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Abstract—The globus pallidus internus (GPi) is the main output
nucleus of the basal ganglia, which is associated with a variety of
functions including motor performance and cognition. The GPi
is one of the primary targets of deep brain stimulation (DBS)
in patients with movement disorders. However, the therapeutic
mechanism of GPi-DBS is poorly understood and rodent models
have not been characterized. Cognitive side effects, such as impulsivity and depression, of DBS treatment for Parkinson’s disease
are known, but their relationship to the efficacy of the treatment
is not well explained. The goal of this study is to illuminate the
effects of GPi-DBS on both motor and cognitive function in a
hemi-Parkinsonian rat model. In this work, we study the motor
performance of the rodents in multiple behaviors, as well as of
impulsivity and depression, and consider the relationship between
these behavioral variables and the stimulation frequency of the
DBS signal. For the first time, the connection is directly established
between stimulating the GPi, motor performance and cognition is
directly established in the hemi-Parkinsonian rodent model.
Index Terms—Biomedical engineering, biotechnology, brain
stimulation, electrical stimulation.

I. INTRODUCTION

P

ARKINSON’S disease (PD) is a neurodegenerative motor
disorder which stems from dysfunction in the basal ganglia
(BG) following the cell loss of dopaminergic neurons in the substantia nigra pars compacta (SNc). When the symptoms become
pharmacologically intractable, deep brain stimulation (DBS)
is a possible alternative treatment. Electrodes are implanted in
the brain, unilaterally or bilaterally, in deep brain nuclei; the
two main targets for the electrodes are the subthalamic nucleus
(STN) and the globus pallidus internus (GPi). These targets and
the major pathways within the BG are depicted in Fig. 1. Note
that the primate GPi homolog in the rat is the entopenduncular nucleus (EP), which has similar connections within and
projecting out of the basal ganglia [1], and in this paper it is
understood that GPi in the rodent model refers to the EP.
Manuscript received September 26, 2013; revised March 29, 2014; accepted
May 16, 2014. Date of publication June 12, 2014; date of current version
November 13, 2014.
S. R. Summerson and B. Aazhang are with the Department of Electrical and
Computer Engineering, Rice University, Houston, TX 77005 USA (e-mail: srsummerson@rice.edu; aaz@rice.edu).
C. T. Kemere is also with the Department of Electrical and Computer Engineering, Rice University, Houston, TX 77005 USA, and also with the Department of Neuroscience, Baylor College of Medicine, Houston, TX 77030 USA
(e-mail: caleb.kemere@rice.edu).
Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TNSRE.2014.2330515

Fig. 1. Major pathways within the basal ganglia, and the pathways for the main
input and output nuclei for the basal ganglia. GABAergic pathways (inhibitory)
are shown with solid lines and the glutamatergic pathways (excitatory) are with
dotted lines. Dopaminergic projection from the SNc to the striatum is depicted
with a dashed line. Marked with gray shading are the two main target nuclei,
GPi (also known as the entopeduncular nucleus in the rat brain) and STN, for
DBS to treat the motor symptoms of PD.

Loss of dopamine in the SNc causes pathological changes
in BG neural activity that are related to the symptoms of PD
and DBS aims to modulate the activity in order to alleviate
some of these symptoms. Although stimulation of both targets,
STN and GPi, has been shown to provide therapeutic benefits
in human patients [2]–[8], there remains a deficient mechanistic
comprehension of DBS. Consequently, optimizing stimulation
patterns for DBS in order to maximize therapeutic benefits is
challenging. The 6-hydroxydopamine (6-OHDA) rodent model
has frequently been used to study PD and DBS [9]–[19], but no
prior work has developed the relationship between motor symptoms of PD in behaving rats and the effects of GPi-DBS. In
order to address this, the work presented here provides a systematic characterization of behavior tuning in response to stimulation frequency and validation of the translational value of the
6-OHDA rodent model to study GPi-DBS.
Animals were evaluated using a suite of behavioral
paradigms to probe their motor ability, mood and impulsiveness. We assayed their performance in three different
states: naive (intact), hemi-Parkinsonian, and with stimulation
(i.e., hemi-Parkinsonian state with unilateral GPi-DBS). Thus,
each subject served as its own control and eliminated the need
for multiple cohorts. In many DBS studies, animal and human,
it has been found that high frequencies (
Hz) are more
effective than low frequencies for stimulation in both GPi
and STN [7], [17], [18], [20], [21]. In order to fully ascertain
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behavior tuning with stimulation frequency, we considered a
range of frequencies spanning untherapeutic and therapeutic
regimes.
We found that high frequency (
Hz) GPi-DBS reduced
akinesia and bradykinesia in a subpopulation of the rats, and improved motor asymmetry and ambulation across the entire population. Additionally, the subjects became more anhedonic with
high frequency stimulation. This is the first report of findings for
GPi-DBS and the conclusions are consistent with observations
from human studies [3], [21]–[23]. Overall the results demonstrate the characteristic response of motor behavior to the stimulation frequency parameter and strongly support the validity of
the hemi-Parkinsonian rodent model for studies of GPi-DBS.
II. METHODS

Fig. 2. Representative image of THir cells in the SNc on the left lateral and
right lateral sides of a 50 m slice. Scale bar is 1 mm. TH positive cells appear
darker than the surrounding tissue.

A. Subjects and Study Design
Male Long-Evans rats (Charles River Laboratories) weighing
400–550 g were housed individually under a 12/12 h light/dark
cycle. To facilitate behavioral training, animals were given a
food restricted diet such that they reached approximately 85%
of their initial weight. Water was given ad libitum, except preceding the sucrose preference task. All experiments were approved by the Institutional Animal Care and Use Committee of
Rice University.
Two populations of rats were used. The first population
was hemi-Parkinsonian and studied in a variety of
motor tasks to understand how stimulation frequency tuned
motor behavior. A rotation task determined the asymmetrical
limb use attributed to the unilateral 6-OHDA lesion and the
reduced asymmetry under 10 stimulation frequencies. This
was further characterized in a cylinder task, where ipsilateral
and contralateral forelimb wall touches were recorded for the
same settings. The open field task was used to investigate
the horizontal and vertical ambulation of the subjects in the
hemi-Parkinsonian state and with five different stimulation
frequencies. The second population of subjects
was
evaluated in motor and cognitive tasks in three possible states:
naive (intact), hemi-Parkinsonian, and with GPi-DBS at a
stimulation frequency verified to be therapeutic from the first
population (130 Hz). This group was evaluated in a reaction
time task to monitor the level of akinesia and bradykinesia in
subjects, as well as to measure their level of impulsiveness.
Additionally, anhedonia was measured via a sucrose preference
task.
B. Electrode Implantation and 6-OHDA Lesions
Following behavior training and/or behavior evaluation
in the naive state, the rats received a unilateral injection of
6-OHDA in the right hemisphere and were implanted with a
stereotrode in the right entopeduncular nucleus (EP), the rat
equivalent of the GPi. Prior to surgery, desmethylipramine
(DMI, 10–20 mg/kg IP) was administered to protect noradrenergic neurons. Under anesthesia (0.5%–5% isoflurane in
oxygen, buprenorphine 0.01-0.05 mg/kg SQ), 6-OHDA (2 l
of 4 g/ l in 0.9% saline; Sigma, Zwijndrecht, The Netherlands) was stereotactically injected into the medial forebrain
bundle (MFB, coordinates from Bregma: AP
, ML 1.2, DV

). In the same procedure, a platinum iridium or tungsten
stereotrode (
; MicroProbes, Maryland, USA) was
implanted in the EP (coordinates from Bregma: AP
,
ML 3, DV
). Craniotomies were sealed with silicone
elastomer (World Precision Instruments, Sarasota, FL, USA),
and the electrode connector was affixed in place with 6–12
stainless steel skull screws, as exposed skull surface space
allowed, and dental acrylic. The rats were given two days of
post-operative care and all rats began the behavior tasks two
weeks following the injection of 6-OHDA, which is sufficient
time for a dopaminergic lesion to develop [24].
C. Histology
Following the experiments, the rats were anesthetized and
the stimulating sites were marked by electrolytic lesions. The
rats were given an overdose of Euthasol (
ml; Virbac
AH Inc.) and then perfused intracardially with a 10% isotonic
sucrose solution followed by 4% paraformaldehyde (PFA) in
PBS. The brains were cryoprotected in a 30% sucrose solution
in PFA (typically 4–5 days), then frozen in Tissue-Tek OCT and
stored at
C. Frozen brains were sliced along the coronal
plane and 50 m sections were immunostained for tyrosine hydroxylase (TH; primary rabbit anti-TH antibody, 1:200 dilution;
and biotinylated goat anti-rabbit secondary antibody, 1:400 dilution). A red fluorescent Nissl stain was used (Neurotrace, Invitrogen, 1:200 dilution) and slices were mounted using ProLong Gold Antifade Reagent with DAPI. The slices were imaged using a Nikon A1-rsi Confocal Microscope and the number
of TH immunoreactive (THir) cells was quantified using Nikon
Elements software (Nikon, Tokyo, Japan).
Symptoms of PD are thought to become apparent after loss of
a large fraction of dopaminergic cells. We quantified the extent
of our unilateral 6-OHDA lesions both directly via histology
and standard behavioral assays. Comparing the lesioned and unlesioned hemispheres, there was a significant 6-OHDA-induced
depletion of
% (mean SEM) THir cells in the SNc
(results of one-way ANOVA:
; see
Section II-F for explanation of ANOVA). A sample image in
Fig. 2 demonstrates the considerable difference in THir cells in
the left lateral and right lateral SNc. The positions of the electrode tips in the GPi, also depicted with gray shading in Fig. 3,
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at intervals of 15 Hz. This set of frequencies was selected in
order to fully establish a range of ineffective and effective stimulation frequencies. The results from these two tasks clearly
demonstrate that there is a therapeutic threshold of stimulation, which appears to occur around 100 Hz, dividing lower,
ineffective stimulation frequencies from higher, more effective
stimulation frequencies. The open field task was performed for
a subset of frequencies: 40, 85, 100, 115, and 160 Hz. This
set of frequencies consist of a known untherapeutic frequency
(40 Hz) and a known highly therapeutic frequency (160 Hz),
as well as three frequency values around the so-called therapeutic threshold. For the reaction time task and sucrose preference task, we chose to perform the experiments using 130 Hz
stimulation because this is found to be an effective stimulation frequency for GPi-DBS and previous work on STN-DBS
of hemi-Parkinsonian rats found this value to be effective as
well in improving the motor performance [17], [18]. In line with
previous studies, we fixed the current to 65 A for all subjects
during 130 Hz stimulation for these two tasks.
The duration of the stimulation was up to 120 min/day, depending on the behavior task. After a period of stimulation,
at least 12 h elapsed before a rat’s performance was evaluated
again under stimulation. This ensured that there were no carryover effects between periods of stimulation [17], [18], [25].
Anecdotally, the observable behavior of the rat changed instantaneously once stimulation was turned off and there appeared to
be no long-term behavioral effects.
E. Behavioral Measures

Fig. 3. Approximate locations of the electrode positions for all subjects with
one marker per subject and the EP (GPi) shaded in gray. Each image is a depiction of a coronal section that is 2–4 mm lateral and 7–9 mm ventral from
Bregma, with solid and dashed lines demarcating neighboring nuclei. (a) Secmm posterior to Bregma. (b) Section is
mm posterior to
tion is
mm posterior to Bregma. (d) Section is
mm
Bregma. (c) Section is
mm posterior to Bregma. (f) Section
posterior to Bregma. (e) Section is
mm posterior to Bregma.
is

were localized by locating the electrolytic lesions using the confocal microscope. One black point per subject represents the position of each electrode.
D. Stimulation
The standard stimulation signal used in the PD rodent model
consists of a sequence of brief bi-phasic constant-current square
pulses delivered at a constant rate [15], [17]–[19]. The amplitude of the stimulation was tuned to the lowest current amplitude
that produced noticeable improvement in the rats’ spontaneous
behavior in an open arena; the values ranged from 45–98 A,
with an average amplitude of 63.5 4.61 A (mean SEM).
For the rotation task and cylinder task, we characterized the
performance of the rats between 40 and 175 Hz stimulation

Rotation Task: Methamphetamine induces rotation (circling
behavior) in the direction ipsilateral to the SNc lesion and
apomorphine induces rotation in the contralateral direction
[18]–[20], [26]–[29]. The rotation task was performed on the
rats
twice using each drug and the results were
averaged. The number of rotations per minute is used as an
indicator of extent of the lesion, i.e., the loss of dopamine
function in 6-OHDA lesioned rats [19], [20], [27], [28], as
this circling behavior is not present if striatal dopamine is
not depleted. With effective DBS the number of rotations is
attenuated. Methamphetamine dissolved in saline was administered IP (1.875 mg/kg) [17] under anesthesia (5% isoflurane in
oxygen). Rats regained consciousness in 1-2 min and rested for
an additional 15 min. This resting period allowed the methamphetamine to take effect in the rats. Rats were then placed
in a cylindrical environment (diameter 30 cm, height 45 cm)
made of clear acrylic and allowed to behave spontaneously.
The task was performed similarly for apomorphine, except
that apomorphine was dissolved in saline and administered SQ
(0.1 mg/kg) [26], [27], [29].
The task consisted of 11 epochs. One epoch was allocated for
assaying the rat in the hemi-Parkinsonian state (i.e., stimulation
was off) and then 10 epochs were allocated for the 10 different
stimulation frequencies ranging from 40 to 175 Hz. Each epoch
was 2 min in duration and was followed by a control period that
was 3 min in duration with stimulation off. The order of the
epochs was randomized within each block. The block of eleven
epochs was 2 h in duration and this design was dictated by the
limited time of action of the drugs. The task was performed four
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times per animal for each drug, in line with other rodent studies
[18], [30]. Video data in 3-D was captured using a Microsoft
Kinect (Microsoft, Redmond, WA, USA) and was processed in
MATLAB to determine the angular movement of the rat over
time.
Cylinder Task: A cylinder task is traditionally used to measure the asymmetric forelimb use in the hemi-Parkinsonian rat,
with the extent of the asymmetry indicating the extent of the
unilateral lesion induced by the 6-OHDA injection [15], [28]. In
this task, the rat was placed in a cylindrical environment (inner
diameter 20 cm, height 46 cm) and permitted to behave spontaneously. Rats
were observed while freely rearing 25
times and the proportion of paw presses with the limb ipsilateral
to the 6-OHDA lesion was counted; the period of exploratory
rearing is limited, which is why we required only 25 rears for
test condition. This task was repeated while stimulation was administered for 10 different stimulation frequencies, with at least
30 s between periods of stimulation.
Open Field Task: The open field task is used to evaluate ambulation, which is measured via horizontal and vertical activity
(i.e., rearing) [31]–[33]. The open-field task was conducted on
a square arena, 1 m 1 m, which was raised 1 m off the floor
and marked into a grid dividing it into 25 equal-sized squares.
Low lighting was used to illuminate the room and a camera was
mounted on the ceiling above the arena. Video recordings were
used to extract performance data. The number of squares traversed was recorded, which was calculated as the number of
squares the rat occupied with at least three paws crossing the
grid lines demarcating the square. Additionally, the number of
rears, defined as the standing on its hind legs only, was counted.
Each animal
was evaluated at most once per day for
25 min. The task was repeated five times per animal, with a
different frequency each time, and the order of the frequencies
randomized for each animal. Between animals, the arena was
cleaned using Sani-wipes.
Reaction Time Task: Rats
performed a reaction
time (RT) task (similar to [17]) which yielded measures of
both motor and cognitive status. The task employs an operant conditioning box (Med Associates, inner dimensions:
30.5 24.1 21 cm) equipped with two retractable levers
flanking a liquid reward dispenser. A sensor at the dispenser
detected when head insertions and withdrawals occurred. There
were cue lights above each component, which indicated to the
rat that an action be executed in relation to that component. The
box was positioned inside an isolation chamber and time was
recorded to a resolution of 10 ms.
The reaction time (RT) task was composed of four phases: a
holding phase, lever-pressing phase, reward phase, and time-out
phase. Each trial began with the cue light above the liquid reward dispenser turning on, indicating the rat should insert and
hold its head in place for a random period (chosen uniformly between 0.6 and 1.5 s in steps of 0.1 s). This is depicted in Fig. 4(a).
The hold period time reset any time the rat prematurely withdrew its head from the dispenser area, which is termed a premature response. Once the rat successfully completed this phase,
the cue light above the liquid dispenser was extinguished, a
random lever was extended (left and right lever extensions were
equally likely) and the corresponding lever cue light was illumi-
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Fig. 4. Depiction of the RT task. (a) Rat places its head above milk well for
a random time interval, with an early head withdrawl termed a premature response. Time to correctly withdrawl head at end of interval is the reaction time.
(b) Following correct head withdrawl a lever is extended and the time until lever
depression is the motor time. (a) Holding. (b) Lever press.

nated. The rat then withdrew its head and pressed the lever, as
depicted in Fig. 4(b). Following depression of the lever, the rat
was given a milk reward with 50% probability in order to increase the likelihood of an overall larger number of completed
trials [35]. An inter-trial time out phase lasted 10 s, allowing rats
time to drink and potentially exit the dispenser area prior to the
next trial.
We define three behavioral measures for this task: 1) RT, 2)
motor time (MT), and 3) the proportion of premature responses
(PPR). The RT was defined as the time between the lever extension and the withdrawal of the rat’s head. This is a model of the
rats’ ability to initiate movement, which is impaired when in an
akinetic state. Times longer than 1.5 s were disregarded as they
are considered to be times not related to the task [16], [35]. The
MT was measured as the time following the head withdrawal
until the lever was pressed; times longer than 2 s were generally
considered as not task-related (e.g., rat lost interest task) and
thus were excluded from analysis [16], [35]. This measure relates to bradykinesia and how well the rats were able to execute
a movement. Finally, the PPR was computed as the ratio of premature responses to total responses, i.e., premature responses
plus correct responses

(1)
This metric indicates the impulsiveness of the rat [17].
The rats were trained on this task until their performance was
stable, which took 4–6 weeks. The performance was considered
stable if the means RT and MT were within the mean standard error of the mean (SEM) for the previous two days. Additionally, we required that the five-day sliding average PPR was
within the five-day sliding mean SEM from the previous two
days. Once stability was achieved, the rats were evaluated in
the behavior box once a day for three consecutive days, which
defined their performance in the naive state. Following surgery,
the rats were retrained for three days to ensure that the behavior
had not been unlearned during the post-op recovery period before they were assayed in the hemi-Parkinsonian state. The performance for the hemi-Parkinsonian state and the treated state
with 130 Hz GPi-DBS was measured over nonoverlapping three
consecutive day periods, one task per day.
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Sucrose Preference Task: Given a choice, rats prefer sucrosesweetened water to plain water, but this preference decreases in
an anhedonic state [36]. Animals
were deprived of
water for 8 h to ensure that they were thirsty prior to the task.
They were then allowed 1 h to drink freely from two identical
bottles filled with water and a 1% sucrose solution. The sucrose
preference index (SPI) was the metric associated with this task
and is defined as
(2)
This task was performed twice per state for each subject, with at
least 24 h of water available ad libitum between tasks. The rats
were assayed in the naive state, hemi-Parkinsonian state, and
with 130 Hz GPi-DBS.
F. Statistical Analyses
Repeated measures ANOVA and MANOVA [37] tests were
used to analyze the behavioral data and determine if the mean
performance changed significantly across the various conditions. All computations were performed using MATLAB and
IBM SPSS software. Sphericity is an underlying assumption
of ANOVA analysis and degrees-of-freedom correction factors
were used when this assumption was not met. Post hoc least
significant differences (LSD) and Bonferroni tests were used
for pairwise comparisons of the conditions [37]. We report
the outcome here as
, which is the F-distribution
evaluated using the degrees-of-freedom of the treatment and
error,
and
, respectively, with significance level . For
our experiment design,
is equal to
, where is the
number of conditions tested (i.e., “treatments”) and
is
equal to
[37]. Additionally, correlations were
calculated and their significance was evaluated using t-tests.
For all statistical analysis, results were considered significant
if the probability of incorrectly rejecting the null hypothesis of
equal means (also known as Type I error), , was less than 0.05.
III. RESULTS
A. Effects of GPi-DBS on Motor Asymmetry
Rotation Task: To evaluate the efficacy of GPi-DBS on motor
asymmetry, we used methamphetamine and apomorphine to
induce locomotory rotation. We surveyed performance for 10
stimulation frequencies in addition to the hemi-Parkinsonian
state without stimulation. Two-minute epochs of stimulation
were preceded and followed by 3-min no-stimulation control
periods. The rotation rates during the prior and post control
periods were averaged and used to normalize the rotation rate
of the stimulation epoch, i.e., the rotation rate with stimulation
was divided by the average rotation rate from neighboring
control periods so that the normalized rotation rate reflected
the relative decrease in rotation when stimulation was administered. Results for the average normalized rotation rate for
all conditions are shown in Fig. 5 for circling induced by (a)
methamphetamine and by (b) apomorphine. The general trend
for both drugs was that the normalized rotation rate decreased

Fig. 5. Normalized rotation rate and total angular distance traveled are presented above for the rotation task using methamphetamine and apomorphine.
Different alphabetical characters indicate significant differences determined
. (a) Rotation rate with methamphetamine.
from post-hoc LSD tests
(b) Rotation rate with apomorphine. (c) Angular distance with methamphetamine. (d) Angular distance with apomorphine.

with increasing stimulation frequency. Additionally, we characterized the total angular distance traveled by the rat, which
is the total angular movement in both directions (as opposed
to the net movement in one direction which gives the rotation
rate). The total angular movement for a stimulation epoch is
normalized by the values for the preceding and following control epochs, as before, and then average across the population.
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Results for the average normalized angular distance is shown
in Fig. 5 for circling induced by (c) methamphetamine and by
(d) apomorphine.
For the methamphetamine rotation task, repeated measures
ANOVA indicates that there is a significant difference in the
normalized rotation rate across the stimulation conditions
. Post-hoc LSD tests indicate
that a significant difference in the average normalized rotation
rate from the off condition occurs for stimulation frequencies
greater than 100 Hz, which is around where we hypothesize
there is a therapeutic threshold. For frequencies of 115 Hz and
larger, there is a significant reduction in the normalized rotation
rate. In considering the total angular distance traveled (i.e., the
rotational movement in both directions), we find that there is no
significant change across the conditions
;
thus, net movement in one direction was reduced rather than
a simple reduction in overall movement. We conclude that
high-frequency GPi-DBS reduces the circling behavior induced
by methamphetamine.
The same task was performed using apomorphine and again
it was found that higher frequencies were more effective in reducing the normalized rotation rate of the subjects on average.
There was a significant difference in average performance
across the conditions
and no
significant change in total angular distance traveled was found
, though post-hoc tests show that it not
until 160 Hz that significant reduction in the rotation rate is
achieved. We attribute this result to the short and intense time
course of the drug. In general, the effects of the drug lasted
between 25–50 min, which is less than half the time that the
methamphetamine induced circling behavior. Additionally, rotation rates during peak epochs reached values greater than 50
rotations/min. Stimulation during these epochs was ineffective.
Other studies have found that for high dosages of methamphetamine, STN-DBS was ineffective in reducing rotation rates
in hemi-Parkinsonian rats, even for the stimulation frequencies
up to 250 Hz [18], [30]. We believe that our results may be
confounded by these extremely high periods of rotation caused
by the apomorphine.
Cylinder Task: To further understand how GPi-DBS may
improve the motor asymmetry in the hemi-Parkinsonian model
as a function of the stimulation frequency, we performed
a cylinder task on the rats
for the same 10 frequencies evaluated in the rotation task. We found that again
motor asymmetry improves as stimulation frequency increases
. The results, shown in Fig. 6,
are consistent with those found in the methamphetamine rotation task—frequencies about 100 Hz are effective in reducing
the normalized rotation rate. For stimulation frequencies at
115 Hz and above, the average paw touch ratio is within errorbars of 0.5, which represents an equal number of touches by the
contralateral and ipsilateral paws and indicates that the motor
asymmetry is essentially eliminated with higher frequency
GPi-DBS.
B. Effects of GPi-DBS on Movement
Open Field Task: The open field task was used to evaluate exploration and ambulation by measuring the number of squares
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Fig. 6. Ipsilateral to total paw touch ratio in the cylinder task. Number of times
the rat reared against the side of the cylinder environment and made contact
using each forelimb was recorded. Total number of times the rat used the paw
ipsilateral to the 6-OHDA lesion was divided by the total number paw touches to
create the paw touch ratio. Different alphabetical characters indicate significant
.
differences determined from post-hoc LSD tests

Fig. 7. Total number of outer squares traversed and number of rears during
open field task. Different alphabetical characters indicate significant differences
. (a) Horizontal ambulation. (b)
determined from post-hoc LSD tests
Vertical ambulation.

traversed and the number of rears. The horizontal exploration
of the rats was quantified in terms of the interior squares that
they traversed (the inner 4 4 square area) and the outer squares
that they traversed (the 16 outer squares that encompass the
inner squares). The interior of the area is the most anxiogenic
area, so normal animals spend more time in the corners and
outer areas of the environment [33], [34]. Analyzing the animals
across states, there were significant differences in the vectors
of mean values of the dependent variables (repeated measures
MANOVA;
.
There was no change in the average number of inner squares
traversed for all of the conditions
, which indicates that the anxiogenic state of the subjects was unchanged
with stimulation. However, the dopaminergic lesion and subsequent GPi-DBS impacted the average number of outer squares
traversed. There was a significant difference in the mean number
of outer squares traversed by the rats across all states (repeated
measures ANOVA;
, as shown in
Fig. 7(a). Specifically, there was a significant increase in horizontal movement as the stimulation frequency increased, indicating that GPi-DBS improved horizontal ambulation in the
subjects. The rearing rate, a measure of vertical ambulation, was
also found to have a significant difference in the mean number
of rears across conditions, as shown in Fig. 7(b) (repeated measures ANOVA;
. For stimulation
at 115 and 160 Hz, there is a significant increased in the number
of rears from the lowest stimulation frequency, 40 Hz.
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Fig. 8. Measures of akinesia and bradykinesia. Bars represent mean SEM.
.
Mean MT and RT are shown on the left and right, respectively
and
Significant differences were found between states.
.

Reaction Time Task: There are two motor metrics associated with the RT task: reaction time, i.e., the time to initiate a
head withdrawal, and motor time, i.e., the time to press the extended lever. Compared to their naive behavior, hemi-Parkinsonian rats
showed increased mean RTs and MTs with
and without DBS (see Fig. 8). The effects of DBS treatment
on motor metrics was complex. With DBS, no rat achieved the
same level of performance as in the naive state, though some
rats experienced a reduction in mean RT and MT. To evaluate
the significance of the results, repeated measures MANOVA
was first used to evaluate the multivariate trends. This test indicated that there was a significant difference in the vectors
of mean values of the dependent variables, RT, MT and PPR
. Hence, we proceeded with univariate tests of significance.
There was a significant difference in the mean MT performance of the rats across the clinical states
with Greenhouse–Geisser correction,
and
subsequent post-hoc analysis was done to evaluate pairwise differences. Under both LSD and Bonferroni tests, there was a
significant increase in MT between the naive state and hemiParkinsonian state
, and no significant difference
in mean MT between the hemi-Parkinsonian and treated states.
For four out of 10 rats there was an improvement in mean MT
and two out of 10 had no change in mean MT, but mean MT for
the remaining four rats increased.
Similar trends were found in the analysis of RT data. Analyzing the group data, we found significant differences across
states in the mean RTs (repeated measures ANOVA;
, that were significant pairwise (LSD and
Bonferroni; naive and hemi-Parkinsonian state:
, naive
and treated state:
. Three of the 10 rats had lower mean
RTs when receiving stimulation than when hemi-Parkinsonian,
while seven of out 10 rats had no change in mean RTs.
This lack of global improvement when DBS treatment was
given is likely attributed to the fact that only a single current amplitude was used and there is high variation in terms what stimulation is effective across subjects [3], [18], [21], [24]. Since the
parameters of the stimulation signal were fixed across the population of rats (65 A current amplitude and 130 Hz stimulation
frequency), it is not surprising that an overall therapeutic benefit
of GPi-DBS was not found with respect to these two variables.
The benefits of DBS are strongly tied to the stimulation amplitude and frequency, and generally must be tuned in order to

Fig. 9. Measures of cognition. Data is shown as mean SEM. (a) Mean PPR
. Mean PPR across the states were determined to be
in the RT task
and
. (b) Mean SPI
.
significantly different.
. (a) Impulsivity.
The mean SPI across the states was not equal.
(b) Sucrose preference.

maximize efficacy of the treatment [17], [18], [25], [30]. This
is true not only in computational and experimental studies in
animals, but in human studies as well [3], [4]. Although global
motor improvement was not found, the quantified behavior is interesting in relation to the other variables examined throughout
the experiment.
C. Effects of GPi-DBS on Cognition and Mood
Consistent with previous reports [17], we found hemi-Parkinsonian rats displayed increased impulsivity, as measured by
premature responding (PPR), defined in (1). A significant difference in mean PPR was found (repeated measures ANOVA;
and post-hoc analysis showed
that the rats were significantly more impulsive in both the
hemi-Parkinsonian and treated states relative to the naive state
(LSD and Bonferroni;
and
, respectively).
The increased impulsivity between the treated and hemi-Parkinsonian state was not significant (LSD:
. However,
nine of 10 rats were most impulsive while receiving electrical
stimulation.
In addition to impulsivity, we evaluated the rats for symptoms
of depression. We found a significant change in the rats preference for sucrose [SPI Fig. 9(b)] defined in (2), across the three
experimental states (repeated measures ANOVA;
. Pairwise comparisons showed that there was
not a significant decrease in the mean SPI from the naive state
to the hemi-Parkinsonian state. However, there was a significant decrease from the hemi-Parkinsonian state to the treated
state (LSD and Bonferroni;
. Thus, 130-Hz GPi-DBS
increased anhedonia in the subjects.
IV. CORRELATION ANALYSIS
We have demonstrated that when behavior is averaged over a
moderately large cohort of animals, higher frequency GPi-DBS
decreases hemi-Parkinsonian symptoms, such as pathological
rotation and a lack of ambulation and rearing in an open field.
However, it is unclear whether the variation in measured
responses at higher frequencies or across different behavioral
tasks simply reflects temporal randomness in DBS efficacy
or actual graded differences in the responses of individual
animals to GPi-DBS. Thus, we examined the correlation across
subjects of responses at different frequencies within and across
behavioral tasks. All -values indicated here are from t-tests of
significance.
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We first examined the responses of different subjects in the
open field to GPi-DBS. For frequencies of 85 Hz and higher,
we found that an increased ambulation metric at one frequency
was strongly correlated with increased ambulation metrics at
other frequencies. For example, the amount of rearing observed
with 85 Hz GPi-DBS is strongly positively correlated with the
number of outer squares traversed during stimulation at frequencies of 85 Hz and above (all pairwise combinations:
). Thus, at frequencies of 85 Hz and higher, benefits were consistent across behavioral measures.
We found similar results when examining methamphetamine-induced rotation. Normalized rotation rate under
GPi-DBS for frequencies above 100 Hz were strongly correlated
. Thus, rats that have reduced
rotation at one high frequency tended to also experience reduced rotation at other high frequencies. The same strong
correlations were not as broadly observed for the rotation task
with apomorphine, which is likely due to the highly variable
rotation rate induced by the drug as previously discussed.
However, the normalized rotation rates under apomorphine and
methamphetamine were positively correlated for frequencies
above 100 Hz
. Open field behavior
presumably reflects slightly different, internally-generated
mechanisms than pharmacologically-induced rotation. However, we found that the number of outer squares traversed in
the open field was negatively correlated with the rotation rate
of the rats under both apomorphine and methamphetamine
for the highest frequency tested in the open field test, 160
Hz, suggesting therapeutic benefit in open field behavior was
correlated with benefit under pharmacological rotation.
The open field and rotation tasks were studied in a different
cohort of rats than the RT, sucrose preference, and open field
tasks. We found similar correlated responses in these second
subjects. With 130 Hz GPi-DBS, the motor times were positively correlated with reaction times
, so rats with
lower levels of bradykinesia also tended to experience lower
levels of akinesia. Regardless of DBS, increased impulsivity
predicts anhedonia and a decrease in locomotion: PPR was negatively correlated with SPI
, number of squares
, and number of rears
.
V. DISCUSSION
There are many reasons why the rodent model is a good
model to study for PD and modulation of symptoms via DBS.
Unlike human and nonhuman primate models of PD, there
is rapid access to histopathological changes and it’s easier
to develop longitudinal studies due to the short lifespan of
the animal. The hemi-Parkinsonian rodent model has been
well developed [9]–[15], [17]–[19], [26], [29], [38], [39] and
allows for simultaneous disease and control behavior in the
same animal. Also, advances in transgenics have enabled new
genetic rodent models [40]–[43]. Thus, it is ever important to
characterize the effects of GPi-DBS in this model and verify
the translational nature.
By comparing behaviors across frequencies and tasks in this
work, we can draw two conclusions. First, that there is a therapeutic threshold for the stimulation frequency above which rodent GPi-DBS is effective in improving motor performance of
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the subjects. This agrees with existing literature on GPi-DBS in
humans [2]–[7] and nonhuman primates [44], [45] which finds
that higher frequencies are more effective. Second, that individual subjects display graded levels of response to DBS that
is consistent across different behavioral measures. This graded
response to DBS is consistent with what is observed in human
studies, where stimulation parameters are tuned and adjusted
over time to increase efficacy [46]–[48].
VI. CONCLUSION
Multiple variables were considered in this novel study of
GPi-DBS in the hemi-Parkinsonian rat. We found that stimulation significantly improved motor asymmetry and vertical motor
activity relative to the hemi-Parkinsonian behavior, particularly
when stimulation at higher frequencies (
Hz) was administered. Post-hoc statistical data analysis demonstrated that significant improvements in performance occurred for GPi-DBS
beginning at around 100 Hz, which indicates that there is a therapeutic threshold of stimulation, below which stimulation tends
to ineffective and above which it tends to effective. The strong
correlations found for the frequencies within 15 Hz of this value
additionally support this notion.
Responses of subjects were consistent across the tasks and
we found that there was a graded responsive to GPi-DBS. The
sucrose preference task showed a significant increase in anhedonic behavior between the hemi-Parkinsonian state and with
130 Hz stimulation, which matches results of human studies
where depression is found to be a side effect of DBS treatment.
We conclude that GPi-DBS is effective in treating the motor
symptoms in the PD rodent model and the results agree with
human studies. Previously, several studies of STN-DBS have
been performed in the rodent model, but results on GPi-DBS
were lacking. The data presented here serves as a foundation
for future animal studies and models of GPi-DBS.
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