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Abstract
Synchronized oscillatory neuronal activity in the beta frequency range has been observed in the
basal ganglia of Parkinson’s disease patients and hypothesized to be antikinetic. The unilaterally
lesioned rat model of Parkinson’s disease allows examination of this hypothesis by direct
comparison of beta activity in basal ganglia output in non-lesioned and dopamine cell lesioned
hemispheres during motor activity. Bilateral substantia nigra pars reticulata (SNpr) recordings of
units and local field potentials (LFP) were obtained with EMG activity from the scapularis muscle
in control and unilaterally nigrostriatal lesioned rats trained to walk on a rotary treadmill. After
left hemispheric lesion, rats had difficulty walking contraversive on the treadmill but could walk
in the ipsiversive direction. During inattentive rest, SNpr LFP power in the 12–25 Hz range (low
beta) was significantly greater in the dopamine-depleted hemisphere than in non-lesioned and
control hemispheres. During walking, low beta power was reduced in all hemispheres, while 25–
40 Hz (high beta) activity was selectively increased in the lesioned hemisphere. High beta power
increases were reduced by L-DOPA administration. SNpr spiking was significantly more
synchronized with SNpr low beta LFP oscillations during rest and high beta LFP oscillations
during walking in the dopamine-depleted hemispheres compared with non-lesioned hemispheres.
Data show that dopamine loss is associated with opposing changes in low and high beta range
SNpr activity during rest and walk and suggest that increased synchronization of high beta activity
in SNpr output from the lesioned hemisphere during walking may contribute to gait impairment in
the hemiparkinsonian rat.
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INTRODUCTION
Oscillatory neuronal activity in the 12–30 Hz beta frequency range is prominent in
recordings from the subthalamic nucleus (STN) and internal segment of the globus pallidus
(GPi) in Parkinson’s disease (PD) patients undergoing implantation of deep brain
stimulation (DBS) electrodes. The presence of these patterns in STN and GPi recordings has
lead to the hypotheses that excessive beta range activity contributes to the symptomatology
of PD and is antikinetic in nature. This view is supported by evidence that beta activity in
local field potential (LFP) recordings is reduced in the STN and GPi of PD patients during
movement or following dopaminergic therapies (Alegre et al., 2005; Alonso-Frech et al.,
2006; Brown, 2003, 2007; Brown et al., 2001; Brown and Williams, 2005; Cassidy et al.,
2002; Doyle et al., 2005; Foffani et al., 2005; Kempf et al., 2007; Kuhn et al., 2004; Levy et
al., 2000, 2002; Marsden et al., 2001; Priori et al., 2002, 2004; Weinberger et al., 2006;
Williams et al., 2003). Additional studies in PD patients have explored relationships
between STN beta range activity and PD symptoms, showing that L-DOPA’s therapeutic
effects on bradykinesia and rigidity, but not tremor, correlate with reduction of STN peak
LFP power within the 8–35 Hz range (Bronte-Stewart et al., 2009; Foffani et al., 2005; Kuhn
et al., 2009; Priori et al., 2004; Ray et al., 2008; for review, see Brown and Eusebio, 2008).

Collectively, these observations have provided incentive to determine the extent to which
animal models of PD show similar changes in beta activity in the basal ganglia in
conjunction with loss of dopamine and motor dysfunction. Such models allow direct
comparisons of synchronized activity in basal ganglia circuitry in control and dopamine-
depleted subjects over a range of behaviors, and permit insight into the origins and
consequences of increased synchronization in basal ganglia output in the beta range.

To date, studies in the rodent model of PD have supported the hypothesis that loss of
dopamine has a significant effect on synchronization and oscillatory activity in basal ganglia
circuits. Marked increases are observed in the incidence of oscillatory activity in the ~1 Hz
range in basal ganglia spike trains recorded throughout the lesioned hemisphere of
systemically anesthetized rats with unilateral dopamine cell lesions. This activity is coherent
with the ~1 Hz oscillatory firing patterns dominant in the cortex of the anesthetized rat, and
phase relationship data show that loss of dopamine dramatically affects the extent to which
the 1 Hz cortical oscillations entrain activity throughout the basal ganglia and modify basal
ganglia output (Belluscio et al., 2003; Kasanetz et al., 2002; Magill et al., 2001; Mallet et al.,
2006; Murer et al., 2002; Parr-Brownlie et al., 2007, 2009; Tseng et al., 2001b; Walters and
Bergstrom, 2009; Walters et al., 2007; Zold et al., 2007). Increased beta frequency activity
has also been observed in the STN and the external segment of the globus pallidus (GPe) of
the anesthetized hemiparkinsonian rats during periods of desynchronized cortical activity
(Mallet et al., 2008a, 2008b). In awake immobilized, locally anesthetized rats increases in
oscillatory activity in the 4–30 Hz range in the entopedunclular nucleus (EPN, the rat
homolog of the GPi), GPe and STN in the dopamine cell lesioned hemisphere have been
reported (Ruskin et al., 2002; Tierney et al., 2003; Walters et al., 2009). Enhanced
synchronization between GPe and STN (Mallet et al., 2008a; Tierney et al., 2003; Walters et
al., 2009) and between STN and cortex (Sharott et al., 2005) in beta frequencies has also
been observed in the dopamine-depleted hemisphere.

The present study was undertaken to determine whether expression of beta range activity is
increased in basal ganglia output from the substantia nigra pars reticulata (SNpr) in the
rodent model of PD, as observed in STN and GPi of PD patients, and whether beta activity
is differentially expressed during rest, during episodes of walking on a circular treadmill and
after L-DOPA treatment. The SNpr nucleus, through its main projection sites (the motor and
parafascicular nuclei of the thalamus, the superior colliculus and the pedunculopontine
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nucleus) is thought to play a role in behaviors affected in the unilateral rodent model of PD,
such as motor activity, orientation, axial posture and gait (Anderson and Yoshida, 1977;
Arnt and Scheel-Kruger, 1979; Aziz et al., 1998; Bentivoglio et al., 1979; Burbaud et al.,
1998; Deniau and Chevalier, 1992; DiChiara et al., 1977; Henderson et al., 2005;
Herkenham, 1979; Hikosaka and Wurtz, 1983; Lestienne and Caillier, 1986; Takakusaki et
al., 2003; Wichmann et al., 2001). For these studies, LFP and unit activity were recorded
bilaterally from chronically implanted electrodes in the SNpr nuclei of hemiparkinsonian
rats. Unilateral or bilateral SNpr recordings were also conducted in neurologically intact
(control) rats. SNpr activity was recorded while rats were at rest and while walking on a
circular treadmill. Electromyographic (EMG) activity was recorded bilaterally from the
scapularis muscles to confirm motor activity.

MATERIALS AND METHODS
All experimental procedures were conducted in accordance with the NIH Guide for Care and
Use of Laboratory Animals and approved by the NINDS Animal Care and Use Committee.
Every effort was made to minimize the number of animals used and their discomfort.

Subjects
Male Long Evans rats (Taconic Farm, Rockville, MD, USA), weighing 250–300 g), were
housed with ad libitum access to chow and water in environmentally controlled conditions
with a reversed 12:12 h light:dark cycle (lights on at 1800 h).

Behavioral Paradigm
A circular rotating treadmill was custom built by the NIMH Engineering Department, NIH
(Fig. 1). A round plexiglass bowl, with an outer 20 cm diameter and an inner cylinder wall
of 4.7 cm diameter, was secured to a moving platform (Fig. 1). The speed of rotation was set
at 9 rpm, a speed compatible with a steady walking pace for the rat, and a stationary paddle
placed behind the rat gently encouraged walking.

Rats were trained during a 2 week period prior to surgery for a total of 5 sessions and during
recovery for 1 session. In each training session, rats were acclimated to the circular treadmill
and then encouraged to walk for 5 min in either ipsiversive or contraversive directions with
10 min rest periods between walking epochs for a total of 2 cycles in each direction.

Surgical Procedures
Rats (n=24) were anesthetized with 75 mg/kg ketamine (i.p. with a 38 mg/kg supplemental
dose) and 0.5 mg/kg medetomidine (i.p.). The incision area was shaved and a long acting
local anesthetic (1% mepivacaine HCl solution) injected along the intended incision lines.
Ophthalmic ointment was applied to prevent corneal dehydration and lidocaine gel placed in
the ear canals. Rats were placed in a stereotaxic frame (David Kopf Instruments, Tujunga,
CA, USA) fitted with atraumatic earbars with their skull leveled in the dorsal-ventral plane.
A heating pad was used to maintain body temperature at ~37°C. Unilateral lesion of the
nigrostriatal pathway and implantation of recording and EMG electrodes were performed
during the same surgery.

After completion of surgical procedures, atipamezole (0.3–0.5 mg/kg, i.p.) was administered
to reverse the anesthetic effect of medetomidine. During the first week of postoperative
recovery, the rat’s diet was supplemented with fruit and gelatin. Rats were trained for the
step test (see below) from the first post-operative day, and retrained at the rotating treadmill
walking task from the fifth post-operative day.
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Unilateral lesion of the nigrostriatal pathway—During the surgical procedure to
implant recording electrodes, 16 animals were given an unilateral intracerebral injection of
6-hydroxydopamine (6-OHDA) to destroy the dopaminergic nigrostriatal pathway. The 6-
OHDA injection was preceded by administration of 15 mg/kg desmethylimipramine (i.p.) to
protect noradrenergic neurons. Standard stereotaxic procedures were used to target the left
medial forebrain bundle: anterior 4.4 mm from the lambdoid suture, lateral +1.2 mm from
the sagittal suture and ventral 8.3 mm from the skull surface. Six µg of 6-OHDA HBr in 3 µl
of 0.9% saline with 0.01% ascorbic acid was infused via a 30 gauge stainless steel cannula
into the medial forebrain bundle at a rate of 1 µl/min over 3 min via a syringe pump
(Harvard Apparatus, Holliston, MA, USA). The cannula remained at the target site for 3 min
after the infusion was completed to prevent diffusion of the neurotoxin.

The efficacy of the 6-OHDA injection was assessed behaviorally after 5–7 days using the
step test (Olsson et al., 1995; Schallert and Tillerson, 1999). In the step test, rats were held
with their torso, hindlimbs, and one forelimb supported by the investigator above the surface
of the tabletop, so that the remaining forelimb was in contact with the table. Rats were then
moved laterally across a total distance of ~90 cm in 6s with the torso moving towards the
free forelimb, and then with the torso moving away from the free forelimb on the table
surface. This was repeated with the opposite forelimb in contact with the table. This
procedure was performed 3 times on the test date and the total number of steps taken by the
limb contralateral to the lesion was compared to the total number taken by the ipsilateral
limb. Only rats that demonstrated a strong unilateral motor deficit as revealed by the step
test (total number of steps by contralateral limb < 5% of the total number of steps taken by
ipsilateral limb) were used for electrophysiological recordings. The extent of dopamine cell
degeneration was assessed post mortem using immunohistochemistry for tyrosine
hydroxylase (TH) (see below).

Recording electrode placement—Holes were drilled over the target coordinates for the
SNpr: anterior 3.0 mm from the lambdoid suture, lateral ± 2.2 mm from the sagittal suture
and ventral 8.0 mm from the skull surface. The first group of 18 rats was implanted in the
left and right SNpr with electrode bundles consisting of 8 stainless steel insulated
microwires, with an additional scraped 9th wire for reference; a bundle had an initial
diameter of ~350 µm (NB Labs, Denison, TX, USA). Electrode bundles were secured to the
skull with screws and dental cement. Ground wires from each of the two bundles were
connected to a screw located above the cerebellum (from bregma, posterior 11.0 mm and
lateral −1.5 mm). In a second group of rats (n=6) electrode arrays were implanted bilaterally
in the SNpr. The arrays consisted of 8 stainless steel microwires, plus a 9th wire with
insulation removed for ~1.5 mm at the tip (NB Labs), arranged in a 3 × 3 matrix with ~200
µm between wires and with the 9th reference wire at one corner of the array. Microwire
arrays allowed assessment of LFPs between individual recording electrodes spaced ~200 to
600 µm apart. For both electrode configurations, recording wires had impedances of ~0.6
MΩ, measured in saline at 135 Hz, and 9th wires had impedances of ~0.4 MΩ. Data
presented below were obtained from experiments with bundle electrodes unless stated
otherwise.

Implantation of EMG electrodes—All rats were chronically implanted with EMG
electrodes inserted bilaterally into the scapularis muscle. Bipolar electrodes were made as
described by Loeb and Gans (1986) with 2 stranded stainless steel wires coated with Teflon
(Cooner Wire, Chatsworth, CA, USA) and inserted into the scapular head of the deltoid by
the pull-through method (Hyland and Reynolds, 1993) and secured to the muscle by sutures.
Sites of EMG implantations were verified and electrode integrity was checked after
recordings were completed.
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Unit, Local Field Potential (LFP) and EMG Recordings
Seven days post lesion, spikes and LFPs were recorded extracellularly from rats with
electrodes chronically implanted into the SNpr. In rats with 6-OHDA-induced dopamine cell
lesions, SNpr neurons were recorded from both ipsilateral (lesioned) and contralateral (non-
lesioned) hemispheres (15/16 rats). In neurologically intact (control rats), SNpr neurons
were recorded from one hemisphere (6/8 rats) or from both hemispheres (2/8 rats).
Recordings were also performed 21 days post lesion.

To determine the effects of dopamine replacement on the expression of LFP power during
walk and rest episodes, hemiparkinsonian rats were administered L-DOPA (4–5 mg/kg with
15 mg/kg of the dopa decarboxylase inhibitor benserazide, i.p.) 21 days after lesion (6/16
rats) following baseline recordings.

All recordings were conducted in freely moving rats. Action potentials were amplified
(1000×), band pass filtered (154–9000 Hz) and monitored on oscilloscopes (Hewlett-
Packard, Palo Alto, CA, USA) and audiomonitors (Grass, West Warwick, RI, USA). LFPs
were amplified (1000×) and band pass filtered (3–170 Hz) (Plexon Inc., Dallas, TX, USA).
EMGs were amplified (1000×) and band pass filtered (100 Hz-1 kHz). Spikes, LFPs and
EMG were recorded at 40 kHz, 1 kHz, and 1 kHz, respectively (Cambridge Electronic
Design (CED), Cambridge, UK). Spikes and LFPs were referenced to the 9th wire in the
SNpr from the same bundle or array. Discriminated spike signals and LFPs were collected
using Plexon and Power1401 (CED) data acquisition systems. Signals were digitized, stored
and analyzed using Spike2. Spikes were sorted off-line using the Spike 2 template algorithm
and principal component analysis.

Histology
Histological verification of recording sites and dopamine cell lesion—After
completion of recordings, rats were anesthetized with urethane (1.6 g/kg, i.p.) and recording
sites marked. A positive current of 10 µA was passed for 10 s through 4 of the microwires to
mark the placement of the recordings. Rats were perfused intracardially with 200 mL cold
saline followed by 200 mL 4% paraformaldehyde in phosphate buffer solution (PBS). Brains
were post-fixed in paraformaldehyde solution overnight and then immersed in 20% sucrose
in phosphate buffered saline (0.1 M, pH 7.4). Coronal sections of 40 µm were collected in
PBS. Sections used for electrode placement localization were mounted on glass slides and
stained with cresyl violet and 5% potassium ferricyanide/9% HCl to verify recording sites.
Only recordings from electrodes confirmed to be in the SNpr were used for analyses (Fig.
2).

Tyrosine hydroxylase immunohistochemistry—The extent of the 6-OHDA lesion
was examined quantitatively in the substantia nigra by staining for TH in the group of
lesioned rats (n=10) (Fig. 2). Brain sections were washed 3 times in PBS (0.01 M, pH 7.4)
prior to incubation with rabbit polyclonal anti-TH antibody (1:200 dilution) for 12–18 h at
room temperature, with moderate agitation. Sections were rinsed 3 times in PBS and
incubated with secondary antibody biotinylated anti-rabbit IgG (1:200 dilution). After 1 h of
incubation, sections were rinsed three times in PBS and incubated with avidin-biotin-
perioxidase complex for 60 min. Sections were rinsed in 50 mM Tris (pH 7.4) and reacted
with 0.05% 3,3’-diaminobenzidine tetrahydrochloride and 0.01% H2O2 for 2–10 min, until
intense staining. Sections were washed in 50 mM Tris then mounted on slides, dehydrated
and prepared for light microscopy. TH+ soma were counted using the MicroBrightfield
StereoInvestigator System (MBF, Inc., Williston, VT, USA). The optical fractionator
method (Manfredsson et al., 2007) was used to quantitate the total number of cell bodies
containing TH in four sections spaced through the substantia nigra, a distance of 120 µm
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between quantified sections, starting at −5.3 mm from bregma (Paxinos and Watson, 1986),
under 40× magnification. Data are expressed as % of lesioned side compared to the
contralateral non-lesioned side.

Data Analysis
Baseline (walk/rest cycles) spike train and LFP data were recorded for ~80 min. Rest
periods, categorized as inattentive rest states, were defined by lack of EMG activity and
videotaped records showing no activity. During these periods, rats were awake but not
attentive to their environment; care was taken to avoid environmental stimuli that would
alert them. Epochs of 180 s representative of the overall recording and free of major artifacts
were used to assess mean firing rates during rest and walk periods. For each rat, data from at
least three spike trains per hemisphere were used. Epochs of 100 s, taken from within the
180 s epoch, were used for power analysis and spike-triggered waveform averages (STWA).
For analysis of walk epochs, data were taken only from periods when rats were walking in
the ipsiversive direction because rats with left hemispheric lesions experienced difficulty
walking in the contraversive direction. To assess the effects of dopamine replacement, LFP
power at time points 30 min after i.p. administration of L-DOPA was analyzed.

For analysis of power in the beta frequency range, LFP recordings were band pass filtered at
8–100 Hz using an IIR filter (Spike2) and smoothed to 250 Hz. LFP power was analyzed by
fast Fourier transform (FFT) with a frequency resolution of ~1 Hz. Total power values in
12–25 Hz (low beta) and 25–40 Hz (high beta) frequency ranges were calculated. Data from
four resting periods and two walking periods were averaged. LFP power was also analyzed
in the 6–12 Hz range from unfiltered LFPs smoothed to 250 Hz.

To assess relationships between spikes and LFPs, STWAs in the 6–12 and 12–25 Hz range
were generated from LFPs smoothed to 250 Hz and then band pass filtered at 6–12 or 12–25
Hz using an FIR filter (Spike2). STWAs in the 25–40 Hz range were generated from LFPs
band pass filtered at 25–40 Hz using a FIR filter (Spike2). In addition, the order of the
interspike intervals from these epochs was randomized (using a Spike2 script) to provide a
second set of scrambled spike trains and STWAs were also generated from the scrambled
data. Amplitudes of the peak-to-trough values at or around zero time were compared for
STWAs generated from scrambled and unscrambled spike trains. STWAs were calculated
0.15 s before and after the spike trigger over a 100 s epoch. SNpr spike trains from faster
firing neurons were selected from the non-lesioned and lesioned hemispheres of 5 rats for
these analyses. Each selected spike train was compared during both rest and walk epochs for
both beta frequency ranges and the interspike intervals from the same epochs were
randomized for comparative analyses. Two to three spike trains per hemisphere were
analyzed, representing ~65% of all cells recorded.

To visualize spectral power changes over time, time frequency scalograms were constructed
from continuous wavelet transform of the LFP data using 128 Morlet wavelets with 512
points (Time-Frequency Toolbox; http://tftb.nongnu.org) with Matlab 7.1.0 (The
MathWorks, Natick, MA, USA). Data sets of 240 s epochs were downsampled to 250 Hz.
Spectral power was plotted on a log10 scale with greater power represented by redder colors
and with the threshold set at zero. Color axes were scaled so that the power levels with a
given scalogram spanned the full color range and kept consistent between comparisons.

Data are reported as mean ± standard error of the mean (SEM). Total power and spike-
triggered waveform data were evaluated statistically with repeated 2-way ANOVA with
Student Newman-Keuls post hoc tests. Firing rate data were analyzed using a combination
of two-tailed grouped and paired t-tests (corrected for multiple comparisons). Statistical
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analysis was performed using SyStat (SyStat Software, San Jose, CA, USA). The criterion
of significance was p< 0.05.

Materials
Atipamezole HCl (Antisedan) was purchased from Pfizer Orion Pharma, New York, NY,
USA; benserazide, desmethylimipramine HCl, L-DOPA, potassium hexacyanoferrate,
urethane and 6-OHDA HBr from Sigma-Aldrich Co., St. Louis, MO, USA; ketamine
(Ketaved) from Vedco, St. Joseph, MO, USA; medetomidine HCl (Domitor) from Pfizer
Animal, Exton, PA, USA; mepivacaine (Polocaine) from AstraZeneca LP, Wilmington, DE,
USA. The ocular lubricant Lacrilube was purchased from Allergan Pharmaceuticals, Irvine,
CA, USA, lidocaine gel from Teva Pharmaceuticals USA, Sellersville, PA, USA and dental
acrylic cement (Ortho-Jet Liquid) from Lang Dental Mfg. Co., Inc, Wheeling, IL, USA.

For histology and immunohistochemistry, the following reagents were used: cresyl violet
solution and phosphate buffered 4% paraformaldehyde solution from FD
Neurotechnologies, Baltimore, MD, USA; rabbit polyclonal anti-tyrosine hydroxylase
antibody from Pel-Freeze Biologicals, Rogers, AR, USA; biotinylated anti-rabbit IgG,
avidin-biotin-peroxidase complex (ABC) and 3,3’-diaminobenzidine tetrahydrochloride
(DAB kit) from Vector Laboratories, Burlingame, CA, USA; Tris (Trizma) and potassium
hexacyanoferrate (III) from Sigma; Histoclear from National Diagnostics, Atlanta, GA,
USA; Permount from Fisher Scientific, Pittsburgh, PA, USA.

RESULTS
Effect of 6-OHDA-Induced Dopamine Cell Lesion on Step Test and TH Loss

One week post 6-OHDA infusion, dopamine cell lesion was associated with a marked
unilateral deficit in motor function as assessed by the step test (Olsson et al., 1995). For the
rats used in the present study, the total number of adjusting steps made by the contralateral
limb ranged from 0 to 1.5% and averaged 0.4% of those made by the ipsilateral limb (33.3 ±
3.0 mean total steps taken by the ipsilateral limb per test), reflecting marked depletion of
dopamine in the ipsilateral striatum (Parr-Brownlie et al., 2007; Schallert and Tillerson,
1999; Tseng et al., 2005).

Dopamine cell loss was further confirmed by TH immunohistochemical staining; a
significant mean loss of TH+ neurons (mean 86% loss, range 76–97% as compared with
non-lesioned) was observed in the substantia nigra pars compacta ipsilateral to the 6-OHDA
infusion (Fig. 2).

Effect of 6-OHDA-Induced Dopamine Cell Lesion on Walking in a Circular Treadmill
Neurologically intact rats readily learned to walk on a circular treadmill rotating at a rate of
9 rpm in ipsiversive and contraversive directions (Fig. 1). After left hemispheric dopamine
cell lesions, rats consistently showed difficulty in walking on the treadmill at the target
speed of 9 rpm if their impaired side, contralateral to the lesion, was on the inside of the
circular path, i.e. during contraversive epochs. Lesioned rats tended to frequently stop, rear
or turn around during walking episodes in the contraversive direction, exhibiting problems
with the adjustment of posture, orientation and gait required for contraversive turns.

However, lesioned rats maintained pace with the treadmill at 9 rpm walking in the
ipsiversive direction, when their intact side was on the inside of the circular path. This
allowed comparison of firing rate and LFP beta frequency activity in lesioned and non-
lesioned hemispheres of the lesioned rats and in control rats during periods of comparable
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behavior, i.e. rest and walking at 9 rpm on the treadmill. Videotaped behavior and EMG
recordings were used to identify epochs of rest and walk behavior.

Changes in SNpr LFP Power in Two Beta Frequency Ranges during Rest and Walk
Initial inspection of wavelet-based scalograms of SNpr LFP power from the dopamine cell
lesioned hemisphere showed opposite changes in LFP power in two beta frequency ranges
during rest and walk epochs (Fig. 3). Beta frequency activity in the 12–25 Hz range (low
beta) was affected differently from beta frequency activity in the 25–40 Hz (high beta) range
in the lesioned hemisphere during rest and walk epochs. Activity in the low beta range was
prominent in SNpr LFPs recorded from the lesioned hemisphere during inattentive rest and
was significantly reduced during walk epochs as illustrated in the wavelet scalogram of LFP
power in Figure 3. Strikingly, a distinct band of higher frequency beta activity in the range
of 27–34 Hz emerged in the SNpr LFP from the lesioned hemisphere when the rat was
walking. This was noted only in the lesioned hemisphere, as depicted in the plots of SNpr
LFP activity in Figure 3B and not in equivalent plots obtained from the non-lesioned
hemisphere (Fig. 3A) or control rats (data not shown). During the transition from inattentive
rest to treadmill walking, a drop in low beta power and an increase in high beta power in the
lesioned hemisphere were typically observed when the rat became alert as the experimenter
approached the treadmill (Fig. 3B). Brief bursts of high beta power were evident while
adjustments were made to position the rat in the desired walking direction and the treadmill
was turned on. More consistent high beta power was evident during steady walking on the
treadmill.

To further evaluate and quantify SNpr LFP oscillatory activity in these two frequency
ranges, FFT power spectra were used to obtain total LFP power in the 12–25 Hz and 25–40
Hz ranges in the control, non-lesioned and lesioned hemispheres during rest and ipsiversive
walk epochs (Fig. 4).

Low beta frequency activity in SNpr LFPs—Spectral analysis was used to quantify
SNpr oscillatory activity in the low beta range (12–25 Hz) during rest epochs in control rats
and unilaterally lesioned rats in the lesioned and non-lesioned hemispheres. Results showed
that low beta range SNpr LFP power was significantly increased in the lesioned hemisphere
during inattentive rest as compared with SNpr LFP power in the non-lesioned and control
hemispheres (Fig. 4; p=0.005, p=0.007, respectively). A significant increase of 57 ± 25 % in
total SNpr power was observed in the lesioned hemisphere, compared with power in the
control hemisphere. Total SNpr LFP power in non-lesioned hemispheres was not
significantly different than control hemispheres. During inattentive rest, the increase in beta
LFP power observed in the lesioned hemisphere did not form a well-defined peak, but was
evident in a broad band below ~20 Hz. Although beta frequency activity was the focus of
the present study, it was further noted that during inattentive rest, SNpr LFP power in the 6–
12 Hz range showed a strong trend towards greater power in the lesioned hemisphere
(p=0.059; data not shown).

Consistent with observations from recordings in the STN of PD patients, LFP power in the
12–25 Hz range in recordings from the SNpr in the hemiparkinsonian rats was significantly
reduced during movement, relative to rest. During ipsiversive walk epochs, low beta total
power in the lesioned hemisphere was reduced by 40 ± 7 % relative to rest in the 12–25 Hz
range in SNpr LFP (Figs. 3 and 4C; p<0.001). Interestingly, significant decreases in low
beta power were also observed in the non-lesioned and control hemispheres during
ipsiversive walk, relative to rest; low beta power was reduced 30 ± 5 % in the non-lesioned
hemispheres and 25 ± 12% in the control hemispheres (Fig. 4; p=0.043, p=0.033,
respectively). Collectively, the decreases in low beta power in the lesioned, non-lesioned
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and control hemispheres resulted in no significant difference between hemispheres in SNpr
low beta LFP power during ipsiversive walk. LFP power in the 6–12 Hz range was not
significantly different between non-lesioned and lesioned hemispheres during ipsiversive
walk epochs. Decreases in SNpr LFP power were also noted relative to inattentive rest
epochs in all 3 hemispheric conditions during contraversive walk epochs, when the lesioned
rats exhibited difficulty keeping up with the treadmill in a forward direction and tended to
stop and rear (data not shown).

High beta frequency activity in SNpr LFPs—As viewed in scalograms (Fig. 3),
decreases in low beta frequency activity during walk epochs were associated with the
selective emergence in the lesioned hemisphere of a prominent band of SNpr LFP activity in
the high beta range of 25–40 Hz, with peaks in the 27–34 Hz range (Figs. 3 and 4). FFT
analysis confirmed that there was a significant increase (31 ± 11%; p<0.025) in high beta
SNpr LFP power in the lesioned hemisphere during walk epochs as compared with
inattentive rest epochs (Fig. 4D). No significant changes in SNpr LFP high beta power were
observed in the non-lesioned and control hemispheres during walk epochs, compared with
rest epochs. High beta power did not differ between hemispheres during inattentive rest
epochs.

Effect of dopamine replacement on high beta frequency activity in SNpr LFPs
—To confirm the results presented above and examine the effect of L-DOPA treatment on
high beta frequency activity during rest/walk epochs, an additional set of 6 unilaterally
lesioned rats was implanted with 3 × 3 electrode arrays bilaterally in the SNpr. The array
configuration allowed assessment of LFPs between pairs of wires spaced ~200 µm to ~ 600
µm, as well as between individual wires and the 9th wire located within the SNpr, providing
additional support for LFP activity being generated locally in the SNpr in the beta frequency
range. SNpr LFP data obtained with electrode arrays were consistent with data obtained with
electrodes bundles, as described above. Recordings with electrode arrays at 7 days (data not
shown) and 21 days post lesion (Fig. 5) showed that high beta SNpr LFP power in the
lesioned hemisphere was significantly increased during ipsiversive walking epochs, relative
to SNpr LFP activity in the non-lesioned hemisphere (p<0.001). This increased power in the
25–40 Hz range observed in the lesioned hemisphere during walk epochs was also
significantly greater than that observed in the lesioned hemisphere during rest epochs
(p<0.001).

To determine the effects of dopamine replacement therapy on the expression of high beta
SNpr LFP power during ipsiversive walk episodes, a low dose of L-DOPA (4–5 mg/kg, i.p.)
that did not induce rotational behavior was administered to this subset of hemiparkinsonian
rats 21 days post lesion. L-DOPA effectively reduced high beta activity during walk epochs
to rest levels in the lesioned hemisphere (Fig. 5A; n=6 rats; p<0.001), but had no significant
effect on LFP power in the non-lesioned hemisphere in this frequency range during walk or
rest epochs. Wavelet scalograms illustrate the marked L-DOPA-induced reduction in high
beta frequency activity in the lesioned hemisphere of an individual rat during an ipsiversive
walk epoch (Fig. 5B).

SNpr Spiking Activity and its Relationship to LFP Activity
To assess whether increases in LFP power in beta frequency activity during rest and walk
epochs reflected changes in local SNpr firing patterns, mean firing rates and relationships
between LFP power and SNpr firing pattern were compared in recordings from both
hemispheres of unilaterally lesioned rats.
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SNpr firing rates—Seven days post lesion, mean SNpr firing rates in the lesioned
hemisphere obtained from both bundle and array electrodes recordings were not
significantly different from firing rates in the non-lesioned hemisphere (17.7 ± 2.4 Hz, n=61
spike trains, 16 rats for lesioned hemisphere and 13.6 ± 1.6 Hz, n=50 spikes trains, 15 rats
for non-lesioned hemisphere) when rats were at rest or walking (data not shown). However,
at 21 days post lesion, firing rates in the lesioned hemisphere were significantly greater than
firing rates in the non-lesioned hemisphere when rats were at rest (21.7 ± 2.6 Hz, n=61 spike
trains, 16 rats for lesioned hemisphere and 11.5 ± 1.4 Hz, n=54 spikes trains, 15 rats for non-
lesioned hemisphere; p= 0.0004) or walking (data not shown; p = 0.020).

The relationship between SNpr firing rates and walking was also assessed. SNpr firing rates
during walk epochs were significantly greater than rates during rest epochs in both
nonlesioned (p = 0.006) and lesioned (p = 0.001) hemispheres. Mean increases of 21 ± 6 %
in the non-lesioned hemisphere and 14 ± 4% in the lesioned hemisphere were observed
during walk epochs.

SNpr spike – LFP relationships in low beta and high beta frequency ranges—
To determine whether changes observed in SNpr LFP beta activity following loss of
dopamine were correlated with changes in firing patterns in the SNpr, SNpr spike/LFP
relationships were examined. Spike-triggered waveform averages (STWAs) were generated
from epochs of rest and walk using LFPs filtered for activity in either the 6–12, 12–25 Hz or
25–40 Hz range. Interspike intervals from time periods used to generate the STWAs were
scrambled to provide a measure of LFP relationships with randomized spiking and then
STWAs derived from unscrambled spike trains were normalized by data obtained with
scrambled spike trains.

Results from these STWA analyses showed that during rest SNpr spiking activity was more
correlated with low 12–25 Hz beta activity in the lesioned hemisphere than in the non-
lesioned hemisphere (Figs. 6A and 6C). The mean amplitude of scramble-normalized
STWAs in the low beta range from the lesioned hemisphere was significantly greater than
that from the non-lesioned hemisphere during rest (p < 0.001). No significant difference was
observed in mean amplitudes of scramble-normalized STWAs in the low 12–25 Hz beta
range between hemispheres during walk epochs (Figs. 6B and 6C). Scramble-normalized
STWAs in the 6–12 Hz range were also significantly greater in the lesioned hemisphere
relative to the non-lesioned hemisphere during rest and not significantly different during
walk epochs (p = 0.0001; data not shown).

For the high beta frequency range (25–40 Hz), the reverse relationship was observed in
STWA ratios during walk and rest epochs. During walking the mean amplitude of scramble-
normalized STWAs in the high beta range was significantly greater in the lesioned
hemisphere than in the non-lesioned hemisphere (Figs. 6E and 6F; p < 0.001). During rest,
no significant difference between hemispheres was observed (Figs. 6D and 6F).

DISCUSSION
In the present study, recordings from electrodes implanted bilaterally in the SNpr of
unilaterally lesioned rats show that loss of dopamine is associated with increased LFP power
and spiking activity in the beta frequency range. This increase is specifically focused in a
high beta frequency range during epochs when the rat is walking on a circular treadmill and
most evident in a low beta frequency range during periods of inattentive rest. The increase in
high beta power in the SNpr in the lesioned hemisphere during treadmill walking is
significantly attenuated after L-DOPA administration, consistent with observations from PD
patients showing that beta activity in STN and GPi LFPs in the 8–35 Hz range is reduced
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following L-DOPA treatment. These findings add to the accumulating evidence that loss of
dopamine selectively enhances expression of synchronized and oscillatory activity in the
basal ganglia in the dopamine-depleted hemisphere (Alegre et al., 2005; Alonso-Frech et al.,
2006; Bergman et al., 1994, 1998; Brown, 2003, 2007; Brown et al., 2001; Cassidy et al.,
2002; Chen et al., 2007; Costa et al., 2006; Doyle et al., 2005; Filion, 1979; Foffani et al.,
2005; Gatev and Wichmann, 2009; Goldberg et al., 2004; Heimer et al., 2002; Kuhn et al.,
2004; Leblois et al., 2006, 2007; Levy et al., 2000, 2001, 2002; Magill et al., 2001; Mallet et
al., 2008a, 2008b; Murer et al., 2002; Nini et al., 1995; Parr- Brownlie et al., 2007, 2009;
Priori et al., 2002, 2004; Raz et al., 2000, 2001; Sharott et al., 2005; Tseng et al., 2001b;
Walters et al., 2007, 2009; Weinberger et al., 2006; Wichmann et al., 1994; Williams et al.,
2002, 2003). Moreover, the novel observation that neuronal activity in the high beta range is
prominent in the SNpr of the dopamine-depleted hemisphere during episodes of treadmill
walking adds support to the view that increased beta synchronization in basal ganglia output
may play a role in the motor impairment associated with loss of dopamine.

Beta Frequency Modulation by Loss of Dopamine and Movement
Low beta frequency power—Low beta activity in SNpr LFPs was most prominent
during inattentive rest epochs and occupied a broad band below 20 Hz. Although low beta
activity was evident in the SNpr LFPs in control, non-lesioned and lesioned hemispheres
during rest, low beta total power was significantly greater in the lesioned hemisphere,
relative to the non-lesioned hemisphere or the intact hemisphere from control rats and there
was a trend for increased power in the 6–12 Hz range in the lesioned hemisphere. Low beta
power was reduced in both lesioned and non-lesioned, and control hemispheres when the
rats’ behavior switched from rest to walk, although the reduction in the lesioned hemisphere
was ~15% greater.

The present study also demonstrates that the increase in low beta power in the SNpr LFP of
the dopamine-depleted hemisphere is associated with an increase in phase-locked SNpr
spiking activity in the low beta range. Spike-triggered waveforms show evidence of
significantly greater phase-locking between spikes and LFPs in the low 12–25 Hz beta range
in the lesioned hemisphere during rest epochs, as well as in the 6–12 Hz range, relative to
the non-lesioned hemisphere and relative to walk epochs. These results provide evidence for
local generation of increases in LFP power observed in the SNpr recordings in the lesioned
hemisphere during inattentive rest and confirm that SNpr output is more synchronized under
these conditions following dopamine cell loss. Increased spike-LFP synchrony as assessed
with STWAs has also provided evidence for local generation of beta frequency activity in
STN LFPs recorded in PD patients (Kuhn et al., 2005; Weinberger et al., 2006).

High beta frequency power—The transition from inattentive rest to alert rest and
treadmill walking was associated with a decline in low beta power and the selective
emergence of a high beta band in the lesioned hemisphere. Brief bursts of high beta power
were evident as the rat was alerted by the experimenter approaching the treadmill and
positioning the rat in the desired walking direction. More consistent high beta power,
focused in the 27–34 Hz range, was evident during steady walking on the treadmill.
Increases in LFP power in this range were not evident in the non-lesioned or control
hemispheres during walking, nor were they evident during walk epochs after L-DOPA
treatment. Similarly, increases in spike-LFP phase-locking in the high beta range during
walk epochs were only observed in the dopamine cell lesioned hemisphere.

The association between loss of dopamine, increased SNpr beta activity and impaired
movement in the hemiparkinsonian rat is consistent with correlations between increased
basal ganglia beta synchronization and L-DOPA-sensitive motor dysfunction observed in
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PD patients. The rodent data, therefore, lend support to the general hypothesis that beta
synchronization exerts a dysfunctional effect on motor circuits modulated by basal ganglia
output. Nevertheless, the limitations to such a comparison should be pointed out. First, there
does not seem to be a precedent for the emergence of a beta band in a higher frequency
range with the transition from rest to movement in STN recordings from PD patients.
However, it could be argued that the inattentive rest state of the rat is not a good parallel for
the more alert state of the PD patient waiting for a movement cue. Second, patient studies
lend themselves to more fine-tuned assessment of the immediate effect of movement cues
and motor planning and execution on beta range STN LFP activity during the ‘off’ state than
is readily feasible in rodents. In recordings from PD patients, movements are typically
associated with decreases in beta power, although increases in beta activity are noted before
movement, in conjunction with the movement cues and preparation, and during rebound
after movement (Alegre et al., 2005; Doyle et al., 2005; Foffani et al., 2005; Kempf et al.,
2007; Kuhn et al., 2004; Levy et al., 2002; Priori et al., 2002; Williams et al., 2003, 2005).
The experimental design of this rodent study, on the other hand, does not permit as precise
assessment of the timing of muscle activity once the animal is aroused from the inattentive
rest state. However, rodent studies benefit from the possibility of direct comparisons
between non-lesioned and lesioned hemispheres during complex and continuous activity
such as treadmill walking. The rodent data presented here highlight the dramatic impact of
the loss of dopamine neurons on synchronization of basal ganglia output in the beta range
during walking.

The increase in high beta frequency observed in the SNpr in the dopamine cell lesioned
hemisphere does not appear to be a rodent correlate of the increased activity in the 60–80 Hz
gamma frequency band observed in the STN of PD patients (Alegre et al., 2005; Alonso-
Frech et al., 2006; Androulidakis et al., 2007; Brown et al., 2001; Cassidy et al., 2002;
Foffani et al., 2005; Fogelson et al., 2005; Kempf et al., 2007; Pogosyan et al., 2006; Priori
et al., 2004; Trottenberg et al., 2006; Williams et al., 2002). The gamma range activity noted
in the STN of PD patients is reported to be most evident after L-DOPA treatment and during
movement and hypothesized to be prokinetic (for review, see Brown, 2003). In contrast, the
high beta band observed in the present study was concentrated in a lower frequency range
and was not prominent in the SNpr of control or non-lesioned hemispheres during
movement. Moreover, its intensity in the lesioned hemisphere was significantly reduced by
L-DOPA. Gamma range activity in the 45–80 Hz range has been observed in the basal
ganglia, in particular in the STN and striatum of active normal rats (Berke, 2009; Brown et
al., 2002; Sharott et al., 2009; Tort et al., 2008; van der Meer and Redish, 2009). In this
study a modest increase in SNpr LFP power in the 45–60 Hz range was variably observed
during walking, relative to rest, but notable peaks were not evident in the 60–80 Hz range in
SNpr LFPs (unpublished observations).

Firing Pattern and Rate Changes with Movement and Dopamine Loss
The changes in SNpr firing patterns observed after dopamine cell lesion in the present study
are consistent with the noisy signal hypothesis originally proposed by Marsden and Obeso
(Marsden and Obeso, 1994; for review, see Brown and Eusebio, 2008), suggesting that
increased synchronized and oscillatory activity disrupts the normal patterns of basal ganglia
activity and contributes to the movement disorders of PD. Several mechanisms have been
proposed for how loss of dopamine may induce changes in basal ganglia network function
that promote increased beta frequency activity and enhanced beta frequency synchrony. The
observations of increases in LFP power in the SNpr over a broad range of frequencies in the
dopamine cell lesioned hemisphere,-the 1 Hz range during anesthesia, 6–12 Hz and 12–25
Hz ranges during inattentive rest and the 25–40 Hz range during walking, indicate that
mechanisms mediating increased synchronization are not limited to a single frequency range
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and support the broad view that loss of filtering in basal ganglia processing of cortical input
plays an important role in the emergence of dysfunctional synchronization of activity in
basal ganglia output. Studies in anesthetized rats show that cortical rhythms entrain activity
more effectively in the striatum following loss of dopaminergic modulation of glutamatergic
input (Mallet et al., 2006; Murer et al., 2002; Tseng et al., 2001b) and/or the loss of
glutamatergic synapses (Day et al., 2006), providing increased transmission of cortical
oscillations to downstream basal ganglia nuclei. Direct cortical input to the STN in
conjunction with dopamine-induced changes in STN activity and oscillatory interaction
between the STN and GPe (Bevan et al., 2002) may also contribute to entrainment of
activity in basal ganglia output in beta frequencies. Evidence for a direct subthalamo-cortical
loop has led to suggestions that this circuit may contribute to increased propagation of
dysfunctional oscillatory activity (Degos et al., 2008).

Studies in both anesthetized and awake rats with dopamine cell lesions support the view that
cortical activity contributes to the entrainment of beta activity in the STN and these
investigations also provide evidence for STN-GPe interaction in this frequency range
(Degos et al., 2009; Mallet et al., 2008a, 2008b; Sharott et al., 2005; Tierney et al., 2003;
Walters et al., 2009). Sharott and coworkers (2005) observed beta range activity in LFP
recordings from the STN in dopamine cell lesioned rats when rats are still but alert; this
STN LFP activity was coherent with beta activity in cortical electrocorticograms. In
addition, an increase in beta range frequency during periods of spontaneous activity, and
significant decreases in beta power following apomorphine administration were reported.
Paired GPe-STN single unit and LFP recordings in locally anesthetized, immobilized rats
demonstrated that GPe spiking becomes significantly more synchronized with STN LFP
oscillations in the beta frequency range and coherences between GPe spiking and STN LFP
and between STN spiking and STN LFP are increased after dopamine cell lesion (Tierney et
al., 2003; Walters et al., 2009). In addition, this study showed that increased dopamine
receptor stimulation with apomorphine induces a desynchronizing effect on GPe-STN
relationships in both intact and lesioned rats, supporting a role for increased synchronization
between STN and GPe in the emergence of beta frequency activity in the STN. The present
results are consistent with observations of increased beta activity in the STN and GPe, both
areas projecting to SNpr.

In addition to changes in firing pattern, alterations in SNpr firing rates were also observed in
the lesioned hemisphere in the present study. These rate changes are consistent with the
classic rate-based model of basal ganglia function that hypothesizes that loss of dopamine
induces firing rate increases in basal ganglia output (Albin et al., 1989; Alexander and
Crutcher, 1990; DeLong, 1990), which inhibit thalamocortical activity and promote
hypoactivity and akinesia via a reduction in cortical activity. Significant increases in mean
rate were observed in the SNpr 21 days post lesion, consistent with predictions of the rate
model. However, the literature regarding SNpr rate changes in the anesthetized rodent PD
model is inconsistent, reporting observations of no changes, increases and decreases in firing
rates between intact or the non-lesioned hemispheres and lesioned hemispheres of lesioned
rats (Belluscio et al., 2003; Breit et al., 2005; Burbaud et al., 1995; Diaz et al., 2003; Lee et
al., 2001; MacLeod et al., 1990; Murer et al., 1997, 2002; Rohlfs et al., 1997; Sanderson et
al., 1986; Tai et al., 2003; Tseng et al., 2001a, 2005; Walters et al., 2007). MPTP treatment
in monkeys also produced no significant change in SNpr firing rates (Wichmann et al.,
1999).

Changes in firing rate were also observed in the present study during walking, relative to
rest. Mean firing rates increased during walking, as has been observed by Chang et al.
(2006). These results are not consistent with rate model predictions that increased activity,
i.e. walking, would be associated with a reduction in SNpr firing rates: although a subset of

Avila et al. Page 13

Exp Neurol. Author manuscript; available in PMC 2012 June 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



individual neurons in both hemispheres showed significant rate decreases. Nevertheless,
with regard to changes in firing rate in basal ganglia output associated with loss of
dopamine, the present results are supportive of the traditional view that increases in firing
rate in basal ganglia output correlate with hypoactivity. Overall, these results are consistent
with the emerging view that changes in firing pattern, in addition to firing rate, must be
considered in developing an understanding of relationships between basal ganglia output and
movement.

Potential Consequences of Impaired SNpr Output
These results extend to the SNpr nucleus the observations obtained from PD patients,
primates and rodents in the STN and GPi showing increases in beta frequency activity with
loss of dopamine. The SNpr is implicated in control of movement, orientation and gait
through its projections to thalamus, superior colliculus and pedunculopontine nucleus.
Evidence for a selective increase in SNpr spiking in the lesioned hemisphere in the high beta
range during walking raises the possibility that synchronized high beta activity in basal
ganglia output disrupts downstream activity in the thalamus, superior colliculus and/or
pedunculopontine nucleus, contributing to the reduced motor performance of the
hemiparkinsonian rat in the circular treadmill, most evident when the direction of his
orientation was toward the affected side, contralateral to the lesion.

Dopamine loss has been demonstrated to have robust effects on gait in rodents (Chang et al.,
2006; Metz et al., 2005; Shi et al., 2004). As described by Chang and coworkers (2006),
after unilateral dopamine depletion, when rats are walking on a straight treadmill, the
healthy limbs make larger steps while the impaired limbs follow passively. Metz and
colleagues (2005) have reported similar gait changes in unilaterally dopamine depleted rats:
when walking in a straight line, lesioned rats drag their impaired toes and take shorter steps,
similar to the shuffled steps observed in human PD patients (Knutsson, 1972). In the present
study, after unilateral loss of dopamine, rats made progress walking in the ipsiversive
direction on the circular treadmill, when the affected side was on the outside of the curved
track, but the rats tended to stop, rear and turn around during walking in the contraversive
direction, presumably because walking in this direction required the affected side to make
more demanding adjustments of gait, orientation and posture. Interestingly, during attempts
to get the rats to walk ipsiversively on the treadmill, high beta frequency activity in the SNpr
LFP was notable and not obviously different from that observed during the contraversive
walking epochs (data not shown).

As the SNpr is not a preferred site for implantation of DBS electrodes, there are relatively
little data from PD patients from recordings in this nucleus. However, a recent study
(Chastan et al., 2009) compared the effects of DBS of the STN with effects of DBS of the
SNpr in cases where the lowest contacts of DBS electrodes targeted to the STN were located
in the SNpr. Results showed that stimulation of the STN was more efficacious than
stimulation of the SNpr with respect to PD motor symptoms except with respect to gait and
balance where the effects were comparable. Interestingly, there is evidence for the potential
for DBS of the pedunculopontine nucleus in cases of advanced PD to address symptoms of
posture and gait that are relatively resistant to improvement with STN DBS (Jenkinson et
al., 2006; Mazzone et al., 2005; Plaha and Gill, 2005). These observations support the view
that changes in SNpr output in PD patients may have a functional impact on downstream
sites involved in control of posture and gait.

SUMMARY
Results demonstrate that recordings in behaving rats can lend insight into how changes in
basal ganglia network correlate with motor dysfunction after loss of dopamine. In sum, data
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from the hemiparkinsonian rat show that loss of dopamine is associated with increased
expression of low beta frequency activity during rest, which is reduced with movement.
Moreover, recordings from rodent SNpr demonstrate increased expression of high beta
activity in basal ganglia output associated with transition from inattentive rest to alert and
walking on a circular treadmill While it is not clear whether increases in high beta range
activity in SNpr output coincide more with ongoing preparation for the next phase of the
stepping cycle, some aspect of execution of that cycle, or beta rebound after execution of the
movement, data are consistent with observations from STN/GPi LFP recordings in PD
patients and support the correlation between increased beta activity and impaired movement.
These findings raise interesting questions regarding the functional significance of increases
in synchronized and oscillatory activity in different beta frequency bands with respect to
activity in thalamocortical loops and midbrain regions, such as the pedunculopontine
nucleus and provide a basis for further exploration of these issues. Such studies may allow
insight into whether these changes in SNpr firing pattern are causative, compensatory or
simply epiphenomenonal (Eusebio and Brown, 2009).
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Figure 1.
Photograph of the circular treadmill. Rats were trained to walk in the treadmill at a rate of 9
rpm in ipsiversive and contraversive directions. During recordings, rats would walk for 5
min in the rotating treadmill and then rest in the stationary treadmill for 10–20 min between
walking epochs.
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Figure 2.
Immunohistochemical results and electrode microwire placement. (A) Coronal section of the
substantia nigra pars compacta (SNpc) illustrating immunohistochemistry of tyrosine
hydroxylase (TH). Note the lack of TH staining in the SNpc of the lesioned (left)
hemisphere compared with the non-lesioned (right) hemisphere. Location of section: bregma
= −5.04 mm (Paxinos and Watson, 1986). Mean loss of TH+ stained = 86%, range = 76–
97%. (B) Coronal section of the substantia nigra pars reticulata (SNpr) illustrating microwire
placement. Sections were stained with cresyl violet and potassium ferricyanide to reveal the
iron deposits; recording sites are indicated by arrows. Note the small electrolytic lesion
clearly evident in the right section. Location of section: left figure, bregma = −5.02 mm and
right figure, bregma = −5.28 mm (Paxinos and Watson, 1986). Scale bars: 1 mm
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Figure 3.
SNpr spike train and LFP recordings during rest and walk on a circular treadmill from a
unilaterally dopamine cell lesioned rat. Representative spike trains (blue) and LFPs (green)
were recorded simultaneously from the SNpr of the non-lesioned (A) and lesioned (B)
hemispheres during rest (treadmill stationary), preparation to walk (treadmill adjustment)
and walking (treadmill on). EMGs (green, middle panels) were also recorded simultaneously
from the scapularis muscles; the EMGs contralateral to the SNpr recording site are presented
accordingly. EMG activity and video taped behavioral analyses directed the selection of
epochs to analyze for rest and walk epochs. Wavelet scalograms (bottom panels) represent
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the time-frequency plots of spectral power. Spectral power was plotted on a log10 scale with
greater power represented by redder colors.
SNpr LFP low beta power during rest was greater than low beta power during walking, as
illustrated in the scalograms from the non-lesioned and lesioned hemispheres. Notably, SNpr
LFP low beta power in the lesioned hemisphere was greater than low beta power in the non-
lesioned hemisphere (before the first arrow on the time axis in bottom panel). When the
experimenter approached the treadmill, thus alerting the rat, a change from low beta
frequency power to high beta frequency (25–40 Hz) power in the lesioned hemisphere (first
arrow) was observed. When the treadmill motor was turned on (second arrow) and
adjustments to the rat’s posture were made to position him in the correct walking direction,
high beta power appeared more prominently in the lesioned hemisphere relative to the non-
lesioned hemisphere. With the onset of walking (third arrow), a prominent band of high beta
SNpr LFP activity emerged in the lesioned hemisphere.
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Figure 4.
SNpr LFP power in the beta frequency range recorded in the non-lesioned and lesioned
hemispheres of the unilateral dopamine cell lesioned rat 7 days following 6-OHDA infusion
and from neurologically intact (control) rats. Power spectra (A, B) are representative
examples from SNpr LFP activity in the non-lesioned (A) and lesioned (B) hemispheres of
an individual rat over the frequency range of 11–50 Hz. SNpr LFP activity was greater in the
low beta frequency range (12–25 Hz) in both non-lesioned and lesioned hemispheres at rest
(solid line) than during walking (dotted line). During walking, a prominent peak of high beta
activity emerged in the lesioned hemisphere (B); this was not observed in the non-lesioned
(A) or control (data not shown) hemispheres. Total power in the frequency ranges of low
beta (12–25 Hz) and high beta (25–40 Hz) are presented (C, D) as the mean ± SEM for LFP
recordings in the SNpr of 8 neurologically intact (control) hemispheres and 9–10 non-
lesioned and lesioned hemispheres during rest and walk epochs. In the low beta frequency
range (C), SNpr LFP power was significantly greater in the lesioned hemispheres compared
with SNpr LFP power in the non-lesioned or control hemispheres when the animals were at
rest. SNpr LFP power was significantly reduced when the animals were walking compared
with epochs of rest in all 3 hemispheric states. There were no significant differences
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between the SNpr LFP power in the 3 hemispheres during walking. In the high beta
frequency range (D), there was no significant differences in SNpr LFP power during rest
among the 3 hemispheres. However, during walking high beta SNpr LFP power was
significantly increased in the lesioned hemispheres.
* p<0.05 significantly different than rest within hemispheric condition
+ p<0.05 significantly different than control and non-lesioned hemispheres for rest in low
beta frequency and walk in high beta frequency
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Figure 5.
LFP power in the high beta frequency range (25–40 Hz) recorded with electrode arrays
placed bilaterally in the SNpr of the lesioned and non-lesioned hemispheres of unilateral
dopamine cell lesioned rats. To confirm the results obtained with recordings with electrode
bundles and observe the effects of dopamine replacement therapy, experiments were
conducted with this electrode configuration in rats 21 days post lesion (n=6 rats). During
walk epochs, SNpr LFP power in the high beta range was significantly increased in the
lesioned hemispheres, but not in the non-lesioned hemispheres (A). L-DOPA administration
(4–5 mg/kg plus 15 mg/kg benserazide, i.p., a dose that improves gait but does not induce
rotation) significantly reversed the elevated SNpr LFP power. No significant differences
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were observed between rest and walk with and without L-DOPA in the non-lesioned
hemispheres. Wavelet scalograms (B) illustrate the effect of dopamine replacement with L-
DOPA on SNpr LFP high beta frequency activity in the lesioned hemisphere of an
individual rat. Before L-DOPA administration, notable LFP power in the 25–40 Hz range is
evident during ipsiversive walk epochs (B, top). Following L-DOPA administration (~ 30
min post i.p. injection), LFP power in significantly reduced during ipsiversive walk epochs
(B, bottom). Wavelet scalograms represent the time-frequency plots of spectral power with
spectral power plotted on a log10 scale with greater power represented by redder colors.
* p<0.05 significantly different than walk in non-lesioned hemispheres
+ p<0.05 significantly different than rest, rest plus L-DOPA, and walk plus L-DOPA in
lesioned hemispheres
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Figure 6.
Phase locking in the SNpr of lesioned and non-lesioned hemispheres of unilateral dopamine
cell lesioned rats. Representative examples of individual rats are shown in A, B, D and E.
Group results are shown in C and F. (A) SNpr spike trains recorded in the lesioned
hemispheres showed increased phase locking of spikes when paired with SNpr LFP in the
12–25 Hz low beta range during rest (solid line) compared with scrambled spikes (dashed
line). No phase locking of SNpr spikes with SNpr LFP was observed during walking in the
12–25 Hz range (B). (C) Normalized SNpr spike-triggered SNpr LFP waveform averages
(STWA) were obtained by dividing unscrambled STWA peak to trough amplitude values by
scrambled STWA amplitude values. Dashed line indicates a ratio = 1, where STWA
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amplitudes from scrambled and unscrambled are equal. In the low beta frequency range
normalized STWAs from the lesioned hemispheres were significantly greater than STWAs
from non-lesioned hemispheres during rest. In contrast, during walking, there was no
significant difference between the STWAs from lesioned and non-lesioned hemispheres. (D)
In the 25–40 Hz high beta range, SNpr spike trains recorded in the lesioned hemispheres
demonstrated no significant phase locking of spikes with SNpr LFPs during rest. (E)
However, during walking, a marked increase in phase locking compared with scrambled
spikes paired with LFPs was demonstrated. (F) In the high beta frequency range normalized
STWAs from the lesioned hemispheres were significantly greater than STWAs from the
non-lesioned hemispheres during walking. In contrast, during rest, there was no significant
difference between the STWAs from lesioned and non-lesioned hemispheres. Data in bar
graphs represent 2–3 spike trains per hemisphere from 5 rats.
* p<0.05 significantly different than non-lesioned
+ p<0.05 significantly different than walk for low beta frequencies and rest in high beta
frequencies in lesioned hemispheres
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