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Abstract 

Prolonged L-dopa treatment in Parkinson‟s disease (PD) often leads to the expression of 

abnormal involuntary movements known as L-dopa-induced dyskinesia. Recently, dramatic 

80 Hz oscillatory local field potential (LFP) activity within the primary motor cortex has been 

linked to dyskinetic symptoms in a rodent model of PD and attributed to stimulation of 

cortical dopamine D1 receptors. To characterize the relationship between high gamma (70-

110 Hz) cortical activity and the development of L-dopa-induced dyskinesia, cortical LFP 

and spike signals were recorded in hemiparkinsonian rats treated with L-dopa for 7 days, and 

dyskinesia was quantified using the abnormal involuntary movements (AIMs) scale. The 

relationship between high gamma and dyskinesia was further probed by assessment of the 

effects of pharmacological agents known to induce or modulate dyskinesia expression. 

Findings demonstrate that AIMs and high gamma LFP power increase between days 1 and 7 

of L-dopa priming. Notably, high beta (25-35 Hz) power associated with parkinsonian 

bradykinesia decreased as AIMs and high gamma LFP power increased during priming. After 

priming, rats were treated with the D1 agonist SKF81297 and the D2 agonist quinpirole. Both 

dopamine agonists independently induced AIMs and high gamma cortical activity that were 

similar to that induced by L-dopa, showing that this LFP activity is neither D1 nor D2 

receptor specific. The serotonin 1A receptor agonist 8-OH-DPAT reduced L-dopa- and DA 

agonist-induced AIMs and high gamma power to varying degrees, while the serotonin 1A 

antagonist WAY100635 reversed these effects. Unexpectedly, as cortical high gamma power 

increased, phase locking of cortical pyramidal spiking to high gamma oscillations decreased, 

raising questions regarding the neural substrate(s) responsible for high gamma generation and 

the functional correlation between high gamma and dyskinesia.  
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Highlights: 

 L-dopa reduces cortical high beta LFP activity while inducing dyskinesia 

 L-dopa elicits the co-emergence of cortical high gamma LFP activity and dyskinesia 

 D1 and D2 agonists individually induce cortical high gamma and dyskinesia 

 5-HT1A agonist reduces dyskinesia and cortical high gamma but increases high beta 

 Phase-locking of cortical spikes is negatively correlated with high gamma LFP  

 

Keywords: abnormal involuntary movements; beta; dopamine; dyskinesia; gamma; L-dopa; 

local field potential; motor cortex; oscillations; Parkinson‟s disease 
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Introduction 

Parkinson‟s disease (PD) is a neurodegenerative disorder that is caused by the death 

of dopaminergic neurons in the basal ganglia. PD primarily affects the motor system, 

inducing rigidity, slowness of movement, tremors and lack of coordination. Development of 

these motor impairments has been associated with the emergence of synchronized and 

oscillatory activity in the beta frequency range (13-35 Hz) in the motor cortex and basal 

ganglia of PD patients
1-7

 and hemiparkinsonian rats.
8-12

 Increased oscillatory activity has also 

been observed at lower frequencies in parkinsonian primates.
13-17

  

Early stage PD patients are often treated with dopamine (DA) receptor agonists; 

however, the anti-parkinsonian efficacy of these agonists is somewhat limited and most 

patients are ultimately treated with Levodopa (L-dopa), the precursor to DA. Unfortunately, 

prolonged L-dopa treatment often leads to the development of abnormal involuntary 

movements, otherwise known as L-dopa-induced dyskinesia.
18

 Though DA agonists are less 

likely to induce this side effect,
19, 20

 they can also elicit dyskinesia in PD patients
21, 22

 and 

hemiparkinsonian rats.
23-25

 While the causes of dyskinesia are not fully understood, several 

mechanisms appear to be involved in its expression, including increased corticostriatal 

extracellular glutamate levels, glutamate transporter expression, and glutamate receptor 

phosphorylation.
26-29

 Other important processes contributing to dyskinesia involve 

supraphysiological increases in L-dopa-derived DA within the striatum via serotonergic 

raphe-striatal neurons,
30, 31

 supersensitive striatal DA receptors,
32

 and enhanced striatonigral 

direct pathway activity.
33-36

  

Recordings from the motor cortex and basal ganglia of PD patients following L-dopa 

treatment have shown decreases in exaggerated beta oscillatory activity and pronounced 

increases in local field potential (LFP) oscillations in the high gamma range (>50 Hz).
37, 38

 In 

particular, a narrow band with a peak between 60-90 Hz, referred to as “finely-tuned gamma 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
  

 

5 

 

(FTG),” is often observed in PD patients in the “on” state following L-dopa therapy, and 

power in this frequency range increases with movement.
39

 While the functional role of FTG 

is uncertain, Halje and colleagues (2012) have recently reported similar activity within the 

primary motor cortex and striatum of hemiparkinsonian rats during L-dopa-induced 

dyskinesia. Indeed, distinct ~80 Hz oscillatory activity in these brain regions was expressed 

concurrently with AIMs. Local D1 receptor antagonism in the motor cortex abolished both 

the 80 Hz activity and dyskinesia. Moreover, the spiking activity of these cortical neurons 

shifted from an entrainment to the theta range (4-12 Hz) to an entrainment to high gamma 

(75-90 Hz) during L-dopa-induced dyskinesia.
40

  

Many questions remain regarding the functional consequences of this high gamma 

cortical activity in parkinsonian and dyskinetic states. To better understand this phenomenon 

in the rat model of dyskinesia, the present study investigated the relative time courses of the 

development of high gamma cortical oscillations and the emergence of dyskinetic behavior 

during L-dopa priming in rats with either partial or full unilateral DA lesions. The effects of 

L-dopa priming on cortical high beta (25-35 Hz) LFP activity were also characterized. DA 

D1 and D2 agonists and the serotonin (5-HT)1A receptor agonist 8-OH-DPAT were used to 

further explore the association between cortical high gamma activity and dyskinesia. Finally, 

the relationships between cortical high gamma LFP oscillations and cortical neuronal spiking 

during various behavioral states were determined. Collectively, findings show that cortical 

high gamma LFP activity is positively associated with dyskinesia; however, subtle variability 

in this positive relationship and the apparent decrease of synchronized cortical spiking 

suggest a potential dissociation, which remains to be further explored. 

 

Materials and Methods 
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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. 

 

Surgical procedures 

Male Sprague-Dawley rats (250-300 g upon arrival; Taconic Farms, Hudson, NY, 

USA) were housed on a 12 h light/dark cycle. Rats were anesthetized with 75 mg/kg 

ketamine and 0.25 mg/kg dexmedetomidine intraperitoneally (i.p.) before surgery for 

implantation of chronic recording electrodes. The incision area was shaved and a long-acting 

local anesthetic (1% mepivacaine HCl solution) was 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) 

fitted with atraumatic ear bars with their skull leveled in the dorsal–ventral plane. A heating 

pad was used to maintain body temperature at ~37°C.  

All rats had electrode bundles implanted unilaterally in the left motor cortex layers 

5/6. Electrode bundles consisted of eight stainless steel 50 µm Teflon insulated microwires 

with an additional ninth wire (~1 mm scraped tip) that served as a local reference (NB Labs, 

Denison, TX). Bundles had diameters of ~350 µm and each microwire had an impedance of 

~0.6 MΩ, measured in physiological saline at 135 Hz. Holes were drilled over the target 

coordinates for the motor cortex (anterior: +2.0 mm from bregma; lateral: +2.5 mm; ventral: -

2.0 mm, from skull surface). Ground wires from each bundle were connected to a screw 

located above the cerebellum and served as the instrument ground.  

Rats were either kept as intact controls (n=4) or received a local injection of 6-

hydroxydopamine (6-OHDA) into the medial forebrain bundle to lesion DA cells in the 

substantia nigra pars compacta at the time the electrode bundles were implanted (n=13). To 
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protect noradrenergic neurons, 6-OHDA injection was preceded by administration of 15 

mg/kg desmethylimipramine (i.p.). 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; ventral: -8.3 mm from the skull surface). Six micrograms of 6-

OHDA hydrobromide in 3 µl of 0.9% saline with 0.01% ascorbic acid was infused via a 27-

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). The cannula remained at the target site for 3 min 

after the infusion was completed to prevent diffusion of the neurotoxin. Five min post-

surgery and one time/day for 2 days post-surgery, rats received an injection of 0.15% of 

ketoprofen in 0.9% NaCl solution. 

 

 

Behavior 

 

Treadmill Walking. A circular treadmill was used during recordings to control the 

behavior of the rats when walking. Seven to 10 days before the surgical procedures, rats were 

trained 2 times/day on 3 different days to walk in both directions on the circular treadmill at a 

speed of 8 RPMs. The presence of a paddle in the circular treadmill cylinder encouraged the 

rats to walk continuously in each specified direction. Following surgery, rats were gradually 

re-exposed to the treadmill during the first week and examined for their ability to walk in 

both directions. After unilateral DA cell lesions, the hemiparkinsonian rats could make 

reasonable progress on the circular treadmill if they were oriented in the direction ipsiversive 

to the unilateral lesion, with their affected paws on the outside of the circular path. If they 

were oriented in the opposite direction, contraversive to the lesion, they had considerable 

difficulty walking, and generally froze or reared and tried to turn around. As previously 

reported, the speed and design were adjusted so that both intact control and lesioned rats were 

capable of performing on the treadmill.
9
 Lesion efficacy was also assessed by the stepping 
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test (see below) once per week post-lesion. During each recording session, rats were 

videotaped to provide further confirmation of the level of motor activity. 

Stepping Test. The stepping test was performed one time prior to surgery and once 

per week for 4 weeks following surgery in rats that received 6-OHDA-lesions of the medial 

forebrain bundle (see Fig 1A and 1C). The number of adjusting steps taken by the forepaw in 

order to compensate for lateral movement was counted to determine the effects of lesion on 

motor performance.
41

 Rats were moved laterally across a table at a steady rate of 90 cm/10 s. 

The rear part of the torso and the hindlimbs were lifted from the table and one forepaw was 

held by the experimenter so as to bear weight on the other forepaw. Each stepping test 

consisted of six trials for each forepaw, alternating between directions both forehand (defined 

as compensating movement toward the body) and backhand (defined as compensating 

movement away from the body) on the table. Data was derived by summing steps (forehand 

and backhand) of the lesioned forelimb and dividing them by the sum of steps (forehand and 

backhand) of the intact forelimb and multiplying by 100. Lower percentage of intact scores 

indicates greater forelimb akinesia. 

Abnormal Involuntary Movements (AIMs). Rats were monitored and scored for 

AIMs using a previously described procedure.
24

 Following L-dopa or DA agonist treatment, 

rats were individually placed in plastic cylinders (26.8 cm diameter, 27.5 cm height) and 

assessed for exhibition of axial, limb, and orolingual (ALO) AIMs. „Axial‟ AIMs were 

referred to as dystonic posturing, represented by a twisting of the neck and torso directed 

toward the side of the body contralateral to the lesion. „Limb‟ AIMs were defined as rapid, 

purposeless movements of the forelimb located on the side of the body contralateral to the 

lesion. „Orolingual‟ AIMs were composed of repetitive openings and closings of the jaw and 

tongue protrusions and considered abnormal as they occur at times when the rats were not 

chewing or gnawing on food or other objects. Rats were observed for ALO AIMs for 60 sec 
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every 10
th

 min over 160-200 min. A severity score of 0-4 was assigned for each AIMs 

category: 0, not present; 1, present for <50% of the observation period; 2, present for >50% 

of the observation period; 3, present for the entire observation period and interrupted by a 

loud stimulus (a tap on the plastic cylinder), or 4, present for the entire observation period but 

not interrupted by a loud stimulus. Scores for axial, limb and orolingual were combined to 

create a single ALO AIMs score for data analysis. The theoretical maximum ALO AIMs 

score was 12 per time period (4×3 AIMs subcategories) with overall maximum scores of: 192 

for 160 min (12×16 time periods), 216 for 180 min (12×18 time periods), and 240 for 200 

min (12×20 time periods). ALO AIMs data were analyzed using non-parametric statistics.  

 

Drug treatments 

Two weeks following lesion, 6-OHDA-lesioned rats received L-dopa methyl ester (12 

mg/kg, s.c.; Sigma-Aldrich) + DL-serine 2-(2,3,4-trihydroxybenzyl) hydrazide hydrochloride 

(benserazide; 15 mg/kg, s.c.; Sigma-Aldrich) once per day for 7 days (days 14 to 21 post-

surgery). One week following this L-dopa priming regimen (approximately 28 days post-

surgery), all rats received L-dopa, followed by the 5-HT1A receptor agonist (+)-8-Hydroxy-

2-(dipropylamino)tetralin hydrobromide (8-OH-DPAT; 0.2 mg/kg, s.c.; Sigma-Aldrich; 65 

min post-L-dopa) and the 5-HT1A receptor antagonist, N-[2-[4-(2-Methoxyphenyl)-1-

piperazinyl]ethyl]-N-2-pyridinylcyclohexanecarboxamide maleate salt (WAY100635; 0.3 

mg/kg, s.c.; Sigma-Aldrich; 105 min post-L-dopa). At approximately 35 days post-surgery, 

dyskinetic rats, which had a total ALO AIMs score ≥ 25 on the 7
th

 day of priming, received 

the D1 receptor agonist R(+)-SKF-81297 hydrobromide (SKF81297; 0.8 mg/kg, s.c.; Sigma-

Aldrich), followed by 8-OH-DPAT (45 min post-SKF81297) and WAY100635 (65 min post-

SKF81297). Approximately 42 days post-surgery, three of the dyskinetic rats received the D2 

receptor agonist (-)-Quinpirole hydrochloride (quinpirole; 0.2 mg/kg, s.c.; Sigma-Aldrich), 
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followed by 8-OH-DPAT (45 min post-quinpirole) and WAY100635 (65 min post-

quinpirole). The time course of behavior, surgery, electrophysiological recordings, and drug 

treatments are portrayed in Figure 1A. 

 

Electrophysiological recordings 

Following surgery, once per week for 4 weeks for intact control (n=4) and partially 

lesioned (n=4) rats and for 5-6 weeks for dyskinetic/fully-lesioned rats (n=9), spike trains and 

LFP activity were recorded (see Fig 1A). Each recording session for all rats included periods 

of rest and treadmill walking as previously described.
10

 Beginning 2 weeks after surgery, 

treadmill walking and rest were followed by drug treatment and concomitant AIMs ratings. 6-

OHDA-lesioned rats were primed with L-dopa in order to study the emergence of abnormal 

involuntary movements (i.e., AIMs) following loss of DA. Similarly, dyskinetic rats were 

later treated with D1 or D2 receptor agonists to further examine relationships between DA 

receptor stimulation and AIMs associated with loss of DA. At approximately 28 days post-

surgery, all rats were recorded following sequential treatment of L-dopa, 8-OH-DPAT, and 

WAY100635 in order to compare the relationship between spiking activity and LFPs under 

these various conditions. 

Signals from each microwire of the electrode bundle were duplicated by the preamp 

(Plexon, Dallas, TX) to allow differential processing by low pass filters to provide LFP 

channels and high-pass filters to provide waveform channels to be used for spike sorting. 

High-pass filtered waveform channels were amplified by 10,000×, digitized at 40 kHz, and 

bandpass filtered between 300 to 8,000 Hz. Low-pass filtered LFP channels were amplified 

by 1000×, sampled at 1 or 2 kHz, and filtered between 0.7 to 150 Hz. Single units were sorted 

off-line based on clustering and principal component analysis using Spike2 software (see 

Data analysis, below). 
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Histology 

Rats were deeply anesthetized and recording sites were marked by electrolytic lesions. 

Rats were perfused intracardially with 200 ml of cold saline followed by 200 ml of 4% 

paraformaldehyde in phosphate-buffered saline. Fixed brains were sliced and 35 µm coronal 

sections containing the substantia nigra pars compacta were immunostained for tyrosine 

hydroxylase (TH; primary rabbit polyclonal anti-TH antibody, 1:200 dilution; Pel-Freez 

Biologicals; and biotinylated anti-rabbit IgG secondary antibody, 1:200 dilution; Vector 

Labs). The staining was processed using avidin-biotin-perioxidase complex (ABC kit; Vector 

Labs) and 0.05% 3,3‟-diaminobenzidine tetrahydrochloride with 0.01% H2O2 (DAB kit; 

Vector Labs) until intense brown color emerged. ImageJ software (NIH) was used to evaluate 

the extent of TH staining for each rat (total of 3-4 sections/rat).  

As expected, in intact control rats (n=4), tyrosine hydroxylase-staining of the neurons 

and fibers in the substantia nigra of the hemisphere that contained the electrode was not 

different from staining in the contralateral hemisphere (average 104±4%). In 6-OHDA-

lesioned rats that developed dyskinesia (median ALO AIMs = 56±13 and 73±15 on days 1 

and 7 of L-dopa priming, respectively), data showed severe loss of TH-stained neurons and 

fibers in the substantia nigra of the lesioned hemisphere (98±1% reduction) compared to the 

contralateral substantia nigra of the non-lesioned hemisphere (Fig 1B). These rats (n=9) 

constitute the “Full Lesion” group. Data from rats that received 6-OHDA lesions but did not 

become dyskinetic revealed an incomplete loss of tyrosine hydroxylase-stained neurons and 

fibers with an average 67±8% reduction compared to the non-lesioned hemisphere (Fig 1B). 

As such, these rats (n=4) are referred to as the “Partial Lesion” group. To verify electrode 

bundle placement, recording sites in all rats were marked by the electrolytic lesion and 
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sections were counterstained with cresyl violet and 5% potassium ferricyanide/9% HCl to 

reveal iron disposition marking the location of the electrode tips. 

 

Data analysis 

LFP and extracellular unit activity were analyzed using custom-written Spike2 and 

MATLAB (MathWorks) scripts. As the standard analysis of dyskinesia using the well-

established AIMs scale is typically based on a 60 sec epoch,
42, 43

 similar epochs were used for 

calculation of LFP power in the present study. Thus, epochs of 60 sec, representative of the 

overall periods of inattentive rest and treadmill walking that were free of major artifacts, were 

used to calculate LFP power. For each recording day with L-dopa priming, six epochs (60 sec 

each) were selected for LFP power analyses, corresponding to the onset, peak, and offset of 

dyskinetic behaviors. Six epochs (60 sec each) were also chosen for each recording day that 

included 8-OH-DPAT and WAY100635 treatments. Data for the 8-OH-DPAT and 

WAY100635 epochs were taken at 5 and 15 min, respectively, following drug injection. For 

each rat, data from at least two wires per epoch were used for power, peak and dominant 

frequency, and spike-triggered waveform averages (STWAs). Since rats with left hemispheric 

DA cell lesions experienced difficulty walking contraversive to the lesion, data were taken 

only when rats were walking in the ipsiversive direction in the circular treadmill.  

Spectral analysis of LFPs. Power was assessed in two frequency ranges: high beta 

(25-35 Hz) and high gamma (70-110 Hz). Using MATLAB scripts, Fourier-transform (FFT)-

based spectrograms were constructed to illustrate the evolution of spectral power during 

treadmill walking and rest epochs as well as over an entire recording session during L-dopa 

priming and drug treatments. LFP power spectral density signal-to-noise ratio was calculated 

as the ratio between LFP power and the 1/f-like noise spectrum (obtained by fitting the local 

minima of the 1/f
α
 function, 0<α<2, to the LFP power spectrum).

40, 44, 45
 These longer sets of 
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data were normalized with this approach in order to compensate for any 

extraneous/instrumental fluctuations over time and to allow for better comparisons with other 

studies using this approach.
40

 Power was considered significant when exceeding the half 

power point level (~3 dB). For each 1 sec bin of recording, total power spectral density was 

calculated within the high beta (25-35 Hz) and high gamma (70-110 Hz) frequency bands. 

Dominant frequency was defined as the maximum frequency, indicated by higher total 

power, between high beta (25-35 Hz) and high gamma (70-110 Hz) frequency bands. 

Similar to our previous studies,
9-12

 shorter epochs of FFT-based power spectra (60 sec 

epochs of total power, as presented in the bar graphs) were obtained using a custom written 

Spike2 script from LFP waveforms that were smoothed to 500 Hz from their original 

sampling frequency (1000 or 2000 Hz). Inspection of the data showed that there was 

relatively little variability in the raw voltage levels over frequencies of interest within each 

group of rats (i.e., signals were within 3 standard deviations of the mean) and little evidence 

of significant extraneous/instrumental fluctuations between groups, indicating that 

normalization procedures were not necessary for these data sets. Peak frequencies in power 

spectra in the high beta range during treadmill walk epochs were identified as significant if 

they met three criteria. First, the peak frequency amplitudes were larger than those in the 

preceding and following eight 1 Hz frequency bins.
46, 47

 Second, power spectrum slope 

changed sign from positive before the peak to negative after the peak. Third, data surrounding 

the maximum had a downward concavity according to second derivative analysis. Changes in 

power over high beta and high gamma frequency bands and peak frequency in the high beta 

frequency band were analyzed using two-way ANOVA and one-way and two-way repeated-

measures (RM) ANOVA with post hoc comparisons with the level of significance p<0.05.  

Cell sorting and motor cortex cell type classification. Prior to off-line spike sorting, 

waveforms were filtered using a digital 300 Hz high-pass filter in order to ensure complete 
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removal of large low frequency artifacts (Spike2; CED, Cambridge, UK). The threshold for 

minimum action potential amplitude for each high-pass waveform channel was designated as 

3 times the root mean square (RMS) amplitude of the waveform. Spikes were then sorted 

using principal component analysis (PCA) together with normal mixtures clustering analysis 

(Spike2). As previously described,
10

 well isolated cortical spikes were categorized as either 

putative pyramidal neurons or interneurons according to the characteristics of the spike 

waveform average. The trough-to-peak durations of the waveform averages were bimodally 

distributed and were separated into two different clusters,
10, 48

 with the shorter duration group 

including action potential average widths in the 0.1-0.28 ms range and the longer group 

exceeding 0.32 ms duration. Based on the bimodal distribution of the present data, the 

criterion for dividing putative pyramidal spikes from interneuronal spikes was set at 0.30 ms. 

Only spike trains with average firing rates ≥0.2 Hz were included. The majority (291/319, 

91% of recorded spike trains) had action potential durations >0.32 ms and were classified as 

putative pyramidal neurons. In this paper, the terms pyramidal neuron and interneuron refer 

to putative pyramidal and putative interneurons, respectively. Due to the relatively small 

number of interneurons per condition, only pyramidal neurons are represented in the 

analyses.  

Spike-triggered waveform analysis. To assess the temporal relationship between the 

spiking activity of individual cortical pyramidal neurons and LFP oscillations, spike timing 

and phase with respect to spike-triggered waveform averages (STWAs) were quantified 

during 100 sec epochs. Four distinct epochs from each group (intact control, full lesion, and 

partial lesion) on Day 28 post-surgery were chosen for STWAs, including treadmill walking 

and post-L-dopa, -8-OH-DPAT, and -WAY100635 treatments. LFPs were bandpass filtered 

(70-110 Hz) using an FIR filter (Spike2). Peak-to-trough amplitudes of the STWAs at or 

around the spike (zero time) were obtained as a measure of phase locking of spike train to the 
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dominant LFP oscillation. Each spike train was then shuffled 10 times and each shuffled 

spike train was used to create an STWA. The peak-to-trough values of the shuffled STWAs 

were normally distributed. Spikes were considered to be significantly correlated with the LFP 

oscillations when the peak-to-trough amplitude of the unshuffled spike train STWA was 

greater than 3 standard deviations of the mean of the shuffled distribution. To assess the 

extent of phase locking of cortical pyramidal neurons in each group and for each epoch, mean 

ratios of unshuffled/shuffled peak-to-trough amplitudes for spike trains and the percentage of 

spike trains significantly correlated to LFP were obtained and analyzed using two-way 

ANOVA and chi-squared tests, respectively. For phase-locked spike trains, the phase angles 

between spikes and the high gamma LFP range oscillations were examined using the 

Rayleigh and Mardia-Watson-Wheeler tests. Unless stated otherwise, all results in this 

manuscript are presented as the mean value ± SEM and the significance level is alpha = 0.05. 

 

Results 

 

Cortical high beta (25-35 Hz) oscillatory LFP activity during treadmill walking is 

dependent upon degree of DA cell lesion 

The current experiment included 3 groups of rats: intact control, partially DA-

lesioned, and fully DA-lesioned (see Methods and Fig 1 for details). In agreement with 

previous data,
10, 12, 49

 high beta (25-35 Hz) LFP power in the motor cortex of the lesioned 

hemisphere in fully-lesioned rats was significantly increased during treadmill walking 

compared to both intact control and partially-lesioned rats (Fig 2A, 2C and 2E). Interestingly, 

in fully-lesioned animals, high beta power (Fig 2B) and peak frequency (Fig 2D) were higher 

on day 14 post-surgery compared to day 7, which agrees with prior findings showing an 
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enhancement in high beta peak frequency during treadmill walking between day 7 and day 21 

post-lesion.
10

  

In the present experiment, fully-lesioned rats exhibited impaired stepping consistently 

each week for the 4 weeks post-surgery (week 1, 14±10% of the intact side steps; week 2, 

13±10%; week 3, 16±13%; week 4, 17±12%; Fig 1C). In contrast, partially-lesioned rats 

progressively improved their stepping performance each week post-surgery (week 1, 

31±14%; week 2, 49±23%; week 3, 80±17%; week 4, 87±25%). Moreover, although 

partially-lesioned rats demonstrated motor deficits in the stepping test at 1 and 2 weeks post-

lesion compared to their pre-lesion stepping (Fig 1C), there were no significant differences in 

oscillatory LFP power within the high beta frequency range (25-35 Hz) in the motor cortex 

during treadmill walking in these partially-lesioned rats compared to intact controls (Fig 2A, 

2C, and 2E). Intriguingly, partially-lesioned rats exhibited lower LFP power in the high beta 

range during rest on days 14 and 28 post-surgery compared to both fully-lesioned and intact 

control rats. Neither intact control nor partially-lesioned rats showed differences in high beta 

power between treadmill walking and rest; whereas fully-lesioned rats consistently showed 

greater high beta power during treadmill walking compared to rest (Fig 2A, 2B, 2C, and 2E).  

 

L-dopa priming attenuates cortical high beta (25-35 Hz) LFP power and peak frequency 

during treadmill walking in rats with full unilateral DA cell lesions  

 Between days 14 and 21 post-surgery, 6-OHDA-lesioned rats received L-dopa (12 

m/kg, + benserazide, 15 mg/kg, s.c.) once daily for 7 days to examine the effects of chronic 

L-dopa treatment (termed “L-dopa priming”; Fig 1A). Recordings of treadmill walking and 

rest epochs were performed on days 14 and 21 post-surgery before L-dopa injection. This 

allowed comparisons of LFP activity prior to L-dopa injection on day 14 with that obtained 

on day 21, approximately 24 hours after day 6 of L-dopa priming. Our findings reveal that L-
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dopa priming dampened the expression of cortical oscillatory activity in the high beta range 

during treadmill walking in fully-lesioned rats (Fig 2C). Moreover, in addition to a reduction 

in power in the high beta range, L-dopa priming was associated with a significant reduction 

in the peak frequency of high beta activity during treadmill walking in fully-lesioned rats 

from ~32 Hz on day 14 to ~29 Hz on day 21 (Fig 2D). This reduction in the peak frequency 

of high beta over the week of L-dopa priming contrasts with the observation that high beta 

power and peak frequency increased between days 7 and 14 post-surgery (Fig 2C), before L-

dopa treatment in these rats. Interestingly, on day 28 post-surgery, after a week without L-

dopa treatment, these shifts towards control values in high beta power and peak frequency in 

fully-lesioned rats were reversed (Fig 2C, 2D, 2E).  

 

L-dopa priming expands the durations of both the decrease in cortical high beta power and 

the increase in the expression of dyskinesia in rats with full unilateral DA cell lesions 

On the first and last days of L-dopa priming, recordings were made that included: rest 

and treadmill walking before L-dopa treatment, as well as five 60 sec periods at different time 

points post-L-dopa administration, corresponding to onset (20 min), peak (60, 90, and 120 

min), and offset (170 min) of dyskinetic behavior (Figs 3-4). These recordings showed that L-

dopa priming expanded the duration of the decrease in beta power in conjunction with an 

acceleration of the onset and a delay of the offset of dyskinesia. High beta LFP power was 

significantly reduced 20 min post-L-dopa on both days 1 and 7 of priming (Fig 3A) compared 

to treadmill walking (prior to L-dopa). However, the decrease in high beta power was more 

pronounced on the last day of priming compared to the first (Fig 3A). Furthermore, on day 1 

of priming, high beta power was further diminished at 60, 90, and 120 min post-L-dopa 

compared to the 20 min time point, whereas the decrease in power was stable at 20, 60, 90, 

and 120 min on the 7
th

 day of L-dopa priming. While high beta power recovered at 170 min 
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post-L-dopa on day 1 of priming, power was lower at this time point on the 7
th

 day of L-dopa 

priming compared to the first day (Fig 3A).  

These differences are relevant to the dyskinetic profile for each day. While axial, 

limb, and orolingual (ALO) AIMs were negatively correlated with total high beta power on 

the first day of L-dopa priming (Fig 3C; r = -0.79; p<0.01), as well as the last day (Fig 3D; r 

= -0.38; p<0.05), ALO AIMs did not develop until after 20 min on the first day of priming, 

whereas they were well established by this time point on the 7
th

 day of priming (Fig 4G-H). 

These ALO AIMs scores are comparable to those reported in previous studies.
27, 42, 43

 Taken 

as a whole, these data indicate that L-dopa priming is associated with a progressive decrease 

in high beta power in the motor cortex of dyskinetic rats and an increase in the onset and 

duration of L-dopa-induced dyskinesia. 

Partially-lesioned rats did not develop ALO AIMs (data not shown) and there were no 

changes in high beta power in these rats in any behavioral state on either day of priming (Fig 

3B). Similarly, L-dopa priming did not affect high beta power during treadmill walking in 

partially-lesioned rats (Fig 2C and 2E; Fig 3B). Furthermore, unlike the results in fully-

lesioned rats (discussed below), cortical LFP power in the high gamma (70-110 Hz) range 

was not modified post-L-dopa in partially-lesioned rats on either day of priming (Fig 3F).  

 

Cortical high gamma (70-110 Hz) LFP oscillatory activity is associated with the 

development of L-dopa-induced dyskinesia in rats with full unilateral DA cell lesions  

 The development of AIMs in fully-lesioned rats (Fig 4G-H) was accompanied by the 

emergence of high gamma LFP oscillatory activity in the motor cortex. Similar to Halje et al. 

(2012),
40

 representative FFT-based spectrograms of LFP spectral power show the dramatic 

high gamma narrow band activity (with a peak ~80 Hz) that results from L-dopa treatment 

(Fig 4A-B). This 80 Hz activity that emerged on the first day of L-dopa priming (Fig 4A) 
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appears earlier and persists longer on the 7
th

 day of priming (Fig 4B). In order to examine the 

relationship between high beta and high gamma activity during L-dopa priming, the total 

power in the high beta (25-35 Hz) and high gamma (70-110 Hz) frequency ranges for each 1 

sec bin of recording was determined. Of the two frequency ranges considered, the dominant 

frequency, corresponding to the range with the higher total power in that bin, was plotted (Fig 

4C-D). The fluctuations in dominant frequency (as determined by greater total power) 

between high beta and high gamma were greater on the first day of priming (Fig 4C) 

compared to the last day (Fig 4D), suggesting that cortical high gamma activity is more stable 

by the end of L-dopa priming. In addition, cortical high gamma LFP power showed an earlier 

onset, a longer duration, and was more intense on the 7
th

 day of priming compared to the first 

(Fig 4E-F). On the 7
th

 day of priming, high gamma power was significantly increased at 20, 

60, 90, and 120 min post-L-dopa compared to treadmill walking epochs, whereas high 

gamma power was significantly increased at only 90 and 120 min post-L-dopa on the first 

day of priming (Fig 3E). High gamma power on the last day of priming was also greater 

during peak dyskinesia time periods (60, 90, and 120 min post-L-dopa) compared to the early 

20 min period. Furthermore, day 7 of priming revealed greater high gamma power compared 

to day 1 at 20, 60, 90, and 120 min post-L-dopa. Collectively, these findings demonstrate a 

positive correlation between the development of ALO AIMs behavior and cortical high 

gamma LFP power, which is evident on the first (Fig 3G; r = 0.41; p<0.01) and last (Fig 3H; 

r = 0.36; p<0.05) day of L-dopa priming. 

 

Changes in cortical high beta and high gamma power during L-dopa priming are likely 

independent phenomena 

While it may be tempting to argue that the differences in high beta and high gamma 

power during L-dopa priming reflect interactions leading to an inverse relationship between 
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the two frequency ranges (i.e., as the level of high beta power decreases, high gamma power 

increases), our data do not fully support this concept. High gamma power was additionally 

enhanced between the first and last day of priming at peak dyskinesia time periods (i.e. 60, 90 

and 120 min; Fig 3A), while high beta power was not further diminished. It is however likely 

that high beta power was not further diminished due to a floor effect. 

 While both high beta and high gamma power are negatively and positively correlated 

with total ALO AIMs scores, respectively (Fig. 3C-D, 3G-H; Table 1), these relationships 

become less clear upon closer examination. Although high gamma LFP power was 

significantly enhanced at 90 and 120 min post-L-dopa on the first day of priming (Fig 3E), 

average ALO AIMs developed much earlier (30 min post-L-dopa; Fig 4G). On the 7
th

 day of 

priming, high gamma power was greater at time points 60, 90, and 120 min post-L-dopa 

compared to 20 min post-L-dopa (Fig 3E) but ALO AIMs were not similarly enhanced (Fig 

4H). However, this lack of an increase in ALO AIMs scores could be explained by a ceiling 

effect and limitation of the AIMs scale. Moreover, on the last day of priming at 170 min post-

L-dopa, ALO AIMs were still present (Fig 4H) despite a lack of significantly enhanced high 

gamma power (Fig 3E). As shown in Figure 4E-F, high gamma power became significantly 

enhanced at approximately 50 min on day 1 of priming and 20 min on day 7, while ALO 

AIMs emerged sooner at 30 min and 10 min on days 1 and 7, respectively. High beta power 

re-emerged, while high gamma power diminished, between 140 and 160 min on day 1 (Fig 

4E) and at approximately 170 min on day 7 (Fig 4F), though ALO AIMs were still present 

during these times (Fig 4G-H). These inconsistencies in the time courses of exaggerated 

cortical high gamma LFP activity and dyskinesia raise questions about the functional 

relationship between the two phenomena.  

There are also differences observed between the specific AIMs subtypes. The ALO 

AIMs scale is comprised of 3 abnormal behaviors including: axial, limb, and orolingual (see 
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Methods). Axial, limb, and orolingual AIMs were each negatively correlated with high beta 

total LFP power on both days 1 and 7 of priming, though each AIMs subcategory was 

significantly less correlated on the last day compared to the first (see Table 1). Interestingly, 

axial AIMs were not significantly correlated with high gamma power on either day 1 or 7 of 

L-dopa priming, limb AIMs were correlated equally on both days, and orolingual AIMs were 

correlated on day 1 but not day 7. Thus, whereas cortical high beta power is highly negatively 

correlated with all types of AIMs, the positive correlation between cortical high gamma LFP 

power and AIMs depends on the type of dyskinetic behavior that is being displayed. The 

association of increased high gamma power with some dyskinetic movements, but not others, 

is a possible route to better understanding the functional significance of high gamma power in 

movement.  

 

D1 and D2 receptor agonists independently induce dyskinesia and cortical high gamma 

oscillations 

 In order to further explore the relationship between cortical high gamma LFP activity 

and dyskinesia, we investigated the ability of DA receptor agonists to induce dyskinesia 2-3 

weeks following L-dopa priming (see Fig 1A). Similar to previous research,
23-25

 systemic 

administration of both D1 and D2 receptor agonists independently induced ALO AIMs (Fig 

5D and 5F) that were similar to L-dopa-induced AIMs (Fig 5B). Notably, both agonists 

significantly enhanced cortical high gamma power (Fig 5C-5F, 5H, and 5I) similar to levels 

that were induced by L-dopa (Fig 5A-B, 5G).  

 

5-HT1A receptor stimulation reduces cortical high gamma oscillations 

 One week following the end of the L-dopa priming period (day 28 post-surgery; Fig 

1A), L-dopa (12 mg/kg, s.c. + benserazide, 15 mg/kg, s.c.) administration once again induced 
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a significant enhancement of cortical high gamma LFP oscillatory activity and concomitantly 

induced ALO AIMs expression in fully-lesioned rats (Fig 5A-B). Similar to the effects seen 

during priming at these time points, there was greater total high gamma power, and less high 

beta power, at 60, 120, and 170 min post-L-dopa compared to treadmill walking (Fig 5G).  

Strikingly, the 5-HT1A receptor agonist 8-OH-DPAT (0.2 mg/kg, s.c.; injected 85 min post-

L-dopa) dramatically and rapidly reduced L-dopa-induced increases in cortical high gamma 

LFP power (Fig 5A, 5B, 5G) and, similar to previous reports,
24, 50

 also reduced ALO AIMs 

(Fig 5B). 8-OH-DPAT restored high beta power to levels observed during treadmill walking 

(Fig 5G). Although rats were in the open cylinder and not walking on the treadmill during 

this time period, they were behaviorally alert and attentive. Beta levels during these epochs 

were similar to those in our recent report of increased high beta power in the substantia nigra 

pars reticulata during alert non-walking states in hemiparkinsonian rats.
11

 Subsequent 5-

HT1A receptor antagonist WAY100635 (0.3 mg/kg, s.c.; injected 105 post-L-dopa) 

administration restored the L-dopa-induced effects on high gamma power, high beta power, 

and ALO AIMs (Fig 5A, 5B, 5G).  

 As described in the previous section, administration of the D1 receptor agonist 

SKF81297 (day 35 post-surgery) and the D2 receptor agonist quinpirole (day 42 post-

surgery; Fig 1A) induced ALO AIMs expression while significantly increasing cortical high 

gamma LFP power (Fig 5C-F). Furthermore, SKF81297 induced decreases in high beta 

power at 20, 40, 50, 80, and 120 min post-injection compared to epochs of treadmill walking 

in fully-lesioned rats (Fig 5H). Administration of 8-OH-DPAT (0.2 mg/kg, s.c.; injected 45 

min post-SKF81297) led to a rapid reduction in cortical high gamma LFP power relative to 

that observed at 20 and 40 min post-SKF81297 (Fig 5C, 5D, and 5H). However, this 

reduction in high gamma power was more modest than that induced by 8-OH-DPAT in the L-

dopa treated rats, and high gamma power remained significantly greater post-8-OH-DPAT 
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compared to levels during treadmill walking (Fig 5H). This effect was associated with 

increased rotational activity that is distinct from ALO AIMs
51

 and often observed with this 

treatment combination.
24, 52

 Furthermore, 8-OH-DPAT did not reverse SKF81297-induced 

decreases in high beta power in contrast to its effects when administered after L-dopa. 

Moreover, in contrast to its moderate reduction of high gamma power, and in agreement with 

previous reports,
24, 52

 8-OH-DPAT dramatically reduced SKF81297-induced ALO AIMs (Fig 

5D). Subsequent treatment with WAY100635 (0.3 mg/kg, s.c.; injected 65 post-SKF81297) 

reversed 8-OH-DPAT‟s effects on cortical high gamma LFP power and ALO AIMs.   

 Similar to results with L-dopa and SKF81297, quinpirole increased high gamma 

power, while decreasing high beta power, at 20, 40, 80, and 170 min post-injection compared 

to treadmill walking (Fig 5I). Following 8-OH-DPAT (0.2 mg/kg, s.c.; injected 45 min post-

quinpirole), cortical high gamma LFP power was significantly reduced and high beta power 

was significantly increased compared to 20 and 40 min post-quinpirole (Fig 5E, 5F, and 5I). 

Although 8-OH-DPAT increased high beta power more after quinpirole compared to after 

SKF81297, high beta power was still lower compared to treadmill walking (Fig 5I). As with 

L-dopa and SKF81297, 8-OH-DPAT administration led to a reduction in quinpirole-induced 

ALO AIMs (Fig 5F). Rats were behaviorally alert and attentive with little to no rotational 

activity, similar to a previous report using this treatment combination.
24

 Subsequent 

administration of WAY100635 (0.3 mg.kg, s.c.; injected 65 min post-quinpirole) reversed 

these neuronal and behavioral effects (Fig 5E, 5F, 5I).     

 Collectively, these findings indicate that stimulating inhibitory 5-HT1A receptors 

decreases high gamma LFP activity while at the same time reducing dyskinesia induced by L-

dopa and DA agonists. However, subtle differences in drug effects on high gamma power as 

compared to AIMs expression raise questions about the extent of this correlation over the 

series of drug treatments.    
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Cortical spiking activity and LFPs are significantly phase locked in the high gamma range 

but phase locking decreases as LFP power increases 

 Finally, we examined the relationship between cortical spiking and LFPs in the high 

gamma range (70-110 Hz) during recordings that included treadmill walking followed by 

sequential treatment with L-dopa, 8-OH-DPAT, and WAY100635 in our 3 groups of rats 

(fully-lesioned, partially-lesioned, and intact control rats) at approximately day 28 post-

surgery (Fig 1A). Cortical spike trains were categorized as either putative pyramidal neurons 

or interneurons based on average action potential duration, and due to the limited number of 

interneurons (28/319, 9% of recorded spike trains), the findings reported here represent 

exclusively pyramidal neurons.  

Interestingly, STWAs revealed significant robust spike-LFP phase locking in the high 

gamma range (70-110 Hz) in all groups in each behavioral state (i.e., treadmill walking, post-

L-dopa, post-8-OH-DPAT, and post-WAY100635; Fig 6B). Unexpectedly, spike-LFP phase 

locking during L-dopa-induced dyskinesia was reduced compared to treadmill walking in 

fully-lesioned rats (Fig 6B-C). When 8-OH-DPAT was administered to these dyskinetic rats, 

ALO AIMs were reduced (Fig 5B) in conjunction with a reversal of the L-dopa-induced 

decrease in spike-LFP phase locking (Fig 6B-C). Subsequent WAY100635 administration 

restored both L-dopa-induced ALO AIMs (Fig 5B) and L-dopa-induced decreases in phase 

locking (Fig 6B-C). These findings demonstrate that spike-LFP phase locking decreased (Fig 

6B-C) when high gamma LFP power increased (Fig 5G). In fact, significant negative 

correlations between spike-LFP phase locking and high gamma power were found in all 3 

groups of rats (Fig 6D-F).  

This counterintuitive inverse relationship between the spiking activity of cortical 

pyramidal neurons and high gamma LFP power led to further analyses, including the phase-
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locking of spikes to LFPs from other wires from the same bundle of electrodes in the motor 

cortex in the 70-110 Hz range. Analyses revealed that there were no significant differences in 

ratios or percentages of correlated spikes between treadmill walking and L-dopa-induced 

dyskinesia in fully-lesioned rats when using the LFP waveforms recorded from other wires in 

the bundle (1.7 ratio and 25% correlated vs. 1.8 ratio and 29%, respectively). If spike timing 

was positively influenced by fluctuations in high gamma LFP power, there would be greater 

STWA ratios and a higher percentage of correlated spikes during L-dopa-induced dyskinesia 

(enhanced high gamma power) relative to treadmill walking (minimal high gamma power), 

regardless of the wire used. These results support the initial findings of a downward trend of 

spike-LFP phase locking from treadmill walking to L-dopa-induced dyskinesia in fully-

lesioned rats (Fig 6B-C).       

In addition to measures of the degree of spike-LFP phase locking, the phase angles 

between spikes from phase-locked spike trains and the high gamma range LFP oscillations 

were examined. For each group of rats, spikes in the majority of the motor cortex pyramidal 

spike trains were significantly oriented with respect to their own LFP oscillations, filtered 

between 70 to 110 Hz, in each behavioral condition. Mean preferred phase angles ranged 

from 159 to 168 degrees for the intact group, 176 to 183 degrees for the partially-lesioned 

group, and 174 to 180 degrees for the fully-lesioned group, depending on the behavior (Fig 

6D). Mean phase angles did not vary significantly within each group with respect to changes 

in LFP power. There was, however, a trend for the phases of the intact group to occur slightly 

earlier than those in the lesioned groups, but this was only significant in the WAY condition, 

where cortical spiking in the intact group occurred ~0.48 and ~0.40 ms sooner compared to 

those in the partially-lesioned and fully-lesioned groups, respectively. 

 

Discussion 
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The present study used the unilateral 6-OHDA rat model to explore the functional 

significance of cortical high gamma LFP oscillations in PD during dyskinesia and their 

impact on high beta range activity. Results are reported from three distinct groups: fully DA-

lesioned, partially DA-lesioned, and intact control rats. Our findings show that L-dopa 

priming attenuates the cortical high beta activity that is associated with parkinsonian 

bradykinesia in the fully-lesioned rats
9-12

 and promotes the emergence of a relatively narrow 

band of high gamma LFP activity (70-110 Hz range with a peak frequency ~80 Hz) in the 

motor cortex in conjunction with L-dopa-induced dyskinesia. Furthermore, high gamma LFP 

activity increased in power and L-dopa-induced dyskinesia increased in duration between the 

first and last day of L-dopa priming in fully-lesioned rats. These observations are consistent 

with recent studies showing high gamma activity in the motor cortex and striatum of rats with 

L-dopa-induced dyskinesia
12, 40

 and may be relevant to clinical reports of FTG activity in the 

motor cortex, globus pallidus internal segment (GPi), subthalamic nucleus (STN), and 

thalamus in PD patients following DA replacement therapy.
37-39, 53-56

 Although the direct 

pathway has been more highly implicated in the mechanisms underlying L-dopa-induced 

dyskinesia than the indirect pathway,
33-36

 we show that both D1 and D2 receptor agonists 

independently induced both the 80 Hz cortical high gamma oscillations and dyskinetic 

behaviors in the L-dopa primed rat. Furthermore, the anti-dyskinetic 5-HT1A receptor 

agonist 8-OH-DPAT reduced both high gamma and dyskinesia, while the 5-HT1A receptor 

antagonist WAY100635 reversed these effects. While our data point to a possible functional 

correlation between narrow band high gamma cortical activity and dyskinesia, closer 

examination of the relationships between each AIMs behavior, cortical spiking, and high 

gamma LFP power raises doubts about the extent of this correlation, as discussed below. 

Activity in both beta and high gamma frequency ranges in various nuclei of the basal 

ganglia-thalamocortical circuit have been observed in PD patients and experimental animal 
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models of PD. Though the specific beta frequency ranges vary between species, with higher 

frequencies (25-40 Hz) in the rat
8-12

 and lower frequencies (8-30 Hz) in humans and 

monkeys,
1, 3-7, 13-17, 46

 it is generally hypothesized that exaggerated beta oscillations may 

contribute to motor impairment in the parkinsonian condition. In the present experiment, rats 

with full, unilateral DA cell lesions showing both impaired stepping and exaggerated high 

beta (25-35 Hz) LFP activity in the lesioned hemisphere of the motor cortex during treadmill 

walking also showed small but significant increases in peak beta frequency over time post 

lesion. Interestingly, the increases in peak frequency in the high beta range observed here 

between days 7 and 14 post-lesion are consistent with previous studies showing that the peak 

frequency of LFP power in the high beta range incrementally increases from day 7 to days 21 

and 40-50 post DA cell lesion,
10, 11

 supporting the idea of gradually emerging plasticity 

following DA cell loss. 

Moreover, the lack of exaggerated cortical high beta activity during treadmill walking 

in the rats with partial lesions (67±8% nigral TH loss) in the current experiment is consistent 

with recent findings showing that rats with partial lesions via 6-OHDA injections into the 

medial forebrain bundle or through intracerebroventricular administration (72% and 65% 

depletion, respectively) do not show exaggerated beta activity in the substantia nigra pars 

reticulata during treadmill walking.
49

 Notably, partially-lesioned rats in the present study 

showed significant motor deficits in the stepping test during the first and second weeks post-

lesion and then showed improvement during the third and fourth week post-lesion. 

Collectively, these results support the suggestion that the increase in beta band activity arises 

in late-stage, severely DA-depleted conditions and that exaggerated increases in beta power 

may not be causative, but rather compensatory, maladaptive, and/or epiphenomenal, of the 

motor impairments associated with loss of DA in the basal ganglia-thalamocortical circuit
6, 49, 

57-60
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L-dopa treatment has been shown to reduce these exaggerated beta range LFP 

activities in the cortex, GPi, and STN in human PD patients.
5, 61-64

 In addition, therapeutic 

doses of L-dopa (4-5 mg/kg) have been shown to decrease high beta LFP activity in the 

motor cortex and substantia nigra pars reticulata of the lesioned hemisphere in rats with 

unilateral DA cell loss of at least 90%.
9, 10

 The current study provides further insight into 

acute and chronic effects of L-dopa administration on cortical high beta activity in fully-

lesioned rats. Relative to the effects of acute L-dopa on the first day of priming, chronic 

administration of L-dopa was associated with a more rapid onset of the reduction in beta 

power and induction of dyskinesia, indicating a sensitization of response of both phenomena. 

Chronic L-dopa treatment also led to reductions in cortical high beta power and peak 

frequency during treadmill walking. Interestingly, cortical high beta LFP power and peak 

frequency during treadmill walking were restored to pre-priming levels following one week 

without L-dopa treatment, suggesting that the decreases in high beta power and peak 

frequency were contingent upon continuous DA replacement therapy. Collectively, previous 

research
10

 and the present study show that L-dopa reduces cortical power in the beta range in 

severely DA-depleted conditions, regardless of whether the dose of L-dopa is therapeutic or 

dyskinesia-inducing. Given that the partially-lesioned rats in the current experiment did not 

show exaggerated high beta activity during treadmill walking, it was not surprising that L-

dopa treatment did not affect high beta power in these rats. 

In addition to reductions in high beta activity, L-dopa treatment has been shown to 

induce an increase in high gamma activity in a narrow band between 60-90 Hz, referred to as 

“finely-tuned gamma” (FTG),
39

 in the motor cortex, GPi, STN, and thalamus in PD patients
37, 

38, 54-56, 64-66
 and in the motor cortex and striatum in rodent models of PD.

12, 40
 In the current 

experiment, sustained cortical high gamma oscillations (70-110 Hz with a peak frequency 

~80 Hz) emerged in conjunction with dyskinetic behavior induced by L-dopa treatment           



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
  

 

29 

 

in fully-lesioned rats. The partially-lesioned rats failed to show significant increases in 

narrow band high gamma activity or dyskinesia during L-dopa priming, suggesting that the 

emergence of L-dopa-induced narrow band high gamma activity in the hemiparkinsonian rat 

depends upon DA lesion severity. The relatively more powerful emergence of the band on the 

7
th

 day of L-dopa priming compared to the first day in the fully-lesioned rats, as well as the 

positive correlations between total high gamma LFP power and ALO AIMS on both days of 

priming, support the idea of a positive relationship between the two phenomena. However, it 

is important to note that axial AIMs were not correlated with high gamma power on either 

day of L-dopa priming, forelimb AIMs were positively correlated equivalently on each day of 

priming, and orolingual AIMs were positively correlated on the first day of priming but not 

the last.  

In an effort to better understand this relationship between cortical narrow band high 

gamma LFP activity and dyskinesia, pharmacological agents known to induce or decrease 

dyskinesia were utilized following L-dopa priming. Systemic administration of the D1 

agonist SKF81297 and the D2 agonist quinpirole independently elicited exaggerated cortical 

high gamma LFP activity and dyskinesia. These findings expand upon previous work 

showing the importance of the D1 receptor in generating high gamma oscillations during L-

dopa-induced dyskinesia
40

 with novel data showing the involvement of stimulation of the D2 

receptor in eliciting this rhythm in conjunction with dyskinesia. Interestingly, while 

administration of the 5-HT1A receptor agonist 8-OH-DPAT similarly reduced L-dopa- and 

DA agonist-induced ALO AIMs, high gamma LFP power was diminished by varying 

degrees. These results demonstrate that changes in high gamma power occur in conjunction 

with changes in dyskinesia but raise questions about the extent of this correlation over the 

series of drug treatments.   
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Further support for a disconnect between narrow band high gamma activity and 

dyskinesia may come from clinical recordings in the motor cortex, thalamus, GPi, and 

STN.
37, 38, 54, 55

 The expression of FTG is not unique to PD patients receiving L-dopa as it has 

also been observed in patients with essential tremor, dystonia, and epilepsy.
54, 67, 68

 Although 

we did not observe it in the motor cortex of our intact control or partially-lesioned rats 

following L-dopa, increased high gamma activity (~80 Hz) has been reported in the ventral 

striatum of healthy rodents following DA agonist treatment with both apomorphine and 

amphetamine.
69

 In addition, transient and focal bursts of high gamma (60-100 Hz) activity 

have been reported in the sensorimotor and primary motor cortices of healthy human 

participants during motor tasks.
70-73

 FTG is also often lateralized in healthy participants,
74

 

dystonic patients,
75

 and patients with essential tremor,
68

 occurring just prior to and during 

movement. Thus, while the functional correlate to FTG remains uncertain, there is evidence 

that FTG is associated with arousal and that high gamma power increases along with 

increases in the speed or amount of movement.
39, 64, 68

 

A number of studies have shown that neuronal spiking activity tends to be phase-

locked to exaggerated beta range LFP activity in the basal ganglia of PD patients, supporting 

the view that under certain conditions, LFP can be used as a surrogate for synchronized 

spiking activity.
4, 6, 7, 55

 However, in the current experiment, spike-LFP phase locking and 

cortical high gamma LFP power was negatively correlated. Studies exploring the mechanisms 

underlying the expression of gamma range activity in the cortex have pointed to the 

participation of local subcircuits generating recurrent rhythms via interactions between 

pyramidal neurons and inhibitory interneurons, referred to as pyramidal-interneuronal gamma 

(PING).
76-79

 However, the expectation that increased power would be associated with 

increased phase locking of pyramidal neurons in the motor cortex (layers 5/6) in the current 

study is not supported by the data. Another potential mechanism suggests that cortical gamma 
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reflects subthreshold LFP oscillations driven by upstream input, such as the thalamus.
39, 77

 

Indeed, preliminary findings from our lab show that administration of the GABAA agonist 

muscimol into the ventromedial thalamus prior to L-dopa (Brazhnik et al., SfN abstract 2013) 

or 90 min post-L-dopa (Dupre et al., SfN abstract 2015) eliminates cortical high gamma LFP 

activity without modifying dyskinesia scores. These findings support the idea that subcortical 

input may be contributing to this narrow range gamma, as proposed for FTG,
2, 39

 while also 

supporting the possibility of a dissociation between cortical high gamma and dyskinesia.  

A causative relationship between high gamma LFP power and dyskinesia remains to 

be definitively demonstrated. Here we have utilized a well-established model of dyskinesia to 

explore the development of narrow band high gamma activity in the motor cortex of 

hemiparkinsonian rats. Though methodological differences exist, the narrow band high 

gamma activity reported here is seemingly similar to FTG observed in clinical reports and its 

apparent association with dyskinesia in the rat model suggests it could provide insight into 

processes contributing to dyskinesia in the PD patient. A major advantage of using the rodent 

model to explore this phenomenon is that we are able to perform chronic recordings over 

time in various behavioral states in one or more nuclei at a time, obtaining simultaneously 

both LFP and neuronal spiking activity. In the present study, we have shown that narrow 

band high gamma activity appears positively correlated with L-dopa-induced dyskinesia 

under several conditions but we have also found evidence for some inconsistencies in this 

relationship. Current studies are underway to explore other nuclei of the basal ganglia-

thalamocortical circuit during L-dopa-induced dyskinesia in order to better understand the 

relationship between this high gamma rhythm and dyskinesia.
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Figure Legends 

 

Figure 1. (A) Schematic outline of the time course for the experiment. Prior to and following 

surgery for unilateral electrode implantation into the left motor cortex alone (n=4) or in 

conjunction with unilateral 6-OHDA lesion of the medial forebrain bundle (n=13) (empty 

arrow), rats were trained to walk in a circular treadmill and the stepping test was performed. 

Following surgery, rats were recorded for treadmill walking and rest epochs (long black 

arrows). 6-OHDA-lesioned rats were also recorded following L-dopa treatment on the first 

and last days of priming in conjunction with abnormal involuntary movements (AIMs) 

ratings. At approximately 28 days post-surgery, following treadmill walk/rest epochs, all rats 

were recorded during sequential treatment of L-dopa, the 5-HT1A receptor agonist 8-OH-

DPAT (DPAT), and the 5-HT1A receptor antagonist WAY100635 (WAY), and dyskinetic 

rats were scored for AIMs. During recordings at approximately 35 and 42 days post-surgery, 

dyskinetic rats (later termed “Full Lesion”) received the D1 receptor agonist SKF81297 and 

the D2 receptor agonist quinpirole, respectively, followed by DPAT and WAY and were 

scored for AIMs. (B) Three experimental groups were confirmed upon tyrosine hydroxylase 

immunostaining in the substantia nigra: Intact controls (n=4; 104±4% compared to 

contralateral hemisphere); dyskinetic rats with full unilateral 6-OHDA-lesions (n=9; 98±1% 

nigral TH loss), and non-dyskinetic, partially-lesioned rats (n=4; 67±8% nigral TH loss). 

Relevant anatomical structures: Aq, aqueduct (Sylvius); SN, substantia nigra. (C) Line graph 

shows motor performance on the stepping test expressed as mean percentages of intact 

forepaw adjusting steps ± SEM for 6-OHDA-lesioned rats. While partially-lesioned rats 

showed initial deficit in the stepping test, their stepping progressively improved each week 

post-surgery. Conversely, fully-lesioned rats exhibited impaired stepping consistently each 

week for 4 weeks post-surgery. *Significant difference from pre-lesion. +Significance 

difference between full and partial lesion groups. 

 

Figure 2. Motor cortex LFP power comparisons of intact, partially-lesioned, and fully-

lesioned rats during rest and treadmill walking. (A) Representative FFT-based spectrograms 

depict time-frequency spectral power of motor cortex LFP during epochs of rest and treadmill 

walking on day 14 post-surgery. Spectral power was plotted with greater power being 

represented by red colors. Note the activity in the high beta (25-35 Hz) frequency oscillations 

in the fully-lesioned rats during treadmill walking, whereas a modest, more diffuse band is 

present in the 40-50 Hz range in intact and partially-lesioned rats during treadmill walking. 

Bar graphs represent mean total high beta LFP power in the motor cortex in intact control 

(gray; n=4), partially-lesioned (green; n=4), and fully-lesioned (red; n=9) rats during epochs 

of (B) rest and (C) treadmill walking on days 7, 14, 21, and 28 post-surgery. Days 7 and 14 

post-surgery recordings were performed prior to any L-dopa treatment. The recording on Day 

21 was 24 h after the last L-dopa (12 mg/kg + benserazide, 15 mg/kg, s.c.) treatment with 6 

days of daily prior treatment. The recording on Day 28 took place one week following L-

dopa priming, where the 6-OHDA-lesioned rats did not receive any L-dopa administration 

between days 21 and 28 post-surgery. (D) Mean frequency of the significant peaks in the 

motor cortex in fully-lesioned rats on days 7, 14, 21, and 28 post-surgery. (E) Linear graphs 

show averaged LFP power spectra for the same rest and treadmill walking epochs shown in 

(B) and (C). Note that LFP power and peak frequency in the high beta range (25-35 Hz) 

increased between days 7 and 14 post-surgery in the fully-lesioned rats and was reduced on 

day 21 post-surgery, 24 h after the last L-dopa treatment (consisting of 6 days of daily 

treatment; i.e., L-dopa priming). L-dopa‟s effects on LFP power and peak frequency in the 

high beta range during treadmill walking in fully-lesioned rats were reversed following one 
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week without any L-dopa administration, as shown on day 28. *Significant difference from 

intact controls. +Significant difference from partially-lesioned rats. ^Significant difference 

from fully-lesioned rats. #Significant difference from day 7 post-surgery.  

 

Figure 3. Total LFP power in the high beta (25-35 Hz) and high gamma (70-110 Hz) ranges 

over the course of L-dopa priming in fully- and partially-lesioned rats. Two weeks following 

surgery, fully-lesioned (n=9) and partially-lesioned (n=4) rats were injected daily with L-

dopa for 7 days. Recordings were performed on the first and last days of L-dopa priming. On 

each day, prior to L-dopa treatment, periods of rest and circular treadmill walking were also 

recorded. Fully-lesioned rats developed axial, forelimb, and orolingual (ALO) AIMs. Bar 

graphs represent mean total LFP power in the motor cortex in the (A)-(B) high beta (25-35 

Hz in blue) and (E)-(F) high gamma (70-110 Hz in red) frequency ranges in (A, E) fully-

lesioned and (B, F) partially-lesioned rats on the first (lighter colors) and last (darker colors) 

days of L-dopa priming. Comparisons of the following 60 sec epochs were made: rest, 

treadmill walking, and five time periods post-L-dopa administration, corresponding to onset 

(20 min), peak (60, 90, and 120 min), and offset (170 min) of dyskinetic behaviors in fully-

lesioned rats. Note that there were no changes in high beta and high gamma total LFP power 

in partially-lesioned rats that did not become dyskinetic. However, high beta power decreased 

while high gamma power increased in fully-lesioned rats, where the respective decreases and 

increases were greater on the 7
th

 day of L-dopa priming compared to the first day. 

Correlations between ALO AIMs scores and total power in the (C)-(D) high beta (in blue) 

and (G)-(H) high gamma (in red) frequency ranges during the aforementioned epochs on (C, 

G) day 1 (lighter colors) and (D, H) day 7 (darker colors) of L-dopa priming in fully-lesioned 

rats. Note that total high beta power and ALO AIMs were significantly negatively correlated, 

while total high gamma power and ALO AIMs were significantly positively correlated, on 

each day. Intriguingly, these correlations were reduced between the first and last day of 

priming. *Significant difference between days 1 and 7 of L-dopa priming. +Significant 

difference from treadmill walking. ^Significant difference from 20 min post-L-dopa.  

 

Figure 4. LFP activity in the high beta (25-35 Hz) and high gamma (70-110 Hz) ranges over 

the course of L-dopa priming in fully-lesioned rats. Two weeks following surgery, fully-

lesioned rats (n=9) were injected daily with L-dopa for 7 days. Recordings were performed 

on the (A, C, E, G) first and (B, D, F, H) last days of L-dopa priming. (A)-(B) 

Representative FFT-based spectrograms depict time-frequency spectral power of motor 

cortex LFP during L-dopa priming. LFP power spectral density signal-to-noise ratio (SNR) 

was calculated as the ratio between LFP power and the fitted 1/f-like noise spectrum. Spectral 

power was plotted as a SNR (dB) with greater power being represented by red colors. (C)-(D) 

Representative diagrams of the dominant frequency between 25-35 Hz (in blue) and 70-110 

Hz (in red) following L-dopa administration during priming. For each 1 sec bin of recording, 

total spectral power was calculated as the average power in a frequency range defined as the 

maximum frequency ±3 Hz within the high beta (25-35 Hz) and high gamma (70-110 Hz) 

frequency bands. Dominant frequency was defined as the frequency with higher total power 

between high beta and high gamma frequency bands. (E)-(F) Average LFP total power (25-

35 Hz in blue and 70-110 Hz in red), where darker colored areas represent significant power. 

Power was considered significant when exceeding the half power point level (~3 dB). (G)-

(H) Median axial, forelimb, and orolingual (ALO) AIMs (± median absolute deviation) every 

10 min post-L-dopa for each day. These ALO AIMs data are also overlaid onto the dominant 

frequency and power plots in (C)-(F). Note that expressions of high gamma oscillatory 

activity and dyskinetic behavior occurred earlier, persisted longer, and were more robust on 
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the 7th day of priming compared to the first. *Significant difference between days 1 and 7 of 

L-dopa priming. 

 

Figure 5. The effects of 5-HT1A receptor agonist administration on L-dopa- and dopamine 

(DA) agonist-mediated high gamma LFP activity and dyskinesia. One to three weeks 

following the end of L-dopa priming, fully-lesioned rats were recorded for periods of rest and 

circular treadmill walking, followed by administration of: (A, B, G) L-dopa (12 mg/kg + 

benserazide, 15 mg/kg, s.c.; n=9), (C, D, H) the D1 receptor agonist SKF81297 (0.8 mg/kg, 

s.c.; n=9), and (E, F, I) the D2 receptor agonist quinpirole (0.2 mg/kg, s.c.; n=3). During peak 

dyskinesia (85 min post-L-dopa or 45 min post-DA agonists), rats were injected with the 5-

HT1A receptor agonist 8-OH-DPAT (0.2 mg/kg, s.c.), followed 20 min later by the 5-HT1A 

receptor antagonist WAY100635 (0.3 mg/kg, s.c.). (A, C, E) Representative FFT-based 

spectrograms depict time-frequency spectral power of motor cortex LFP during treatments. 

Spectral power was plotted as a signal-to-noise ratio (dB) with greater power being 

represented by red colors. (B, D, F) Lines depict average LFP total power (±SEM in pink) in 

the high gamma (70-110 Hz) range (in red) on the left axis, and median axial, forelimb, and 

orolingual (ALO) AIMs (± median absolute deviation) score (in black) on the right axis. (G, 

H, I) Bar graphs represent mean total LFP power in the motor cortex in the high beta (25-35 

Hz; in light gray) and high gamma (70-110 Hz; in dark gray) frequency ranges in fully-

lesioned rats that received the aforementioned treatments. Comparisons were made of the 

following 60 sec epochs: rest, treadmill walking, and six time periods post-L-dopa or DA 

agonist administration, consisting of time periods that normally include onset, peak, and 

offset of dyskinetic behaviors. 8-OH-DPAT was administered during peak dyskinesia time 

periods (epochs were chosen 5 min post-8-OH-DPAT), followed twenty minutes later by 

WAY100635 (epochs were chosen 15 min post-WAY100635). Note that 8-OH-DPAT 

reduced high gamma LFP power and ALO AIMs, regardless of whether dyskinesia was 

induced by L-dopa, SKF81297, or quinpirole. Interestingly, however, 8-OH-DPAT induced 

an increase in high beta LFP power in only the L-dopa and quinpirole treated rats. 

Importantly, WAY100635 reversed all of these effects. *Significant difference from 8-OH-

DPAT (90 min post-L-dopa or 50 min post-DA agonist). +Significant difference from 

treadmill walking.  

 

Figure 6. Analysis of spike-LFP relationships in the high gamma (70-110 Hz) frequency 

range in the motor cortex of intact control, partially-lesion, and fully-lesioned rats. At 

approximately 28 days post-surgery, all rats were recorded for circular treadmill walking and 

rest epochs, followed by sequential treatment with L-dopa (12 mg/kg, s.c. + benserazide, 15 

mg/kg, s.c.) + the 5-HT1A receptor agonist 8-OH-DPAT (DPAT; 0.2 mg/kg, s.c.) + the 5-

HT1A receptor antagonist WAY100635 (WAY; 0.3 mg/kg, s.c.). (A) Representative spike-

triggered waveform averages (STWAs) of a pyramidal neuron in layers 5/6 of the motor 

cortex of a fully-lesioned rat during: treadmill walking, 60 min post-L-dopa, 5 min post-8-

OHDPAT (90 min post-L-dopa), and 15 min post-WAY100635 (120 min post-L-dopa). (B) 

Bars show mean ratios of peak-trough amplitudes of the original (“unshuffled”) STWA 

relative to the mean of 10 shuffled STWAs for LFPs in the 70-110 Hz range for putative 

cortical pyramidal neurons. Each bar represents the mean ratio of STWA amplitudes and (C) 

percentage of correlated spike trains (firing rate > 0.2 Hz) in a 100 sec behavioral epoch 

(treadmill walk, 60 min post-L-dopa, 5 min post-DPAT, and 15 min post-WAY) for intact 

control (in gray; n=4), partially-lesioned/non-dyskinetic (in green; n=3), and fully-

lesioned/dyskinetic (in red; n=9) rats. Note that STWA ratios and the percentage of 

significantly correlated spike trains in the fully-lesioned rats are decreased 60 min post-L-

dopa, increase after 8-OH-DPAT, and decrease again following WAY100635. Conversely, 
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high gamma LFP power and dyskinesia increase following L-dopa, decrease after 8-OH-

DPAT, and increase again after WAY100635 (see Fig 5A, 5B, 5G). (D) Phase plots showing 

the distributions of phase relationships between cortical spikes and cortical LFPs filtered 

between 70 and 110 Hz for spike trains showing significant phase locking to local LFP in all 

3 groups of rats during each behavioral epoch. Spikes were significantly oriented to high 

gamma cortical LFP oscillations in all cases (Rayleigh test, all p<0.05). Arrows reflect the 

strength of concentration of the distribution of the mean phase values, normalized to the 

radius of the circular plot. Correlations between total high gamma (70-110 Hz) LFP power 

and STWA ratios in (E) intact controls (in gray), (F) partially-lesioned rats (in green), and 

(G) fully-lesioned rats (in red). Note that LFP total power in the high gamma range (70-110 

Hz) is negatively correlated with STWA ratios, demonstrating that phase locking of cortical 

spike-LFP decreases as high gamma power increases. While all groups show this negative 

correlation, fully-lesioned rats become dyskinetic and exhibit much greater high gamma 

power. *Significant difference from treadmill walking. +Significant difference from 8-OH-

DPAT. #Significant difference from intact control.   
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Table 1. Spearman’s rank correlation coefficients between power in 

the high beta (25-35 Hz) and high gamma (70-110 Hz) frequency 

ranges and abnormal involuntary movements (AIMs), including the 

total AIMs and its subcategories: 

Axial, Limb, and Orolingual, on the first and last days of L-dopa 
priming in fully-lesioned rats. 

ALO AIMs High Beta (25-35 Hz) 
Power 

High Gamma (70-110 
Hz) Power 

Priming 
Day 1 

Priming 
Day 7 

Priming 
Day 1 

Priming 
Day 7 

Total -0.79** -0.38*+ 0.41** 0.36* 

Axial -0.76** -0.36*+ 0.27 0.14 

Limb -0.80** -0.36*+ 0.43** 0.45** 

Orolingual -0.69** -0.53** 0.37* 0.21 

* p <0.05; ** p<0.01; + p<0.05 vs. Priming Day 1 


