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Abstract
Deficits in tongue function in conjunction with airway compromise can contribute to dysphagia
associated with Parkinson disease (PD). However, it is unknown if these deficits are related to the
primary disease pathology in PD, nigrostriatal dopamine depletion. To directly study the impact of
striatal dopamine depletion on tongue function, we used unilateral infusion of the neurotoxin 6-
hydroxydopamine (6-OHDA) into the medial forebrain bundle and measured tongue force and
timing parameters during a complex tongue protrusion task for a water reward. Maximal and
average forces were significantly diminished and average press time was significantly longer after
neurotoxin administration, reflecting aspects of bradykinesia and hypokinesia associated with PD.
Our findings suggest that even unilateral deficits to the nigrostriatal dopamine system may be
contributing to some of the lingual sensorimotor deficits seen in 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 neurons, early intervention for cranial sensorimotor deficits may also be
indicated.
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1. Introduction
Oropharyngeal dysphagia occurs in up to 95% of people with Parkinson disease (PD) and
contributes to mortality and decreased quality of life.[20,27,30,33,34] Deficits in tongue
function in conjunction with airway compromise can significantly contribute to dysphagia.
[1,24,26,31,36] Previous research has found that force and timing measures, such as average
tongue force and average tongue press rate in rats were sensitive to disrupting dopaminergic
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synaptic transmission, even with low doses of the dopamine antagonist haloperidol (0.05mg/
kg). [8] Similar dose-dependent findings have been reported by others in rats.[13,17,19]
However, haloperidol has widespread antidopaminergic effects that are not limited to the
nigrostriatal pathway, which is the main dopaminergic pathway compromised in PD.[5,6,16]

To directly study the impact of nigrostriatal dopamine depletion on craniomotor function,
we have employed a unilateral infusion of the neurotoxin 6-hydroxydopamine (6-OHDA)
into the medial forebrain bundle. Unlike haloperidol, 6-OHDA acts directly on the
nigrostriatal dopamine pathway and thus provides a model of the primary disease pathology
in early PD.[3,21,25] In these previous studies using this model, cranial sensorimotor
deficits were shown to be similar to those observed in humans with PD. Specifically,
ultrasonic vocalizations in rats werere analogous to human vocalization behaviors [7,23] and
after unilateral 6-OHDA-induced infusion, rat ultrasonic vocalizations were less complex in
type, reduced in frequency range, and reduced in loudness.[7,9] Previous studies in other
laboratories have examined effects of these lesions on tongue function and found reductions
in lick rhythm and average peak force according to severity of lesion.[40] As such, 6-OHDA
lesions present an interesting and useful model for study of cranial sensorimotor
impairments and can be applied to the study of lingual behaviors.[10]

The unilateral lesions used in our studies more closely approximate an earlier stage of PD
prior to the bilateral progression that characterizes later stages [5,6,16] The importance of
defining and characterizing early deficits may be substantial given that early therapeutic
intervention has been associated with striatal dopaminergic sparing and behavioral recovery
of deficits in animal studies of limb actions.[2,11,42] In the current study, we hypothesized
that a severe unilateral 6-OHDA-induced lesion to the medial forebrain bundle swouldlead
to decreased average tongue forces and altered timing characteristics in rats.

2. Materials and Methods
2.1 Animals

Fifteen 9-month-old male Fisher 344/Brown Norway rats were used in this experiment.
Animals were housed in pairs in standard polycarbonate cages on a 12:12 hour light-dark
reversed light cycle. Rats were obtained from Charles River (Raleigh, NC) 8 weeks prior to
the start of the experiment to allow acclimation to the animal care facility, reversal of light
cycle, water restriction, and familiarization to the tongue force operandum. Food was given
ad libitum. Water was restricted to 3 hours per day to encourage the animals to press a disk
for a water reward. All tongue press training was performed during the dark period of the
light cycle. Experimental methods for tongue press measurements in rats have been detailed
previously [8,12] but are discussed briefly below. All experiments were approved by the
University of Wisconsin Institutional Animal Care and Use Committee (IACUC).

2.2 Experimental Overview
The experiment involved a 2-week introductory period to allow water restriction and
familiarization with the tongue force operandum. After familiarization to the task, we
completed baseline behavioral assessments for limb use and tongue force measurements.
After baseline testing, rats were infused with the neurotoxin 6-hydroxydopamine (6-OHDA)
creating a unilateral 6-OHDA-induced lesion. Tongue force measurements were repeated 72
hours after lesions were made. This time period was chosen as limb and cranial behavioral
deficits are apparent 72 hours following neurotoxin administration.[2,7,25,42] Following
completion of all post-lesion data collection, the animals were transcardially perfused,
euthanized and brain tissues were collected for immunohistochemistry. All behavioral
assessments (cylinder test, apomorphine rotations) and tyrosine hydroxylase measures were
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done by an experienced rater. Inter and intra-rater reliability for these measures was
performed on 20% of the data with Person’s product moment correlations. Inter-rater
reliability was performed by a second experienced rater.

2.3.1 Parkinson disease model
After the introductory period and baseline testing, moderate to severe degeneration of
presynaptic striatal neurons was induced in all rats by unilateral infusion of 6-OHDA into
the medial forebrain bundle.[21,25,42,44] The rats were anesthetized with 2–4% inhaled
isoflurane, and placed in a stereotaxic frame. All rats received unilateral infusions of 7 µg 6-
OHDA hydrobromide (free base weight) dissolved in 3 µl artificial cerebrospinal fluid
(composition: NaCl, KCl, CaCl2, MgCl2*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 µl/min for 10 minutes. Infusions were
directed into the nigrostriatal projections in the left hemisphere, creating a unilateral 6-
OHDA-induced lesion. Post-operative local analgesia (5 mg/kg 0.25% bupivicaine,
subcutaneous around incision and 0.05 mg/kg bupenorphrine intraperitoneal) was
administered after suturing. Following surgery, animals were placed on a warm surface to
prevent hypothermia, and upon recovery were returned to their home cages.

2.3.2 Behavioral testing
To estimate the degree of 6-OHDA induced degeneration, two behavioral tests were
administered: forelimb-use asymmetry and apomorphine-induced rotation. Rats were tested
for forelimb-use asymmetry at baseline and 72 hours after 6-OHDA-induced lesions were
made by placing them in an upright acrylic cylinder (diameter 20 cm) to encourage rearing
and exploratory movements with the forepaws.[39,46] 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 (contralateral to the brain lesion) 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 (limited to 20
per test day to prevent habituation). Scores above 80 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-induced lesions. [39] Apomorphine-
induced rotational behavior was tested 7 days post-lesion. 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). A net number of rotations contralateral to the deficit
indicated a severe unilateral striatal dopamine deficit.

2.5.1 Tongue Force and Temporal Data Collection and Analysis
A custom instrument was designed based on previous research involving rodent models of
licking behavior [12,18,28,29,41] 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 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 cage resembling the homecage, but equipped with a 1 × 1 centimeter (cm)
aperture and force operandum that delivered aliquots of water based on tongue press
behaviors.

Tongue force increment testing immediately followed a 6-day introductory period.
Progressively increasing force targets were rapidly presented and resultant tongue force
behaviors recorded prior to when 6-OHDA-induced lesions were made (baseline) and at 72
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hours post lesion. These increment testing sessions were repeated on each of three days prior
to and following surgery. Animals were monitored by direct visual observation for all
training and data collection sessions to ensure that disk presses occurred only with the
tongue and not with the teeth, which can artificially elevate tongue forces.

Tongue presses were recorded at 200 Hz using custom-designed computer data acquisition
software (Matrix Product Development, Cottage Grove, WI) and analyzed with Matlab
software using custom designed algorithms. All data were analyzed from the increment
testing session (day) with the greatest number of tongue presses, and only for that session.
The following variables were measured during the session: maximal tongue force (g),
average tongue force (g), average press rate (presses/sec), average interpress interval (ms),
force variability (g), time to peak force (ms), and average press time (ms). Maximum tongue
force was the highest force achieved with a tongue press. Average tongue force was the
average of the highest 10 presses during a session. 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 approached the disk and initiated a
press.

Individual tongue press profiles are illustrated in Figure 1. After peak forces were made for
each tongue press observation, temporal measurements were made for observations of at
least 2g (± .2 g) for one 2-second period for each animal. Temporal measures included: (1)
Time to peak (TtP; ms), defined as the time between onset of the tongue press and peak
force, (2) Press time (PT, ms) defined as the time between force onset and offset. Onset of a
tongue press was defined as the baseline zero-cross point prior to peak force, while offset
was defined as the point at which 50% of peak force was measured during the force
declination phase. Variation in peak force (g) and average interpress interval (ms) were also
measured. Interpress interval was defined as the average duration (ms) between individual
press peaks over 2 seconds of continuous tongue presses. For the same 2-second period,
force variability was also calculated by subtracting the peak force (g) from the next
consecutive peak force (g). This measure was used to determine the ability of the animal to
maintain the same force generation over a short period of time (two seconds). For analysis
purposes, all observations were sorted into categories represented by their integer force level
of either 2, 3, or 4 grams.

2.4 Immunohistochemistry
The immunohistochemistry technique we used was modified from previous studies. [2, 42]
After completion of post-lesion measures, rats were deeply anesthetized with 2.5 – 4.0%
isoflurane and intra-aortically perfused with 250 mL physiological saline 1 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 µm coronal
slices throughout the basal ganglia were harvested and stored in PBS with 0.02% NaN3 at
4°C.

Floating slices were probed for tyrosine hydroxylase 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
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peroxidase reaction for 90 seconds. Slices were quenched, counterstained with hematoxylin,
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 tyrosine
hydroxylase 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 dopaminergic neurons in the striatum.

2.6 Statistical Analysis
All statistical analyses were performed with SAS (SAS Institute, Inc, Cary, NC).
Comparisons between baseline and post-lesion measures were made with paired t-tests. If
the test for equality of variances was significant, a Satterthwaite t-test was performed. The
alpha level was set a priori at 0.05.

3. Results
Means and standard deviations of our measures as well as p-values from statistical analysis
are presented in Table 1.

3.1. Validation of lesion
3.1.1 Forelimb use asymmetry test—Data (box and whisker plots) for the forelimb
asymmetry test are displayed in figure 2. The mean proportion of contralateral forelimb use
(unimpaired limb) was 93 post-lesion, indicating a severe unilateral parkinsonian deficit.
[15,46] There was a statistically significant difference in forelimb use asymmetry ratio after
6-OHDA-induced lesion (t = −15.08, df = 14, p<.001).

3.1.2 Apomorphine rotation—The average number of revolutions per minute after 6-
OHDA-induced lesion was 11, which is consistent with the number of rotations found in
other studies with severe striatal dopamine loss.[22,25,43] Taken with the forelimb
asymmetry test (Figure 2), these scores confirm that unilateral striatal dopamine depletion
was severe.

3.1.3 Immunohistochemistry—Analysis of immunoreactivity to tyrosine hydroxylase
revealed that the average percent striatal dopamine loss was 96%, confirming severe
unilateral depletion of striatal dopaminergic neurons (Figure 3).

3.1.4 Reliability—The Pearson’s product moment correlations for both inter-rater and
intra-rater reliability was r=0.99.

3.2 Tongue forces
3.2.1 Average tongue force—Data (box and whisker plots) for average tongue force are
displayed in Figure 4. Average tongue force was significantly lower following unilateral 6-
OHDA-induced lesion (t = 7.02 df = 14, p<.001).

3.2.2. Maximal tongue force—Data (box and whisker plots) for maximal tongue force
are displayed in Figure 4. Maximal tongue force was significantly lower following unilateral
6-OHDA-induced lesion (t = 7.76, df = 14, p<.001).
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3.2.3 Average press rate—Average press rate was not significantly different after 6-
OHDA-induced lesion (t= 1.24, df=15, p=.19).

3.2.4 Force variability—Differences in peak to peak force generation were significantly
lower following 6-OHDA lesion-induced lesion (t = 2.37, df = 14, p=.03).

3.3 Temporal Parameters
3.3.1 Average interpress interval—Average interpress interval was not significantly
different after 6-OHDA-induced lesion (t = 0.61, df = 14, p=.55).

3.3.2 Time to peak force—Time to peak force was not significantly different after the 6-
OHDA-induced lesion, at force levels of 2 g (t=0.02, df=13, p=.98), 3 g (t=0.72, df=10, p=.
49), and 4 g (t=2.14, df=7, p=.07).

3.3.3 Press Time—Press time was not significantly different after 6-OHDA-induced
lesion at the 2 g force level (t= 1.9, df=13, p=.08). However, press time was significantly
longer after 6-OHDA-induced lesion at the 3 g (t= 3.62, df=10, p=.005) and 4 g (t= 3.73,
df=7, p=.007) force categories.

4. Discussion
Parkinson disease, at all stages, is associated with oromotor deficiencies including lingual
deficits and mild to profound dysphagia.[4,14,20,34] However, the degree to which
nigrostriatal dopamine depletion is associated with these deficits has been unclear. The
purpose of this study was to determine if unilateral disruption of dopaminergic signaling in
the nigrostriatal pathway results in deficits of complex tongue protrusive behaviors during
water consumption in rats (i.e. licking water from a disk). Our results demonstrated that
severe unilateral lesions to the medial forebrain bundle with the neurotoxin 6-OHDA caused
changes to force characteristics during a voluntary tongue press task. Specifically, maximal
and average forces were significantly diminished after neurotoxin administration. Average
peak force has also been reported in a similar model with lesions producing over 75%
striatal dopamine depletion.[40] In contrast to what we predicted, force variability was also
reduced after 6-OHDA-induced lesions. It is possible that the parkinsonian animals’
dynamic range for force production was limited to lower forces, thus reducing variability.

In this study, we also measured temporal aspects of tongue movement that may capture
aspects of lingual bradykinesia and movement to movement variability during tongue press
behavior: average interpress interval, time to peak force generation, and press time. After 6-
OHDA-induced lesion, the interpress interval and time to peak force generation were not
significantly different from baseline. However, press time was significantly longer. As force
increased, tongue press time also increased and was significantly different from baseline
levels at higher forces. Interestingly and contrary to our hypothesis, average press rate was
not significantly reduced after 6-OHDA lesion. Previous studies have shown that interfering
with dopaminergic synaptic transmission with the D2 antagonist haloperidol diminishes
licking rate [8,13,17,19] especially at higher doses of the drug. Another study using a similar
unilateral 6-OHDA lesion to the nigrostrial bundle, also showed severity-dependent
decreases in the number of licks and lick rhythm, but this was only significant for animals
with greater than 75% striatal dopamine depletion and was analyzed over a 40 second
period.[40] However, the severe unilateral lesions to the medial forebrain bundle in our
study do not appear to affect timing characteristics that we measured, with the exception of
press time, which was longer after 6-OHDA lesion. Longer press times are likely reflective
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of bradykinesia that is characteristic in the unilateral 6-OHDA model. Unilateral lesions do
not appear to affect movement to movement variation, at least in short bursts of licking.

As cranial sensorimotor functions are typically bilaterally innervated by descending cortical
input that is modulated by the basal ganglia, it has been traditionally unclear if a unilateral
striatal dopamine loss would yield deficits to oral and laryngeal functions. But, we have
recently found that unilateral lesions to the medial forebrain bundle are associated with other
cranial deficits, such as reductions in complexity, bandwidth and intensity of ultrasonic
vocalizations.[7,9] However, this type of lesion does not cause devastating effects to the
cranial sensorimotor systems, such as completely eliminating vocalization or severe
dysphagia causing death of the animal. It is likely that the degeneration in the brainstem and
other forebrain areas [5,6] as well as other PD-related phyisiopathies in cortico-striatal
excitability [32,45] contribute to the severe oromotor deficits that manifest with late-stage
idiopathic Parkinson disease.

Because oropharyngeal dysphagia is a prominent and debilitating aspect of Parkinson
disease, it is important to develop appropriate behavioral and medical therapies to
compensate for or ameliorate oromotor deficits. However, as nigrostriatal dopamine
depletion is only one factor in a complex pathology in PD, [5,6,32,35,45] it is important to
consider other brain areas and neurotransmitters when developing treatment strategies. We
did not consider the role of norepinephrine in this study, as the animals were not pre-treated
with desimpramine, which protects noradrenergic terminals. Because 6-OHDA is neurotoxic
to catecholamines, it is possible that some of these oromotor deficits may be linked to
alterations in noradrenergic synaptic activity as well.[37,38]

Our findings suggest that even unilateral deficits to the nigrostriatal dopamine system may
be contributing to some of the lingual sensorimotor deficits seen in Parkinson disease.
Because previous research in rat models of Parkinson disease have shown that targeted
training of the limb can rescue the behavioral deficit and spare striatal dopamine neurons,
early intervention for cranial sensorimotor deficits may be indicated. As such, identifying
oromotor deficits at the early and unilateral stage of Parkinson disease may prompt earlier
intervention and perhaps better outcomes for oromotor deficits, such as dysphagia.
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Figure 1.
A representation of three consecutive tongue pushes from one rat and measurement
variables analyzed. Dashed lines indicate that the value is subtracted from the previous force
peak. TtP=Time to peak, PT=Press time, II=Interpress interval FV=Force variability
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Figure 2.
Forelimb Asymmetry box and whisker plots depicting the forelimb asymmetry ratio at
baseline and in the post-lesion condition. The thick black line indicates the median of the
data, the top and bottom of the box represent the upper (75%) and lower (25%) quartiles
respectively, and the maximum and minimum values are represented by the whiskers. No
outliers are present. Based on the means and standard deviations (presented in table 1) the
forelimb asymmetry ratio was significantly higher in the post-lesion condition (p<.001)
indicating a severe unilateral lesion.
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Figure 3.
Montage of coronal slices of rat brains showing immunoreactivity to tyrosine hydroxylase in
the striatum. Note the absence of staining in the left hemisphere (shown on the right side of
the slice), indicating severe striatal dopamine depletions.
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Fig 4.
Box and whisker plots depicting average (left) and maximum (right) tongue forces (g) for
animals at baseline and post-lesion. The thick black line indicates the median of the data, the
top and bottom of the box represent the upper (75%) and lower (25%) quartiles respectively,
and the maximum and minimum values are represented by the whiskers. No outliers are
present. Mean values (shown in table 1) for both average and maximum force values were
significantly lower in the post-lesion condition (p<.001).
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