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Abstract
Recent evidence in animal models of Parkinson’s disease (PD) suggests that exercise and other forms
of motor enhancement can be beneficial when applied during the degeneration of dopamine neurons.
Behaviours that depend on adequate levels of striatal dopamine may provide particularly favourable
targets for therapeutic motor interventions. Task-specific motor enrichment procedures have been
used to improve functional and neural outcomes following unilateral infusions of 6-
hydroxydopamine (6-OHDA) into the nigrostriatal pathway in rats. In contrast, forced non-use
procedures can exaggerate the degree of degeneration. Limb-use akinesia and ultrasonic vocalization
in the 50-kHz range may be useful behavioural indices of nigrostriatal integrity and may model
common deficits found in PD. These deficits in movement initiation and fine sensorimotor control
are potential targets for early training interventions.

1. Introduction
Parkinson’s disease (PD) is characterized primarily by progressive degeneration of
nigrostriatal dopaminergic neurons and sensorimotor deficits [1]. Classic signs of PD, such as
bradykinesia, postural instability and tremor at rest do not appear until well after neural
degeneration has commenced, although other signs/symptoms may appear early in the disease,
perhaps due to non-dopaminergic cell loss [2]. Early detection of ongoing degeneration may
allow for therapeutic interventions that protect against cell loss. Neurotoxins that lead to the
degeneration of dopamine cells in rats are useful for exploring sensorimotor deficits and neural
and behavioural protection [3–5]. In animal models of neurotoxin exposure, severe motor signs
such as akinesia emerge after approximately 80% of the neurons on the affected side have
degenerated [6]. In unilateral (hemi-parkinsonian) dopamine depletion models, less severe
levels of degeneration can be detected using sensitive behavioural methods [7]. A widely used
technique for depleting dopamine unilaterally is micro-infusion of the neurotoxin 6-
hydroxydopamine (6-OHDA) to the medial forebrain bundle, substantia nigra or striatum in
one hemisphere. Behavioural enrichment methods, particularly those that target forelimb motor
deficits and are applied before or during degeneration of dopamine terminals, have been shown
to improve function and reduce the extent of dopamine terminal loss [8–12]. In this article, we
review some of the behavioural tests used to determine the degree of impairment and rescue
by forelimb-exercise interventions, as well as describe complex ultrasonic vocalization
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impairments that may model some of the voice and speech deficits commonly found in early
PD.

2. Sensorimotor impairment and targeted training
Several behavioural tests have been developed or adapted from other neurological impairment
models to elucidate the limb sensorimotor deficits associated with unilateral 6-OHDA-induced
striatal dopamine depletion, and are correlated with the degree of dopaminergic degeneration
(visit www.schallertlab.org for a video demonstration). The affected limb functions can be
compared with that of the intact limb, thereby increasing the sensitivity and repeatability of
assessment across days. Vibrissae-elicited forelimb placing involves gently stimulating the
vibrissae on the edge of a tabletop to elicit placement of the corresponding (same side) limb
[10,13,14]. Animals are held by their torsos with their forelimbs hanging freely to allow for
unrestrained movement of the forelimb in response to sensory stimuli. The forelimb not being
tested is gently restrained by placing the experimenter’s finger in front of that limb. This is
done for 10 trials on the side contralateral to the lesion (impaired limb) and 10 trials on the
side ipsilateral to the lesion (intact side). Scores are expressed as a ratio (percentage) of
successful placing responses to total responses. Rats that have sustained a sufficiently severe
loss of dopamine terminals (approximately 80% loss of striatal dopamine content) reliably
show a placing deficit of the contralateral limb [15]. An intense regimen of repeated placing
of the limb (hundreds of trials per day) before and after exposure to 6-OHDAcan ameliorate
the placing deficit and protect against terminal degeneration [12].Forelimb-use asymmetry
during spontaneous movement is measured while the rat rears and explores a vertically oriented
transparent cylinder (diameter 20 cm, height 30 cm) with its forepaws. Rats with unilateral
dopamine depletion preferentially use the unimpaired forelimb for support during exploration,
and show little or no use of the impaired forelimb [8,9,15]. When the impaired forelimb is
involved in vertical exploration, it typically is used simultaneously with the non-impaired
forelimb, whereas the unimpaired forelimb is frequently used independently. If the dopamine
depletion is not too severe, the degeneration and emergence of behavioural impairments are
slow enough (5e7 days) for targeted motor therapy to be effective. For example, forcing the
animal to use the limb impaired limb (by constraining the intact limb with a cast) can prevent
the behavioural and neural deficits if this is done during the first week after neurotoxin
exposure. This is possibly due to upregulation of neurotrophic factors and related mechanisms
[11]. If the impaired forelimb is constrained instead, rats receiving even otherwise-subclinical
doses of 6-OHDA will show detectable limb-use asymmetries [9]. Thus, motor therapy is
protective and non-use is pro-degenerative. Because patients with early signs of PD (or even
at subclinical stages) might self-motivate motor impoverishment during degeneration, these
findings may have implications for early interventions that would enhance motor behaviours.
Intense exercise and motor enrichment have been associated with a reduced risk of PD [16].
However, the participants in that study self-selected the degree of motor activity. Preclinical
fatigue or related motivational factors may have influenced the findings. Animals, of course,
can be randomly assigned to exercise regimens. Non-specific exercise in rodents, such as
voluntary and treadmill running, has been associated with neurogenesis [17], angiogenesis
[18], increased neurotrophic factors [19] and increased levels of dopamine [20]. However,
although behavioural and/or neural outcomes were found to be improved with running wheel
or treadmill activity [10,19,21], beneficial effects on specific skilled behaviour have not been
demonstrated [20]. Thus, it appears that early interventions might be administered more
effectively with task-specific targeted skill training. It remains unclear whether behavioural
enrichment interventions may be more effective if applied while the animal is under the
influence of anti-Parkinsonian drugs such as levodopa. In animal model experiments, exercise
and related interventions are studied without levodopa and this does not reflect human
treatment conditions. Physical therapies in PD patients are typically carried out while they are
medicated. As dopamine synapses vacate, they may optimally encourage sprouting of other
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dopamine terminals to the appropriate receptors and the augmentation of dopamine by
levodopa may interfere with the process. On the other hand, levodopa may allow more normal
movements during physical therapy and may enhance motor learning, motivation and attention
while reducing fatigue and bradykinesia. Thus, the concurrent effects and potential interactions
of levodopa management and exercise should be explored specifically.

3. Voice and speech deficits and targeted sensorimotor training
Voice and speech deficits are common complications of PD [22–26] and include decreased
vocal loudness, decreased frequency variability (monotone), breathiness, hoarse voice quality
and imprecise articulation [22,23], as well as degradation in speech intelligibility [27]. Similar
to animal models of therapy, targeted exercise (speech/voice therapy) has been shown to
improve specific deficits, such as communication and quality of life in patients with PD [28–
30]. However, the underlying mechanisms of these behavioural, exercise-based interventions
are not well understood. To systematically explore potential mechanisms, several factors need
to be controlled, including: home environment, age post-onset, severity of lesion, and
medications. These factors are virtually impossible to control in humans. Thus, an animal
model is a useful tool to control for extraneous influences. It is unclear whether speech deficits
in hemi-parkinsonian disease require at least partial loss of dopamine terminals in both
hemispheres. In an animal model, we began to address this issue by depleting dopamine only
in one hemisphere with the dopamine neurotoxin 6-OHDA and measuring complex ultrasonic
vocalization (USV) [31]. Rats produce several types of USVs in the 50-kHz range. These calls
carry semiotic value (have meaning), may have symbolic reference and are capable of changing
the behaviour of the signal recipient [32]. Human speech/vocalizations and rat USVs share a
semiotic/semantic nature and are produced by modifying egressive airflow. Thus, we suggest
that USV may be a useful model to study phonatory and possibly communication deficits in a
sensorimotor context. Details of this study are reported elsewhere [31]. Subjects were male
Long-Evans rats, aged 6 months, housed in groups of two in standard polycarbonate cages with
sawdust bedding on a reversed 12:12 h light: dark cycle with food and water available ad
libitum. Prior to 6-OHDA infusion all animals were sexually experienced to ensure calling to
female rats [33]. A novel apparatus was used to isolate and record only the male acoustic output.
Female odors, but not vocalizations, were permitted to pass into the male’s chamber. An
ultrasonic microphone with high directional properties (CM16, Avisoft, Germany) was used
to record male USVs in the 50-kHz range. Avisoft, Germany). For this study, we analyzed the
bandwidth of the “trill”-type call. Bandwidth and peak amplitude were markedly reduced in
the 6-OHDAand haloperidol animals compared with the controls (Fig. 1) without altering the
number of calls [31]. This study established the first rat model of communication deficits
associated with PD and provided us with a platform to systematically test hypotheses regarding
the onset and progression of communication deficits in early PD, as well as potential confounds
of medication. Additionally, this model will allow us to explore behavioural and
pharmacological treatment strategies as well as underlying mechanisms, which currently are
unclear [34,35]. Currently, we are developing a training paradigm that systematically
reinforces 50-kHz calls in rats as a targeted sensorimotor training. Our preliminary data show
that rats can be trained to increase the number of calls in a training session (Fig. 2). It will be
important to also reinforce the bandwidth, intensity, and other characteristics of calls as a target
for returning the calls to their pre-lesion acoustic integrity. Thus, our model will parallel that
in the limb, targeting skilled use of the sensorimotor system early in the disease process.

4. Conclusions and future directions
Early motor training of dopamine-dependent movements appears to be beneficial when applied
during early degeneration of dopamine neurons in an animal model of unilateral PD. Based on
these studies, it appears that therapeutic exercise programmes should include targeted (task-
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specific) physical therapy and should be started early in the disease process. It may be important
to consider that the body of animal research in PD does not consider the influence of levodopa
management on exercise-related neuroprotective effects. That is, animals are generally studied
without levodopa and this does not reflect human treatment conditions.

In humans, upon diagnosis, the primary form of intervention is the introduction of
pharmacotherapy, primarily levodopa. However, in the early stages of PD, administration of
levodopa is controversial [36]. Further, the effects of levodopa on the potential benefits of early
exercise are unknown. Levodopa might be neurotoxic to aminergic cells [37,38] and this has
raised concerns that chronic levodopa administration may advance disease progression [36].
On the other hand, dopamine replacement with levodopa has been shown to improve the quality
of life and survival of patients [36]. Thus, it remains unclear whether levodopa is beneficial or
harmful to disease-related plastic changes. In terms of sensorimotor control of vocalization,
the clinical picture is more complicated, as voice and speech deficits are primarily resistant to
levodopa therapy [39]. It is encouraging that the model of unilateral 6-OHDA lesions that has
been useful for studying limb sensorimotor deficits also yields vocalization deficits that may
be amenable to treatment with targeted training. This affords us an opportunity to explore the
potential interactions of pharmaceutical and behavioural interventions.
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Figure 1.
Representative sonograms of the trill-type call for control and unilateral 6-OHDA infusion.
Averages and standard errors of the maximum and minimum peak frequency are represented
by the bar graphs. Solid color between the maximum and minimum peak frequency indicates
the bandwidth of the call.
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Figure 2.
Depicts average number of calls made by control rats during vocalization training. Rats were
breifly exposed to estrous female to elicit calls after overnight water restriction. 50-kHZ calls
were reinforced with water. Criteria of 30 calls per 5 minute session is indicated by arrow
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