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Abstract
This study used 1-methyl-4-phenyl-1,2,3,6,-tetrahydropyridine (MPTP) in mice to determine if
exercise improves behavior and dopamine (DA) and serotonin (5HT) content. Male C57BL/6 mice
received MPTP (4×20 mg/kg) or saline. They remained sedentary or exercised by treadmill or
voluntary running wheel for 6 weeks (n=8/group). Saline-treated mice ran significantly faster on
running wheels (22.8±1.0 m/min) than on treadmill (8.5±0.5 m/min), and MPTP lesion did not reduce
voluntary exercise (19.3±1.5 m/min, p>0.05). There was a significant effect of both lesion and
exercise on overall Rotarod performance (ORP): MPTP lesion reduced ORP, while treadmill exercise
increased ORP vs sedentary mice (p<0.05). MPTP increased anxiety in the marble-burying test:
sedentary lesioned mice buried more marbles (74.0±5.2%) than sedentary controls (34.8±11.8%,
p<0.05). Conversely, exercise reduced anxiety on the elevated plus maze. Among saline-treated mice,
those exposed to voluntary wheel-running showed an increased percent of open arm entries (49.8
±3.5%, p<0.05) relative to relative to sedentary controls (36.2±4.0%, p<0.05). Neither MPTP nor
exercise altered symptoms of depression measured by sucrose preference or tail suspension. MPTP
significantly reduced DA in striatum (in sedentary lesioned mice to 42.1±3.0% of saline controls),
and lowered 5HT in amygdala and striatum (in sedentary lesioned mice to 86.1±4.1% and 66.5±8.2%
of saline controls, respectively); exercise had no effect. Thus, exercise improves behavior in a model
of DA depletion, without changes in DA or 5HT.
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INTRODUCTION
Parkinson s Disease (PD) is a progressive neurodegenerative disease with impaired motor
function including slow execution of movement, rigidity, postural instability, and resting
tremor [22]. However non-motor behavioral deficits are also common, occurring in
approximately 60% of PD patients [1,11,50]. Depression affects ca. 25–40% of PD patients
[46,51], and anxiety affects approximately 40% [85]. The degree of psychiatric dysfunction
does not appear to be related to the presence or extent of motor impairment [47,61,79]. In fact,
affective disorders can be observed years before movement difficulties arise [72].
Understanding the neuropsychiatric contribution to PD symptoms will inform treatment
options aimed at improving patient quality of life [11,71].

The 1-methyl-4-phenyl-1,2,3,6,-tetrahydropyridine (MPTP) mouse model replicates many
neuropathologic and neurochemical features of PD [38]. MPTP causes selective loss of
dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc) leading to DA
depletion in the caudate putamen (CPu [37]) and selective motor impairment [19,66]. A recent
study from our laboratories determined that MPTP also impairs cognitive function and
elements of affective behavior [82]. C57BL/6 mice are highly susceptible to MPTP lesioning
[77], and are commonly used in behavioral pharmacology research [15,16,52]. The present
study applied MPTP lesioning in C57BL/6 mice to determine if nigrostriatal lesions induce
anxiety and depression.

The second part of this study addressed the potential positive effects of exercise on symptoms
of anxiety and depression in MPTP-lesioned mice. Recent studies have demonstrated that
exercise improves motor function in PD patients and in animal models of PD [13,25,54,59,
78]. Exercise also improves neuropsychiatric symptoms in non-PD patients and in mice [3,5,
7,20,21,56,58]. Thus, it may similarly confer mental health benefits in PD patients.

Mice were subject to daily exercise for 30 days, either by running on a motorized treadmill or
via exposure to a running wheel. Including voluntary exercise addresses the potential
confounds of psychological stress imposed by forced exercise. We hypothesized that MPTP
lesion would produce deficits in motor function and affective behavior, and that exercise would
improve motor function and ameliorate anxiety and depression. Modulation of behavior would
be accompanied by corresponding changes in brain levels of DA and serotonin (5HT),
transmitters important for mood and motor function.

METHODS
Animals

Forty-eight young adult male C57BL/6 mice (8–10 weeks of age, 22–26g BW at the start of
the study) were obtained from Charles River Laboratories (Wilmington, MA). Mice were
group-housed 4/cage on a 12:12 reversed light-dark schedule (lights off at 11AM) in a
temperature-controlled vivarium. Water and food were provided ad libitum. For 5 days before
lesioning, all mice were handled daily for ca. 3 minutes. Half of the mice (n=24) received 80
mg/kg MPTP (Sigma-Aldrich, St. Louis, MO) as 4 i.p. injections of 20mg/kg free base in 0.1
ml saline every 2 hours. This dosing schedule produces approximately 90–95% striatal
dopamine depletion 7 days post-lesion, along with 60–70% loss of SNpc DA neurons [37,
38]. The remaining mice (n=24) received equivalent injections of 0.9% saline. MPTP-lesioned
and saline-treated mice were randomly assigned to one of 3 groups (n=8/group): forced
treadmill exercise, voluntary wheel running or sedentary. All procedures were performed in
accordance with the NIH Guide for the Care and Use of Laboratory Animals, and were
approved by the Institutional Animal Care and Use Committee at the University of Southern
California.
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Experimental Design
Mice were subject to 30 days of daily exercise or handling 5 days per week, beginning 5 days
after saline or MPTP when both MPTP-induced cell death is complete [37,38]. We delayed
the onset of exercise training to focus on the potential for exercise-induced neurorehabilitation,
rather than neuroprotective effects of exercise on MPTP lesioning. Furthermore, the delayed
onset of exercise training avoids the hyperactivity expressed transiently within the first few
hours after MPTP [53,60]. All exercise and behavioral testing was conducted in the animal
room. Daily exercise began 2 hours after lights-off under red light during the mouse active
phase. The duration of daily exercise or handling was the same for all mice, and followed the
methods of Petzinger et al [59]: 30 min on the first day (5 days after lesion), increasing
incrementally to 60 min by 19 days of exercise (25 days post-MPTP). The last day of exercise
was 42 days post-lesion. In addition, mice were tested weekly for sucrose preference as a
measure of depression (see below), beginning the day before MPTP lesioning and continuing
weekly thereafter throughout exercise training.

After the last day of exercise, mice were tested for motor function and affective behavior
according to established methods. Each test has been shown in published literature to be
sensitive to anxious/depressive/locomotor changes in the C57BL/6 mouse, and each addresses
a different facet of behavioral recovery following MPTP lesion [17,35,57,69]. Mice were
subject to 2 tests per day in a set order with at least 2 hours between tests: marble burying and
Rotarod on the first day, followed by elevated plus maze and tail suspension on the second
day. With this schedule, motor function (Rotarod) and symptoms of depression (sucrose
preference, tail-suspension) were evaluated at the beginning of the dark phase, while symptoms
of anxiety (elevated plus maze, marble burying) were measured at the end of the light phase.
With the exception of weekly sucrose preference tests, each mouse was subject only once to
each test, and all mice were tested in the same order. Although this approach does not eliminate
the potential for carryover effects of previous tests, carryover effects were the same for saline-
and MPTP-treated mice. Mice were sacrificed 45 days after MPTP.

Exercise
Forced Treadmill Exercise—Mice were exercised on a 6-lane treadmill with a 45-cm
runway inclined 5° (EXER-6M, Columbus Instruments, Columbus, OH). Each daily exercise
session started with an initial warm-up at slower speeds, after which treadmill speeds increased
incrementally. In addition, hour-long treadmill sessions included 5 min of rest after 30 min.
On the first day of exercise, treadmill speed averaged 6.7 m/min for 30 min. After 19 days,
mice ran at 8.5 m/min for 60 min. To encourage running, a metal-beaded curtain was fixed as
a tactile stimulus 20 cm before the shockplate at the end of each runway. Mice that failed to
maintain their position on the treadmill received a mild foot-shock. Nonetheless, although this
treadmill regimen provides sustained high-intensity exercise training, both saline- and MPTP-
treated mice are able to maintain a forward position on the treadmill [59].

Voluntary Wheel Running—Voluntary wheel running was tested in separate cages each
containing a Fast-Trac running wheel (18 cm diameter, Bio-serv Inc, Frenchtown, NJ)
equipped with bicycle odometer (CatEye, Boulder, CO) to measure distance and speed. To
equate handling and exercise duration with mice undergoing forced treadmill exercise, each
mouse had access to the running wheel for the same duration (up to 60 min) as the forced
treadmill exercise group.

Sedentary—Sedentary mice were exposed to either a non-moving treadmill or a fixed
running wheel on the same daily schedule as exercising mice [29,43].
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Behavior
Sucrose Preference—Mice prefer to drink dilute sucrose solutions [4,28]. A reduction in
sucrose preference is thought to reflect anhedonia, the lack of pleasure in normally-pleasurable
activities [76]. Anhedonia is a key component of depression [40,42]. Baseline sucrose
preference was measured pre-lesion, and the test was repeated weekly thereafter, including the
last day of exercise. To minimize neophobia, mice were exposed to the sucrose solution
overnight two days before testing. The water bottle in each home-cage was replaced with two
50-ml bottles fitted with ball-point drinking spouts, each containing 2% sucrose. On the day
before testing, mice were water-deprived overnight to increase subsequent fluid consumption.
On the following day at the onset of the dark phase, mice were individually housed for 1 hour
with access to 2 bottles, one containing 2% sucrose and the other with water. Fluid consumption
was determined by weight. The location of the sucrose bottle (to the right or left side of the
cage) was alternated to minimize side preferences. Sucrose preference was calculated as a
percentage of total fluid intake.

Marble Burying—Marble burying is a test of defensive burying in mice, similar to shock-
prod burying in rats [24]. A greater number of buried marbles reflects higher levels of anxiety.
The test was conducted as described previously [57,80]. Briefly, each mouse was placed in a
novel cage filled with a 10-cm thick layer of pine bedding containing a cluster of 25 small blue
glass marbles (10–12 mm diam.). After 30 minutes, the mouse was returned to its home cage,
and the number of buried marbles was scored by 2 observers blinded to the treatment group.
A marble was considered partially buried if more than 70% of its surface was covered by
bedding. Marbles that were no longer visible were considered completely buried.

Motor Endurance—Mice were tested for motor endurance on an accelerating Rotarod
(Columbus Instruments, Columbus, OH, USA) according to the methods of Rozas et al [65].
This protocol uses a spindle designed for rats (7.3 cm diam) to minimize dependence on motor
coordination. Before lesioning, mice were acclimatized at low speed (5 rpm, 1.9 cm/s) for 10
minutes during the dark phase. At the end of the study (day 43 post-lesion), mice were subject
to 7 trials at increasing speeds from 12 to 24 rpm at 2 rpm intervals [65]. Each trial lasted 150
seconds with 150 seconds rest between trials. The latency to fall in each trial was recorded,
and the overall Rotarod performance (ORP) was calculated for each animal as the area under
the curve of latency to fall versus cylinder speed [66,68].

Elevated Plus Maze—The elevated plus maze is a test of anxiety which takes advantage of
the mouse’s preference for enclosed spaces versus the drive to explore a novel environment
[14,15]. The maze consisted of 2 open arms (5 × 30 cm) perpendicular to 2 closed arms enclosed
by 15 cm clear Plexiglas walls. The arms converged at a 5 × 5 cm central platform. To facilitate
entry, open arms were fitted with 1 cm Plexiglas railings. Each plus maze was located 50 cm
above the floor, and visually isolated within a separate enclosure in the animal room. For
testing, a mouse was placed on the central platform facing an open arm, and behavior was
viewed remotely via webcam for 6 minutes. The number of open and closed arm entries and
duration of time on the open arms was scored live by an observer blinded to the treatment
groups. An entry was recorded when all four paws entered the arm.

Tail Suspension—Similar to the forced swim test, tail suspension measures behavioral
despair as a symptom of depression [75]. Mice placed in an aversive and inescapable situation
alternate between movement and immobility; stillness is thought to reflect “despair” [62]. Mice
were individually suspended from their tails at a height of 20 cm using a piece of adhesive tape
wrapped around the tail 2 cm from the tip. Behavior was videotaped for 6 min. The duration
of immobility was measured by an observer blinded to the treatment groups. Mice were
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considered immobile only when completely motionless, and mice that climbed their tails were
excluded from the data. Results are expressed as percent of time spent immobile.

Plasma Corticosterone
To measure “stressor-induced” plasma corticosterone concentrations immediately following
the tail suspension test [9], a single 200 ul retro-orbital blood sample was collected from each
mouse into heparinized microcentrifuge tubes. Samples were chilled on ice, and then
centrifuged at 13,000 rpm for 20 min. Plasma was collected and stored at 20°C until assayed.
Plasma corticosterone concentrations were measured in duplicate using a commercially-
available radioimmunoassay kit (MP Biomedical, Irvine CA) with minor modifications [31].
Assay sensitivity was 6.25 ng/ml corticosterone.

Tissue Collection and Analysis
Mice were sacrificed by cervical dislocation the day after the final behavioral test (45 days
post-lesion). The CPu, nucleus accumbens (Acb, includes core and shell), basolateral region
of the amygdala (BLA, includes the basolateral and lateral nuclei, and portions of the
basomedial nucleus), and prefrontal cortex (PFC) were dissected, frozen on dry ice, and stored
at −80°C. These tissues include key efferent targets of midbrain DA (SNpc, ventral tegmental
area) and 5HT neurons (dorsal raphe). Tissue was homogenized in 0.4 M HClO4, and
centrifuged to separate precipitated protein. The pellet was resuspended in 0.5 M NaOH and
used to determine total protein concentration with the CoomassiePlus protein assay (Pierce,
Rockford, IL) and microplate reader EL×800 (BioTek Instruments Inc., Winooski, VT)
equipped with KCjunior software. Concentrations of DA and 5HT were determined in the
supernatant by HPLC with electrochemical detection as previously described [36,41,59]. The
system consisted of an auto-sampler (ESA Inc., Chelmsford, MA) equipped with a 150 × 3.2
mm reverse phase C-18 column (3μm diameter) regulated at 28°C, and an ESA CoulArray
5600A detector equipped with a 4-channel analytical cell with potentials set at −100 mV, −30
mV, 220 mV and 350 mV. The HPLC was integrated with a computer running the CoulArray
analytical program for Windows (ESA Inc). Mobile phase consisted of acetonitrile in
phosphate buffer and an ion-pairing agent, and was delivered at 0.6 ml/min.

Statistical Analysis
Behavioral and neurochemical data were analyzed by two-factor ANOVA. Where effects of
lesion or exercise were identified, we conducted additional comparisons of exercise treatment
in MPTP and saline-treated mice (by ANOVA with post-hoc analysis by Fisher PLSD) and
the effects of MPTP lesion within each exercise group (by t-test). Daily exercise and sucrose
preference were evaluated by repeated measures ANOVA. Statistical analysis was performed
by Graphpad Prism (v. 5.0c; GraphPad Software, San Diego, CA). Significance was set at
p<0.05.

RESULTS
Exercise

Figure 1 depicts body weight and exercise measures for saline- and MPTP-lesioned mice. At
the start of the study, there were no differences in body weight among treatment groups. MPTP
lesion did not impair weight gain. Forty-five days after lesioning, MPTP-lesioned mice (all
groups) gained an average of 3.3±0.2 g to reach 27.5±0.3 g BW, while BW in saline-treated
mice increased by 2.8±0.3 g to 27.0±0.3 g (p>0.05). Among saline-treated mice, exercise
reduced final bodyweight (treadmill: 26.7±0.3 g; wheel-running: 27.1±0.4 g), compared with
sedentary controls (27.9±0.4 g, p<0.05).
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All groups of exercising mice increased their average velocity and distance traveled during the
study period. Since the duration of daily exercise lengthened progressively throughout the
study, distance reflects the increase in both speed and duration; velocity provides a consistent
measure of running behavior throughout the study. As reported previously (Petzinger et al,
2007), MPTP and saline-treated mice undergoing forced treadmill exercise ran at an average
speed of 8.5±0.5 m/min throughout the study, with peak speeds of 20 m/min. Initially, these
mice ran 201 m during 30 min of exercise. During the last week of exercise training, they ran
590 m over 60 min (9.8 m/min).

Somewhat surprisingly, exercise distance and velocity were significantly greater with
voluntary wheel-running than for forced treadmill exercise. In fact, average velocity on the
Fast-trac running wheels throughout the 6 weeks of exercise was over twice that for treadmill
exercise in both MPTP-lesioned mice (19.3±1.5 m/min) and saline-treated mice (22.8±1.0 m/
min). During the first week of voluntary exercise, MPTP-lesioned mice ran significantly less
(11.8±1.7 m/min) than saline-treated mice (17.7±2.1 m/min, p<0.05). With this exception,
MPTP lesion did not reduce wheel-running (p>0.5). Throughout the course of the study, there
was a significant increase in exercise velocity on running wheels, as determined by repeated
measures ANOVA [F(5, 70) =11.27; p<0.05]. During the final week of exercise, MPTP-
lesioned mice achieved an average velocity of 22.9±1.7 m/min, running 1371.2±100.5 m in 60
min. Saline-treated mice ran 1493.6±102.9 m, for an average speed of 24.9±1.7 m/min.

Behavior
Motor Endurance—Figure 2 presents ORP for all groups of mice, as well as the latency to
fall from the Rotarod at increasing speeds. Although MPTP did not reduce treadmill or wheel-
running exercise, there was a significant effect of lesion [F(1, 46) =5.40; p<0.05] and exercise
[F(2, 45) =7.03; p<0.05] on ORP when mice were tested 43 days post-lesion. MPTP lesion (all
groups) reduced the latency to fall from the Rotarod, both at slow speeds (MPTP: 127.0±7.9
sec vs saline: 146.7±1.9 sec at 14 rpm, p<0.05) and at higher speeds (MPTP: 56.0±11.6 sec vs
saline: 90.6±10.0 sec at 26 rpm, p<0.05). However, compared with sedentary animals (ORP
for MPTP: 1365.3±150.8, saline: 1596.9±71.5, p<0.05), treadmill exercise significantly
increased ORP in both MPTP (1869.4±71.7) and saline-treated mice (1874.8±49.8). By
contrast, wheel-running failed to improve performance on the Rotarod in either MPTP (1325.9
±186.5 ORP) or saline-treated mice (1730.0±59.7 ORP; p>0.05 vs sedentary mice).
Furthermore, although there was considerable individual variability among both wheel-
running (range: 10.6 to 26.2 m/min) and ORP (range: 616 to 1964), there was no substantial
correlation between voluntary exercise and Rotarod performance (p>0.05).

Marble Burying—Performance in two tests of anxiety (marble burying, elevated plus maze)
is shown in Figure 3. By 2-factor ANOVA, there was a significant effect of lesion on marble
burying [F(1, 46) =9.23; p<0.05], but no effect of exercise. MPTP-lesioned mice (all groups)
buried more marbles (15.6±0.9 of 25 marbles completely buried, 62.3±3.8%) compared with
saline-treated animals (45.1±6.6%). This was particularly evident among sedentary mice:
MPTP-lesioned animals buried 74.0±5.2% of the marbles, while saline-treated mice buried
only 34.8±11.8% (p<0.05). However, when subject to treadmill or wheel-running exercise,
MPTP and saline-treated mice buried equivalent numbers of marbles (56.1±4.4% for MPTP,
50.3±7.9% for saline).

Elevated Plus Maze—In the elevated plus maze, the number of closed arm entries reflects
voluntary motor activity, while the percent of open arm entries is a measure of anxiety [84].
There was no significant effect of MPTP lesion on either the number of closed arm entries
(13.8±0.7 entries/6 min, all groups) or the percent of open arm entries (40.6±2.4%) compared
with saline treatment (12.6±0.7 entries/6 min, 42.9±2.4% p>0.05). However, there was a
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significant effect of exercise on both the number of closed arm entries [F(2, 45) =3.48; p<0.05],
and the percent of open arm entries [F(2, 45)=3.48; p<0.05] (Figure 3). Among saline-treated
mice, those exposed to voluntary wheel-running showed an increased percent of open arm
entries (49.8±3.5%, p<0.05) relative to sedentary controls (36.2±4.0%, p<0.05). Among
MPTP-treated subjects, treadmill exercise reduced the percent of open arm entries (32.6±2.8%)
vs sedentary animals (43.9±4.2%, p<0.05). With wheel-running after MPTP lesion, the percent
of open arm entries (44.2±3.9%) was not different from sedentary mice (p>0.05).

Sucrose Preference—Performance in two tests of depression (sucrose preference, tail
suspension) is shown in Figure 4. In a baseline test before lesioning, mice consumed 1.4±0.1
ml, with a 71.2±2.6% preference for a dilute sucrose solution, similar to previous reports
[76]. During subsequent weekly tests, there was no effect of MPTP or exercise on sucrose
preference. Likewise, there was no difference in preference for sucrose solutions over time.
However, as measured by repeated measures ANOVA, there was a significant increase in total
fluid consumption during the study (p<0.05). In the final preference test conducted after 6
weeks of exercise or handling, mice drank 2.0±0.1 ml during the 1-hour test, with a 79.1±1.9%
sucrose preference.

Tail Suspension—The tail suspension test is a measure of behavioral despair. There were
no significant effects of MPTP or exercise on immobility in the tail suspension test and no
interaction (p>0.05). Immobility in sedentary, saline-treated controls (90.3±17.3 sec, 25.1
±4.8% of the 6-minute test) was similar to that reported previously [17]. MPTP-lesioned mice
spent an equivalent amount of time immobile (25.0±3.0%, all groups, p>0.05). Likewise,
exercise did not alter immobility (treadmill and wheel-running: 22.0±2.7%) compared with
sedentary mice (23.6±3.7%, p>0.05).

Endocrine Measurements
Corticosterone—Figure 5 presents endocrine measures of MPTP lesion and exercise. As
measured in a single plasma sample collected immediately after the tail suspension test,
sedentary saline-treated control mice showed elevated concentrations of circulating
corticosterone (158.8±6.4 ng/ml) relative to basal levels reported previously for C57BL/6 mice
[8]. By 2-factor ANOVA, there was a significant effect of lesion [F(1, 46)=11.00; p<0.05], but
no effect of exercise. Somewhat surprisingly, stress-induced corticosterone was lower in
MPTP-treated mice (119.8±9.0 ng/ml, all groups) relative to saline-treated animals (159.7±8.8
ng/ml). In particular, saline-treated mice subject to treadmill exercise had the highest levels of
corticosterone (190.0±19.1 ng/ml), significantly exceeding that in both MPTP-treated mice
with treadmill exercise (125.9±16.1 ng/ml, p<0.05), and in saline-treated wheel-running
animals (130.4±10.3 ng/ml, p<0.05).

Thymus—Thymus mass is inversely proportional to circulating levels of corticosterone
[18,86]. As with corticosterone, there was a significant effect of lesion on thymus weight [F
(1, 46)=67.45; p<0.05], but no effect of exercise. Thymus weight in saline-treated mice
averaged 1.3±0.1 g/kg BW (all groups) vs 2.1±0.1 g/kg BW for MPTP-lesioned animals.
Furthermore, for each group of saline-treated mice (sedentary, treadmill or wheel-running),
thymus weight was significantly below that in the equivalent group of MPTP-treated mice.

Neurochemistry
DA—Figure 6 presents tissue levels of DA expressed as a percent of sedentary saline-treated
controls. In controls, CPu and Acb had the highest DA levels: 464.3±61.1 and 179.6±16.6 ng/
mg protein, respectively. DA levels in BLA (90.6±11.2 ng/mg protein) and PFC (84.3±12.6
ng/mg protein) were considerably less. As in previous studies from our laboratories [59,82],
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MPTP lesion reduced striatal DA, as measured 45 days after lesioning. However, there was no
effect of exercise on tissue DA levels in any brain region.

In CPu, MPTP lesion significantly reduced DA [F(1, 46)=19.39; p<0.05], along with a lesion
x exercise interaction. After MPTP, DA levels in CPu of sedentary mice were 42.1±3.1% of
saline-treated controls (p<0.05). However, exercise minimized the inhibitory effect of MPTP
on DA content. With treadmill exercise, striatal DA was similar in MPTP and saline-treated
mice (MPTP: 50.1±11.4%; saline: 64.8±8.5% of sedentary controls). Wheel running produced
an equivalent response (MPTP: 43.1±4.3% vs saline: 72.5±12.3%). Thus, DA levels of
exercising mice did not differ between MPTP- and saline-treated groups (p>0.05).

MPTP lesion had a similar effect on DA in Acb [F(1, 46) =6.06; p<0.05], as well as an
interaction with exercise [F(5, 42) =3.637; p<0.05]. In sedentary mice with MPTP lesion, Acb
DA was 51.5±9.0% of that in saline-treated sedentary controls. Although exercise reduced DA
levels in Acb of saline-treated mice (treadmill: 87.7±5.3%; wheel-running: 66.4±10.1% of
sedentary controls), exercise also prevented further loss of DA with MPTP lesion (treadmill:
80.6±6.9%; wheel-running: 65.0±8.8% of saline controls). Conversely, MPTP increased DA
in PFC to 161.1±11.4% of control [F(1, 46) =12.55; p<0.05], but there was no interaction of
lesion and exercise. The effect of MPTP was particularly evident in mice exposed to voluntary
wheel-running (MPTP: 160.5±20.0% vs saline: 74.1±4.7% of control, p<0.05). There was no
effect of MPTP or exercise on DA in BLA (p>0.05).

5HT—Figure 7 presents tissue content of 5HT in the same brain regions. In sedentary, saline-
treated controls, levels of 5HT were highest in PFC (2.6±0.2 ng/mg protein) and BLA (2.5±0.2
ng/mg protein). Similar to the DA levels presented above, MPTP altered 5HT content, but
exercise had no significant effect. In CPu and BLA, MPTP reduced 5HT to 70.4±6.2% [F(1,
46) =3.85; p<0.05] and 73.0±3.9% [F(1, 46)=7.34; p<0.05] of saline-treated mice, respectively
(p<0.05). 5HT increased after MPTP lesion in Acb (to 158.5±13.0% of saline controls) [F(1,
46)=14.37; p<0.05]. Treadmill exercise enhanced Acb 5HT in MPTP-lesioned mice (211.0
±18.9%), compared with saline-treated animals (113.4±15.7% of sedentary controls, p<0.05)

DISCUSSION
The present study evaluated the ability of forced or voluntary exercise to overcome the
inhibitory effects of MPTP lesions on motor and affective behavior, as well as dopamine and
serotonin content in male C57BL/6 mice. Because exercise has been shown to enhance motor
function in patients with PD [13,26,54] and also improves mood in non-PD patients [3,5,7,
20,56,58], the present study determined if exercise could manifest similar benefits in a mouse
model of PD. For 6 wks after injection of MPTP or saline, mice were subject to vigorous
exercise 5 d/wk, up to 1h/day on a treadmill or running wheel, or remained sedentary. MPTP
did not reduce voluntary exercise, except during the first week after lesioning. Nonetheless,
MPTP lesion impaired performance on the Rotarod. MPTP-induced deficits in motor behavior
were paralleled by a reduction in striatal content of DA and 5HT, as reported previously [82].
MPTP was anxiogenic, as measured by increased marble burying. This was accompanied by
5HT depletion in BLA. In contrast, exercise was anxiolytic, as reflected by open arm entries
on the elevated plus maze. However, exercise had no effect on brain levels of DA or 5HT. As
determined by sucrose preference or tail suspension, there was no effect of MPTP or exercise
on depression. Although mice exercising on a running wheel ran further than those exposed to
the treadmill, performance on the Rotarod improved only in mice subject to forced exercise.
These results demonstrate anxiogenic effects of MPTP lesioning, and anxiolytic effects of
exercise. Similarly, MPTP reduces and forced exercise selectively improves motor function.
Thus, exercise has the potential to improve both affective and motor behavior in PD patients.
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At face value, MPTP is an appropriate animal model for PD because MPTP lesions replicate
the loss of dopamine neurons in SNpc that occurs spontaneously in PD [37]. Indeed, MPTP
lesions in monkeys and humans also demonstrate key symptoms of motor dysfunction seen in
PD patients, including rigidity, bradykinesia, and resting tremor [27,44]. Although MPTP
faithfully and selectively lesions nigrostriatal DA neurons in mice and reduces striatal DA
content, the resulting behavioral phenotype demonstrates relatively subtle motor deficits, many
of which resolve rapidly [48]. In the present study, there were no differences in running velocity
or distance traveled during voluntary wheel-running exercise in control and MPTP-lesioned
mice, except during the first week. Likewise, MPTP did not impair voluntary motor activity
in the elevated plus maze, as measured by the number of closed arm entries.

Nonetheless, MPTP lesions do impair motor function. Previous studies have demonstrated
lasting deficits in performance on the Rotarod [68], as well as on tests of balance, gait [49,
63], and swimming [34]. Different lesioning protocols with MPTP make it difficult to directly
compare among published studies. In particular, studies of Rozas et al [68], Haobam et al
[34], Liebetanz et al [49], and Pothakos et al [63] use repeated injection with MPTP at intervals
of days or weeks to mimic chronic Parkinsonism. By contrast, acute MPTP lesions in the
present study (4 injections of 20 mg/kg free base MPTP, each 2h apart) allow behavioral and
neurochemical recovery over time [38]. In this manner, our injection paradigm represents a
dynamic model, but in the opposite direction from PD, where symptoms become progressively
worse. Despite the potential for recovery during 44 days after MPTP, motor and neurochemical
deficits persist in the present study, as demonstrated by reductions in both ORP and dopamine
content in CPu and Acb.

Fewer studies have examined the effects of MPTP lesions on affective behavior. Previous
studies have demonstrated increased immobility in the tail suspension test 30 days post-MPTP
[55,82], as well as mild cognitive impairment in the social transmission of food preference test
[82]. In a similar manner, anxiety is increased in parkin-deficient mice, a knockout model of
early-onset familial PD [88]. The present study expands upon these findings, revealing a
selective increase in anxiety as demonstrated with marble burying, along with decreased levels
of 5HT in BLA. 5HT in BLA is strongly implicated in fear and anxiety [10]. The MPTP-induced
reduction in 5HT content is consistent with this role. Importantly, anxiogenic responses in the
marble burying test are not confounded by any MPTP-induced motor deficits, since anxious
mice bury more marbles. However, 5HT content was selectively decreased by MPTP in BLA
and CPu. By contrast, 5HT content in Acb of MPTP-lesioned mice was increased above that
in saline-treated animals, as reported previously [39,67,89].

Interestingly, MPTP failed to elicit similar anxiogenic responses in the elevated plus maze. In
this regard, defensive burying represents an active coping strategy in response to a discrete
threat. By contrast, anxious behavior in the elevated plus maze is expressed as a passive
avoidance response to a potential threat. Different brain circuits may regulate responses to
these two challenges [33]. Our findings suggest that DA depletion in SNpc selectively increases
anxiety in response to proximal discrete threat stimuli. As reflected in performance on the
elevated plus maze, exploratory behavior involving reward circuits through the ventral striatum
and lateral hypothalamus is unaffected by MPTP, at least when tested 44 days after MPTP.
The absence of anhedonia in the sucrose preference test also supports this conclusion.
Alternatively, it is possible that faster recovery of the ventral striatal circuits post-lesion
accounts for the lack of anxiety symptoms in the elevated plus maze. In this regard, sucrose
preference was tested weekly throughout the study, and we did not observe evidence of
transient depressive symptoms that resolved before mice were tested at 44 days post-lesion.

Investigating potential mood effects of MPTP in mice has clinical relevance for understanding
neurologic function in PD patients. Disturbance of mood is a common condition in PD, with
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an average prevalence of 25–40% in outpatient settings for major depressive disorders [46,
51], and up to 40% for anxiety disorders [85]. During early stages of illness, when DA cell loss
and/or dysfunction are insufficient to elicit prominent motor deficits, mood symptoms may be
the first sign of brain degeneration [45,64,74]. Later, with the initiation of DA replacement
therapy, mood symptoms are seen in as many as 75% of patients with motor fluctuations. In
particular, depression or anxiety is reported in the ‘off’ period (when there is an absence of the
normal motor response to antiparkinsonian medications) and a neutral or elevated mood in the
‘on’ state (the subjective sense that they are having a motor response to their medication). In
addition, depressive and anxiety disorders occur frequently independent of motor fluctuations.

Since PD is a movement disorder, it stands to reason that exercise training improves motor
function in PD patients and MPTP-lesioned mice [25,26,78]. Clinical trials and epidemiologic
studies have supported the potential benefits of exercise in PD patients [12,23]. Epidemiologic
studies suggest a role of exercise in lowering the risk for PD, while clinical trials in patients
with PD have shown functional benefits, including the unified PD rating scale, functional
limitations (walking, stair climbing), gait training, daily activities, and breathing [13,26,70].
Using MPTP lesions in mice, previous studies have shown improvement in gait and balance,
with exercise training [63,80]. However, in the present study, we were surprised to find that
ORP improved only with treadmill exercise training, and not after voluntary wheel-running.
This finding was particularly unexpected since both MPTP-lesioned mice and saline controls
ran further and faster during voluntary exercise on a running wheel than when subject to forced
treadmill exercise. Vigorous running wheel activity after MPTP lesion is consistent with the
large number of closed arm entries and lack of sucrose anhedonia in these mice, and suggests
that exploratory drive and basic locomotor activity is not compromised by MPTP. However,
performance on the Rotarod reflects more than exercise capacity, and may have a learning
component. In fact, the Rotarod ressembles a round treadmill. To avoid falling, mice must
maintain a constant and consistent pace, similar to forced exercise. Ultimately, tests of exercise
on motor function must take into account the specific exercise training regimen.

The present study supports and extends previous studies suggesting the potential for exercise
to improve affective behavior in animal models of PD. In particular, our study is the first to
compare forced vs voluntary exercise after MPTP lesion. It is interesting to note that voluntary
wheel-running reduced anxiety, as measured by an increase in percent of open arm entries in
the elevated plus maze. Treadmill exercise was without effect. Circulating levels of stress-
induced corticosterone were elevated in mice subject to treadmill exercise, compared with
those exposed to voluntary wheel-running. Thus, the stress of forced exercise may diminish
the potential benefits of exercise on affective behavior.

The potential benefits of exercise on mental health are widely accepted, even in the popular
press. A variety of studies have reported beneficial effects of exercise on depression and anxiety
in humans, including improvements in mood disturbances associated with chronic disease [3,
5,7,20,56,58]. Furthermore, many studies show that the effects of exercise on mood may also
be sustained. Considering the number of studies investigating exercise effects on anxiety and
depression in humans, it is remarkable that we know so little about the underlying mechanisms.
It has been hypothesized that the beneficial effects of exercise may reflect increased levels of
brain-derived neurotrophic factor in the hippocampus [6,87] or improvement in circadian
rhythmicity [73]. It seems likely that exercise also has a variety of effects on neurotransmitters
and neurotrophic factors, including glutamate [81], 5-HT, and DA. An earlier study in aged
mice subject to MPTP lesion found an increase in striatal DA with exercise compared to
sedentary lesioned animals [78]. However, exercise was initiated 12h post-MPTP, thereby
including both neuroprotective and neurorehabilitative effects. In the present study, exercise
beginning 5 days after MPTP had minimal impact on DA or 5HT content in brain regions
important for mood or motor function. Similar results have been reported recently with forced
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exercise after MPTP in mice [2,59], and with treadmill exercise in humans [83]. Nonetheless,
at some level exercise improves mood and motor behavior through dynamics of
neurotransmitter content and/or release.
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Figure 1.
Top: Body weights (mean±SEM) in MPTP- (left, filled symbols) and saline-treated (NaCl)
mice (right, open symbols) before lesion (Week 0) and at the end of the study (Week 6). Bottom:
Exercise velocity (m/min) and distance (m/day) in mice subject to forced treadmill exercise
(squares) and in MPTP- and saline-treated mice exercising voluntarily on running wheels
(triangles). Exercise effects are denoted by letters (MPTP: a, b; saline: x, y); bars with common
letters in the same lesion group are not different. * identifies differences between MPTP- and
saline-treated mice in the same exercise group.
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Figure 2.
Top: Latency to fall (in seconds) from Rotarod spindle at increasing speeds (12–26 rpm) in
MPTP- (filled symbols) and saline-treated mice (NaCl, open symbols). Asterisks indicate
significant difference between NaCL and MPTP-lesioned mice. Bottom: Overall Rotarod
performance (ORP) in MPTP (left) or NaCl unlesioned mice (right), and in mice undergoing
forced treadmill exercise (open bars), voluntary wheel running exercise (grey bars) or that
were sedentary (filled bars). By 2-factor ANOVA, § indicates effect of lesion, † indicates effect
of exercise. In post-hoc analyses, exercise effects are denoted by letters (MPTP: a, b; saline:
x, y); bars with common letters in the same lesion group are not different.
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Figure 3.
Top: Percent of marbles buried (mean±SEM) in MPTP- (left) and saline-treated mice (right)
that were exercised on a treadmill (open bars) or running wheel (grey bars) or that remained
sedentary (filled bars). Bottom: Percent of open arm entries on the elevated plus maze. By 2-
factor ANOVA, § indicates effect of lesion, † indicates effect of exercise. In post-hoc analyses,
exercise effects are denoted by letters (MPTP: a, b; saline: x, y); bars with common letters in
the same lesion group are not different. * identifies differences between MPTP- and saline-
treated mice in the same exercise group.
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Figure 4.
Top: Percent sucrose preference (mean±SEM) measured weekly in MPTP- (left) and saline-
treated mice (right) that were exercised on a treadmill (open bars) or running wheel (grey
bars) or that remained sedentary (filled bars). Bottom: Percent immobility during tail
suspension. There was no effect of lesion or exercise in either test of depression. Exercise
effects are denoted by letters (MPTP: a, b; saline: x, y); bars with common letters in the same
lesion group are not different.
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Figure 5.
Top: Serum corticosterone concentrations (mean±SEM) in MPTP- (left) and saline-treated
mice (right) that were exercised on a treadmill (open bars) or running wheel (grey bars) or that
remained sedentary (filled bars). Bottom: Thymus weights. By 2-factor ANOVA, § indicates
effect of lesion. In post-hoc analyses, exercise effects are denoted by letters (MPTP: a, b; saline:
x, y); bars with common letters in the same lesion group are not different. * identifies
differences between MPTP- and saline-treated mice in the same exercise group.
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Figure 6.
DA levels in four brain regions expressed as percent of saline-treated sedentary controls (mean
±SEM) in MPTP- (left) and saline-treated mice (right) that were exercised on a treadmill (open
bars) or running wheel (grey bars) or that remained sedentary (filled bars). By 2-factor
ANOVA, § indicates effect of lesion. In post-hoc analyses, exercise effects are denoted by
letters (MPTP: a, b; saline: x, y); bars with common letters in the same lesion group are not
different. * identifies differences between MPTP- and saline-treated mice in the same exercise
group.
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Figure 7.
5HT levels in four brain regions expressed as percent of saline-treated sedentary controls (mean
±SEM) in MPTP- (left) and saline-treated mice (right) that were exercised on a treadmill (open
bars) or running wheel (grey bars) or that remained sedentary (filled bars). By 2-factor
ANOVA, § indicates effect of lesion. In post-hoc analyses, exercise effects are denoted by
letters (MPTP: a, b; saline: x, y); bars with common letters in the same lesion group are not
different. * identifies differences between MPTP- and saline-treated mice in the same exercise
group.
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