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Abstract

Unilateral lesions to the medial forebrain bundle with 6-hydroxydopamine (6- OHDA) lead to
force and timing deficits during a complex licking task. We hypothesized that training targeting
tongue force generation during licking would improve timing and force measures and also lead to
striatal dopamine sparing. Nine month-old male Fisher344/Brown Norway rats were used in this
experiment. Sixteen rats were in the control condition and received tongue exercise (n=8) or no
exercise (n=8). Fourteen rats were in the 6-OHDA lesion condition and underwent tongue exercise
(n=7) and or no exercise (n=7). Following 4 weeks of training and post-training measures, all
animals underwent bilateral stimulation of the hypoglossal nerves to measure muscle contractile
properties and were then transcardially perfused and brain tissues collected for
immunohistochemistry to examine striatal dopamine content. Results demonstrated that exercise
animals performed better for maximal force, average force, and press rate than their no-exercise
counterparts, and the 6-OHDA animals that underwent exercise performed as well as the control
no exercise group. Interestingly, there were no group differences for tetanic muscle force, despite
behavioral recovery of forces. Additionally, behavioral and neurochemical analyses indicate that
there were no differences in striatal dopamine. Thus, targeted exercise can improve tongue force
and timing deficits related to 6-OHDA lesions and this exercise likely has a central, versus
peripheral (muscle strength) mechanism. However, this mechanism is not related to sparing of
striatal dopamine content.
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1. Introduction

Even in the early stages, Parkinson disease (PD) can lead to significant dysphagia that
negatively impacts quality of life. [26,32,42] These deficits include difficulty with bolus
formation and propulsion, as well as airway compromise. Clinically, impairments in tongue
control contribute to swallowing deficits. As the disease progresses, these deficits cause
debilitating health complications, including death from aspiration pneumonia. [4,14] The
hallmark pathology in PD is characterized by loss of substantia nigra dopaminergic neurons
with depletion of striatal dopamine. [15] However, the contribution of this pathology to the
phenotypic expression of swallowing disorders is unclear, especially because swallow
deficits do not reliably respond to surgical and pharmacological treatments that target
nigrostriatal pathways. [9,13,16,25,28,33,36,39,48] Alternatively, exercise may be a
promising intervention for these swallowing deficits. [17,40,46]

Importantly, animal studies using the unilateral 6-OHDA model have suggested that use of
targeted training may reverse or slow disease progression as evidenced by striatal dopamine
sparing for the limb. [1,11,50,52] However, targeted training for lingual deficits is largely
understudied in both human and animal models. [46] Our recent work has shown that a
unilateral lesion to the medial forebrain bundle with the catecholamine neurotoxin 6-
hydroxydopamine (6- OHDA\) leads to force and timing deficits during a complex licking
task. [10] Specifically, maximal and average lingual forces were significantly diminished
and average press time was significantly longer after neurotoxin administration, reflecting
aspects of lingual bradykinesia and hypokinesia associated with PD. Because previous
research in rat models of PD has shown that targeted training of the limb can rescue
behavioral deficits and spare striatal dopamine content, [1,11,50,52] we explored the use of
targeted training of the tongue on biological markers of striatal dopamine content (e.g.,
tyrosine hydroxylase) and behavioral outcomes during licking in a rat model of PD. We
hypothesized that behavioral intervention targeting the tongue would improve timing and
force outcomes during a complex licking task and lead to increased striatal dopamine
content.

2. Materials and Methods

2.1 Animals

Nine month-old male Fisher344/Brown Norway rats (Charles River, Raleigh, NC) were used
in this experiment (total n=30). Sixteen rats served in the Control condition and received
tongue exercise (n=8) or no exercise (n=8). In the PD condition, one animal died during
surgery and one animal was excluded from analysis because of an incomplete lesion (72%
loss). As a result, there were a total of 14 animals in the PD condition that received tongue
exercise (n=7) or no exercise (n=7). Thus, there were 4 experimental groups Control
Exercise, Control No Exercise, PD Exercise, and PD No Exercise. Animals were housed in
pairs in standard polycarbonate cages on a 12:12 light-dark reversed light cycle. Food was
given ad libitum. Water was restricted to 3 hours per day during training, which has been
shown to be safe while maintaining sufficient motivation. [53] Animal weight was
monitored weekly; no rats exhibited signs of dehydration. All experiments were approved by
the University of Wisconsin Institutional Animal Care and Use Committee (IACUC) and
were conducted in accordance with the United States Public Health Service Guide for the
Care and Use of Laboratory Animals

2.2 Experimental Overview

The experiment involved a 4-week introductory period including handling, light cycle
reversal, and gradual water restriction/acclimation to the tongue force task. The introductory
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period was followed by 6-OHDA surgery for the animals in the PD condition. Animals were
tested for behavioral tongue force and timing measures 72 hours after surgery and these data
confirm deficits in the 6-OHDA animals as compared to pre-lesion (baseline) values which
have been reported previously. [10] Rats in the Control and PD conditions were then
randomized to undergo tongue exercise or no exercise, described below. After 4 weeks, rats
in all conditions were tested for behavioral tongue force and timing measures during a
complex licking task. Animals in the PD condition also underwent additional behavioral
testing to confirm lesions, described below. After completion of all behavioral data
collection, all rats underwent bilateral stimulation of the hypoglossal nerves to measure
muscle contractile properties and were then transcardially perfused and brain tissues were
collected for immunohistochemistry.

2.3.Parkinson disease model and behavioral testing

2.3.1 6-OHDA—In 14 animals (PD condition), severe degeneration of presynaptic striatal
neurons was induced by unilateral infusion of 7 ug of 6-OHDA into the medial forebrain
bundle. [21,22,27,30,31,43,52] 6-OHDA treated rats were anesthetized with 2—-4% inhaled
isoflurane, and were placed in a stereotaxic frame. Rats received unilateral infusions of 7 pg
6-OHDA hydrobromide (free base weight) dissolved in 3 pl artificial cerebrospinal fluid
(composition: NaCl, KCI, CaCl2, MgCI2*6H20) containing 0.05% (w/v) ascorbic acid.
Infusion coordinates were measured from bregma (-3.3 AP; + 1.7 ML; —8.0 DV from dural
surface), and infusions were delivered at a rate of .3 pl/min for 10 minutes. Infusions were
into the nigrostriatal projections in the dominant hemisphere for forelimb use. Post-
operation analgesia (0.1cc bupivacaine) was administered after suturing. Following surgery,
animals were placed on a warm surface to prevent hypothermia, and upon waking were
returned to their home cages.

2.3.2 Behavioral Tests—Rats treated with 6-OHDA (PD condition) underwent two
behavioral tests to confirm severity of lesion. Forelimb-use asymmetry was tested before
surgery to determine forelimb dominance for lesion target, post-surgery day 3 to confirm
lesion (data reported elsewhere), [10] and after 4 weeks of training to confirm lesion severity
(data reported here). Rats were placed in an upright acrylic cylinder (diameter 20 cm) to
encourage rearing and exploratory movements with the forepaws. [49,55] The number of
wall contacts made by either forelimb or by both forelimbs simultaneously was recorded.
The percentage of contacts made by the non-impaired forelimb relative to the total number
of contacts was calculated using the formula: (ipsilateral limb contacts + both (simultaneous
or rapidly alternating) limb contacts)/ total number of contacts for the first 20 contacts.
Scores were then multiplied by 100. Scores significantly above 50% indicate a greater
reliance on the ipsilateral limb for voluntary movement and have been well-correlated with
the degree of nigrostriatal dopamine depletion induced by 6-OHDA lesions. [49,55]

Apomorphine-induced rotational behavior was also examined at 7 days post-surgery and
after 4 weeks of training. Rats were given 0.1 mg/kg apomorphine (s.c.), and the net number
of contralateral turns made during a 2 min trial was recorded in revolutions per minute (25
min post injection) (modified from Herrera-Marschitz, Casas, & Ungerstedt, 1988). [27]

2.4 Tongue Force Testing and Training

After behavioral testing to determine PD lesion severity, rats from both the PD and Control
conditions were randomized to undergo tongue force exercise or no exercise. Tongue force
testing and tongue exercise employed a custom instrument that was designed based on
previous research involving rodent models of licking behavior [8,12,27] that allowed us to
modify and acquire tongue force and temporal measures during complex protrusive tongue
movements. This set-up involved a traditional learning paradigm in which rats were trained
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to press a disk with their tongue by gradually restricting their access to water (see Connor et
al, 2009 and Ciucci & Connor, 2009 for details). Throughout the experiment, animals were
placed individually into a polycarbonate enclosure equipped with a 1x1 cm aperture and
force operandum that delivered aliquots of water based on tongue press behaviors. Animals
in the Exercise groups (Control Exercise and PD Exercise) were trained to press the tongue
against the operandum to receive a water reward on a VR5 schedule with force requirements
based on performance throughout the 4 weeks (see Connor, et al., 2009 for details). Animals
were allowed 10 minutes to press the operandum and receive the water reward. The animals
in the No Exercise groups (Control No Exercise and PD No Exercise) received water for 3
hours per day in an enclosure that resembled the force operandum enclosure but did not
require a tongue press to extract water. Testing involved the same apparatus used in the
training. However, forces were incremented quickly to obtain the maximal force during a 5
minute session. This was done for 3 days and the day with the highest forces was chosen for
analysis (see Ciucci, 2011 for details).

2.5 Tongue force and temporal data analysis

Tongue presses were recorded at 200 Hertz (Hz) using custom-designed computer data
acquisition software (Matrix Product Development, Cottage Grove, WI) and analyzed with
Matlab software using custom designed algorithms. The following variables were measured:
maximal tongue force in milliNewtons (mN), average tongue force (mN), and average press
rate (presses/second). Maximum tongue force was the highest force achieved with a tongue
press. Average tongue force was the average of the highest 10 tongue presses during a
session. This was used as an alternative to averaging all data, as the water on the operandum
registers a small force and forces are incremented up based on performance during testing.
Further, average of the top 10 presses allows us to assess the ability to repeatedly press with
a higher force across trials. Press rate was determined by the number of tongue presses that
occurred per second and was determined over a two-minute period. For each rat, the two-
minute period began when the rat initially approached the disk and initiated a press.

2.6 Bilateral hypoglossal stimulation

Tongue muscle contractile properties were recorded /n vivo with supramaximal stimulation
of the hypoglossal nerves, bilaterally. Rats were anesthetized via IP injection of sodium
pentobarbital (70 mg/kg) and placed in a dorsal recumbent position on an operating table
under an operating microscope (Zeiss, Opmi 6CH). This surgical approach has been
documented previously in the research literature. [12] Hypoglossal nerves were exposed
bilaterally using a ventral approach to allow placement of nerve cuff stimulation electrodes.
A 2-5 mm section of the lateral branch of the hypoglossal nerve was cut and removed
bilaterally. Following a 45-min stabilization period, a suture was placed into the tip of the
tongue, for connection to a force transducer (Kent Scientific, Torrington, CT). Optimal
direction and line tension on the suture was determined for each animal to yield maximum
peak muscle forces. Whole hypoglossal nerves were then stimulated, but due to the cutting
of lateral hypoglossal branch only the medial branch was effectively stimulated and
protrusive muscle contractile properties were recorded. These isolated hypoglossal nerve
stimulation pulses (1-Hz rectangular-wave pulses, pulse width 0.1 ms) were delivered at
supramaximal levels. Supramaximal stimulation levels (1.5 times maximum stimulation
level; generally between 300 and 500 pA; A-M Systems, Carlsborg, WA) controlled for
small differences in stimulation electrode placement and contact. These stimulation
parameters have been reported previously. [23] Three 10-sec trials, with a 1-min rest period
between trials, were recorded per muscle.

Tetanic force, which is the maximal force of each stimulated fused wave, was measured and
averaged across the three trials. The stimulation signal and force signal was acquired
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digitally on a dedicated laboratory computer equipped with an A/D converter (Data
Translation, Marlboro, MA) using data acquisition software written and customized for our
use (Acquire Ver. 1.3.0).

2.7 Immunohistochemistry

After completion of hypoglossal stimulation, rats were deeply anesthetized with 100mg/kg
pentobarbital and intra-aortically perfused with 250 mL physiological saline one minute
after an intracardial injection of 100 units of heparin. Immediately following, 500 mL of ice
cold 4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS) was perfused to fix
brain tissue. Whole brains were removed and postfixed in ice cold fixative for 1-4 hours.
Brains were then cryoprotected for 48-96 hours in a 20% sucrose/5% glycerol solution in
0.1M PBS at 4°C. Brains were mounted on a freezing microtome and one of every five 60
pum coronal slices throughout the basal ganglia were harvested and stored in PBS with 0.02%
NaNj3 at 4°C.

Floating slices were probed for tyrosine hydroxylase (TH) using a rabbit anti-tyrosine
hydroxylase primary antibody (1:2000 dilution, Millipore, Billerica, MA, USA) and a
biotinylated goat anti-rabbit secondary antibody (1:500 dilution, Millipore, Billerica, MA,
USA). The signal was amplified using the VECTASTAIN Elite ABC avidin-biotin system
(Vector Laboratories, Burlingame, CA, USA). Slices were incubated in primary antibody for
16 hours, in secondary for 3 hours, and avidin-biotin solution for 1 hour at room
temperature. Labeling was visualized with 3,3'-diaminobenzidine (DAB) chromogen
developed with a peroxidase reaction for 90 seconds. Slices were quenched, counterstained
with haematoxylin, and mounted on gelatin-coated slides.

Brain slices were imaged on an Epson Perfection V500 Photo Scanner and uploaded to a
computer (Dell Optiplex 960) and analyzed using ImageJ software (National Institutes of
Health, Bethesda, MD). A custom-designed software program was developed in Image J to
detect the optical density of thresholded values for neurons that were positive for TH
immunoreactivity. The region of interest (striatum in each hemisphere) was identified
manually, run through the analysis script, and values were expressed as a percent of
thresholded values as compared with the non-injured hemisphere. Thus, the injured
hemisphere is expressed as percent loss of TH in the striatum.

2.8 Statistical Analysis

A one-way ANOVA was performed after training to examine the effects of targeted tongue
exercise on behavioral force and timing measures, as well as stimulated tongue forces. Post
hoc analyses were performed with a Fisher’s LSD. In the case of unequal variances between
groups, a log transformation was attempted. If unequal variances persisted, the non-
parametric Kruskal Wallis Test One Way ANOVA by Ranks was used. Post-hoc testing was
completed using the Fisher’s protected least significant difference (LSD) test or Wilcoxon
rank sum test in the case of unequal variances.

Planned comparisons of behavioral measures of striatal dopamine loss (forelimb use
asymmetry and apomorphine challenge) were performed with an independent samples t-test
after surgery and after exercise between the PD No Exercise and PD Exercise groups. An
independent samples t-test was used to compare striatal DA content for the PD No Exercise
and PD Exercise groups. For all statistical tests an alpha level of less than 0.05 was set a
priorifor rejecting the null hypothesis.
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3. Results

3.1 PD validation

3.1.1 Forelimb use asymmetry—As shown in Figure 1, the mean proportion of
contralateral forelimb use (unimpaired limb) was 93% in the PD No Exercise group and
90% in the PD Exercise group after surgery (prior to training), indicating a severe unilateral
Parkinsonian deficit in both groups and thus confirming lesion with behavior. [49,55] No
differences were shown between groups prior to exercise (t (1, 16) = 0.29, p= 0.60),
demonstrating that both groups were similar at baseline. After exercise, the mean proportion
of contralateral forelimb use was 92% in the PD No Exercise group and 89% in the PD
Exercise group, indicating that severe unilateral Parkinsonian deficits persisted in both
groups equally. Again, no differences were shown between groups after exercise (t (1, 16) =
0.40, p=0.54).

3.1.2 Apomorphine—7 days after 6-OHDA infusions, average apomorphine rotations
were 22 revolutions per minute for the PD No Exercise group and 23 revolutions per minute
for the PD Exercise group, without any differences between the 2 groups (t (1, 16=.54).
After exercise, average apomorphine rotations were 26 revolutions per minute for the PD No
Exercise group and 33 revolutions per minute for the PD Exercise group, without any
differences between the 2 groups(t (1, 16=.45), confirming that lesions were severe and
unchanged during the study.

3.1.3 TH immunoreactivity—Percent loss of striatal dopamine as measured by TH
immunoreactivity was 98% for the PD No Exercise group and 99% for the PD Exercise
group (Figure 2). These results suggest severe lesions that were confirmed with behavioral
testing after surgery persisted after exercise intervention, indicating no change in striatal
dopamine synthesis as a result of exercise intervention.

3.2 Tongue Forces

3.2.1 Maximum Tongue Force—As shown in Figure 3, there were significant
differences among groups for maximal tongue force after exercise (F (3, 26) = 16.51, p<
0.001). Maximal force for the PD Exercise group was significantly higher than the PD No
Exercise group (p<0.001), demonstrating exercise-induced improvement in tongue force for
the PD Exercise group. Importantly, maximal force in the PD Exercise group was not
significantly different from the Control No Exercise group (p = 0.5), indicating recovery of
function for the PD exercise group. Maximal forces in the PD No Exercise group were also
lower than Control Exercise (p < 0.001) and Control No Exercise (p < 0.001) groups.
Maximal force in the Control Exercise group was significantly higher than the Control No
Exercise group (p=0.002), indicating animals that underwent exercise had higher maximal
tongue forces than their no exercise counterparts.

3.2.2 Average Tongue Force—Figure 4 shows results for average tongue force. There
were significant differences among groups for average tongue force after exercise (F (3, 26)
= 6.68, p= 0.002). Average tongue force was significantly higher in the PD Exercise group
than the PD No Exercise group (p = 0.01), demonstrating exercise-induced changes to
tongue force. Akin to maximal tongue force measures, there was no significant difference in
average force between PD Exercise group and the Control No Exercise group (p = 0.57),
demonstrating recovery of deficits for the PD Exercise group. Average tongue force for the
PD No Exercise group was significantly lower than the Control No Exercise group (p =
0.038) and the Control Exercise group (p < 0.001). Average tongue force was significantly
higher in the Control Exercise group compared to the Control No Exercise group (p =
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0.028), indicating rats that underwent tongue exercise had higher average forces than their
no exercise counterparts.

As shown in Figure 5, there were significant differences among groups in the rate of tongue
press after exercise (F (3, 22) = 37.32, p<0.001). The rate of tongue press for the PD
Exercise group was significantly higher than for the PD No Exercise group (v <0.001).
Importantly, and similar to the force data, the rate of tongue press in the PD Exercise group
was not significantly different from the rate of tongue press in the Control No Exercise
group (p=0.12), demonstrating recovery of function. The rate of tongue press for the PD
No Exercise group was also significantly lower than the Control No Exercise (p < 0.001)
and Control Exercise (p < 0.001) groups. The rate of tongue press in the Control Exercise
group was significantly higher than the rate of tongue press in the Control No Exercise
group (p < 0.001), demonstrating exercise was associated with significantly higher tongue
press rates.

3.4 Stimulation

As shown in Figure 6, no there were no significant differences between groups for tetanic
force (F (3, 22) = 0.25, p=0.86).

4. Discussion

The aim of this study was to determine if tongue exercise could improve behavioral tongue
force and timing characteristics and lead to increased striatal dopamine synthesis in the
striatum in a 6-OHDA neurotoxin model of PD. Animals with unilateral 6-OHDA lesions to
the medial forebrain bundle and control animals underwent a tongue exercise paradigm or
no exercise. Behavioral tongue forces and press rate were measured after 4 weeks of
exercise. Results demonstrated that the animals that underwent exercise had higher maximal
force, average force, and press rate than their no exercise counterparts, for both the Control
and PD conditions. In fact, the PD Exercise group performed as well as the Control No
Exercise group on all parameters after tongue exercise. Specific to timing measures, the PD
No Exercise group had very low press rates that were even lower than their baseline
measures, reported previously. [10] We speculate that their deficits worsened over the 4
week period, whereas the PD Exercise group recovered function as a result of tongue
exercise. Nonuse-related decline in function is documented in the rodent literature [51] and
certainly the No Exercise animals had less opportunity with licking behavior than the
Exercise animals. We explored whether the increased behavioral tongue forces were related
to improved function at the level of the muscle. To test this, rats underwent bilateral
stimulation of the hypoglossal nerve and we measured tetanic muscle force. Stimulated
tetanic force assesses the muscle’s ability to maximally contract and is an indicator of
overall muscle strength. This technique has been used to assess muscle capability after
implementation of similar tongue exercise programs, and in young and aged rats; tetanic
forces increase after 8 weeks of exercise, [3] indicating a peripheral mechanism of recovery.
Interestingly, in the current study, there were no group differences for tetanic muscle force
in the stimulated condition, despite behavioral recovery of forces. However, the current
study only used 4 weeks of exercise to examine the acute effects of exercise on behavioral
tongue forces. This could explain, in part, why we didn’t observe significant differences at
the muscular level. The similar tetanic forces among groups despite behavior recovery
indicate that changes within the sensorimotor system are likely occurring via modulation at
the level of the neuromuscular junction, the cranial nerve nuclei, or perhaps centrally. This is
an important finding in the parkinsonian rats, as PD typically does not affect muscle strength
or muscle fiber type, and exercise does not necessarily need to be directed at changing these
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parameters. Rather, sensorimotor deficits associated with PD are related to an issue with
central drive to the muscles. [24] Thus, training, even for a shorter period of time, can lead
to rescue of behavior without changes to the muscle. This in part explains how exercise
paradigms that use increased effort, calibration of internal sense of effort, or external targets
can successfully lead to positive behavioral outcomes. [2,17,18,40,44-46,56]

However, contrary to our hypothesis, behavioral and neurochemical analyses indicate that
there was no change to striatal dopamine synthesis. We did not observe significant
differences in behavioral measures of striatal dopamine integrity (forelimb use asymmetry
scores), normalization of up-regulated receptors in the lesioned hemisphere (apomorphine
challenge), and importantly, we did not see any significant differences in striatal dopamine
content measured by TH. One hypothesis is that our 1 in 5 sample was missing some
potential recovery in orofacial regions, since the basal ganglia have a somatotopic
arrangement. However, we sampled each slice throughout the entire striata in 4 of the PD
Exercise animals and did not observe any increased levels of TH in orofacial regions. This is
in stark contrast to what has been found in the limbs with targeted exercise. [1,11,50,52]
Other studies of general exercise, such as treadmill running, show increased dopamine
release. [19,35,38] However, our immunohistochemistry shows severe depletions (98, 99%),
rendering this unlikely. It is also possible that other mechanisms of recovery may have
occurred. Recent work suggests that with certain types of exercise, neural modulation may
occur by down regulation of dopamine uptake and metabolism, [5,38,52] upregulation of
post-synaptic receptors, [20,29] and decreased corticostriatal release of glutamate.
[20,31,37,54] However, these experiments have not been done for cranial sensorimotor
functions and were not done in this study. Regardless of the mechanism, this dissociation of
modulation within limb versus cranial targeted training underscores the vital differences
between limb and cranial sensorimotor control mechanisms.

It is also interesting to consider the bilateral innervation of the cranial sensorimotor system,
and the intact hemisphere as possible source of compensation in this study. A bilateral lesion
model would be an interesting method to examine this hypothesis. However, a unilateral
model of dopamine depletion was chosen for several reasons. First, individuals with PD
often present with asymmetric nigrostriatal dopamine depletion [6] and this unilateral model
can represent earlier stages of PD. Second, unilateral 6-OHDA models in rats have
consistently shown cranial sensorimotor deficits with regard to vocalization, [7] tongue use,
[10,41] biting, [41] and oropharyngeal swallowing. [47] Bilateral models of dopamine
depletion cause more severe deficits and are often associated with high levels of rodent
mortality, rendering treatment studies challenging. A recent study compared unilateral to
bilateral dopamine depletion in a licking task akin to the one used in the current study. [34]
Both unilateral and bilateral lesions caused reductions in licking force, however, only the
unilateral lesion group showed deficits in tongue motility. [34] These results suggested that
unilateral deficits can represent an interhemispheric imbalance in terms of sensorimotor
control. [34,41] Taken together with our results, a unilateral model is appropriate for
studying aspects of PD, specifically nigrostriatal dopamine depletion. However, it would be
interesting to examine the effects of targeted training with a bilateral model in future studies.

Our study shows that intensive targeted exercise of the tongue leads to improvement in
behavioral tongue force and timing parameters, but not stimulated muscle forces or rescue of
striatal dopamine content. Importantly, data from this study suggest that there are likely
central, rather than peripheral (muscle) mechanisms of behavioral rescue of tongue force and
timing characteristics that do not involve total striatal dopamine content. This study shows
that exercise is a valuable treatment for lingual deficits and highlights that there are
important differences between limb and cranial sensorimotor control that should be
considered for investigation and treatment of PD.
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Figure 1.

Forelimb Asymmetry Test (Cylinder test). Data are expressed as mean and standard
deviatation of percentage of contacts made by the intact limb. A score of 50% indicates each
forelimb is used to explore equally. 100% indicates use only by the intact limb and severe
unilateral dopamine depletion. This figure shows severe forelimb deficits after surgery (left)
and post-exercise (right) with no significant difference between groups. Comparisons were
made with independent samples t-test.

Behav Brain Res. Author manuscript; available in PMC 2014 September 01.



Ciucci et al. Page 15

A.

Figure 2.
Coronal slices of rat brains labeled (brown) for immunoreactivity to tyrosine hydroxylase.

Left side of slice (right striatum) is the intact hemisphere with tyrosine hydroxylase-positive
labeling. Right side of each slice (left striatum) shows dopamine depletion. The rat
represented on the left (A) was in the PD No Exercise group. Rat represented on the right
(B) was in the PD Exercise group. This figure shows that striatal dopamine content was not
associated with behavioral rescue of tongue forces.

Behav Brain Res. Author manuscript; available in PMC 2014 September 01.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Ciucci et al.

140

120

-
)
o

60

Maximum Force (mN)

40

20

Page 16

ONo Exercise

B Exercise

PD Control

Figure 3.

Maximum Tongue Force in milliNewtons (mN). Data are expressed as mean and SEM. Both
the PD No Exercise group and the PD Exercise group had significantly lower maximum
tongue forces than the Control No Exercise group and the Control Exercise group,
respectively. Significant increases in maximum tongue force were found with exercise in
both conditions. Comparisons were made using a Kruskal Wallis Test One Way analysis of
variance (ANOVA) by Ranks and post-hoc testing was completed using Wilcoxon rank sum
test. Bars represent p-value < 0.05.
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Figure4.

Average Tongue Force in milliNewtons (mN). Data are expressed as mean and SEM. Both
the PD No Exercise group and the PD Exercise group had significantly lower average
tongue forces than the Control No Exercise group and the Control Exercise group,
respectively. Significant increases in average tongue force were found with exercise in both
conditions. Comparisons were made using a one-way analysis of variance (ANOVA) and
post hoc analyses were performed using Fisher’s LSD. Bars represent p-value < 0.05.
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Figure5.

Rate of tongue press in presses/second. Data are expressed as mean and SEM. Both the PD
No Exercise group and the PD Exercise group had significantly lower tongue press rates
than the Control No Exercise group and the Control Exercise group, respectively.
Significant increases in tongue press rates were found with exercise in both conditions.
Comparisons were made using a Kruskal Wallis Test One Way analysis of variance
(ANOVA) by Ranks and post-hoc testing was completed using Wilcoxon rank sum test.
Bars represent p-value < 0.05.
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Figure®6.

Tetanic Force in milliNewtons (mN). Data are expressed as mean and SEM. No significant
differences were found. Comparisons were made using a one-way analysis of variance
(ANOVA) and post hoc analyses were performed using Fisher’s LSD
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