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Abstract

Idiopathic Parkinson’s disease (PD) affects 2% of adults over 50 years of age. PD patients demonstrate a progressive loss of dopamine

neurons in the substantia nigra pars compacta (SNpc). One model that recapitulates the pathology of PD is the administration of 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP). Here we show that exposure to an enriched environment (EE) (a combination of exercise, social

interactions and learning) or exercise alone during adulthood, totally protects against MPTP-induced Parkinsonism. Furthermore, changes in

mRNA expression would suggest that increases in glia-derived neurotrophic factors, coupled with a decrease of dopamine-related

transporters (e.g. dopamine transporter, DAT; vesicular monoamine transporter, VMAT2), contribute to the observed neuroprotection of

dopamine neurons in the nigrostriatal system following MPTP exposure. This non-pharmacological approach presents significant

implications for the prevention and/or treatment of PD.
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1. Introduction

Epidemiological studies have suggested that exposure to

environmental toxins provides an increased risk to a number

of neurological disorders [62,72]. Perhaps the most studied of

these is PD, which affects 2% of adults over 50 years of age

and is characterized by the progressive loss of dopaminergic

(DA) neurons in the substantia nigra pars compacta (SNpc).

Current treatments for PD are numerous, the most widely

used being DA-replacement therapy. Amelioration of PD

symptoms through this method is transient and for this

reason, several non-pharmacological methods have been

developed in an attempt to permanently reverse the symptoms

of SNpc cell loss including transplantation of DA cells [25]

and destruction of cerebral motor pathway nuclei [58]. None
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of the current therapies are aimed at preventing the disorder

and some may exacerbate the condition [25]. Another

problem in treating PD is that a majority of the SNpc neurons

are lost at the onset of visible symptoms [6]. However, since

PD generally presents in the 6th decade of life, identification

of a mechanism or therapy that slows or ameliorates the cell

loss for several years could, due to actuarial realities,

eliminate symptomatic PD in many individuals.

One of the best models for generating experimental PD is

the administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydro-

pyridine (MPTP), which causes a specific loss of SNpc

neurons identical to that seen in PD [42]. Exposure to MPTP

has similar effects in many vertebrate species, including man

and mouse. MPTP is metabolized by glial MAO-B to MPP+.

MPP+ is transported into neurons through the dopamine

transporter (DAT) where it interferes with Complex I

respiration [44,55]. Once in cells, MPP+ is sequestered into

vesicles by the vesicular monoamine transporter (VMAT2),

which may provide some cellular protection against this
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toxin [28,73]. Thus, the relative expression of DAT and

VMAT2 within a neuron may determine its potential for

survival from an exogenous toxin [50].

In addition to the genetic control of MPTP-induced SNpc

neuron loss [38], several studies have shown that environ-

mental factors can alter the prevalence and outcome of

neurodegenerative disease [75]. Some of these can be

experimentally recapitulated through exposure to a modified

or benrichedQ environment (EE) that incorporates social

interactions, learning and exercise [43,45].

The complexity of an animal’s environment has been

shown to affect brain structure and function. EE exposure

leads to increases in neuron size, dendrite length, synaptic

density and spine number [3,11,14,17,21,22,35,36,80]. It

has also been demonstrated that animals raised in an EE

have increased neurotrophin levels [40,53,59,66].

In this study, we examine the role of environment in

modulating SNpc cell loss following administration of

MPTP. We show that introducing animals to an enriched

environment as adults totally protects against MPTP-

induced Parkinsonism. Within the EE, exercise appears to

be the critical component. The likely mechanism for this

neuroprotection is a significant increase in specific growth

factors coupled with a down-regulation of dopamine-related

transporters in the nigrostriatal system.
2. Materials and methods

2.1. Animal procedures

All mice used in this study were C57Bl/6J (Jackson

Laboratories, Bar Harbor, ME). Animals were maintained in

a temperature-controlled environment with free access to

food and water and kept on a 12-h light/dark cycle; lights on

at 7.00 am. All animal procedures were in compliance with

St. Jude Children’s Hospital Institutional guidelines and

were approved by the SJCRH Institutional Animal Care and

Use Committee.

2.2. Environment preconditioning

The animals were preconditioned in environments termed

either (1) bEnrichedQ (14 mice/cage) (2) bExerciseQ (4 mice/

cage) (3) and standard (4–6 mice/cage). The bEnriched
EnvironmentQ cages (1�1 m) consisted of two running

wheels, nesting material and a system of interchangeable

tunnels re-arranged on a weekly basis [43]. The bExercise
cagesQ consisted of a standard mouse colony cage containing

a running wheel. Running wheels in the benrichedQ and

bexerciseQ cagesQ were wire meshed with a diameter of 12.7

cm. These wheels were freely available, but the individual

animals activity levels were not monitored. In a separate

experiment, the daily activity of individual female C57Bl/6J

mice was measured using exercise wheels from Lafayette

Instruments (Lafayette, IN, Model 80820).
For the experimental animals, female mice were born and

raised in bstandardQ cages. At 2–3 months, these mice were

removed from their home cage and placed into either an EE

or exercise cage. The reason we used only female mice is

that we wanted to eliminate any bias arising from the use of

a single litter. Thus, the production of mixed litter cages was

only possible by using female mice since it is well known

that they exhibit decreased stress and aggressive behavior in

a mixed population [60]. In a previous study, we showed

that there was no difference in MPTP-sensitivity in male and

female C57Bl/6J mice [38].

2.3. MPTP treatment

All animals injected with MPTP were between 5 and 7

months. Animals receivedMPTP (4�20mg/kg/2-h intervals)

(Research Biochemical International, Natick, MA) in a 5-ml/

kg volume or vehicle (sterile saline) alone. For the time

course studies, animals were injected s.c., while animals in

the EE experiments were injected i.p. Seven days (a time

corresponding to maximal SNpc cell loss [41]) and 14 days

after MPTP administration animals were anesthetized with

tribromoethanol (250 mg/kg (i.p.)) and transcardially per-

fused with 0.1 M phosphate buffered saline (PBS) followed

by 4% paraformaldehyde. Brains were removed, post-fixed

overnight, processed and sectioned at 5 Am and cut

throughout the SNpc and mounted onto polyionic micro-

scope slides (Superfrost-plus, Fisher). In addition, a number

of animals were anesthetized, decapitated and the SN and

striatum (STR) dissected out and rapidly froze on dry ice and

stored at �80 8C until RNA processing.

2.4. Immunohistochemistry

Standard immunohistochemical techniques were used to

identify cells positive for tyrosine hydroxylase (TH) in the

SNpc. Paraffin sections were stained with a polyclonal

antibody specific for TH (1:250; Pel Freez, Rogers, AR).

Immunopositive cells were subsequently visualized using a

peroxidase-anti-peroxidase system (Vector Laboratories,

CA) and DAB (KPL, Gaithersburg, MD). Slides were then

counterstained with the Nissl stain Neutral Red, dehydrated

through a graded series of alcohol, mounted in Permount

and coverslipped.

2.5. Cell quantitation

The major neuron-type in the SNpc is dopaminergic and

can be visualized by immunolabeling with tyrosine hydrox-

ylase (Fig. 2A). In order to make sure that we counted all

neurons in the SNpc and not just those exhibiting the

phenotypic marker (TH), we counterstained every immunos-

tained section with the Nissl marker Neutral Red. All cells in

the SNpc having a the appearance of dopaminergic neurons

(TH+Nissl) were counted as previously described using both

stereological and 2D-measurement techniques [12,38]. As
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previously reported, we found no significant difference in the

final counts of SNpc that was technique-dependent.

2.6. Real-time PCR analysis

SN was dissected as previously described [70]. Briefly,

animals are placed into CO2 until unconscious and then their

brains are rapidly dissected from the calvaria. Brains are

placed into a rodent brain matrix (EMSciencesModel 69022)

with marked cuts at 1-mm intervals. To dissect the SN, a 1-

mm section corresponding to Bregma�2.70 to�3.70 [61] is

removed and placed on ice. The cortical tissue and hippo-

campus are removed and then a ventrolateral piece of tissue is

dissected using the medial lemniscus as the medial limit and

the medial geniculate as the rostral limit. SN from both sides

are dissected and placed into a 1.5-ml microfuge tube and

frozen on dry ice. For the striatal sample, a 2-mm tissue

section is dissected corresponding to Bregma +1.18 to�0.18

[61]. The striatal tissue is visualized by the presence of

internal capsule fibers, dissected from the overlying cortical

tissue and rapidly frozen in 1.5-ml microfuge tubes.

The RNA from SN and STR was isolated using a

RNeasy mini kit (Qiagen, Valencia, CA) and stored at �80

8C for further processing. For the real-time PCR reaction,

samples were run in 96-well optical reaction plates with

optical adhesive covers using the TaqmanR One-Step RT-

PCR reaction on an ABI Prism 7900 Sequence Detection

System using VICk-labeled 18S ribosomal RNA probe as

an internal control (Applied Biosystems, Forest City, CA).

Primers and probes for brain-derived neurotrophic factor

(accession no. X55573), glia-derived neurotrophic factor

(accession no. NM010275), dopamine transporter (acces-

sion no. AH003328), vesicular monoamine transporter2

(accession no. AJ555564), insulin-like growth factor I

(accession no. AF440694) and IGFI receptor (accession

no. AF056187) were designed using Primer Express

software (version 1.5, Applied Biosystems) and were

labeled with the reporter dye FAM and the quencher

TAMRA. Primer sequences used to amplify each gene were:
BDNF CCATAAGGACGCGGACTTGT (F-primer)

GAGGCTCCAAAGGCACTTGA (R-primer)

CACTTCCCGGGTGATGCTCAGCA (FAM-labeled probe)

GDNF CCGTGGCCCTAAAGACCC (F-primer)

TCCACTTCCCAGTCCTGCA (R-primer)

CGTTTCGCATGGTTCCACACCCC (FAM-labeled probe)

IGF1 CTACAAAAGCAGCCCGCTCT (F-primer)

CTTCTGAGTCTTGGGCATGTCA (R-primer)

TCCGTGCCCAGCGCCACA (FAM-labeled probe)

IGF1R AGAGCAGTGACTCGGATGGC (F-primer)

TGAAGCCTGAGGGACACTCC (R-primer)

CGTTATCCACGACGATGAGTGCATGC (FAM-labeled)

DAT TCGATGCCGCCACCC (F-primer)

AGGCAATCAGCACCCCAA (R-primer)

TGTGCTTCTCCCTTGGCGTTGGG (FAM-labeled probe)

VMAT2 TGGATGATGGAGACCATGTGTT (F-primer)

TCCTGCCAGCGAGCATC (R-primer)

CCGAAAGTGGCAGCTGGGCG (FAM-labeled probe)
Relative levels of mRNAwere determined by comparing

growth factor and monoamine transporter expression with

control 18S mRNA levels in each sample. Each data point

was performed in triplicate and replicated at least three

times.

2.7. Measurement of striatal MPP+ levels

Two groups of adult C57BL/6 mice (n=4 per group), one

group raised from 3 to 6 months in an enriched environment

(EE), and a second group raised in a standard environment,

received a single i.p. injection of 20 mg/kg MPTP hydro-

chloride (Sigma). Two hours after the injection, mice were

sacrificed the striatum of each mouse was dissected-out on

ice and homogenized in 10 volumes of ice-cold 0.1 M

perchloric acid (Fisher). The homogenate was centrifuged at

12,000�g for 15 min at 48C. The supernatants were filtered
in 0.2-Am filters for 2 min at 8000�g, and 100 Al of the
supernatant was injected into a HPLC system equipped with

an autosampler (Shimadzu), a programmable solvent mod-

ule (Shimadzu), a Nucleosil 100-5 C18 (4�125 mm, 5 Am)

column (Agilent Technologies), and a UV detector. The

mobile phase consisted of 50 AM sulfuric acid (Sigma), 10%

acetonitrile, 90% water, and 75 mM triethylamine (Sigma)

adjusted to final pH 2.3 (run under isocratic conditions, at

1.0 ml/min). The UV detector was set to 295 nm for MPP+

detection, as previously described [24]. The concentrations

of MPP+ were determined by running known amounts of

MPP+ iodide (Sigma) dissolved in 0.1 M perchloric acid and

extrapolating from a standard curve.

2.8. Statistical analyses

Statistical comparisons were made using ANOVA

followed by Bonferroni post-hoc comparisons when appli-

cable (Statview, SAS software).
3. Results

3.1. The effects of placing adult animals into an enriched

environment on the MPTP-induced SNpc cell death

To determine whether exposure to an EE had any effect

on the baseline number of neurons in the SNpc, we

compared adult C57Bl/6J animals from standard housing

(control) with those placed into an EE during adulthood. We

found that the different environments had no effect on SNpc

neuron number (Fig. 1A). To determine if adult animals

preconditioned for 3 months in an EE had an altered cellular

response to MPTP, we examined the number of SNpc

dopamine neurons 7 days following administration of this

toxin. The number of SNpc cells in these conditions is also

shown in Fig. 1A. To determine if the lack of cell death in

the EE condition was due to protection or just a delay in cell

death, we examined SNpc cell number 14 days following



Fig. 1. Analysis of tyrosine hydroxylase (TH)-positive neurons and mRNA expression in animals placed into an enriched environment (EE) during adulthood.

(A) Graph showing the number of dopamine neurons in the substantia nigra pars compacta (SNpc). (B) TH-staining in the STR illustrating equipotent effects of

MPTP on control and EE animals. (C) Levels of striatal MPP+ determined by HPLC analysis 2 h following i.p. injection of MPTP in C57Bl/6 mice from

standard and EE environments. (D,E) Relative expression of growth factors and monoamine transporters in the SN. (F) Relative expression of growth factors in

the striatum (STR). For each group, n=3–6.
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MPTP. There was no difference in cell number at 14 days

post-MPTP compared to that seen 7 days-post MPTP (data

not shown). This suggests that the lack of cell death in mice

placed in an EE is protected from the toxin rather than

having a delay in the process of cell death.

Since the administration of MPTP in our studies was

given systemically, it was possible that the lack of an effect

seen following preconditioning in the EE was due to a

change in MPTP metabolism. HPLC analysis showed that

conversion of MPTP to MPP+ in the striatum was no

different in animals raised in standard and EE conditions

(Fig. 1C), eliminating peripheral detoxification as a poten-

tial source of the protection. In addition, we show equal loss

of the dopaminergic nigrostriatal terminals in both con-
Fig. 2. Analysis of tyrosine hydroxylase (TH)-positive neurons and mRNA expres

showing the number of dopamine neurons in the substantia nigra pars compac

transporters in the SN and (D) striatum (STR). For each group, n=3–6.
ditions (Fig. 1B). These two experiments suggest that any

neuronal protection occurs via a central protection mecha-

nism rather than by differences in peripheral detoxification

or central MPTP metabolism.

3.2. mRNA expression of growth factors and monoamine

transporters following placement into an EE

Animals placed into an EE during adulthood showed a

350% increase in GDNF expression in the SN compared to

animals raised in standard housing. When animals precon-

ditioned to an EE received MPTP, there was an additional

180% increase from EE animals alone in GDNF expression

(total increase of 750% compared to control) compared to
sion in animals placed into an bexerciseQ cage during adulthood. (A) Graph

ta (SNpc). (B,C) Relative expression of growth factors and monoamine
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animals raised in standard housing. In addition, animals

raised in an EE had a ~50% reduction in the expression of

IGFI compared to control animals. Unexpectedly, we also

found a significant decrease (32%) in BDNF expression in

SN of animals exposed to an EE compared to control

animals (Fig. 1D).

We also examined the effect of an EE on the expression

of the monoamine transporters, DAT and VMAT2. Com-

pared to mice raised in standard housing, the administration

of MPTP resulted in a 63% reduction in the DAT expression

in the SN. In a similar vein, the expression of DAT was

decreased by 83% in mice raised in an EE compared to

animals raised in standard housing. We also found a 53%

decrease in nigral VMAT2 mRNA expression in the

control+MPTP mice and a significant 72% decrease in the

EE group compared to animals raised in standard housing

(Fig. 1E).

Unlike the SN, only a few changes were found in

mRNA expression within the STR. Here, we found a

significant 41% reduction in IGF-1 and 35% in IGFI

receptor expression as a result of exposure to an EE. A

second neurotrophin, BDNF, also showed large changes in

expression (175% increase) in mice exposed to an EE

compared to control mice, although the variability in

expression of this neurotrophin (F87%) precluded statis-

tical significance (Fig. 1F).

3.3. The effects of exercise on the MPTP-induced SNpc cell

death

To determine if exercise alone was sufficient to convey

neuroprotection from MPTP, we placed 3-month-old adult

animals raised in standard cages into mouse colony cages

containing a running wheel. Although animals in the EE

cages were not monitored, a separate experiment showed

that female C57Bl/6J mice ran an average distance/day of

12.54F0.65 km. This is similar to the running distance

previously reported for C57Bl/6 mice [47]. We found that

exercise-alone protected against MPTP-induced toxicity,

although the amount of protection was slightly reduced

compared to the EE mice (16% loss versus 0% loss)

(compare Figs. 1A to 2A). The difference in percentage of

cell loss between the control+MPTP and exercise

only+MPTP was significantly different ( pV0.001), dem-

onstrating that exercise did have neuroprotective effects

(Fig. 2A).

3.4. mRNA expression of growth factors and monoamine

transporters following adult exposure to exercise

In animals given free access to exercise, there was a 35%

reduction of IGF-1 in SN (Fig. 2B). In addition, there was

an ~250% increase in the mean mRNA expression for

GDNF in the SN as a result of exercise training, although no

statistical significant was observed (Fig. 2B–C). In the STR,

there was a 37% reduction of mRNA encoding for the IGF-1
receptor as a result of preconditioning with exercise (Fig.

2D). In addition, similar to GDNF expression in the SN,

there was a trend showing a ~50% increase in expression of

BDNF mRNA in the STR as a result of MPTP and exercise

training (Fig. 2D).

In addition to the neurotrophins, we examined the effect

of exercise-alone on the expression of the monoamine

transporters, DAT and VMAT2. We found a 64% reduction

in the mRNA expression for DAT in the SN in con-

trol+MPTP mice and a 70% reduction in the exercise-only

control group compared to animals raised in a standard

environment (Fig. 2C). We also observed a 58% decrease in

nigral VMAT2 mRNA expression in the control+MPTP

mice and a 59% decrease in the exercise-only group

compared to animals raised in a standard caging (Fig. 2C).
4. Discussion

In this paper, we demonstrate that alteration of an

animal’s environment as an adult, absent of any exogenous

pharmacological manipulations, can change its sensitivity to

a neurotoxic agent that has been shown, in humans, to

recapitulate the pathology of idiopathic Parkinson’s disease

(PD). This protection is not due to peripheral detoxification

as it has been shown by HPLC that equal levels of the toxin

(MPP+) are present in the brain of both control and animals

raised in an EE. The second measure of cell protection was

obtained by directly examining cell number in the SNpc. In

performing cell counts, we count both TH+ plus Nissl

neurons in the SNpc. By counting both populations, we

insure that the observed changes caused by MPTP are from

actual cell loss and not just the reduction of the phenotypic

marker such as striatal dopamine levels [2,78]. Another

reason we did not measure dopamine levels directly is that

i.p. injection of MPTP results a more mild anatomical lesion

than is typically seen in human PD (39% cell loss versus

upwards of 60% cell loss, respectively). In the acute

injection paradigm of MPTP, the neuronal loss is maximal

at 7 days and does not appear to significantly progress at 2

weeks. Furthermore, we have evidence (unpublished

research) that the lesion is stable at 3 months following

administration of MPTP lesion. This pattern of loss is quite

different than has been reported for striatal dopamine loss

following MPTP, where administration to young mice (2–3

months) causes is a rapid loss of DA followed by a

significant recovery [23,67].

In this study, we examine changes in cell number and

gene expression after administration of MPTP in mice

housed in different environments. When analyzing this type

of data, one must be careful to consider that the observed

changes may reflect either physiological alterations in cell

function, such as are seen following recovery from an injury

[20], or might simply be due to a lower cell number

following a period of cell death. We examined mRNA levels

by real-time PCR since we were using very small samples
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(individual SN) that do not contain enough cells for

Northern or Western blot analysis. However, previous

studies of mRNA and protein expression of neurotrophins

have shown a concurrence between these measurements

[31,32].

In this study, we find a 39% neuron loss in the SNpc

following MPTP treatment. If gene expression changes were

simply due to cell loss, we would expect to see a 40% loss

of mRNA expression, or perhaps slightly lower due to

compensatory mechanisms. The only instance that we

observe this type of relationship is with IGFI in the striatum

(Fig. 1F) and for this reason, we do not believe that the

changes seen in this factor are responsible for the observed

neuroprotection. All of the other changes seen in gene

expression are far greater than the observed cell loss (i.e.

DAT and VMAT in EE condition) or are in the opposite

direction, i.e. they are higher in the MPTP conditions (i.e.

GDNF in EE condition).

Once in the CNS, the protection of dopaminergic neurons

following exposure to MPTP can occur at various points in

the toxicity cascade. The protection of neurons can be due to

alterations in toxin availability, changes in the expression of

neuroprotective factors such as the neurotrophins, or

interference with activation of the cell death pathways.

Other labs have reported that exposure to an EE can confer

protection in a number of other experimental paradigms that

utilize different mechanisms of cell death [18,33,76]. For

this reason, we did not think that the protection conferred by

the EE was due to interference with the process of cell

death. Instead, we focused on examination of genes that

either confer toxin availability or neurotrophins that have

been shown to be protective to SN neurons or are responsive

to alterations of environment [34,49,54,79,84].

One of the initial events in MPTP toxicity is the

transport of MPP+ into the cell through the DAT. DAT

plays a significant role in MPTP toxicity since DAT-null

animals are completely protected from MPP+-induced

neuronal damage [5,27], while mice over-expressing the

transporter show increased sensitivity to the toxin [19]. In

this study, we find that the reduction of mRNA expression

of SN DAT following exposure to an EE or exercise

alone compared to mice raised in a standard environment

exceeds the amount of cell loss. In addition, the reduction

in SN DAT mRNA levels that we observed was similar to

that seen in the striatum of EE mice using both radio-

ligand binding to DAT or in situ grain counts [4]. A

recent paper demonstrated that mice that run for 1 month

on a treadmill, even with a much lower dosage of MPTP

(30 mg/kg total versus 80 mg/kg total in our study) have

a significant loss of striatal DAT protein [23]. Taken

together, this suggests that one component of the neuro-

protection conferred by environmental enrichment is the

exclusion of toxins by down-regulation of the DAT. On

the other hand, since MPTP is converted to MPP+ within

2 h and enters into the striatum equally in animals raised

in an EE, it is likely that the reduction in DAT we
observe is not sufficient to prevent entry of a toxic level

of MPP+.

Once in the cell, MPP+ can either enter the mitochondria

where it is known to interfere with the function of complex I

of the electron transport chain [51] or it can be actively

sequestered into protective cytoplasmic vesicles by the

vesicular monoamine transporter [50]. Previous studies have

shown that reduction in VMAT2 makes mice more sensitive

to the effects of MPTP [73]. In this study, however, we find

a loss of VMAT mRNA expression; yet still observe a

neuroprotection. Based on our results, it might be hypothe-

sized that the sequestration of MPP+ into cytoplasmic

vesicles is not a critical point of neuroprotection in our

model. However, this is unlikely and a more probable

alternative is that the levels of VMAT2 expression need to

be examined in the context of other changes in the cell.

Miller et al. [50] have suggested that the ratio of DAT/

VMAT2 can be used as a predictor of neuron susceptibility

to MPTP. In this study, we find that both environmental

enrichment and exercise increase the ratio of VMAT/DAT

mRNA levels based on real time PCR quantitation. Thus,

even though mice exposed to an EE or exercise alone have

reduced levels of both DAT and VMAT2, the ratio following

EE or exercise shifts in favor of VMAT2, which has been

shown to provide an increased level of protection [27,28].

More simply stated, the decrease in VMAT2 mRNA, which

would predict less sequestration of MPP+ and hence a

greater susceptibility to MPP+, appears to be being

compensated by the decreased entry of the toxin into the

cell secondary to decreased DAT mRNA expression.

Once in the cell, MPP+ is transported into the mitochon-

dria where it interferes with Complex I. The energy

depletion that follows from this blockade results in

numerous effects including the release of dopamine from

intracellular stores [64]. Once into the extracellular space,

dopamine becomes highly adducted [57], induces genes

known to be responsive to free radicals [68], and causes

cellular damage [74]. Many studies have shown that

neuronal growth factors are capable of protecting cells

against oxidative stress [83]. In our study, we found

significant changes in two neurotrophins: a down-regulation

of IGF-1 (and IGF1R) and an up-regulation of GDNF.

Previous in vitro studies have shown that IGF-1 can

protect dopaminergic neurons from oxidative stress [39].

This protection has also been noted in vivo, where it was

shown that exercise can up-regulate the mount of circulat-

ing IGF-1 that is subsequently taken up into neurons [7].

Our studies do not dispute the effects of IGF-1, but do

suggest that any alterations in expression may be periph-

erally derived, rather than result from any intrinsic CNS

effect [82].

There is ample evidence demonstrating that exogenous

GDNF protects against MPTP-induced neurotoxicity in

C57Bl/6 mice, rhesus monkeys, and marmosets

[9,13,15,29] and against 6-hydroxydopamine-induced cell

death in rats [65]. Since GDNF has been shown to have
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protective effects in animal models of PD, clinical trials

using this trophic factor have been performed in PD patients

[30,56]. The use of GDNF for clinical treatment is

hampered by its poor bioavailability, although a number

of delivery systems including implantable pumps [37] and

viral vectors [49] are being developed to alleviate this

problem. In this paper, we describe a non-invasive

mechanism that increases expression of GDNF in the

anatomic regions important for PD.

Interestingly, our study did not find a significant increase

in BDNF gene expression as has been reported in several

studies following an environmental enrichment or exercise

[4,66]. One significant difference in this study is that in

previous studies, animals were introduced into the EE or

exercise regimens at early ages. In this study, mice were

introduced into the EE or exercise cages as adults. It is

possible that the dependence of the SNpc neurons on GDNF

rather than BDNF reflects a developmental switch in

neurotrophin dependence [8]; and also highlights the

potential of this neurotrophic factor in adult therapeutic

procedures.

Our use of real-time PCR allows for an accurate

assessment of mRNA levels from very small pieces of

tissue. In this study, we were able to examine the effects of

environmental enrichment in individual substantia nigra and

striatum, without contamination from other parts of the

midbrain or forebrain. While the CNS regions examined

were circumspect, we do not know if the observed mRNA

changes originate from the neuronal or glial compartments

(or a combination of the two). Previously we have shown

that the strain-dependent differences in MPTP and MPP+

toxicity in mice are modulated by glial cells [69]. In

addition, it has been shown that glial cells are capable of

producing the growth factors that we have implicated in

neuronal protection [26,52]. Thus, it is possible that

environmental enrichment alters not only the neuronal but

also the glial microenvironment.

Another component of our study examined the relative

contributions of exercise alone versus exercise in combina-

tion with increased blearningQ and bsocialQ interactions (the
total EE). Previous studies using a variety of lesions have

suggested that exercise is the causal factor that leads to

neuroprotection [48,54,59,71,77,81]. We found that C57Bl/

6J mice given free access to running wheels were protected

against MPTP-induced toxicity, although the amount of

protection was slightly reduced compared to the EE mice

(16% loss versus 0% loss). Thus, in this study, we find that

exercise-alone can provide significant, but not complete

neuroprotection from exposure to MPTP. One possible

explanation for this discrepancy is that our studies were

done in mice placed into an EE or exercise-alone condition

as adults, while the other studies examining the role of

exercise were done with animals exposed to these con-

ditions at earlier ages.

The pathologies seen following administration of MPTP,

which were first described in humans [46], dramatically
mirror that seen in idiopathic PD. Although the lesion in

mice following MPTP is smaller than seen in humans, their

similarities suggests that the mechanism of neuronal loss in

MPTP-induced and idiopathic PD may utilize similar

biochemical processes [16]. In humans, it is well known

that exercise can slow the progression of PD symptomatol-

ogy [1,10,63]. However, it has been thought that this benefit

resulted from an increase in muscle mass and strength.

Although our final lesion is less than that seen at end-stage

human PD, we do find complete protection of the SNpc

neurons. Since symptoms of human PD do not occur until

there is a loss of approximately 60% of the neuron and a

70% loss of striatal dopamine, any significant protection

(even of 40% cell loss, as we find) would have the potential

to provide a significant clinical effect. For this reason, it can

be suggested that exercise, in concert with continued mental

activity and social interactions, may provide a non-invasive,

non-pharmaceutical mechanism to protect against the onset

of Parkinsonian symptoms.
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