 hr after a single intraperi-
toneal injection of MPTP (20 mg/kg). Brains were removed rapidly, and
the caudate—putamen complex was dissected out on ice. Tissue samples
were sonicated in 10 vol of 5% trichloroacetic acid containing 20 ug/ml
4-phenylpyridine (Sigma, St. Louis, MO) as internal standard. Homog-
enates were centrifuged at 15,000 X g for 20 min at 4°C, and the contents
of MPP ¥ in the resulting supernatants were quantified by HPLC with
UV detection. MPP * was monitored at 295 nm, and flow rate was set at
1.5 ml/min. Quantification was made by comparison of peak height
ratios in the samples with those of the standards.

Stereology and counting of tyrosine hydroxylase-immunoreactive neu-
rons. Free-floating mesencephalic serial sections were processed for TH
immunohistochemistry and then counterstained with cresyl violet [Nissl
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staining (NS)] as described previously (Bezard et al., 1997). Cell counts
were performed using a computer-based image analyzer (Visioscan
v4.12; Biocom, Les Ulis, France). Unbiased stereological techniques were
used to estimate cell numbers in the substantia nigra pars compacta
(SNc) (Gundersen et al., 1988; West and Gundersen, 1990) as described
previously (Gross et al., 2003; Meissner et al., 2003). Every fourth section
of the SN, the boundaries of which were chosen by examining the size
and shape of the different TH-immunoreactive (TH-IR) neuronal
groups and cellular relationships to axonal projections and nearby fiber
bundles (German et al., 1996; Franklin and Paxinos, 1997), was counted.
Volume was calculated using the following formula: Vigy, = 2 td;
where 3§ is the sum of surface areas, t is the average section thickness,
and d is the distance between the sections (Theoret et al., 1999). Eight
sections, the first being randomly chosen, were used, and optical dissec-
tors were distributed using a systematic sampling scheme. Dissectors (50
wm length, 40 wm width) were separated from each other by 30 um (x)
and 20 um ( ). In these dissectors, the nuclei of the neurons in focus
were counted (Gundersen etal., 1988). To be counted, a neuron had to be
entirely inside the dissector or lying across the dissector border by more
than half its surface (Gundersen et al., 1988). Only two consecutive bor-
ders on four sides of the dissector were considered (Gundersen et al.,
1988). The following formula was used to estimate the number of NS and
TH-IR neurons: n = V gy (2Q 7/2V 4); where n is the estimation of
cell number, V is the volume of the SN¢, 2Q ~ is the number of cells
counted in the dissectors, and XV 4, is the total volume of the dissectors
(Theoret et al., 1999). Mean estimated numbers of NS (structural
marker) and TH-IR (phenotypical marker) neurons = SEM were then
calculated for each group of mice.

In situ hybridization histochemistry. The in situ hybridization proce-
dure was performed as described previously (Jaber et al., 1995; Bezard et
al., 2001a; Gross et al., 2003; Meissner et al., 2003) with oligonucleotide
probes designed to recognize the following: D, dopamine receptor (D1R)
(Dearry et al., 1990; Gross et al., 2003), D, dopamine receptor (D2R, mix
of three oligonucleotides) (Dal Toso et al., 1989; Gross et al., 2003),
preproenkephalin-A (PPE-A) (Tang et al.,, 1983; Gross et al., 2003),
preproenkephalin-B (PPE-B) (Nawa et al., 1984; Gross et al., 2003), pre-
protachykinin (PPT) (Nawa et al., 1984; Gross et al., 2003), DAT (Jaber et
al., 1999), BDNF (Wong et al., 1997), full-length tyrosine kinase neuro-
trophin receptor (TrkB TR+ (Wong et al., 1997), the truncated form of
the TrkB neurotrophin receptor (TrkB™ ™) (Wong et al., 1997), and
c-fos (Deroche-Gamonet et al., 2003). Oligonucleotide probes were la-
beled by tailing using terminal deoxynucleotide transferase (Promega,
Madison, WI) with 35S—deoxy—ATP (NEN, Paris, France) at a specific
activity of 2 X 10° cpm/pg. Sections were allowed to hybridize at 42°C
for 18 hr in hybridization solution [50% formamide, 4X SSC, 10% dex-
tran sulfate, 10 mm dithiothreitol, and labeled probe up to a final con-
centration of 3 X 10 cpm/ml]. After stringent washes, the slides were
dehydrated and exposed to 3-max Hyperfilm (Amersham Biosciences,
Arlington Heights, IL) along with autoradiographic microscale standards
(Amersham Biosciences) for 7 d. For anatomical visualization and mi-
croautoradiographic analyses, sections were dipped into LM-1 liquid
emulsion (Amersham Biosciences), diluted to one-third concentration
with water, exposed in the dark for 6 weeks, and then developed and
counterstained with hematoxylin. Grain counting was done at 50 X mag-
nification, and neurons that showed a grain density greater than back-
ground were considered positive. The final data were converted into
amount of radioactivity using a calibration curve constructed with the
brain paste standards. Samples from individual animals were always an-
alyzed in triplicate.

Dopamine transporter binding. To identify dopaminergic nerve endings,
radiolabeling of ['*’I]( E)-N-(3-iodoprop-2-enyl)-2-carbomethoxy-33-
(4"-methylphenyl) nortropane (PE2I) was performed from the stannyl pre-
cursor according to a method described previously (Guilloteau et al.,
1998). After purification, [ 12511 PE21 was obtained in a no-carrier-added
form with a specific activity of 2000 Ci/mmol. Sections were incubated
for 90 min at 25°C in pH 7.4 phosphate buffer [composed of the follow-
ing (in mm): 10.14 NaH,PO,, 137 NaCl, 2.7 KCl, and 1.76 KH,PO,],
containing 100 pm ['*’T]PE2I as described previously (Bezard et al.,
2001b,c). After washes and drying at room temperature, sections along
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with calibrated [ '2°T] microscales (Amersham Biosciences) were exposed
to PB-radiation-sensitive film (Hyperfilm B-max; Amersham Bio-
sciences) in x-ray cassettes for 3 d.

Analysis of autoradiographs. Densitomeric analyses of autoradiographs
were performed using an image analysis system (Densirag V. D2.99;
Biocom) as described previously (Bezard et al., 2001c; Gross et al., 2003;
Meissner et al., 2003). The optical density was assessed in the rostral
caudate—putamen (Franklin and Paxinos, 1997). Three sections per ani-
mal and per marker were analyzed by an examiner who was blind to the
experimental condition. Optical densities were averaged for each animal
and converted to amount of radioactivity bound compared with the
standards. Mean * SEM bound radioactivity was then calculated for
each group.

Statistical analysis. Statistical analyses were performed using a two-way
ANOVA. If significant, ANOVAs were followed by post hoc t tests cor-
rected for multiple comparisons by the method of Bonferroni (Miller,
1981) or Newman—Keuls (for behavioral analyses). All data were nor-
mally distributed, and significance levels of t test comparisons were ad-
justed for inequality of variances when appropriate. Statistical analyses of
both MPP " content and the number of silver grains per cell were per-
formed using the Mann—Whitney test given the low numbers of animals
per group. These analyses were completed using Intercooled Stata 6.0
(Stata Corporation, College Station, TX). A probability level of 5% ( p <
0.05) was considered significant.

Results
Enriched mice are less responsive to novelty
When mice were first tested for locomotor reactivity, EE mice
showed reduced locomotor activity in the new environment of
measurement cages when compared with SE mice (F(, 5,) = 13.1;
p < 0.001). Locomotor activity of mice raised in either environ-
ment decreased significantly with time (F;, 34,y = 69.64; p <
0.0001) (Fig. 1a), which indicated habituation. No time X envi-
ronment interaction was observed, suggesting that the decrease in
locomotor activity with time was similar in both groups (F < 1).
Mice were then habituated to the locomotor activity cages for
2 hr per day for 2 consecutive days. On the day mice were to
receive a cocaine or saline injection, they were again placed in
activity cages for 50 min and then given either solution. During
this preinjection period, locomotor activity of mice raised in ei-
ther environment was comparable (F < 1) (Fig. 1b).

Enriched mice are less responsive to cocaine

After habituation, mice received either saline or cocaine injec-
tions (intraperitoneally) at 10 or 20 mg/kg (Fig. 2a,c). Repeated-
measures ANOVA, with time being the within-subject factor,
showed that cocaine increased locomotor activity at 10 and 20
mg/kg (F;.15) = 13.086; p < 0.001 and F 5 ,,, = 57.5; p < 0.0001,
respectively). At both cocaine doses (10 and 20 mg/kg), locomo-
tor activity decreased significantly with time (F, 45y = 13.09; p <
0.0001 and F 4 45y = 36.16; p < 0.0001, respectively). In addition,
we observed a time X environment interaction after cocaine at 10
and 20 mg/kg (F(;; 48 = 5.73; p < 0.0001 and F,, ;45, = 11.86;
p <0.0001, respectively), suggesting that the decrease in locomo-
tor activity with time was different in relation to the environ-
ment. Post hoc analyses (Newman—Keuls) also showed that the
increase in locomotor activity observed in EE mice was signifi-
cantly less pronounced than that observed in SE mice at both 10
and 20 mg/kg cocaine doses ( p < 0.05 for both doses) (Fig. 2b,d).
Thus, EE mice were less responsive to cocaine (10 and 20 mg/kg)
than SE mice (Fig. 2). There was no difference in mice treated
with saline (F < 1) in relation to the environment.
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Figure 1. Mice raised in an enriched environment show decreased locomotor activity in

response to novelty. Motor activity was measured in activity cages made of Plexiglas and alu-
minum wire mesh. Locomotor activity was measured every 10 min. a, On day 1, mice were put
in measurement cages for 2 hr, and their locomotor response to novelty was measured during
this first exposure. EE mice showed decreased locomotor activity compared with SE mice. b,
Mice were acclimated to the activity cages for 2 consecutive days (days 2 and 3). The next day,
they were again putin activity cages for 50 min before receiving cocaine. Note that the locomo-
tor activity of SE and EE mice is not different before cocaine administration. Error bars are SEM.

Enriched mice have a different c-fos expression pattern after
cocaine injection

Only a slight increase in c-fos expression was observed at 10
mg/kg cocaine, and this increase was below the detection limits of
the quantification procedure, also as observed previously (Johan-
sson et al., 1994). A single injection of cocaine (20 mg/kg) in-
creased c-fos mRNA levels coding for c-fos in the striata of both
EE and SE mice (Fig. 3) (F, ;5, = 8.08;p <0.05and F, ,,, = 6.34;
p < 0.05, respectively). However, the pattern of c-fos expression
was different according to the environment. Indeed, whereas
c-fos mRNA expression was increased mainly in the medioventral
part of the striatum of SE mice (Fig. 34,¢), it was mainly present in
the dorsolateral part of the striatum in EE mice (Fig. 3b,d).

Enriched mice show decreased numbers of mesencephalic
dopamine neurons

Under control conditions, EE animals had ~10% less dopami-
nergic neurons in the SNc¢ than animals raised in SE (Fig. 4a). We
also estimated the number of TH-IR neurons in the ventral teg-
mental area (VTA) to determine whether the lower numbers of
TH-IR neurons in the SNc of EE mice were attributable to post-
natal neuronal migration differences as proposed by Lieb et al.
(1996). Both SE (8499 = 338) and EE (8281 =+ 210) saline-treated
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Figure 2.  Mice raised in an enriched environment show decreased locomotor activity in

response to cocaine (coc). Locomotor activity in SE or EE mice was measured after administra-
tion of 10 mg/kg cocaine (g, b), 20 mg/kg cocaine (¢, d), or saline. Measurements were done
every 10 min (g, ¢) and were also expressed with all time points pooled together (¢, d). At both
doses, cocaine induced a significant increase in the locomotor activity in both SE and EE mice.
Note, however, that EE mice were less responsive to cocaine than SE mice (see Results for
details). * indicates significantly different from saline-treated animals; + indicates signifi-
cantly different from cocaine-treated mice raised in an SE.
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Figure 3.  Cocaine-induced c-fos expression was altered in enriched mice. Saline treatment
did not induce c-fos mRNA in our experimental protocol in either SE or EE mice after in situ
hybridization. However, cocaine (20 mg/kg) significantly induced c-fos expression in both
groups of mice, although in different striatal areas. Indeed, EE mice showed an expression
restricted to dorsal areas that receive premotor and sensorimotor cortical projections, whereas
SE mice showed expression in ventromedial areas, as found by most investigators working with
mice housed in an SE and investigating c-fos mRNA (rather than protein). g, b, Saline-treated
mice; ¢, d, cocaine-treated mice.

mice showed similar estimated numbers of TH-IR neurons
within the VTA (F < 1). This indicates that the 10% decrease in
TH-IR neurons in the SNc¢ of EE saline-treated mice could be the
consequence of a higher neuronal elimination than a within-
nuclei regulatory migration.

Enriched mice are more resistant to MPTP

A time interval of 7 d must be respected after MPTP exposure and
before killing for the assessment of nigral degeneration by TH-IR
neuronal count (phenotypical marker) in the mouse midbrain
(Jackson-Lewis et al., 1995). However, because some cells can
take up to 2 weeks to die, parallel counting of NS cells (structural
marker) is required to control the validity of TH counting as a
marker of cell death. After MPTP treatment, only 26.6% of
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Figure 4. Living in an enriched environment provides protection against the pro-

parkinsonian neurotoxin MPTP. g, Stereological counts of the number of TH-IR neurons in the
SNc of saline- and MPTP-treated mice raised in SE or EE. Standard environment—NaCl, n = 6;
SE-MPTP, n = 7; EE-NaCl, n = 8; EE-MPTP, n = 6. The enriched environment modified the
number of TH-positive neurons (F; ,5) = 12.3; p < 0.01) and interfered with the MPTP treat-
ment (F; 55 = 52.1; p < 0.0001). Under control conditions, animals raised in an enriched
environment had a lower number of TH-IR neurons than animals raised under standard condi-
tions (*p << 0.05). After MPTP treatment, although both groups showed significant decreasesin
the number of TH-IR neurons compared with their respective controls (* p < 0.05), the number
of surviving neurons was twice as high in EE compared with SE animals (**p << 0.05). b, Thus,
the MPTP-induced TH neuron loss was 73.4% in SE mice and 41%in EE mice. Errors bars are SEM.

TH-IR neurons of SE mice survived in accordance with previous
studies using the same doses of MPTP in mice raised in standard
housing conditions (Fig. 3a) (Gross et al., 2003; Meissner et al.,
2003). Accordingly, NS cells drop from 6583 * 144 in the sa-
line-SE to 1747 = 179 in the MPTP-SE.

In contrast, in EE animals, 58.5% of the TH-IR neurons sur-
vived (Fig. 4a), as confirmed by the drop in NS cells from 5962 *
134 in saline—EE to 3499 * 233 in MPTP-EE. Because the TH-IR
and the NS counts matched, the cell death was completed. Thus,
enriched environment increased the resistance of EE mice to
MPTP by 199.7% (Fig. 4b).

MPP " striatal content was not different (p = 0.23) in SE
(6.9 = 1.3 pug/mg tissue; n = 3) and EE (4.7 £ 0.5 ug/mg tissue;
n = 4) between the two groups of mice that received a single
injection of 20 mg/kg MPTP (Przedborski et al., 1992). Thus, the
resistance to toxicity was not attributable to a lower delivery of
MPTP to the brain after intraperitoneal injection, to reduced
brain biotransformation of MPTP to MPP ", or to diminished
striatal mitochondrial monoamine oxidase B activity.
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Figure 5.  DAT binding s significantly decreased in the dorsal part of the striatum of EE mice
(*p <<0.05;SE,n = 8;EE,n = 8).a, The 100% level in SE mice corresponds to a PE2I binding of
97.8 fmol/mg equivalent tissue. b, This decrease is most likely attributable to lower number of
DAT per neuron, because in situ hybridization for DATmRNA showed a 75% silver grain decrease
in EE compared with SE mice on microautoradiography. ¢, Photomicrographs of neurons labeled
by in situ hybridization using oligonucleotide probes complementary to DAT mRNA and viewed
under direct (top) and polarized (bottom) light illumination. Scale bar, 15 . Error bars are SEM.

Decreased DAT expression may confer cocaine and MPTP
resistance in EE mice

The effects of both cocaine and MPTP are known to be mediated
through the DAT (Jaber et al., 1997; Bezard et al., 1999). To
determine the role of DAT in this differential resistance to
MPTP-induced toxicity and cocaine-induced locomotor respon-
siveness as well as the implication of this resistance, we performed
binding experiments using [ '*’I]PE2I (Bezard et al., 2001c). Fig-
ure 5a shows that raising mice in an EE downregulates the striatal
levels of DAT in the saline-treated animals, regardless of the zone
defined within the striatum (i.e., dorsal and ventral). Indeed,
ANOVA indicates a significant effect of enrichment (F, 5,, =
43.1; p < 0.0001) but no effect of striatal zone (F(, 5,y = 1.4;p =
0.25) and no interaction between enrichment and striatal zone
(F<1).

This decrease in DAT levels is most likely attributable to a
decrease in the number of DAT binding sites per remaining do-
pamine neuron. We reached this conclusion in light of data ob-
tained from DAT mRNA in situ hybridization at the microauto-
radiographic level. Indeed, grain counting corresponding to
specific labeling of DAT mRNA allows the evaluation of the in-
tensity of in situ labeling per cell. As shown in Figure 5, b and ¢, we
found that the grain density corresponding to DAT mRNA levels

J. Neurosci., December 3, 2003 - 23(35):10999 11007 « 11003

per cell was 75% lower in EE (0.32 = 0.05) than in SE (1.32 =
0.37) mice (p = 0.01). This suggests that mice raised in an en-
riched environment express much less DAT mRNA per dopa-
mine neuron than mice raised in SE.

Growth factor expression increases after enrichment

BDNF is expressed in the mouse striatum (Wong et al., 1997;
Guillin et al., 2001), the target area of substantia nigra dopamine
neurons that were found to be decreased in EE mice. The sub-
stantia nigra is also a brain area in which DAT downregulation
was observed in EE mice. For these reasons, because enrichment
has been shown to induce expression of glial-derived neurotro-
phic factor and BDNF in the hippocampus (Young et al., 1999),
and because simple motor enrichment also increases BDNF, we
investigated the levels of mRNA expression of BDNF, TrkB ™",
and TrkB "™ neurotrophin receptors in the striatum.

TrkB™ " (Fig. 6a,b) and TrkB™ " (Fig. 6¢c,d) mRNA expres-
sion was not different in EE and SE mice (F < 1). BDNF, however,
was increased in EE mice (e.g., 32.8 = 1.4 fmol/mg equivalent
tissue in dorsal striatum) compared with SE mice (e.g.,21.4 = 1.2
fmol/mg equivalent tissue in dorsal striatum) (Fig. 6e,f). Indeed,
ANOVA indicates a significant effect of enrichment (F, 5,, =
62.42; p < 0.0001) but no effect of striatal zone (F < 1) and no
interaction between enrichment and striatal zone (F < 1). Such
an increase in BDNF expression suggests that the influence of the
environment may be mediated through induction of growth fac-
tor expression.

No difference in other dopamine-regulated markers in
relation to environment

Although the level of DAT was significantly affected by environ-
mental conditions, the classical markers of dopamine transmis-
sion within the striatum were not. Indeed, D, (Fig. 6¢,h) and D,
(Fig. 61,j) dopamine receptor mRNAs expression were not differ-
ent between EE and SE mice (F < 1), regardless of the striatal area
considered (e.g., the dorsolateral motor striatum or the nucleus
accumbens). Expression of striatal PPE-A (Fig. 6k,1), PPE-B (Fig.
6m,n), and PPT (Fig. 60,p) neuropeptide mRNA, known to be
under the control of dopamine, was also not different between EE
and SE mice (F < 1), further supporting the specificity of DAT
regulation of expression within the nigrostriatal pathway.

Discussion

The present study shows that an enriched environment provides
significant protection against both the locomotor and cellular
effects of cocaine and MPTP-induced neurodegeneration. Such
an effect probably involves an increase in expression of neurotro-
phic factors (e.g., BDNF as shown here) and a downregulation of
the expression of DAT, the main target of psychostimulants and
the neuronal gate to dopamine acting neurotoxins.

Responsiveness to cocaine is under environmental control
When raised in an enriched environment, C57BL/6 mice show
reduced locomotor reactivity to a new environment compared
with mice raised in an SE. Levels of activity in unfamiliar envi-
ronments have been traditionally used as a measure of emotion-
ality in rodents, although this is still a matter of debate (Day et al.,
2001; Cabib et al., 2002). One obvious and very possible explana-
tion of reduced activity in EE mice in a novel environment is that
the measurement cages are much smaller and less attractive than
their big home cages with renewed toys and social interaction.
From a molecular point of view, neurotoxins and psychoac-
tive drugs produce their behavioral and cellular effects by acting
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Figure 6.  Enriched mice show increased expression of BDNF mRNA in the striatum as evi-
denced by in situ hybridization. Although the expression of both the full-length and the trun-
cated form of the TrkB neurotrophin receptor [i.e., TrkB ™" (q, b) and TrkB ™ (¢, d), respec-
tively] is comparable in the SE and EE mice, BDNF mRNA expression (e, f) is significantly
increased throughout the brain and especially in the striatum of the mice living in the enriched
environment. The mRNA expression of several dopamine-sensitive markers [i.e., D1R ( g, h),
D2R (i, j), PPE-A (k, 1), PPE-B (m, n), and PPT (0, p)] is not affected by the enriched environment.

at specific sites in the CNS, thus modifying neuronal targets (Nes-
tler, 2001). This pharmacological explanation is confronted by
several observations showing that drugs have different effects in
relation to the circumstances related to their intake (Kelleher and
Morse, 1968). Repetitive aggression of the organism may repre-
sent factors that predispose or precipitate drug self-
administration, thus creating situations that overwhelm the ca-
pacity of self-adjustment (Piazza and Le Moal, 1998). Inspired by
Pavlovian conditioned reflexes, Wikler (1948) was among the
first to propose the role of associative factors in drug addiction.
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More recently, it has been demonstrated that a simple manipula-
tion of the environment can modulate rats’ reactions to an am-
phetamine injection. Indeed, rats showed increased locomotor
activity when this drug is given in a novel environment (Badiani
et al., 1995). In relation to the present study, environmental en-
richment was shown previously to decrease intravenous amphet-
amine self-administration (Green et al., 2002). In accordance
with these findings, we show that EE mice are less responsive to
cocaine than SE mice. This finding suggests that initial personal
experience may be crucial to determining resistance to drugs such
as cocaine. Interestingly, EE mice show a different pattern of c-fos
expression than SE mice after cocaine. c-fos mRNA was found
mainly in ventromedial areas of the striatum of SE mice, as re-
ported previously in studies using mice housed in an SE (Johan-
sson et al., 1994). At variance, c-fos mRNA was expressed mostly
in dorsolateral striatal regions in EE mice. Molecular changes in
basal ganglia circuits are thought to play a crucial role in psycho-
stimulant addiction and dependence (for review, see Nestler,
2001). An important determinant of striatal gene expression after
psychostimulant treatments seems to be the excitatory input
from the cortex (Cenci and Bjorklund, 1993). Dorsal striatal re-
gions receive inputs mostly from sensory and motor cortical ar-
eas, suggesting that medial agranular (premotor) cortex and sen-
sorimotor circuits are primarily involved in decreased cocaine
response in EE mice.

Enriched environment and neuroprotection

Environmental enrichment can promote neuroplasticity and
protect neurons, because evidence shows that these types of en-
vironments can promote increases in the complexity of dendritic
arbors and synapses in the hippocampus and cerebellum (Black
et al., 1989; Kleim et al., 1997) that can prevent age-related syn-
aptic loss (Saito et al., 1994) and improve learning and memory
(Kempermann et al., 1997; Nilsson et al., 1999; Young et al.,
1999). Most if not all studies regarding the effects of enriched
environment on neuronal injury and recovery after injury have
focused on the cortical and hippocampal areas, long known to be
responsive to environmental modifications. For instance, EE rats
display less severe functional deficits caused by bilateral lesions of
the frontal cortex in relation to reduced structural damage (Kolb
and Gibb, 1991) and a better outcome after stroke (Johansson,
1996). Young et al. (1999) have also shown that enriched envi-
ronment protects against excitotoxic injuries in a model of epi-
lepsy. Nonetheless, this protection was chiefly the result of the
prevention of kainate-induced seizures, because seizure duration
is an essential determinant of the extent of neuronal injury in the
hippocampus (Lothman and Bertram, 1993).

Although the overall impact of enriched environment on the
brain circuitry of the dopamine system has not yet been investi-
gated, the effects of motor activity on dopamine neuronal death
have recently received attention. Indeed, forced limb use (i.e., a
sort of motor enrichment) specifically renders dopamine neu-
rons resistant to dopamine neurotoxins (Tillerson et al., 2001;
Cohen et al., 2003), whereas forced nonuse (i.e., a motor impov-
erishment) does the opposite (Tillerson et al., 2002). In addition,
physical activity has been shown to induce growth factor expres-
sion (Neeper et al., 1995; Gomez-Pinilla et al., 1997; Cohen et al.,
2003), as reported here. Therefore, it is possible that the increased
home-cage activity in the EE mice (in contrast to activity in a
novel environment) may have been beneficial in that immedi-
ately after neurotoxin exposure, motor behavior can reduce neu-
rotoxicity (Tillerson et al., 2001), whereas MPTP-related reduc-
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tions in activity are likely to have exaggerated terminal loss
(Tillerson et al., 2002).

Specific regulation of DAT expression

The magnitude of the protection that we report here is surpris-
ingly elevated compared with pharmacological approaches
aimed at reaching the same goal (for review, see Dawson and
Dawson, 2002). Furthermore, we used a particularly demanding
intoxication regimen to produce a severe lesion of the mesence-
phalic region (Gross et al., 2003; Meissner et al., 2003). To the best
of our knowledge thus far, none of the hitherto proposed com-
pounds have been tested using such a demanding paradigm that
is supposed to overcome their neuroprotective capacity.

Because cocaine is a blocker of the DAT (Gonon et al., 2000)
and MPTP is taken up by the same transporter (Gainetdinov et
al., 1997) present exclusively on dopamine neurons (for review,
see Giros and Caron, 1993), the DAT seemed to be a potential
candidate for regulation by the environment on the basis of in-
creased resistance to both drugs. Indeed, such a magnitude of
neuroprotection could be achieved by blocking the DAT (Mayer
etal., 1986) or by knocking out the DAT gene (Gainetdinov etal.,
1997; Bezard et al., 1999). Using DAT knock-out mice, we dem-
onstrated previously that the DAT is mandatory for MPTP-
induced dopaminergic neurotoxicity (Gainetdinov et al., 1997;
Bezard et al., 1999), and that it plays a crucial role in responsive-
ness to psychostimulants (Jaber et al., 1997; Gainetdinov et al.,
1999).

The decrease in DAT binding that we observed may be attrib-
utable, at least in part, to the slight but significant 10% decrease in
the number of dopamine neurons in the SNc (see below). How-
ever, such an explanation is ruled out by the fact that DAT mRNA
expression was significantly reduced per nigral dopamine neu-
ron, as we found by in situ hybridization at the microautoradiog-
raphy level.

Many mechanisms are likely to mediate the effects of environ-
ment on both spontaneous and toxin-induced neuronal death.
Inadequate trophic support from target-derived factors is known
to play a role in physiological neuronal elimination. Exogenous
administration or stimulus-induced expression of neurotrophic
factors (e.g., through physical exercise) (Neeper et al., 1995) may
increase the resilience of the brain to insults and neuronal dam-
age (Gash etal., 1996; Bjorklund and Lindvall, 2000). As shown in
the hippocampus of EE rats (Young et al., 1999) and in several
brain structures of animals forced to exercise (Neeper et al., 1995;
Gomez-Pinilla et al., 1997; Cohen et al., 2003), we report here an
environmentally driven increase in BDNF expression in the stri-
atum. Although such upregulated growth factor expression is
unlikely limited to BDNF, the well known trophic factor activity
of BDNF on dopamine neurons (Hyman et al., 1991) may play a
role in DAT downregulation and in the subsequent resistance to
MPTP and cocaine. A systematic investigation of EE on growth
factor expression is needed to further characterize the respective
role of these factors in this phenomenon.

SNc neurons are downregulated in EE mice

Perhaps one of the most intriguing findings is that mice raised in
an EE, supposedly a positive environment that would prevent cell
loss (Young et al., 1999), show 10% less TH-positive neurons in
the SNc compared with mice raised in an SE. One possible expla-
nation may rely on differential cell death through apoptosis, as
has been shown in the hippocampus (Young et al., 1999). During
postnatal development, dopaminergic neurons of the substantia
nigra undergo natural cell death that fulfils the criteria for apo-
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ptosis (Jackson-Lewis et al., 2000). This process seems to play a
critical role in regulating adult numbers of dopaminergic neu-
rons. Indeed, normal embryonic and postnatal development of
specific neuronal circuits that underlie various behaviors (sen-
sory, motor, or cognitive) includes cell death (for review, see
Honig and Rosenberg, 2000). During this process, viability of
neurons depends on whether they are properly connected. The
fine tuning of neuronal connections at vulnerable periods during
development appears to be orchestrated by environmental cues,
including the microenvironments in which individual neurons
find themselves. These cues control critical developmental pro-
cesses such as proliferation, migration, differentiation, synapto-
genesis, and myelination (for review, see Rice and Barone, 2000).
Spatial, temporal, or quantitative errors in the stimuli that initiate
programmed cell death can result in pathological neural devel-
opment. This is observed not only in typical neurodegenerative
disorders such as Alzheimer’s disease and Huntington’s disease
but also in several neurodevelopmental disorders such as schizo-
phrenia and autism. Thus, the slight but significant decrease in
the number of dopamine neurons of the SNc in EE mice may have
beneficial consequences and may participate in resistance to in-
sult by neurotoxins later on.

Conclusion

This study focuses on the long-term influence of environmental
manipulation during adolescence, a critical period of develop-
ment. The models that we used provided evidence of neuronal
plasticity at the molecular level that may underlie the decreased
responsiveness of EE mice to both cocaine and MPTP. Although
direct extrapolation of these findings and comparable data in
human conditions is to be taken with caution, the discovery of the
molecular mechanism by which environmental factors can in-
duce phenotypic effects seems an essential step for developing
relevant models of brain diseases and, subsequently, efficient
therapies.
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