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Abstract Two experiments were performed to investi-
gate the effects of physical exercise upon the hypokinesia
induced by two different types of MPTP administration to
C57/BL6 mice. In the first, mice were administered either
the standard MPTP dose (2 x 20 or 2 x 40 mg/kg, 24-h
interval) or vehicle (saline, 5 ml/kg); and over the fol-
lowing 3 weeks were given daily 30-min period of wheel
running exercise over five consecutive days/week or placed
in a cage in close proximity to the running wheels. Spon-
taneous motor activity testing in motor activity test
chambers indicated that exercise attenuated the hypokine-
sic effects of both doses of MPTP upon spontaneous
activity or subthreshold rL-Dopa-induced activity. In the
second experiment, mice were either given wheel running
activity on four consecutive days (30-min period) or placed
in a cage nearby and on the fifth day, following motor
activity testing over 60 min, injected with either MPTP
(1 x 40 mg/kg) or vehicle. An identical procedure was
maintained over the following 4 weeks with the exception
that neither MPTP nor vehicle was injected after the fifth
week. The animals were left alone (without either exercise
or MPTP) and tested after 2- and 4-week intervals. Weekly
exercise blocked, almost completely, the progressive
development of severe hypokinesia in the MPTP mice and
partially restored normal levels of activity after adminis-
tration of subthreshold L-Dopa, despite the total absence of
exercise following the fifth week. In both experiments,
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Introduction

Parkinson’s disease (PD) patients are debilitated, displaying
muscular rigidity, impaired movement expressed by aki-
nesia’hypokinesia and tremor at rest. The 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model (C57/
BL6 mice) of PD requires the repeated (two or more times)
administration of the neurotoxin typically at doses ranging
from 20 to 40 mg/kg. MPTP induces irreversible Parkinson
syndrome in humans and non-human primates (Jackson-
Lewis et al. 1995; Langston 1985; Novikova et al. 2006),
resulting in the loss of substantia nigra cells in the pars
compacta of adult animals. Although humans and non-
human primates are most susceptible to the neurotoxin
(Decamp and Schneider 2004; Tetrud et al. 1986), the
mouse model is applied widely to study neurological and
pathophysiological mechanisms underlying the degenera-
tion of nigrostriatal dopamine (DA) neurons. MPTP
destroys selectively nigrostriatal neurons, thereby inducing
acute, sub-acute and long-term effects resembling certain
features of PD, particularly the hypokinesic effect. Sys-
temic administration of MPTP (2 x 40 mg/kg, s.c.) to C57
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BL/6 mice caused L-Dopa reversible hypoactivity (Fred-
riksson et al. 1990; Sundstrom et al. 1990). A less rigorous
dose treatment, e.g. 2 x 20, or 25 or 30 mg/kg of MPTP has
been found not to reduce motility in the C57 black mice
although DA concentrations may be reduced to 50-80%
(Heikkila et al. 1989; Sonsalla and Heikkila 1986). The
parameters of MPTP-treatment neurotoxicity are long-
lasting (up to and beyond 52 weeks after treatment) with a
good correlation between the functional deficits, particu-
larly hypokinesia, the neurochemical concomitant, severe
depletions of DA, and a dose- and time-dependent recovery
of several parameters of motor behaviour following treat-
ment with the DA precursor, L-Dopa (Archer and Fred-
riksson 2003; Fredriksson and Archer 1994; Fredriksson
et al. 1999, Sundstrém et al. 1990). Mice treated with
moderate doses of the dopaminergic toxin MPTP display
deficits in behavioural parameters that are significantly
correlated with the loss of striatal DA (Tillerson et al. 2002).
Neonatal administration with iron (Fez+, at doses of 7.5 or
15 mg/kg) potentiated both the functional and neurochem-
ical deficits induced by both a lower (2 x 20 mg/kg) and a
higher (2 x 40 mg/kg) dose of MPTP (Fredriksson and
Archer 2003; Fredriksson et al. 2001).

Clinical investigations indicate that physical exercise
improves motor performance and ambulation of PD
patients (Miyai et al. 2000). Morris and Schoo (2004)
define exercise to be a planned, structured physical
activity which has the purpose of improving one or more
aspects of physical fitness and functional capacity. The
notion that physical exercise may attenuate the neurode-
generative process in PD has long enjoyed some degree of
clinical support (Bilowit 1956; Hurwitz 1989; Palmer
et al. 1986). More recently, motor training was shown to
facilitate self-repair following unilateral lesions of the
striatum in adult rats (Dobréssy and Dunnett 2001, 2003),
thereby suggesting that the adult brain is capable of sig-
nificant neuronal plasticity (cf. Gomez-Pinilla et al. 2002).
Unilateral administration of 6-hydroxydopamine (6-OHDA)
in adult male rats induces an extreme motor asymmetry
due to almost exclusive use of the favoured ipsilateral
limb with severe neglect of the contralateral limb. A
plaster-of-paris cast, placed on the ipsilateral limb on the
7 days following lesioning, forces the animal to use the
contralateral limb during the immediate post-lesioning
period, and was found to abolish the motor asymmetry
induced by unilateral lesion (Tillerson et al. 2001). It was
shown too that both DA and DOPAC were increased
markedly in the ‘casted” 6-OHDA-treated rats in com-
parison with the ‘non-casted’” 6-OHDA-treated animals
(Cohen et al. 2003). Furthermore, glial cell line-derived
neurotrophic factor (GDNF), a potent survival factor for
DA neurons, markedly enhanced DA levels during the
immediate 7-day post-lesion period when the ipsilateral
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limb was casted (ibid). Yoon et al. (2007) found that
treadmill running enhanced the survival of dopaminergic
neurons in the substantia nigra of 6-OHDA-induced Par-
kinsonian rats, and also their fibres projecting into the
striatum. In the acute MPTP mouse model, treadmill
exercise alleviated both the behavioural and dopaminergic
deficits (Tillerson et al. 2003; Fisher et al. 2004).
Recently, Kurz et al. (2007) injected male C57/BL mice
with 10 doses of MPTP (25 mg/kg) and probenecid
(250 mg/kg) over 5 weeks, with control mice receiving
probenecid alone. From 15 weeks after the final MPTP
injection onwards, MPTP and control mice were video-
taped on the sagittal plane, using a digital camera, as they
ran on a motorized treadmill at a speed of 10 m/min.
They found that MPTP mice showed a significantly more
variable stride length and less certain gait pattern than the
control mice. However, they made no attempt to compare
the effects of motorized treadmill exercise and non-exer-
cise upon subsequent measures of motor function. Petz-
inger et al. (2007) administered a series of four i.p.
injections of MPTP, or saline, at 2-h interval for a total of
80 mg/kg, and treadmill running on an accelerating rota-
rod was initiated for half the MPTP and saline mice
5 days later. All the exercised mice, MPTP and saline,
showed increased latencies to fall off the treadmill (i.e.
indicating improved balance) compared with the non-
exercised mice. There was no difference in striatal DA
levels between MPTP-exercised and MPTP-non-exercised
mice. Fast-scan cyclic voltammetry indicated increased
stimulus-evoked release and a decrease in decay of
dopamine in the dorsal striatum of MPTP plus exercise
mice only, whereas the immunohistochemical staining
analysis of striatal tyrosine hydroxylase and dopamine
transporter proteins showed decreased expression in
MPTP plus exercise mice compared with MPTP mice.
Measures of wheel-running behaviour have offered
important parameters for motor activity and circadian
rhythms, at both the individual and group levels, in dif-
ferent rodent species (cf. Cambras et al. 2000; Challet et al.
1996). It is known too that running-wheel activity has
rewarding and potentially addictive properties (Belke
1996). It has been shown that in mice wheel-running
activity may be performed at the expense of other behav-
iours (Harri et al. 1999; de Visser et al. 2005). Rodents
have been found to display very high levels of motivation
in order to gain access to wheel-running activity (Lett et al.
2000; Sherwin 1998a, b). Although the endurance capacity
may vary considerably as a function of genetic character-
istics (Lightfoot et al. 2004; Meek et al. 2009; Swallow
et al. 1998a, b; Turner et al. 2005), and dietary consider-
ations (Challet et al. 1996), the C57BL/6 strain of mice has
been studied quite comprehensively with regard to wheel-
running and home-cage activities, as well as the
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interactions between the two situations (de Visser et al.
2005, 2007). Furthermore, it appears that the implication of
DA in this activity is reinforced by observations that
mutant mice, expressing impaired DA function, display
high levels of wheel-running activity (Vargas-Perez et al.
2004; Werme et al. 2000).

The purpose of the present study was to investigate the
effects of daily wheel-running exercise, which is compa-
rable to treadmill exercise, upon two different types of
MPTP administration. (i) A standard ‘double-dose’, sepa-
rated by 24 h, administration that comprised either a low-
dose (2 x 20 mg/kg) or a high-dose (2 x 40 mg/kg)
regime of MPTP administration. Following a 3 week,
5 days/week schedule of wheel-running over 30-min
interval, spontaneous motor activity and L-Dopa-induced
activity were assessed using the same procedures to those
applied previously (Archer and Fredriksson 2003, 2006,
2007; Fredriksson and Archer 2003, 2007; Fredriksson
et al. 1994), after which neurochemical analysis of striatal
DA levels was performed. (ii) A ‘progressive, repeated
weekly single dose’, 40 mg/kg dose following a 60-min
motor activity test and interspersed by four consecutive
days of running wheel exercise (30 min/day). Progressive
(or chronic) MPTP models appear to exert substantial
advantages over the standard ‘double-dose’ long-term
model (cf. Petroske et al. 2001) from the point-of-view of
examining the role of exercise from the aspect of the
progressive nature of the disorder. Spontaneous motor
activity tests and L-Dopa test were maintained at 2-week
interval after the final (fourth) MPTP injection.

Materials and methods
Animals

Male C57 BL/6 mice were purchased from B&K, Sol-
lentuna, Sweden, and were maintained, five-to-a-cage, in
plastic cages in a room at temperature of 22 + 1°C and a
12/12 h constant light/dark cycle (lights on between 06.00
and 18.00 h) in both experiments. They were placed and
maintained in groups of 4—6 animals in a room maintained
for male mice only following arrival at the laboratory for
about 2 weeks in order to acclimatize. Free access to food
and water was maintained throughout, except for the day
previous to the initiation to wheel-running exercise which
occurred at the end of the second week following arrival.
They were housed in groups of 4-6 animals and wheel-
running exercised and activity chamber tested only during
the hours of light (08.00-15.00 h). All exercising and
testing was performed in a normally lighted room. Half of
the mice in each treatment condition (MPTP-high, MPTP-
low and vehicle) were given wheel-running exercise,

whereas the other half were placed in a clean laboratory
cage for the same period in a room in which the running
wheels were placed. Motor activity was tested in a spe-
cially arranged test room. This test room, in which all 12
ADEA activity test chambers, each identical to the home
cage, were placed, was well-secluded and used only for this
purpose. Each test chamber (i.e. motor activity test cage)
was placed in a sound-proofed wooden box with 12-cm
thick walls and front panels and a small double-glass
window to allow observation; each box had dimmed
lighting.

Experiment 1

Three weeks following arrival, four groups (n = 10) of
mice were administered MPTP (either 2 x 20 mg/kg [two
groups] or 2 x 40 mg/kg [two groups], s.c., 24 h between
injections), and two groups were administered saline
(vehicle, 2 ml/kg). Two MPTP groups and one vehicle
group were exercised in 30-min session over 5 days each
week (Monday-Friday), over the following 3 weeks.

Experiment 11

Three weeks following arrival, two groups (n = 10) of
mice were administered MPTP (40 mg/kg, s.c.) and two
groups administered saline (vehicle, 2 ml/kg) on the Friday
of the fourth week following arrival. Similar administra-
tions of MPTP or vehicle were maintained on each Friday
on the fifth, sixth and seventh weeks following arrival. In
each case, behavioural testing in the activity test chambers
was carried out prior to MPTP/vehicle administration
(Tests 1-5). Concurrently, during the fourth to seventh
weeks and the eighth week one vehicle and one MPTP
group were given 30-min exercise sessions over 4 days
each week (Monday-Thursday). Following this, exercise
sessions were terminated, but all the mice were tested
during the 10th and 12th weeks (Tests 6 and 7: Friday).

Experiments were carried out in accordance with the
European Communities Council Directive of 24 November
1986 (86/609/EEC) after approval from the local ethical
committee (Uppsala University and Agricultural Research
Council), and by the Swedish Committee for Ethical
Experiments on Laboratory Animals (license S93/92 and
S77/94, Stockholm, Sweden).

Drugs

MPTP (Research Biomedical Inc., MA, USA, 2 x 20 or
2 x 40 mg/kg, s.c., with a 24-h interval between injections
in each case) was dissolved in saline and administered s.c.
in a volume of 2 ml/kg body weight. Saline was used as
vehicle in each case.
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Behavioural Measurements and Apparatus
Activity Test Chambers

An automated device, consisting of macrolon rodent test
cages (40 x 25 x 15 cm) each placed within two series of
infra-red beams (at two different heights, one low and one
high, 2 and 8 cm, respectively, above the surface of the
sawdust, 1-cm deep), was used to measure spontaneous
motor activity (RAT-O-MATIC, ADEA Elektronic AB,
Uppsala, Sweden). The distance between the infra-red
beams was as follows: the low level beams were 73 mm
apart lengthwise and 58 mm apart breadthwise in relation
to the test chamber; the high level beams, placed only
along each long side of the test chamber, were 28 mm
apart. According to the procedures described previously
(Archer et al. 1986), the following parameters were mea-
sured: locomotion was measured by the low grid of infra-
red beams. Counts were registered only when the mouse in
the horizontal plane, ambulated around the test-cage.
Rearing was registered throughout the time when at least
one high level beam was interrupted, i.e. the number of
counts registered was proportional to the amount of time
spent rearing. Total activity was measured by a sensor
(a pick-up similar to a gramophone needle, mounted on a
lever with a counterweight) with which the test cage was
constantly in contact. The sensor registered all types of
vibration received from the test cage, such as those pro-
duced both by locomotion and rearing as well as shaking,
tremors, scratching and grooming. All three behavioural
parameters were measured over three consecutive 20-min
period. The motor activity test room, in which all 12
ADEA activity test chambers, each identical to the home
cage, were placed, was well-secluded and used only for this
purpose. Each test chamber (i.e. activity cage) was placed
in a sound-proofed wooden box with 12-cm thick walls and
front panels, and day-lighting.

Running-wheels

Small rodent running exercise wheels (HamsterWheel
‘DeLuxe’, diameter = 17.5 cm, internal breadth = 7 cm,
Article No. 530.0044), purchased from the Pets Department
of a large Shopping store (Imazo Ltd) that were adapted and
modified for use by mice and placed altogether in a large
sound-proofed room within the animal section of the labo-
ratory. All 25 running-wheels were placed equidistant from
adjacent wheels in two long rows such that the sounds of the
wheels turning by any one wheel could easily be heard by
the occupants of all the other wheels. The C57BL/6 mouse
strain adapts easily and voluntarily to wheel-running
behaviour; mice, running adjacent to each are affected too
by the proximity and noise of cages during ‘running’ that
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Fig. 1 Small rodent running exercise wheels, adapted and modified
for use by mice, and placed altogether in a large sound-proofed room
within the animal section of the laboratory (top shelf). Home cage
setting in which MPTP and vehicle mice that did not receive exercise
were placed during the period (30 min) when MPTP and vehicle mice
receiving exercise were placed in the running wheels

induces ‘stimulatory effects reinforcing the behaviour
(Sherwin 1998a, b). For the purposes of the present exper-
iment, it was an advantage if the mice in the exercise groups
stimulated each other to perform physical exercise. Figure 1
shows a row of the activity running-wheels applied in all the
experiments as well as the ‘holding’ cages in which the non-
exercise groups remained.

Design and Treatment

Experiment I was designed to examine whether or not the
hypokinesic effects of the standard low 2 x 20 mg/kg and
high 2 x 40 mg/kg doses of MPTP, separated by 24 h,
may be attenuated by a consecutive 5 day/week regime of
wheel-running exercise over 3 weeks. Table 1 shows the
experimental design and treatment of mice administered
either MPTP or vehicle, with or without 3 weeks of run-
ning wheel exercise in Experiment I.

Experiment II was designed to examine whether or not a
single weekly dose of MPTP (40 mg/kg), instead of the
standard 2 x 40 mg/kg dosage separated by 24 h, would
provide a progressive hypokinesic increment when activity
testing occurred 1 week after MPTP administration. The
experiment was designed also to test whether or not a
consecutive 4-day regime of wheel-running exercise would
attenuate the hypokinesic effects of the neurotoxin. Table 2
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Table 1 Experlmel:ltal design Group Treatment Exercise wheel Behavioural testing
and treatment of mice
administered either MPTP or First week Second week 3 weeks 5 days/week ~ SMA® L-Dopa®
vehicle, with or without
6 weeks of running wheel Wheel 5 days/week
exercise in Experiment I 1 Saline X X

2 Wheel Saline Wheel X X

3 MPTP 20 mg/kg x 2 X X
* Spontaneous motor activity 4 Wheel MPTP 20 mg/kg x 2 Wheel X X
fest over 30 min 5 MPTP 40 mg/kg x 2 X X

1-Dopa (5 mg/kg) and tested ¢ Wheel MPTP 40 mg/kg x 2 Wheel X X

over 120 min

shows the experimental design and treatment of mice
administered either MPTP or vehicle, with or without
5 weeks of running wheel exercise in Experiment II.

Neurochemical Analysis

Mice were killed by cervical dislocation within 2 weeks of
completion of behavioural testing. Determination of DA
was performed using an high-performance liquid chro-
matograph with electrochemical detection (HPLC-EC),
according to Bjork et al. (1991), as modified by Liu et al.
(1995). Striatal regions were rapidly dissected out and
stored at —80°C until neurochemical analysis. DA con-
centration was assessed as follows: frozen tissue samples
were weighed and homogenized in 1 ml of 0.1 M per-
chloric acid and alpha-methyl-5-hydroxytryptophan was
added as an internal standard. After centrifugation
(12,000 rpm, i.e. 18,600xg, 4°C, 10 min) and filtration,
20 pl of the supernatant was injected into the HPLC-EC to
assay DA. The HPLC system consisted of a PM-48 pump
(Bioanalytical Systems, BAS) with a CMA/240 autoinjec-
tor (injection volume: 20 pl), a precolumn (15 x 3.2 mm,
RP-18 Newguard, 7 pm), a column (100 x 4.6 mm,
SPHERI-5, RP-18, 5 um) and an amperometric detector
(LC-4B, BAS, equipped with an Ag/AgCl reference elec-
trode and a MF-2000 cell) operating at a potential of
+0.85 V. The mobile phase, ph 2.69, consisted of K,HPO,
and citric acid buffer (pH 2.5), 10% methanol, sodium octyl
sulphate, 40 mg/l and EDTA. The flow rate was 1 ml/min
and the temperature of the mobile phase was 35°C.

Procedure
Experiment 1

Following acclimatization to the laboratory, half of the
mice (50 mice) were placed in the running wheels (one
mouse to each) and allowed to run in the wheel for 30 min
after which they were removed and placed in their home
cages. The other half of the mice (48 mice) were placed
singly in a (25 x 25 x 25 cm) ‘holding’ cage for 30 min.

Following treatment with MPTP/saline, group-size was
curtailed to N = 10. This procedure was maintained for
5 days. Three days after the final introductory session in the
running wheels, two groups of wheel-running mice [MPTP
20 mg/kg + Exer and MPTP 40 mg/kg + Exer] and two
groups of non-wheel-running mice [MPTP 40 mg/kg and
MPTP 40 mg/kg] were administered MPTP (either 20 or
40 mg/kg, s.c. with a 24-h interval between injections). One
group of wheel-running mice [Veh + Exer] and one group
of non-wheel-running mice [Veh] were administered saline
(0.9% in a volume of 2 ml/kg). Five days later, the three
groups of wheel-running mice [MPTP 20 mg/kg + Exer,
MPTP 40 mg/kg + Exer and Veh + Exer] were placed in
the running wheels (one mouse to each) and allowed to run
in the wheel for 30 min after which they were removed and
placed in their home cages. Concurrently, the three groups
of non-wheel-running mice [MPTP 20 mg/kg, MPTP
40 mg/kg and Veh] were placed in the ‘holding’ cages for
30 min (see Table 2). This procedure was maintained for
five consecutive days each week [Monday—Friday] over
three consecutive weeks. On the week following the final
week of exercise, exercise or non-exercise, behavioural
testing was initiated. Here, all the mice were placed singly
in the ADEA test chambers and motor activity was mea-
sured over a 30-min period. After this, each mouse was
injected with a subthreshold dose of L-Dopa (5 mg/kg, s.c.)
and placed back in its respective test chamber for over
120 min.

Experiment 11

Following acclimatization to the laboratory, half of the
mice (24 mice, MPTP + Exer and Veh 4 Exer groups)
were placed in the running wheels (one mouse to each) and
allowed to run in the wheel for 30 min, after which they
were removed and placed in their home cages. The other
half of the mice (24 mice, MPTP and vehicle groups) were
placed singly in a small (25 x 25 x 25 cm) ‘holding’
cage for 30 min (n = 12 mice in each case). This pro-
cedure was maintained for 4 days [Monday—Thursday]
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Table 2 Experimental design and treatment of mice administered either MPTP or vehicle, with or without 6 weeks of running wheel exercise in

Experiment I

Vehicle MPTP Veh + Exer MPTP + Exer
First to third week Acclimatization and exposure to running-wheels
Monday Cage Cage Exer Exer
Tuesday Cage Cage Exer Exer
Fourth week Wednesday Cage Cage Exer Exer
Thursday Cage Cage Exer Exer
Test 1° Friday Test + sal Test + MPTP" Test + sal Test + MPTP"
Monday Cage Cage Exer Exer
Tuesday Cage Cage Exer Exer
Fifth week Wednesday Cage Cage Exer Exer
Thursday Cage Cage Exer Exer
Test 2% Friday Test + sal Test + MPTP® Test + sal Test + MPTP®
Monday Cage Cage Exer Exer
Tuesday Cage Cage Exer Exer
Sixth week Wednesday Cage Cage Exer Exer
Thursday Cage Cage Exer Exer
Test 3* Friday Test + sal Test + MPTP® Test + sal Test + MPTP®
Monday Cage Cage Exer Exer
Tuesday Cage Cage Exer Exer
Seventh week Wednesday Cage Cage Exer Exer
Thursday Cage Cage Exer Exer
Test 4° Friday Test + sal Test + MPTP" Test + sal Test + MPTP"
Monday Cage Cage Cage Cage
Tuesday Cage Cage Cage Cage
Eighth week Wednesday Cage Cage Cage Cage
Thursday Cage Cage Cage Cage
Test 5% Friday Test Test Test Test
10th week Tuesday—Thursday 30-min SMA? test (Test 6) + 120 min L-Dopa test
12th week Tuesday—Thursday 30-min SMA?® test (Test 7) + 120 min L-Dopa test
14th week Sacrifice + desiccation of striatum

# Spontaneous motor activity over 60 min
° MPTP (40 mg/kg)

during the first week of the experiment. On the day after
this [Friday], all the mice (48 mice in four groups were
tested in the activity test chambers over 60 min) (Test 1),
placed in their home cages, and about 60-75 min after
which half of the mice (MPTP and MPTP-Exer groups)
were administered MPTP (40 mg/kg) and the other half
(vehicle and Veh-Exer groups) were administered saline;
thus, the experimental procedure for the first week was
completed, with the mice untouched on Saturday and
Sunday. An identical procedure to that of the first week
was maintained on the second, third, fourth and fifth weeks
with the exception that no MPTP or vehicle administra-
tions were performed on the Friday of that week; thereby
providing Tests 2, 3, 4 and 5. After this, the mice were left
without exercise or treatment for 2 weeks and then tested,

@ Springer

with all the mice placed singly in the ADEA test chambers
while motor activity was measured over a 60-min period
(Test 6). Following this, each mouse was injected with a
subthreshold dose of L-Dopa (5 mg/kg, s.c.) and placed
back in its respective test chamber for over 180 min
(L-Dopa Test 1). After a further 2 weeks, the mice were
left without exercise or treatment and then tested, with all
the mice placed singly in the ADEA test chambers while
motor activity was measured over a 60-min period (Test
6). Following this, each mouse was injected with a sub-
threshold dose of L-Dopa (5 mg/kg, s.c.) and placed back
in its respective test chamber for over 120 min (L-Dopa
Test 2, see Table 2). Following this, the mice were killed
and brain regions were dissected for neurochemical
analysis.
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Statistical Analysis

The locomotion, rearing and total activity data over single
30-min test period (Experiment I) or 60-min test period over
Tests 1-7 (Experiment II) in the activity test chambers from
the spontaneous motor activity data were submitted to a
one-way ANOVA design (Kirk 1995). Brain (striatal)
regional levels of dopamine, locomotion, rearing and total
activity over the 100-min period following administration
of L-Dopa, each were submitted to one-way ANOVA based
on a completely randomized design (Kirk 1995). Pairwise
testing between the different treatment groups was per-
formed with the Tukey HSD test (Kirk 1995). The 1% level
of significance was maintained throughout unless otherwise
stated.

Results
Experiment I

Daily running wheel exercise over 30-min for consecutive
5-day period each week, for 3 weeks significantly attenuated
the hypokinesic effects of MPTP on spontaneous motor
activity, at both dose regimens of MPTP, although the effect
was greater at the 20 mg/kg dose of the neurotoxin. The daily
regime of exercise also attenuated the marked DA depletion
resulting from MPTP. In the subthreshold L-Dopa-induced
(5 mg/kg) motor activity test over 100 min, motor activity
was restored partially by daily exercise at the 40 mg/kg dose,
and completely restored at the 20 mg/kg dose of MPTP
(locomotion and total activity). Thus, for testing of sponta-
neous motor activity one-way ANOVA indicated significant
between-groups effects: locomotion: F(5,54) = 116.27,
P < 0.0001; rearing: F(5,54) = 136.15, P < 0.0001 and
total activity: F(5,54) = 100.91, P < 0.0001. Figure 2
shows mean and SD values for locomotion, rearing and total
activity by MPTP- and vehicle-treated mice given exercise
or not.

Pairwise testing using Turkey’s HSD test revealed dif-
ferences between the MPTP treatment groups and the
vehicle groups, as follows:

Locomotion:

MPTP40 < MPTP40 + Exer < MPTP20 < MPTP20 +
Exer, Vehicle, Vehicle + Exer.

Rearing:

MPTP40 < MPTP40 + Exer < MPTP20 < MPTP20 +
Exer, Vehicle, Vehicle + Exer.

Total activity:

MPTP40 < MPTP40 + Exer < MPTP20 < MPTP20 +
Exer, Vehicle, Vehicle + Exer.
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Fig. 2 Locomotion, rearing and total activity counts (mean £ SD) in
the spontaneous motor activity test during a 30-min interval by
MPTP- and vehicle-treated mice that had been given 30-min physical
exercise sessions, or not, 5 days/week, during a 3-week period post-
MPTP (either 20 or 40 mg/kg) administration. A versus vehicle; B
versus MPTP 20 mg/kg; C versus MPTP 20/40 mg/kg

The subthreshold dose of L-Dopa (5 mg/kg) did not alter
the hypokinesic effects of MPTP. However, the 3-week
exercise regime restored partially yet significantly motor
activity following acute L-Dopa. Thus, one-way ANOVA
indicated significant between-groups effects for: locomo-
tion F(5,54) = 45.56, P < 0.0001; rearing F(5,54) =
19.99, P < 0.0001 and total activity F(5,54) = 28.05,
P < 0.0001. Following sub-threshold L-Dopa, there was a
complete restoration in the case of the 2 x 20 mg/kg dose
of MPTP and a partial restoration in the case of the
2 x 40 mg/kg dose group. Figure 3 shows mean + SD
values for L-Dopa-induced locomotion, rearing and total
activity by MPTP- and vehicle-treated mice that were
allowed exercise or not.

Pairwise testing using Tukey’s HSD test revealed dif-
ferences between the different MPTP treatment groups and
the vehicle groups, as follows:
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Fig. 3 Locomotion, rearing and total activity counts (mean £ SD) in
the subthreshold L-Dopa (5 mg/kg) test during a 120-min interval by
MPTP- and vehicle-treated mice that had been given 30-min physical
exercise sessions, or not, 5 days/week, during a 3-week period post-
MPTP (either 20 or 40 mg/kg) administration. A versus vehicle; B
versus MPTP 20/40 mg/kg

Locomotion:

MPTP40 < MPTP40 + Exer,

MPTP20 < MPTP20 + Exer, Vehicle, Vehicle + Exer.
Rearing:

MPTP40 < MPTP40 + Exer,

MPTP20 < MPTP20 + Exer, Vehicle, Vehicle + Exer.
Total activity:

MPTP40 < MPTP40 + Exer,

MPTP20 < MPTP20 + Exer, Vehicle, Vehicle + Exer.

Neurochemical Analysis

Daily exercise in the running wheels attenuated the loss of
DA following administration of MPTP (2 x 40 mg/kg) in
Experiment. Table 3 shows the DA concentrations of mice
administered either MPTP or vehicle and receiving exer-
cise or not.

One-way ANOVA indicated a significant between-
groups effects F(3,16) = 45.23, P < 0.0001. Pairwise
testing indicated the following differences:

MPTP < MPTP + Exercise < Vehicle,
Vehicle + Exercise.

Experiment II

Daily running wheel exercise over 30-min consecutive 4-day
period each week [Monday—Thursday] over 5 weeks, inter-
spaced by Test days [Fridays] and MPTP administrations
[each Friday after testing, 40 mg/kg, single weekly dose
regime], produced a marked blockade of the hypokinesia
induced by MPTP administered as a single weekly dose
[Fridays]. Thus, for the testing of spontaneous motor activity
split-plot ANOVA, with a Groups x Test days design,
indicated significant Groups x Test days interactions
for locomotion: F(18,252) = 43.54, P < 0.0001; rearing:
F(18,252) = 21.76, P < 0.0001 and total activity: F(18,
252) = 30.75, P < 0.0001. Figure 4 shows mean £ SD
values for locomotion, rearing and total activity.

Pairwise testing using Turkey’s HSD test revealed dif-
ferences between the MPTP treatment groups and the
vehicle groups, as follows:

Locomotion:

MPTP < MPTP + Exercise, Vehicle, Vehicle + Exer-
cise on Tests 1-7.

MPTP + Exercise < Vehicle,
Tests 5-7.

Rearing:

MPTP < MPTP + Exercise, Vehicle, Vehicle + Exer-
cise on Tests 1-6.

MPTP + Exercise < Vehicle,
Tests 5-7.

Vehicle + Exercise on

Vehicle + Exercise on

Table 3 Dopamine concentrations by groups of mice administered either MPTP (2 x 40 mg/kg) or vehicle (saline, 5 ml/kg) and either given
wheel-running exercise (30 min/day 5 days each week) or placed in a cage near the running wheels in Experiment I

Vehicle MPTP Veh + Exer MPTP + Exer
Dopamine (ng/g) 11.98 + 2.16 2.09 + 1.21* 12.32 £ 1.97 7.36 £+ 0.56%**
% of control 17 (103) (61)

* P < 0.01, versus vehicle,  testing
** P < 0.01, versus MPTP, 1 testing
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Fig. 4 Locomotion, rearing and total activity counts (mean + SD) in
the successive spontaneous motor activity tests (Tests 1-7) during a
60-min interval by MPTP- and vehicle-treated mice that had been
given 30-min physical exercise sessions, or not, 4 days/week from the
fourth to eighth week (5 weeks) of the experiment. A versus vehicle;
B versus MPTP (no exercise)

Total activity:
Same result as for rearing.

The subthreshold dose of L-Dopa (5 mg/kg) did not alter
the hypokinesia observed in the MPTP mice that received
no exercise. However, the 4 day/week exercise regime
maintained significantly more locomotor, rearing and total
activity, following acute L-Dopa, in the MPTP + Exer
group than in the MPTP alone group, in both Tests 1
[2 weeks without exercise] and 2 [4 weeks without exer-
cise]. There was a significant decrease in locomotor
activity in the MPTP + Exer group from Test 1 to Test 2.
Thus, one-way ANOVA indicated significant treatment-
groups effects for: locomotion F(3,36) = 170.46,
P < 0.0001; rearing F(3,36) = 18.06, P < 0.0001 and
total activity F(3,36) = 22.43, P < 0.0001. Figure 5 shows
mean £ SD values for L-Dopa-induced locomotion, rear-
ing and total activity by MPTP- and vehicle-treated mice
that were allowed exercise or not.
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L-Dopa induced behaviour

Fig. 5 Locomotion, rearing and total activity counts (mean £ SD) in
the subthreshold L-Dopa (5 mg/kg) test during a 120-min interval by
MPTP- and vehicle-treated mice that had been given 30-min physical
exercise sessions, or not, from Tests 1 and 2 (10th and 12th weeks). A
versus MPTP (no exercise); B versus MPTP + Exercise in Test 1

Pairwise testing using Turkey’s HSD test revealed dif-
ferences between the different MPTP treatment groups and
the vehicle groups, as follows:

Locomotion:

MPTP < MPTP + Exercise, Vehicle, Vehicle + Exer-
cise on Tests 1 and 2.

MPTP + Exercise < Vehicle,
Tests 1 and 2.

For the MPTP + Exercise group, T1 > T2 counts.
Rearing:

MPTP < MPTP + Exercise, Vehicle, Vehicle + Exer-
cise on Test 1.

MPTP + Exercise < Vehicle,
Tests 1 and 2.

Total activity:

MPTP < MPTP + Exercise, Vehicle, Vehicle + Exer-
cise on Test 1.

Vehicle + Exercise on

Vehicle 4+ Exercise on
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Fig. 6 Dopamine concentrations in the striatum by MPTP- and
vehicle-treated mice that had been given 30-min physical exercise
sessions, or not, 4 days/week from the fourth to eighth week
(5 weeks) of the experiment. A versus MPTP (Control, no exercise)

MPTP + Exercise < Vehicle, Vehicle + Exercise on
Tests 1 and 2.

For the MPTP + Exercise group, T1 > T2 counts.

Neurochemical Analysis

Daily exercise in the running wheels attenuated the loss of
DA following administration of MPTP (2 x 40 mg/kg) in
Experiment II. However, the restorative effects of exercise
upon DA loss by MPTP was markedly less than that
observed in Experiment I. This is probably not surprising
since a much greater dose of the neurotoxin was applied in
the former case (4 x 40 mg/kg) versus (2 x 40 or
2 x 20 mg/kg). Figure 6 shows the dopamine concentra-
tions in the striatum of mice in the vehicle, MPTP,
Veh + Exer and MPTP + Exer groups.

Thus, one-way ANOVA indicated significant between-
groups effects for: F(3,36) = 10.46, P < 0.0001. Figure 6
shows mean £ SD values for DA concentrations in MPTP-
and vehicle-treated mice that were allowed exercise or not.

Discussion

The present study examined the propensity for physical
exercise (daily wheel-running activity) to restore, albeit
partially, the functional, severe or less severe hypokinesic
deficits induced by MPTP administration at a lower or
a higher dose (2 x 20 or 2 x 40 mg/kg) or at progressive
increments due to four single weekly doses of 1 x 40 mg/kg.
In addition, in both experiments MPTP-induced DA
loss was attenuated. The results may be summarized as
follows:

@ Springer

The hypokinesic effects of MPTP at both the 20 mg/kg
and the 40 mg/kg doses upon (i) spontaneous motor
activity and (ii) rL-Dopa-induced motor activity were
restored almost completely (20 mg/kg) or partially
(40 mg/kg) by daily exercise. (iii) For both spontaneous
and subthreshold L-Dopa-induced activity, the functional
deficits were more markedly severe in the 40 mg/kg
dose of MPTP than in the 20 mg/kg dose, as observed
previously (Archer and Fredriksson 2003, 2006, 2007,
Fredriksson and Archer 2003, 2007; Fredriksson et al.
1994, 2001). (iv) Single weekly administration of MPTP
(1 x 40 mg/kg) induced an asymptotic level of hypoki-
nesia from the second administration of the neurotoxin
onwards; the 4-day weekly exercise regime abolished
this hypokinesia completely with a hypokinesic effect in
evidence only after the fourth administration of the
neurotoxin (see Fig. 3). (v) The hypokinesic effects of
MPTP upon r-Dopa-induced motor activity were
restored partially by the exercise regime, although this
had been terminated 2 weeks previously. (vi) Exercise
termination (following Test 5 and the final MPTP
injection) appears to be accompanied by increased
hypokinesia; this effect is more pronounced in the
L-Dopa Tests 1 and 2 whereby the MPTP-Exer groups
displayed less locomotion during the second test. (vii)
Neurochemical analysis indicated that wheel running
exercise over 6 weeks post-administration of the stan-
dard 2 x 40 mg/kg dose of MPTP markedly ameliorated
the loss of DA (61% of control in the MPTP-Exer group
compared to 17% in the MPTP group). (viii) The
restorative effect of exercise upon DA loss by MPTP
was markedly less in the Experiment II, the single
(40 mg/kg) progressive, incremental regime, than that
observed in Experiment I.

In the tests of spontaneous motor activity, 3-week exer-
cise increased locomotion, rearing and total activity for the
mice treated with the 2 x 20 mg/kg dose of MPTP during
both the 0-20 min and 20—40 test periods in the activity test
chambers. For mice treated with the 2 x 40 mg/kg dose of
MPTP, exercise increased only locomotor behaviour sig-
nificantly. In the test of L-Dopa-induced activity, the func-
tional deficit was much more severe in mice treated with the
2 x 40 mg/kg dose of MPTP; the restorative effect of
exercise was partial, though significant. The activity deficits
accruing to the 2 x 20 mg/kg dose of MPTP did not
include rearing behaviour (see Fig. 2, middle panel); nev-
ertheless, locomotor and total activity following the sub-
threshold dose of L-Dopa were restored completely by the
3-week period of exercise. This observation agrees plausi-
bly with the findings of Muhlack et al. (2007) regarding the
effects of exercise upon L-Dopa efficacy in PD patients:
they found that, although L-Dopa plasma absorption did not
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differ between exercise and non-exercise conditions, the
motor response was significantly improved 120 and
150 min after L-Dopa intake on the day with exercise than
on the day with rest. They concluded that moderate exercise
increased the clinical efficacy of L-Dopa in PD patients.

Recently, Ahmad et al. (2009) studied the effects of
endurance exercise (motorized rodent treadmill up to
15 m/min, 40 min/day, 5 days/week for 10 and 18 weeks)
on ventral tegmental area (VTA) neurons in the chronically
MPTP-treated (10 x 12.5 mg/kg combined with probene-
cid, 250 mg/kg, over 5 weeks with a 3.5-day interval
between doses) and probenecid-treated mice (cf. Kurz et al.
2007). This particular MPTP treatment regime results in a
52% loss of VTA neurons, with a decrease in cell volume
and irregular or disparaging axonal and dendritic projec-
tions (i.e. deficits in arborization morphology), when the
mice remained sedentary throughout the study (see also
German et al. 1996). However, those MPTP mice given the
exercise regime (18 weeks) evidenced a significantly higher
total number of VTA cells compared to the sedentary mice.
Furthermore, these VTA neurons were densely populated
and displayed distinctive axons and dendritic arborizations
thereby confirming the neuroprotective propensity of pro-
longed physical exercise for VTA dopaminergic neurons
following MPTP insult. In the present study, the restorative
effect of exercise upon DA loss by MPTP was markedly less
in the Experiment II, the single (40 mg/kg) progressive,
incremental regime, than that observed in Experiment I,
where the standard (2 x 40 mg/kg, separated by 24 h),
‘one-off” regime was maintained. With regard to physical
exercise, the major procedural difference (apart from MPTP
dose regime) between these studies was that exercise was
maintained throughout (until kill and dissection) in the
latter case but terminated over 6 weeks prior to kill in the
former. Thus, in Experiment I, after the administration of a
total of 80 mg/kg MPTP the striatal DA content in the ‘No
Exercise’ group was 17% of vehicle control values whereas
in the ‘Exercise’ group it was 61%; in contrast, in Experi-
ment II, after the administration of a total of 160 mg/kg
MPTP the striatal DA content in the ‘No Exercise’ group
was 11% of vehicle control values whereas in the ‘Exercise’
group it was 24%. It is possible that the MPTP dose dif-
ference between Experiments I and II may account for the
discrepancy, but nevertheless it is possible that the 6-week
interval (8th week to 14th week, see Table 2), without
physical exercise, produced a detrimental effect upon sur-
viving DA neurons. Ongoing experiments are designed to
test this notion.

Pothakos et al. (2009) described the restorative effects
of endurance exercise (a six-lane motorized rodent tread-
mill, 0° inclination, upon which mice were exercised at
incremental rates from 6 m/min to 15 m/min, 40 min/day,
5 days/week over 18 weeks from 1 week prior to MPTP,

during, and 12 weeks post-administration) in the chroni-
cally MPTP-treated (10 x 25 mg/kg combined with pro-
benecid, 250 mg/kg, over 5 weeks) and probenecid-treated
mice. The authors did not present any neurochemical data,
but however, this type of chronic MPTP treatment induces
severe levels of neurodegeneration with neurochemical,
histological effects. Functional and pathophysiological
characteristics were similar to advanced stages of PD (Lau
2005). Nevertheless, their results indicated that the exercise
regime restores convincingly several parameters of the
behavioural deficits after chronic MPTP including step
length, gait pattern, number of foot slips over a beam, foot
slips over steps and cumulative spontaneous ambulatory
behaviour in an open-field whereas amphetamine-induced
ambulation was partially restored. In comparison with the
present Experiment II wherein 160 mg/kg MPTP was
administered over 4 weeks, Pothakos et al. (2009) admin-
istered 250 mg/kg over 5 weeks. It ought to be noted too
that the exercise regime by these authors (ibid) was more
intensive (under motorized control compared with free
wheel running) with longer exercise periods (40 min
compared to 30 min) and was maintained over a much
longer duration (18 weeks compared to 5 weeks), yet the
restorative properties of exercise, as shown in Experiment
II, are favourably comparable with that of the Pothakos
et al. (2009) study. It has been shown also that endurance
exercise of the type described above promoted cardiovas-
cular rehabilitation in the same chronic mouse MPTP
model with severe neurodegeneration (Al-Jarrah et al.
2007), an observation to be borne in mind when consid-
ering the above restorative effects.

The wheel-running physical exercise intervention, dur-
ing the immediate week prior to MPTP administration and
the 3 weeks following treatment, was planned and struc-
tured according to prevailing notions (Morris and Schoo
2004). Several animal models have demonstrated the pro-
tective and/or restorative benefits of physical exercise
against the functional expressions of symptoms of PD
(cf. Smith and Zigmond 2003). Fox et al. (2006) have
presented five key principles of exercise that enhance
neuroplasticity in association with PD, namely: (i) intense
activity maximizes synaptic plasticity, (ii) complex activ-
ities promote greater structural adaptation, (iii) ‘rewarding’
activities increase DA levels thereby promoting learning/
relearning (e.g. motor), (iv) dopaminergic neurons are
highly responsive to exercise, on the one hand, and inac-
tivity, on the other (‘use it or lose it’), and, (v) early
introduction of exercise retards disease progression.
Behaviours dependent upon adequate levels of striatal DA
may provide selective targets for therapeutic motor inter-
ventions (Ciucci et al. 2008). Foley and Fleshner (2008)
showed that habitually physically active animals, compared
to sedentary controls, may be better able to increase D,
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receptor-mediated inhibition of the indirect pathway of the
basal ganglia. Thus, several reviews and/or meta-analyses
report physical exercise as being beneficial for physical
functioning, strength, balance and gait speed, as well as
quality-of-life in individuals with PD (Goodwin et al. 2008;
Pohl et al. 2003; Toole et al. 2005). Laboratory studies
using animal models confirm these notions: O’Dell et al.
(2007) found that unilaterally lesioned 6-OHDA-infused
rats that received exercise showed improved motor
behaviour outcomes relative to their sedentary lesioned
controls, particularly during postoperative days from 17 to
24. It will be noted that in the present study (Experiment I)
motor activity tests occurred between posttreatment days
20 and 21, and that the exercised mice performed wheel-
running during 15 of those days. However, there were no
differences between exercised or sedentary 6-OHDA-
lesioned rats with regard to loss of striatal DA transporters
and tyrosine-hydroxylase-positive nigral cells (O’Dell et al.
2007). Interestingly, Balthazar et al. (2009) demonstrated
recently that increased DA availability in the brain has a
performance-enhancing effect, which is mediated by
improvements in the tolerance to heat storage and increases
in the metabolic rate induced by graded exercise. This
observation reinforces further the notion that central acti-
vation of dopaminergic pathways plays an important role in
exercise performance.

There are several reasons for assuming that the stimu-
lation of an active lifestyle may be of essential benefit to
the functional and neurophysiological prospects for PD
patients, not only with regard to postponement of depres-
sive symptoms (Dunn et al. 2005) and dementia (Laurin
et al. 2001), but also deteriorations in cognitive ability and
performance (van Gelder et al. 2004), including associative
memory and conditioned fear (Vuckovic et al. 2008). For
example, applying the physical exertions inherent to
‘Nordic walking’, van Eijkeren et al. (2008) showed that
this relatively simple form of ambulation, requiring qua-
drupedal mobilization of motor centres, gave clear
improvements both in quality-of-life and motility in PD
patients. Another major avenue for functional improvement
in the PD patient pertains to motor performance since
neurophysiological (Wichmann and DeLong 1996), func-
tional magnetic resonance imaging (Sabatini et al. 2000)
and positron emission tomography (Jahanshahi et al. 1995)
findings point towards an overall decrease in cortical neural
activation contributing to the motor symptoms in these
patients. Recently, Ridgel et al. (2009) showed that while
both voluntary and forced exercise improved aerobic fit-
ness in PD patients, forced exercise led to improvements in
motor functioning and bimanual dexterity. Their biome-
chanical data indicated that forced exercise induced a shift
in motor control strategy, from ‘feedback’ to a greater

@ Springer

reliance upon ‘feedforward’ processes, implying that
forced exercise may alter central motor control processes.

In summary, the present study provides evidence for an
attenuation of hypokinesia and/or a restorative effect of
motor activity following either a standard low dose regime
(2 x 20 mg/kg) or a standard high dose regime (2 x
40 mg/kg) or a progressive, incremental single weekly
dose regime (4 x 40 mg/kg) by different schedules of
running wheel physical exercise in mice. The present
findings that display significant improvements following
regular exercise schedules (in both Experiment I and
Experiment II) combined with low/subthreshold doses
(e.g. 5 mg/kg) of L-Dopa, the DA precursor that mobilizes
surviving DA neurons, suggest that physical exercise
co-administered with antiparkinsonian compounds ought to
contribute to an enrichment of several aspects of func-
tioning and the quality-of-life of PD patients. These results
reinforce the recent observations by Yousefi et al. (2009)
that a therapeutic exercise regime induced improvements in
daily living activities and perceived health status in patients
with PD. Finally, according to the notion by Cotman and
Berchtold (2002), a ‘two-step’ view of the effects of
physical exercise in mediating the attenuation of hypoki-
nesia may be considered: (a) exercise serves as a ‘gate’
priming the hippocampal responding to environmental
stimuli, thereby ensuring neuron-resistance to insults and
reinforcing the robustness of brain tissues and (b) exercise-
mediated enhancement of the encoding of information and
neural resistance may involve factors such as brain-derived
neurotrophic factor (BDNF), a prototypical candidate
molecule that may facilitate the benefits upon brain struc-
ture and function accruing from regular physical exercise.
Certainly, recent evidence suggests that by reducing
superoxide radical formation chronic exercise exerts a
favourable effect of the hippocampus (Aksu et al. 2009). In
this regard, the particular benefits of swimming exercise in
attenuating the motor disorders related to oxidative stress
have been documented (Teixeira et al. 2008).
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