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a b s t r a c t

Loss of dopaminergic neurons in the substantia nigra (A9 cells) and ventral tegmental area (VTA) (A10
cells) has been reported in Parkinson’s disease with reference to causing motor and non-motor deficits,
although clinical and laboratory animal studies on the degeneration of VTA neurons are less emphasized
comparative to the degeneration of substantia nigra neurons. In the present study, we examined the VTA
dopaminergic neurons in a chronic mouse model of Parkinson’s disease induced by 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine and probenecid at a level showing moderate neurodegeneration and studied
the impact of endurance exercise on VTA neurons in this model. In comparison to the normal control ani-
mals, the chronic mouse model of Parkinson’s disease with moderate neurodegeneration demonstrated a
significant reduction of VTA neurons (52% loss), when these animals were kept sedentary throughout the
study. Morphologically, the VTA dopaminergic neurons in this model displayed a decrease in cell volume
and showed irregular or disparaging axonal and dendritic projections. When the chronic Parkinsonian

mice were exercised on a motorized rodent treadmill up to 15 m/min, 40 min/day, 5 days/week for 10 and
18 weeks, the total number of VTA dopaminergic neurons were significantly higher than the sedentary
Parkinsonian animals. Especially noted with the 18-week exercised Parkinsonian mice, the number of
VTA neurons returned to normal range and the cells were densely populated and displayed distinctive
axons and dendritic arborization. These results demonstrate that prolonged exercise training is neuro-
protective to the dopaminergic neurons in the VTA of the chronic mouse model of Parkinson’s disease
with moderate neurodegeneration.
arkinson’s disease (PD) is a known neurodegenerative disorder
fflicting millions of people in the growing aging population.
atients with PD are debilitated with symptoms of muscular
igidity, impaired movement, loss of balance, cognitive disabil-
ties and tremor at rest. So far, both clinical and experimental
esearch have convincingly determined that the underlying pathol-
gy of PD is involved in the loss of A9 cells in the substantia
igra pars compacta leading to nigrostriatal neuron degenera-
ion and depletion of the transmitter, dopamine (DA). Although
t is less emphasized, examination of the postmortem PD brain
pecimens has further revealed a loss of A10 dopaminergic cells

n the ventral tegmental area (VTA) adjacent to the substantia
igra [2,11]. In acute and subacute animal models of Parkinsonism

nduced by the dopaminergic neurotoxin, 1-methyl-4-phenyl-
,2,3,6-tetrahydropyridine (MPTP), although early studies did not
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detect neuronal loss in the A10 VTA region [10], subsequent inves-
tigations have confirmed that MPTP causes a significant loss of the
A10 VTA neurons in addition to the A9 substantia nigra neurons in
various species of animals including the mouse [3,5].

The cell bodies of DA neurons that originate from the VTA,
project to, and terminate at several parts of the brain have
demonstrated functional significance. In general, the dopaminergic
connection between the VTA and nucleus accumbens (the mesolim-
bic system) has been linked to reward and reinforcement behaviors
[4]. The VTA dopaminergic neurons that project to the cerebral cor-
tex, most heavily to the prefrontal lobe (the mesocortical system)
are believed to be involved in maintaining cognitive functions [16]
and in controlling stress and emotional responses [18]. Thus, cell
loss or disruption of DA transmission in the VTA neurons associated

with PD may lead to non-motor type of behavioral dysfunction.

Clinical studies have shown that exercise tends to improve motor
performance and ambulation in PD patients [12]. In the acute MPTP-
induced mouse model of Parkinsonism, treadmill exercise is shown
to ameliorate behavioral and dopaminergic deficits [19]. However,
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n the chronic MPTP/probenecid-induced mouse model of Parkin-
onism (MPD) with severe dopaminergic neurodegeneration, we
ave demonstrated that 4 weeks of treadmill exercise did not lead to
euronal recovery, even though the animals showed significant car-
iovascular and metabolic rehabilitation [1]. In the present study,
e examined the effects of exercise on VTA dopaminergic cells in

he chronic MPD with moderate dopaminergic neurodegeneration
y using the unbiased, design-based stereology.

Ten to twelve week-old, male, C57BL/6 mice (Charles River Labo-
atories, Inc., Wilmington, MA, USA), weighing between 25 and 27 g
t the beginning of the study were housed in single cages with food
ellets and water available ad libitum. The room was maintained
t a constant temperature and humidity on a 12-h/12-h light/dark
ycle. A total of 30 mice were used in the present study. All ani-
al treatments were carried out strictly according to the National

nstitute of Health Guide for the Care and Use of Laboratory Animals
NIH Publications No. 80–23, revised 1996) and were approved by
he Institutional Animal Care and Use Committees from the Uni-
ersity of Missouri-Kansas City. This investigation was conducted
ith assurance that a minimal number of animals were used and

he experimental procedures did not significantly cause animal suf-
ering.

To prepare the chronic MPD with moderate neurodegeneration,
ice were injected with a total of 10 doses of MPTP hydrochlo-

ide (12.5 mg/kg in saline, s.c.) in combination with an adjuvant,
robenecid (250 mg/kg in dimethyl sulfoxide, DMSO, i.p.). The 10
oses were administered on a 5-week schedule with an interval
f 3.5 days between consecutive doses. Probenecid is known to
romote MPTP accumulation in the brain and to potentiate its
eurotoxic effect by impeding the renal excretion and neuronal
learance of MPTP and its toxic metabolites [9]. MPTP hydrochloride
nd probenecid were purchased from Sigma Chemical Co. (St. Louis,
O, USA). Safety precautions for the use of MPTP during chemical
reparation and animal injections were according to the procedures
reviously described [8]. Control animals were treated with saline
r the same dose of probenecid. Probenecid used in this study does
ot produce a significant level of degeneration to the dopaminergic
eurons [15].

ig. 1. Representative light microscope photomicrographs illustrating TH+ immunoreacti
eurons under high power (3600×, panels D–F) in control (A, D), sedentary chronic MPD
ensity of VTA TH+ immunoreactivity in sedentary chronic MPD (B) was significantly redu
o normal in chronic MPD following 18 weeks of exercise training (C). Morphological exami
umber, the TH+ cells had a reduced volume and depleted dendritic extensions in the se
8 weeks in the chronic MPD led to a prominent recovery of the VTA TH+ neurons demo
etected in the normal control animal (D).
etters 450 (2009) 102–105 103

A six-lane motorized rodent treadmill (Columbus Instruments,
Columbus, OH, USA) was utilized for exercise training. One week
before, 5 weeks during, and 4 or 12 weeks after the chronic
MPTP/Probenecid treatment, the exercised group of animals (for
a total of 10 or 18 weeks of exercise) was trained on the treadmill
running for 5 days/week, 40 min/day at a speed up to 15 m/min
(5 min at 6 m/min, 5 min at 9 m/min, 20 min at 12 m/min, 5 min at
15 m/min, and 5 min at 12 m/min) with 0◦ of inclination. Using this
treadmill exercise protocol in our laboratory, the chronic MPD mice
were able to go through the training with minimal requirement for
external stimuli or manual prodding, yet the animals developed
physical endurance after 4 weeks showing cardiorespiratory and
metabolic adaptations comparable to those seen in human subjects
undergoing continuous exercise training [1]. Sedentary mice did
not exercise; however, they were transported daily to the training
room so that they were exposed to the same environment as the
exercised group of animals.

At the specified ending period of exercise training, mice were
anesthetized with pentobarbital (130 mg/kg; Sigma), transcardially
perfused with 40–60 ml of 4% sucrose in 0.1 M phosphate-buffered
saline (PBS), followed by 70 ml of 4% paraformaldehyde and 4%
sucrose in PBS. The brains were removed, placed in the perfu-
sion fixative for 4 h at room temperature and then transferred
to PBS and kept at 4 ◦C. The brain samples were embedded with
the MultiBrainTM technology, sectioned coronally and immunos-
tained with tyrosine hydroxylase (TH) (NeuroScience Associates,
Knoxville, TN). This method of preparation yielded minimal shrink-
age (slices were cut at 50 �m and reduced to 30.87 �m) and no
evidence of tissue distortion. Every fourth section of the VTA was
collected and 6–8 sections per animal were analyzed unilaterally.
In order to estimate changes in the number of TH+ cells in VTA,
we implemented the modern unbiased, design-based stereology
as previously described [17]. The slides were checked precisely

against an anatomical atlas when defining the reference space [14].
Examples of parsing the VTA are provided in Fig. 1A–C. The VTA is
located in the ventral tegmentum of the mesencephalon. Anteri-
orly, it is bordered by the lateral hypothalamic area. Dorsomedially,
it is bordered by the substantia nigra, pars compacta and reticulate.

vity under low power (144X, panels A–C) and morphological structures of the VTA
(B, E), and 18-week exercise-trained chronic MPD (C, F). It is noticeable that the

ced when compared to the control animal (A). VTA TH+ immunoreactivity returned
nations at a higher magnification revealed that in association with a sparse neuronal
dentary chronic MPD (E) comparing to the control animal (D). Exercise training for
nstrating neuronal clustering and extensive dendritic arborization (F) as similarly



104 S.O. Ahmad et al. / Neuroscience Letters 450 (2009) 102–105

Table 1
Effects of endurance exercise training on the total number (N) and volume (V) of VTA TH+ neurons in the chronic MPD.

Number of neuron Volume of neuron

TH+ neurons in the VTA of normal controls, sedentary chronic MPD, 10- and 18-week exercise-trained chronic MPD were counted by a random and unbiased stereological
a , p = 0
t ronic
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pproach and the data were compared. aSignificantly lower than the control mice
han the sedentary chronic MPD, p = 0.01. cSignificantly higher than the sedentary ch
ifferent from the control mice. Mean cell body volume was significant exercised MP
8 weeks, p = 000.

aterally, it is bordered by the medial lemniscus and medially by
he caudo-linear nucleus of Raphae. Posteriorly, it is bordered by
he deep mesencephalic nucleus [14]. Only those cells demonstrat-
ng clear visualization of the nucleolus and precise definition of the
ell membrane were counted.

After mice were treated chronically with MPTP/probenecid and
emained sedentary for additional 4 or 12 weeks, we detected a 55%
oss of TH+ cells in the SNpc confirming the nigral neurodegenera-
ion in the moderate chronic MPD. Interestingly, a significant 52%
oss of TH+ cells was also detected in the VTA (Table 1). The loss
f VTA TH+ neurons in the sedentary chronic MPD between 4 and
2 weeks post-treatment was not significantly different; therefore,
he results from these two groups of animals are presented as com-
ined. Continuous treadmill exercise training for 4 weeks after the
ompletion of chronic MPTP/probenecid treatment in mice (total
f 10 weeks of exercise), there was a small but statistically signifi-
ant increase in the number of VTA TH+ cells comparing to that of
he sedentary chronic MPD (Table 1). Following 18 weeks of exer-
ise training (or 12 weeks after treatment) in the chronic MPD, the
umber of TH+ cells in VTA was not only significantly greater than
hat of the sedentary chronic MPD, the number even returned to the
ormal level as seen in the non-Parkinsonian control mice (Table 1).

The morphological characteristics of VTA TH+ neurons in con-
rol, sedentary chronic MPD, 10- and 18-week exercised chronic

PD were investigated and compared. The neuroprotective effect
f exercise in 18-week exercised chronic MPD was especially note-
orthy, which is illustrated in this report. Microscopic examination

f TH+ neurons in the VTA under low power revealed that there
as a substantial loss of dopaminergic immunoactivity 12 weeks

fter chronic MPD treatment (or 18 weeks from the beginning of

he study) in the sedentary animals (Fig. 1, panel B) when com-
ared with the control animals (Fig. 1, panel A). Treadmill exercise
or 18 weeks in chronic MPD prevented the loss of dopaminergic
mmunoactivity (Fig. 1, panel C) when compared with the seden-
ary MPD mice (Fig. 1, panel B). In addition to the quantitative loss of
.002. bSignificantly lower than the control mice, p = 0.001 and significantly higher
MPD and the 10-week exercise-trained chronic MPD, p < 0.05, and not significantly
sedentary MPD, p = .004, and dexercised chronic MPD 10 weeks and exercised MPD

VTA TH+ neurons in the sedentary chronic MPD (Table 1), significant
morphological changes in these neurons were also detected under
high power microscopic magnification. The sedentary chronic MPD
displayed sparsely distributed TH+ neurons with reduced cell vol-
ume plus irregular or disparaging axonal and dendritic projections
(Fig. 1, panel E). On the other hand, the morphological features of
TH+ neurons in 18-week exercise-trained chronic MPD presented a
dense neuronal network consisting of well-defined cells with dis-
tinctive axons and dendritic arborization (Fig. 1, panel F) similar to
those found in the control animals (Fig. 1, panel D). Quantitatively,
mean cell body volume reflected these changes, which were quan-
tified using an isotropic random uniform stererological procedure
(Table 1). Taken these findings together, our study demonstrates
that prolonged exercise training exhibits a neuroprotective effect
to the dopaminergic neurons in the VTA of the chronic MPD. We
are also currently conducting our studies investigating the impact
of exercise to the nigrostriatal neurons in the chronic MPD.

The chronic MPD that is induced by MPTP/probenecid and used
in this study affords a neurodegenerative model for PD. With a
high dose of MPTP (25 mg/kg), the chronic MPD attains a severe
level of neurodegeneration showing neurochemical, histological,
behavioral and pathological characteristics resembling that in PD
at advanced stages [6,7,13]. Administering exercise to the severe
chronic MPD does not appear to produce neuroprotective or neu-
roregenerative effects to the dopaminergic neurons [1]. We do
not expect that exercise or other pharmacotherapeutic approaches
would offer such promises in the severe chronic MPD or advanced
PD, in which a majority of neurons and neurotransmitters are
already permanently lost. However, using a mild to moderate PD
model as demonstrated in the present study, it is encouraging to

find that continuous exercise produces neuroprotection and deters
neurotoxic and neurodegenerative action of MPTP. If the laboratory
animal results can be translated to clinical predictions, our findings
suggest that maintaining endurance exercise in the early stage of
neurodegenerative disorders may protect against or slow down the
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rogression of neurodegeneration. The underlying mechanisms of
xercise on neuroprotection is unknown and whether exercise has
ny neurorestorative potential after neurodegenerative process has
lready initiated or established require further investigations.
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