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Abstract

Dopamine replacement therapy remains the main treatment for Parkinson’s disease (PD), but long-term
use is associated with motor fluctuations and dyskinesia severely limiting therapeutic efficacy. In
addition, late-stage PD patients often suffer from non-motor symptoms exacerbated by dopamine
replacement therapy, such as PD-related psychosis (PD-P). In recent years, neurophysiological activity
patterns associated with dyskinesia and psychosis have been identified in rodent models of PD, opening
up opportunities for more mechanistic studies of these troublesome side effects. To determine whether
long-term levodopa treatment in parkinsonian primates is associated with maladaptive circuit changes
promoting pathophysiological brain activity similar to the rodent models, two unilaterally 6-OHDA-
lesioned marmosets (Callithrix jacchus) were chronically implanted with recording electrodes in different
parts of the cortico-basal ganglia-thalamic circuits, and behavior and neurophysiological activity were
monitored in association with dopaminergic pharmacotherapy over one year. Levodopa alleviated signs
of PD, but also induced excessive motor behaviors, including signs of PD-P. Concomitantly, beta-band
local field potential activity was reduced and in one animal distinct narrow-band gamma oscillations
developed in the subthalamic nucleus. Changes in subthalamic single-unit activity associated with
levodopa treatment were dominated by increased firing rates that became more pronounced after a few
months of treatment. Based on these observations, we propose that oscillatory activity in the high
gamma-band and increased firing rates in a subgroup of subthalamic neurons should be further
investigated as potential pathophysiological factors underlying drug-induced hyperkinetic and psychotic
symptoms in PD.

Introduction

Levodopa (L-DOPA) remains the main symptomatic treatment of Parkinson’s disease (PD). However,
after an initial stable motor response to L-DOPA, long-term therapy is often associated with motor
fluctuations and the display of excessive motor activity, including dyskinesia and dystonia (Fabbrini et al.,
2007). In accordance with clinical observations, excessive motor activity is also commonly observed
after prolonged L-DOPA treatment in animal models of PD (Visaniji et al., 2009; Winkler et al., 2002). It
remains to be determined which changes at the cellular and circuit level are primarily underlying the
altered response to dopaminergic stimulation, but a few key mechanisms have been proposed. These
encompass, for example, dysregulation of dopamine release following conversion of L-DOPA to
dopamine by serotonergic cells (Carta et al., 2007; Sellnow et al., 2019), a supersensitivity to dopamine
in striatum (Cenci, 2007) and other motor structures (Halje et al., 2012), and enhanced activity in striatal
projection neurons, particularly in the direct pathway (Alcacer et al., 2016, 2025; Ryan et al., 2018). In
addition, changes in glutamatergic signaling in the corticostriatal system have been implicated (Calon et
al., 2003; Ryan et al., 2024).

Neurophysiological recordings from cortico-basal ganglia circuits in PD patients and in animal models of
PD have shown that L-DOPA treatment acutely decreases beta (13-35 Hz) oscillatory activity and
concurrently induces a relative increase in the power of oscillations both in the theta band (6-9Hz;
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Alonso-Frech et al., 2006; Petersson et al., 2020; Tamte et al., 2016) and in a narrow part of the gamma
band (70-90 Hz; Brown et al., 2001). These latter oscillations appear to be particularly pronounced in
subjects with levodopa-induced dyskinesia (Halje et al., 2012; Petersson et al., 2019; Swann et al., 2016).
Moreover, in rodent models of PD, a gradual increase in the power of narrowband gamma oscillations
(NBGs) over time has been demonstrated in a chronic L-DOPA treatment regimen (Dupre et al., 2015;
Giittler et al., 2021), indicating maladaptive network changes associated with prolonged dopamine
treatment may be contributing to the development of both NBGs and motor complications. Once a
pathophysiological response to L-DOPA is established, excessive motor activity such as chorea or
dystonia can be induced also by direct activation of either D1-type or D2-type dopamine receptors,
independently, using more selective dopamine receptor agonists (Skovgard et al., 2023). Importantly,
chronic dopaminergic stimulation affects not only motor circuits but also cognitive-limbic networks
(Weintraub, 2020), suggesting that similar maladaptive changes may contribute to non-motor
complications.

In PD, psychiatric complications are very common in advanced stages and constitute a major problem
for many patients and their caregivers (Fénelon & Alves, 2010; Zahodne & Fernandez, 2010). Moreover,
some of these complications are exacerbated by dopamine replacement therapy (Fénelon & Alves, 2010;
Forsaa et al., 2010). The need for a better understanding of these ‘non-motor’ symptoms in PD is
therefore increasingly being recognized as a prioritized research question (Batzu et al., 2024). However,
for obvious reasons, neuropsychiatric conditions can be particularly difficult to study in animal models.
Yet, behavioral and ethological studies in non-human primates revealing very human-like behavioral
manifestations of neuropsychiatric conditions have opened up opportunities for more advanced
translational investigations (Dettmer & Suomi, 2014; Nelson & Winslow, 2008). In particular, in the
marmoset non-human primate model of PD, validated rating scales have been developed for the purpose
of quantifying the expression of behaviors thought to reflect symptoms in the cognitive-limbic domain
(Fox et al., 2010; Visaniji et al., 2009).

Expanding on these findings, we have here characterized how brain activity patterns change both acutely
with L-DOPA treatment and as a consequence of long-term dopaminergic pharmacotherapy in the 6-
OHDA marmoset model of PD, in association with different abnormal behaviors, including signs of both
dyskinesia and of PD-related psychosis (PD-P). Our results suggest STN firing rate changes and gamma-
band oscillations may be contributing to these symptoms.

Materials and methods

Animals

Two adult female common marmosets (Callithrix jacchus) 300-550g were used in the study. The animals
were housed in pairs in cages (1.0 x 1.0 x 2.3 m) in a vivarium with natural light cycle (12/12 hours) and
outdoor temperature. All animal procedures were carried out according to approved protocols by ISD
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Ethics Committee No. 02/2015AAS and strictly in accordance with the National Institute of Health Guide
for the Care and Use of Laboratory Animals (NIH Publications No. 80 - 23).

Surgical procedures

All surgical procedures were carried out under antiseptic conditions. Animals were initially sedated with
ketamine (10-20 mg/kg i.m.) and Atropine (0.05 mg/kg i.m.) followed by deep anesthesia with
isoflurane 1-5% in oxygen at 1-1.5 L/min during the surgery.

6-OHDA lesions - Two microliters of 6-OHDA solution (4 mg/mL, 0.05% ascorbic acid, saline) was
injected with a 32 gauge syringe at 0.5 pL/min into the left medial forebrain bundle in the following five
locations (interaural AP/ML/DV): 6.5/1.2/6.0; 6.5/1.2/7.0; 6.5/2.2/6.5; 6.5/2.2/7.5; 6.5/3.2/8.0 (Annett et
al., 1992). Anteroposterior coordinates were corrected according to the dimensions of the skull of each
animal (Stephan et al., 1980). Following surgery, the animals received non-steroid anti-inflammatory
analgesic (flunixin meglumine 1Tmg/kg, s.c.) for 3 days, dexamethasone (0.5-1mg/kg, i.m.) for 5 days
and enrofloxacin (5 mg/kg, s.c.) for 7 days.

Implantation of recording electrodes - Six small holes were drilled in the cranium for insertion of stainless
steel screws used to secure the implant and serve as ground connections for later recordings. Two
craniotomies for the electrode arrays in each hemisphere were then performed. Meninges were carefully
removed, and the cortical surface was kept wet using sterile gauze soaked with saline solution. Micro-
wire electrodes were stereotactically implanted using a micromanipulator (Santana et al., 2014). The
structures targeted, as verified by histological verification (Stephan et al., 1980) were: primary
somatosensory and motor and the premotor cortical areas, putamen, globus pallidus pars
interna/externa, zona incerta and the subthalamic nucleus, and thalamic nuclei including: the ventral
posterolateral, ventrolateral, pulvinar and the medial geniculate nucleus (see Supplementary Table 1).
After implantation, electrodes and connectors were fixed to the skull with dental acrylic.

Pharmacological treatments

Animals were injected with 20—200 mg/kg L-DOPA with 37.5 mg/kg Benserazide, s.c. in saline solution
during light isoflurane anesthesia. Additionally, one of the animals (Monkey 2) was temporarily switched
to apomorphine treatment (0.3-2.0 mg/kg) during a 3-week period to evaluate potential differences
between L-DOPA and dopamine agonist treatment.

Behavioral assessments - automatized quantification of locomotive
behavior

Spontaneous motility and locomotor bouts in the horizontal plane during neurophysiological recording
sessions were quantified using automated procedures with custom-developed software in Python and
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MATLAB. Following previously described methods (Palmér et al., 2017), the animal's outer boundaries
were segmented in the x-y plane for each video frame (80 frames per second), and the coordinates of a
fitted centroid were calculated. To construct a coarse measure of motility, data were smoothed and
subsampled to 1 Hz (1/80), and the absolute value of coordinate differentials—representing differences
in centroid positions 1 second apart—served as the metric for motility or speed. Locomotor bouts were
then extracted using a threshold of 6 cm/second derived from the histogram of all motility values for
each monkey. The distance travelled and frequency per session of these bouts were quantified and
compared between baseline and L-DOPA conditions. The same comparison was performed on the full
distribution of speed values (without thresholding). These analyses were conducted for the first 16
minutes of baseline recording and the 16-to-32-minute interval following L-DOPA injection.

Behavioral assessments - manual quantification of behavioral
features

In addition to the automatized measures from motion tracking of video recordings, a number of more
specific behaviors, indicative of parkinsonism, dyskinesia, hyperkinesia or PD-P were scored manually
(assessed for one minute, every fifth minute) according to the severity scales described below.

Parkinsonism: To assess alleviation of parkinsonism, we primarily relied on automated tracking of
spontaneous behavior. However, Monkey B also displayed clear signs of cervical dystonia in the
untreated state. Specifically, the neck was laterally flexed to the right but rotated to the left so that the
animal was facing upwards to the left (torticollis). This symptom did not display any spasmodic
episodes and was completely reversed by dopaminergic treatment (Supplementary Video 1). Hence, this
postural sign was used as an indicator of parkinsonism in this animal. Symptom severity for torticollis
was graded according to the time head tilt/torticollis was present during each 1-min observation window
according to the following ordinal scale: [0 — absent; 1-1-20s/min; 2 = 21-40s/min; 3 = 41-60s/min).

L-DOPA- and apomorphine-induced behaviors

Dyskinetic signs: In this model of PD, we found that dystonia appears to be the dominating sign of
dyskinesia rather than chorea. Abnormal dystonic posture of the neck and head was observed in both
animals after pharmacological treatment. However, in contrast to the untreated state, the head was
rotated to the right (contralateral to the lesion). More severe dyskinesia also included spasmodic
episodes (characterized by periodic jerking, turning movements to the right). These spasmodic episodes
sometimes also involved the forelimbs, although this was more rarely observed (Supplementary Video 2,
3). Symptom severity of these dyskinetic/dystonic signs were graded according to both intensity and
duration during each 1-min observation window, according to the following ordinal scales:

Intensity
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[0 — Absent; 1 - Cervical dystonia where the head is rotated to the right during prolonged periods; 2 -
Pronounced head turning to the right (face is directed partly backwards). Small neck spasms occur
sporadically; 3 - Head rotated to the right with periodic jerking motions of the neck in the same direction,
or head rotated so far to the right that the animal needs to adjust its forelimbs not to fall over. Spasms
occur sporadically also in the forelimbs.]

Duration
[0 — absent; 1-1-20s/min; 2 = 21-40s/min; 3 = 41-60s/min).

Rotations: In conjunction with the above described dyskinetic signs, animals often displayed whole-body
rotations contraversive to the lesion, indicative of drug-induced hyperkinesia (Supplementary Video 4,
5). The number of body rotations were counted during each 1-min observation window. To facilitate
manual scoring, a half full rotation was used as the counted units (defined as 180° body rotation towards
the side contralateral to the lesion). These numbers were later converted into an ordinal scale (1-7 =1;
8-15=2;16-23 =3).

Locomotion: was here broadly defined as including any type of movement resulting in net translation of
the whole body. Examples of this would be rearing, walking, climbing, jumping, rotations, but also
behaviors that might rather be considered as signs of non-motor symptoms (agitated rapid locomotion
and escape-like behavior). In contrast, more restricted movements involving the head and neck were
consequently not included in this category. Locomotion was scored by the observer on an ordinal scale
from 0—4; Duration: [0 s/min — Absent; 1-1-15 s/min; 2—-16-30 s/min; 3—31-45 s/min; 4—-46-60 s/min]
(Supplementary Video 6, 7).

Non-motor symptoms: Behaviors indicative of non-motor symptoms involving agitated locomotion were
classified largely according to previous studies (Fox et al., 2010; Kwan et al., 2021; Visanji et al., 2009).
Agitated rapid locomotion: Short episodes of very fast locomotion, typically running in circles. Ordinal
scale from 0—4; Duration: [0 s/min — Absent; 1-1-15 s/min; 2—16-30 s/min; 3—31-45 s/min; 4—-46-60
s/min), (Supplementary Video 8). Escape-like behavior: Rapidly approaching a corner of the behavioral
box and forcefully jumping as if trying to escape. Ordinal scale from 0-4; Duration: [0 s/min — Absent; 1-
1-15 s/min; 2-16-30 s/min; 3—31-45 s/min; 4-46-60 s/min], (Supplementary Video 8).

Hallucinations: At certain instances, the animals (mainly Monkey A) would show clear signs of visual
hallucinations. Typically manifested as following non-apparent stimuli with their gaze for more than 10
s/min, and/or reaching and grasping for non-existing objects in thin air. These signs of visual
hallucinations were scored in total amount of seconds, ordinal scale from 0—4; Duration: [0—10 s/min —
Absent; 1-10-15 s/min; 2-16-30 s/min; 3-31-45 s/min; 4-46-60 s/min], (Supplementary Video 9, 10).

Signal acquisition
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Local field potentials and unit activity (action potentials) were acquired using an OmniPlex D Neural Data
Acquisition System (Plexon Inc.). The signal from the headstage pre-amplifier (6x gain, Nicolelis/Duke
Headstage) was amplified between 4800 and 153000 times, high-pass filtered with cut-off 0.5 Hz, and
digitized at 16 bits and 40 kHz. To obtain the local field potentials, the signal was low-pass filtered with a
cut-off frequency of 300 Hz and down-sampled to 1000 Hz. Channels were visually inspected off-line for
the presence of excessive noise and manually excluded from further analysis where appropriate. To
obtain the spikes, the signal was high-pass filtered with a cut-off frequency of 600 Hz. Subsequently, 0.8-
ms epochs around samples greater than 2.5 times the signal-noise were saved for off-line sorting.

Extraction of single unit activity

First, extracted spike events were temporally aligned and then clustered according to spike shape using
a hierarchical clustering approach that enforced a 2-millisecond refractory period. Clusters with noise
were identified by quantifying the spike density within the refractory window and clusters were excluded
when this measure exceeded a value of 0.5%. The automated clustering produced 2,899 candidate
clusters, of which 902 were retained after manual inspection. Units from different recording sessions
were treated as independent, despite the possibility that the same neuron may have been recorded in
more than one session.

Standardization of unit activity

Z-score was computed using the (FR-Upaseline)/ (Opaselinet €), Where Upaseiine @Nd Opaseline are the mean
and standard deviation of baseline firing rate, and € is a small constant added to prevent division by zero.

Unit Analysis

The Wilcoxon rank-sum test was used to assess whether firing rates during the drug period differed from
the corresponding baseline distribution. Units were classified as significantly down modulated if the
median firing rate during the drug period was lower than the median baseline firing rate and the
difference was statistically significant (p < 0.05). Conversely, units were classified as significantly up
modulated if the median firing rate during the drug period exceeded the median baseline firing rate under
the same significance criterion. Units that did not meet the significance criterion were classified as
unchanged.

To compare the depth of modulation, we divided the drug periods into early and late periods. For
classification of up and down modulated units, independent paired t-tests were used to evaluate
differences in mean modulation between the two periods. In addition, a Wilcoxon signed-rank test was
applied to assess differences from zero median modulation.

To determine whether the distribution of unit activity differed across brain structures, units were
classified as up modulated, down modulated, or unchanged for each structure. A chi-square test of
independence was used to assess whether the observed proportions significantly deviated from the
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expected proportions across structures. Post hoc pairwise chi-square tests and Fisher’s exact tests were
subsequently performed to identify specific structural differences.

Finally, principal component analysis (PCA) was applied to firing rate data to characterize dominant
temporal patterns of activity. The data was organized into a two-dimensional matrix where each row
represents a single unit, and each column represents a time bin (40s). The temporal evolution of the first
principal component was visualized, as it captures the dominant pattern of covariance across time.

Frequency analysis of local field potentials

Bipolar local field potential (LFP) time series were computed from all pairs of electrodes located in the
same structure, to ensure that external sources contributed minimally to the local voltage fluctuations
via volume conductance, thus emphasizing local sources.

Time-frequency power spectral densities (i.e. spectrograms) were calculated over the 0-250 Hz
frequency range with 50% overlapping 8-s Hanning windows (0.12-Hz resolution) for each time series.

To emphasize oscillatory components in the power spectrum, we used irregular resampling (Wen & Liu,
2016). In brief, by resampling the time series multiple times, it is possible to separate the fractal
(arrhythmic) component of the power spectrum. Subsequently, by normalizing the total spectrum to the
fractal component, a power spectrum measure can be constructed that emphasizes truly rhythmic
activity.

Peak Detection

To detect beta and narrowband gamma oscillations, we defined a parametric model,
y(f) = A*exp{-((f-B)/C)*2} +Df + E

which was fitted (Matlab fit function) to the spectra obtained by averaging together the spectra of
individual electrode pairs from the same structure. The parameters A (peak height), B (peak frequency),
C (peak width), D (inclination of flat background), and E (offset of flat background) were estimated such
that the model y(f) fitted the spectrum optimally in the least-squares sense. This allowed us to detect
beta/narrowband gamma peaks automatically by defining thresholds for the goodness-of-fit (R2) and the
fitted parameters. Typical conditions for a positive detection were R2 > 0.2, A > 2 dB, with further
parameter bounds set at 10 < B < 40 Hz (beta) or 80 < B < 190 Hz (narrowband gamma), 1<C <30 Hz, - 1
<D<1,and -10<E<10. In the event of positive detections, the model was also used to quantify peak
height, width and frequency parametrically.

Comparison between normalized spectra associated with
dyskinesia and non-motor events

To reveal patterns in oscillatory activity associated with the presence of non-motor symptoms, we
computed the normalized power spectral density over a restricted + 1-minute window centered on each
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detected non-motor symptom event. We then subtracted the normalized power spectral density
computed over a 10-minute reference interval, selected near the peak dyskinesia time (approximately 1
hour after injection) and chosen to avoid any overlap with the non-motor symptom detection. The
resulting differences emphasized changes in spectral content that were associated with non-motor
symptom detections. We lowered the frequency resolution of these spectra by averaging within blocks of
5 Hz, producing 40 blocks (from [0,5] Hz until [195,200] Hz), and then plotted all individual events side-by-
side, separately per structure and animal.

Additionally, we created a separate visualization for the subthalamic nucleus data only, where the
spectra for all the non-motor symptom detection events (+ 1 minute) were averaged, as well as the
spectra for all the 10-minute reference intervals, but no subtraction was performed, and the full
frequency resolution was kept. We then overlaid the two curves separately for each animal.

Tyrosine-hydroxylase staining and denervation
quantification

The animals were sacrificed by intracardiac perfusion with 0.9% saline solution and heparin, followed by
4% paraformaldehyde. The brains were removed, dehydrated through sequential exposure to solutions of
20% and 30% sucrose and stored at - 80°C prior to 50 pm sectioning and staining.
Immunohistochemical detection of tyrosine hydroxylase (TH) was performed with the rabbit primary
anti-TH polyclonal, 1:500 (Merck, Germany) and the biotinylated goat anti-rabbit secondary antibody,
1:200 (Vector Labs, USA). The images were acquired with the ZEISS Axio Imager 2 microscope using
either 5x or 20x objectives. TH-reactivity across the motor cortex, caudate, putamen, nucleus
accumbens, internal globus pallidus and external globus pallidus was assessed by optical densitometry
using ImagedJ software (Santana et al., 2015). A contrast index for each brain area was then calculated
(C = (G-W)/(G + W), where G is the average optical density of the region and W is the average optical
density of the corpus callosum). TH-labeled cells in the ventral tegmental area/substantia nigra pars
compacta (VTA/SNc) were counted in 4 sections of each animal with the Stereolnvestigator system
(MBF Bioscience Inc). The boundaries of the VTA/SNc were defined in each section, in the control side,
according to an atlas (Paxinos et al., 2012).

Histological verification of recording sites

The positions of the recording electrodes were verified through cresyl violet staining of brain sections in
both animals and only electrodes with tracks confirmed via histology were included in the further
analyses (in total 7 channels in Monkey A and 61 Channels in Monkey B).

Results

Medial forebrain bundle 6-OHDA lesions induced extensive
dopaminergic depletion in several cortico-basal ganglia
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structures

For this study, we had access to two adult female common marmoset monkeys (Callithrix Jacchus). The
two animals received neurotoxic lesions by 6-OHDA injections into the medial forebrain bundle,
according to previously developed procedures (Annett et al., 1992; Santana et al., 2015). The extent of
the lesions was quantified by immunohistochemistry for tyrosine hydroxylase (TH). There was a
significant reduction in TH immunoreactivity in primary motor cortex (M1), caudate (Cd), putamen (Put),
nucleus accumbens (Acb), external globus pallidus (GPe) and internal globus pallidus (GPi) in the
lesioned compared to the intact hemisphere (Fig. 1A-C, p < 0.05). In Monkey A, the average intensity in
the lesioned hemisphere was reduced to 63.5% + 3.8% (M1), 44% * 3.1% (Cd), 58.4 £ 2.0% (Put), 40.1% *
1.2% (Acb), 52.1% + 3.6% (GPe) and 39.9% + 6.0% (GPi), while in Monkey B the average intensity was
reduced to 30.3% + 4.2% (M1), 15.4% + 2.6% (Cd), 15.3% = 2.3% (Put), 31.4% + 2.1% (Acb), 23.9% + 2.9%
(GPe) and 17.4% + 2.3% (GPi). Accordingly, there was also a significant reduction in the number of
SN/VTA TH-positive cells in the lesioned compared to intact hemisphere in both Monkey A (p =0.010, U
=0, Fig. 1D, left panel) and Monkey B (p = 0.010, U = 0, Fig. 1D, right panel). In relative terms, the number
of dopaminergic neurons (number of cells/mm?) in the lesioned midbrain was reduced to 30.73% +
3.45% in Monkey A and to 37.56% = 5.79% in Monkey B (it should be cautioned however, that tissue
shrinkage following neurodegeneration complicated this latter cell density analysis). These results
emphasize that although analyses of the extent of dopamine depletion in animal models of PD is
commonly restricted to the Cd-Put (see e.g. Winkler et al., 2002), the loss of dopaminergic terminals can
in fact be considerably more extensive and can independently affect several of the structures of the
cortico-basal ganglia loop. This serves as a reminder that although pathophysiological conceptual
models highlight the pronounced loss of dopamine in striatum, striatal denervation alone may not be
sufficient to fully account for alterations in neuronal signaling in other parts of the basal ganglia arising
as a consequence of the direct loss of dopaminergic tone in the different structures. But perhaps more
importantly, because of the difference in lesion severity between the two animals (more severe in
Monkey B), the response to chronic dopaminergic pharmacotherapy could here be assessed in primates
representing somewhat different stages of PD.

Reversal of parkinsonism by dopaminergic replacement

To allow for detailed monitoring of behavioral changes in parallel with electrophysiological data
collection, recordings were made in a relatively restricted environment (a transparent cubic box; 0.45 m
side length) where the animals were free to spontaneously move around during the recording period
(approximately 30 min baseline and up to 2h continued recording following drug injection). The L-DOPA
doses used to alleviate PD-signs in unilaterally 6-OHDA lesioned non-human primates have in previous
reports sometimes been considerably higher than typical clinical doses. In particular, a dose-response
study using a quantitative rating scale of PD-signs indicated optimal doses in the range of 100-300
mg/kg (Kurlan et al., 1991). Hence, we here elected to use L-DOPA in different dose ranges in an
interlaced design (one lower and one higher dose range: 30-75 and 150-200 mg/kg).
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Unilateral 6-OHDA lesions in the common marmoset typically result in moderate hypokinesia (Santana et
al., 2015). Nonetheless, quantitative assessments of changes in spontaneous motor behavior revealed
that L-DOPA treatment significantly increased the amount of spontaneous locomotion, defined as the net
translation of the body every second, already 15-30 min after L-DOPA injection, indicating reversal of
hypokinesia (Fig. 2A, left; distance travelled on baseline compared with the drug onset period (1000-
2000s after injection), Monkey A/B: p < 0.002/p < 0.001, paired t-test). This increase in spontaneous
motor activity included an improved ability to initiate movement sequences, reflected in a significant
increase in the frequency of initiated locomotion bouts (p <0.01/p <0.001, Fig. 2A, right). Signs of
bradykinesia were also found to be reversed after L-DOPA treatment, as signified by a broad shift from
slower to faster movement components in the distributions of movement speeds (p < 0.001, t-test,

Fig. 2B; cf. Fuentes et al., 2009; Santana et al., 2014)

Finally, in Monkey B, neck dystonia/torticollis was observed during untreated conditions (Sambrook et
al., 1979). This symptom was also significantly alleviated by L-DOPA (mean dystonia scores, at baseline
vs. 30—60 min after L-DOPA treatment were: 1.88 OFF L-DOPA vs. 0.11 ON [p < 0.001, Wilcoxon rank
sum)], temporal plots for high and low dose L-DOPA are shown in Fig. 2C). Thus, on a behavioral level, a
reduction of several characteristic signs of parkinsonism could be confirmed following L-DOPA
treatment.

Behavioral changes observed following L-DOPA treatment were quantified using automated (panel A-B)
and manual (C-E) assessment techniques. A) Reduction of hypokinesia, Left columns: Change in general
motility, Right columns: Change in number of initiated locomotion bouts (behavior sampled prior to L-
DOPA and 1000-2000 s after administration). B) Reduction of bradykinesia as indicated by a shift
towards faster movement components (green = OFF and pink = ON L-DOPA). C) Time course of neck
dystonia/torticollis in Monkey B. Effective symptomatic relief was observed after L-DOPA administration
in both the lower (blue) and higher (orange) dose ranges. D) Temporal correlation matrix of abnormal
behaviors (warm colors denote behaviors that tended to co-occur during the same 1-minute observation
period and blue colors denote behaviors that tended to be mutually exclusive). E) Average
frequency/severity scores of the five main categories of abnormal behaviors observed as a function of
time after L-DOPA treatment, throughout the 2 h observation period.

Signs of excessive motor behavior induced by L-DOPA

While several archetypal parkinsonian motor signs were rapidly reversed (as expected), it was noted that
L-DOPA treatment in many cases also induced a range of excessive motor behaviors that are not
typically displayed by healthy animals. These abnormal behaviors were apparent shortly after the initial
response to L-DOPA, starting approximately 30 minutes after injection and were displayed for prolonged
periods during each recording session. Abnormal behaviors included both signs of dyskinesia (mainly
manifested as dystonia in neck and limbs, and relatively less chorea) and hyperkinesia (indicated by
excessive rotational behavior contraversive to the lesioned hemisphere), but also other abnormal
behaviors suggestive of non-motor symptoms, such as signs of visual hallucinations (indicated by visual
tracking of non-apparent stimuli and making reaching and grasping movements in the air; see
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Supplementary videos 2-10 for examples of behaviors of each type). Other behaviors displayed were
more ambiguous and have in previous studies been assigned to the psychiatric domain while being
described in terms of their motor features (for example, episodes of rapid and agitated locomotion with
no apparent goal, or escape-like jumping; Fox & Brotchie, 2010; Kwan et al., 2021). Hence, an overall
increase in locomotion could possibly represent a combination of such non-motor signs and
hyperkinesia belonging to the motor domain of symptoms.

We therefore divided these behaviors into five separate main symptom categories, ranging from most
certainly motor (dystonia/dyskinesia) across ambiguous behaviors to most certainly non-motor
(hallucinations). Assuming behavioral signs associated with a certain brain state occur in relative
temporal proximity, we then analyzed to what extent behaviors in the different categories were present
during the same 1-minute observation window, in each of the two monkeys. For this analysis we relied
on manual scoring of videos collected during the neurophysiological recording sessions (for details see
Methods). By correlating the observed behaviors in response to pharmacological treatment, over the
time-course of each experiment, it became evident that signs of dystonia/dyskinesia and non-motor
signs, practically never coincided during the same 1-minute observation window (P[motor|non-motor] <
0.07; and instead tended to be slightly anticorrelated; Fig. 2D). For ambiguous behaviors, such as
excessive locomotion, a co-occurrence with both rotations and with non-motor behaviors was however
observed. Thus, the temporal correlation analysis of the five main categories of excessive behaviors
[Dystonia, Rotations, Excessive locomotion, Non-motor symptoms, Hallucinations] appeared to support
the notion that while locomotion shows a certain overlap between non-motor/motor categories, these
signs otherwise primarily reflect symptoms belonging either to the motor or non-motor domain.

Next, quantification of the five classes of L-DOPA-induced excessive behaviors was performed for both
monkeys. Because the temporal profile of the behaviors differed (Fig. 2E), we analyzed each behavior up
to 2h after L-DOPA injection. Comparing the average whole session scores to baseline, it was evident
that all the observed behaviors were significantly increased in both animals (p < 0.05; paired Wilcoxon
test), with the exception of the category of merged ‘non-motor symptoms’ in both animals and
‘hallucinations’ in Monkey B, which both had too few observations to reach significance (but which were
never observed on baseline prior to L-DOPA injection). Hence, all signs in the motor domain were
significantly increased whereas the non-motor signs showed a similar tendency, but only reached
significance for hallucinations in Monkey A.

Since the two animals were tested over several months (detailed behavioral scoring was performed in
Monkey A/B in 11/24 recordings over 237/365 days), and on two different dose ranges, it was possible
to quantitatively compare behavioral signs separated at least 6 months in time at either high or low L-
DOPA doses. Comparing behavioral scores from recording sessions obtained early (month 1-3) vs. late
(month 6-12) and within the two different dose ranges, we observed a tendency for more dystonia at a
higher dose (reaching significance in Monkey A, p < 0.001; 2-way ANOVA, Tukey post hoc test) but not in
Monkey B (possibly due to a ceiling effect in this more severely lesioned animal). We also observed
tendencies for a gradual decline in the amount of hyperkinesia (rotations) over time, comparing early vs.
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late sessions (reaching significance in Monkey B, p < 0.01; 2-way ANOVA, Tukey post-hoc test). In this
context it should be noted that certain behaviors are partially mutually exclusive, resulting in statistical
interactions between symptom categories (for example, high levels of dystonia can be expected to mask
other signs). Furthermore, dose responses may change over time causing an interaction between dose
and time. Indeed, in Monkey B an interaction between time and dose was found for general locomotion
(p < 0.03; 2-way ANOVA) - i.e. more locomotion was seen in early sessions on low dose. For the merged
non-motor behaviors and hallucinations no significant differences depending on dose or time could be
established. It should be noted, however, that the incidence of these behaviors was very low overall, and
that hallucinations are particularly difficult to identify from video recordings with confidence, making it
probable that such symptoms in fact were more common than what our present estimates suggest. In
any case, while both time after lesion and L-DOPA dose to some extent affected the type of excessive
motor behaviors displayed, there was no consistent pattern across the two animals, suggesting their
individual patterns of dopaminergic denervation was a strongly contributing factor (cf. Figure 1).

L-DOPA pharmacotherapy induces acute circuit-wide changes in firing rates and long-term increases in STN
modulation depth

According to classical pathophysiological models (Albin et al., 1989; DeLong, 1990), parkinsonism is
associated with abnormal firing rates in parts of the cortico-basal ganglia circuits. Indeed, this notion
partly originated from studies in primate models of PD, where, for example, abnormal tonic firing rates in
the STN were found in the MPTP treated macaque (Miller & DeLong, 1987). Furthermore, comparing
early to late stage PD patients, higher spontaneous STN firing rates have been reported in the late stage
suggesting long-term changes in excitability that may be associated with disease progression and/or
long-term L-DOPA treatment (Remple et al., 2011). Thus, to further clarify both how L-DOPA acutely
modifies neuronal firing rates and to what extent long-term dopaminergic pharmacotherapy changes
drug-induced responses, we conducted single unit recordings in conjunction with the above described
behavioral assessments in the two monkeys. To allow for comparisons to human data, the analysis of
single unit activity was primarily focused on the STN. However, to gain more systems-level perspective
on the observed STN modulations, a few additional sensorimotor brain structures were also recorded
(for an overview of electrode placement, see Supplementary Table 1). Since it is next to impossible to
confidently identify the same single units across different recording sessions, we elected to treat units
recorded in separate sessions as different neurons (this resulted in a total of 215 well isolated single
neurons recorded in 29 channels over 42 recording sessions, on L-DOPA, in the two monkeys;
Supplementary Table 1).

First, to elucidate the dominating L-DOPA induced patterns of rate modulations, we performed a principal
component analysis of the firing rate changes observed across all recorded units in the lesioned
hemisphere of the two animals. Firing rates were averaged in 40-second time bins, during the first 50
minutes after L-DOPA injection (this comparatively short post-L-DOPA analysis window was chosen to
reduce the risk that neurons were lost in the recordings during the investigated period). The analysis
revealed that 81.9% of the variance explained (corresponding to the eigenvalue of the first principal
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component; PC1) followed a distinct time course characterized by a gradual increase in modulation
depth developing during the first 30 minutes, followed by a plateau-phase with relatively minor further
changes (Fig. 3A, B). That is, while the firing rates of individual cells could be either increased or
decreased compared to baseline, corresponding to positive or negative PC1 loadings, a majority of cells
nevertheless followed the same temporal pattern of relative rate changes, closely matching the expected
time course for systemically administered L-DOPA to reach the brain and be converted to dopamine
(Porras et al., 2014). This general temporal pattern, which broadly matched the onset of abnormal motor
behaviors (cf. Figure 2E), was found to be very similar also for the sub-group of all cells recorded in STN
(with 79.2% of the variance explained in STN, Fig. 3B). Other than STN, three structures (primary
somatosensory cortex [S1], the caudate-putamen [Cd-Put] and the medial geniculate nucleus of the
thalamus [MGN]) were found to have sufficient number of neurons to allow for evaluation of firing rate
changes induced by L-DOPA. Comparing the mean firing rates observed in the lesioned hemisphere
during baseline (-15 to -5 minutes before L-DOPA), to another 10-minute observation window during the
early ON period (30-40 minutes after L-DOPA) it was evident that all four structures contained relatively
large fractions of cells that displayed significantly altered firing rates (p < 0.05; Wilcoxon sign rank) in
response to L-DOPA treatment. In particular, a majority of upregulated cells was found, constituting
nearly identical fractions in MGN, Cd-Put and STN, whereas S1 had a different relative distribution

(Fig. 3C; p < 0.05, Chi square test, and pairwise post-tests). That is, somewhat unexpectedly, although the
dopaminergic innervation density varies considerably between these deep structures (ranging from high
in Cd-Put, intermediate in STN, to low in MGN), their rate modulations after L-DOPA were very similar.
Notably, the observed increased firing rates in STN following antiparkinsonian pharmacotherapy may at
first glance appear to contradict previous primate STN recordings (Miller & DeLong, 1987). However,
earlier studies have not investigated single unit activity in primates with dyskinesia, making the current
observations the first of their kind. Hence, the identified group of cells, showing increased firing rates in
association with the onset of abnormal motor behaviors, may be contributing to dyskinetic symptoms. If
so, the gradual worsening of side effects associated with long-term L-DOPA treatment experienced by
many PD patients could potentially stem from an increasing contribution from this cell population. To
test this hypothesis, we next investigated whether the changes in STN firing rates induced by L-DOPA
treatment were of a similar magnitude during earlier recordings (performed month 1-3) compared to
later recordings (month 4-12). Overall, the fractions of up/down-modulated cells were found to be
largely unchanged (up/down: Early, 68%/16% vs. Late, 65%/13%, P > 0.05, chi square test). Similarly, the
dominating temporal profiles of rate modulations were found to be very much alike (Pearson correlation
between PC1 for STN early and late was R?= 0.73). In contrast, the depth of modulation was found to
change significantly from early to late recordings. Specifically, the average firing rate increases of
individual up-regulated STN neurons (comparing [-15 to -5 minutes] before L-DOPA to [30—40 minutes]
after) were significantly higher in the late period (mean rate increases from OFF to ON: Early period, 24.8
Hz vs. Late, 31.6 Hz; p < 0.0015; Wilcoxon rank sum; Fig. 3D). Thus, while the exact role of the
upregulated STN cells in relation to abnormal motor behavior remains to be determined, our results
suggest that a sub-group of overactive cells could be contributing to progression of dyskinetic
symptoms in conjunction with long-term L-DOPA treatment.
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Single unit recordings in the lesioned hemisphere in the two monkeys revealed distinct firing rate
changes following L-DOPA administration. A) Changes in normalized firing rates in all recorded neurons
during the first 50 minutes after L-DOPA (firing rates were z-scored in relation to baseline and sorted
according to their similarity to PC1 [see B]). B) Coefficients of PC1 for each 40-s time bin over the 50-
minute recording period demonstrated that the most dominant changes in firing rates occurred gradually
during the first 30 minutes. C) Fractions of cells showing significant changes in firing rates 30-40
minutes after L-DOPA compared to their baseline firing rates (-15 to -5 min prior to injection; number of
neurons indicated next to each fraction). D) Top row: Normalized L-DOPA-induced changes in STN firing
rates (values were z-scored to baseline). Left column: recordings obtained month 1-3 and Right column:
month 4-12. Middle and bottom rows: Average changes in firing rates (mean and SEM) for significantly
up-/down-regulated cells. Note that modulation depth became relatively more pronounced in the later
recordings.

Beta-range LFP oscillations in cortico-basal ganglia circuits associated with the parkinsonian state are
partly separable in frequency and are reduced by L-DOPA

With the advent of deep-brain stimulation (DBS) as an advanced therapy for PD, obtaining neuronal
recordings in conjunction with implantation surgeries became possible. As a consequence, LFP
dynamics has been relatively well characterized in the human STN, including changes related to L-DOPA
treatment (see e.g. Alonso-Frech et al., 2006; Brown et al., 2001). In such recordings, beta range (13-35
Hz) oscillations have been a frequent observation in the OFF state. These synchronized oscillations are
associated with bradykinetic symptoms and are reduced by both DBS and L-DOPA treatment (de Neeling
et al., 2025; Hammond et al., 2007).

In line with the human data, enhanced beta activity has also been reported in the 6-OHDA marmoset
model of PD (Santana et al., 2014). However, in this earlier study a state of more pronounced
dopaminergic depletion was investigated, achieved by treating the 6-OHDA lesioned monkeys with the
dopamine synthesis blocker alpha-methyl-p-tyrosine (AMPT). We therefore first examined if exaggerated
beta oscillations could also be detected without additional pharmacological dopamine depletion.
Unexpectedly, beta oscillations were reliably detected only in Monkey A, despite the fact that Monkey B
had the more severe 6-OHDA lesion (possibly due to differences in electrode placements between the
animals). In Monkey A, distinct beta oscillations were found both in STN and in pre-motor cortex (preM)
in the lesioned hemisphere. As expected, this oscillatory activity was readily suppressed by L-DOPA
treatment (parallel recordings from two pairs of electrodes located in preM and STN, respectively, in OFF
and ON L-DOPA states are exemplified in Fig. 4A). It was evident that the amplitude of beta oscillations
was higher in cortex than in STN in the 16 recordings (p < 0.01, paired t-test; but it needs to be cautioned
that this difference could be partially explained by the varying cytoarchitecture of the two structures,
since spatially aligned cells, as in cortex, can generate stronger combined electrical dipoles). Visual
inspection of the LFPs in the temporal domain suggested several agreements with patterns observed in
human studies. For example, beta activity tended to fluctuate in amplitude over periods of ~1s, and
showed a slightly non-sinusoidal wave-shape (Cole et al., 2017). With respect to frequency content, both
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preM and STN appeared to display relatively increased LFP power in the lower beta-band, on top of a
broader 1/f power distribution (Fig. 4B). Thus, to further emphasize the oscillatory component, all
spectra were subsequently normalized to the non-periodic background of each recording. This analysis
revealed great similarities between sessions recorded several months apart, both in the OFF and ON
states (Fig. 4C). On average, the beta activity (around 13—18 Hz) was significantly reduced by L-DOPA in
both structures (Fig. 4D; with mean reductions over the 16 recordings of 49.8% and 44.5%, for preM and
STN, respectively, p<0.01 and p < 0.01, paired t-test). It was also noted that in preM a relative power
increase in parts of the higher beta band (> 20 Hz) could be observed (in accordance with earlier human
studies suggesting that low-beta activity chiefly contributes to bradykinetic symptoms; Yin et al., 2021).
In addition, a peak in the delta range (3-5 Hz) was detected OFF L-DOPA in STN. However, the functional
role of these STN delta oscillations remains to be determined (oscillations in this frequency band [below
tremor frequency (4—-8 Hz)] have not commonly been found in awake parkinsonian primates). Examining
beta suppression longitudinally across different sessions, no significant differences were observed
between the low and high L-DOPA dose range or between early and late recording sessions (Fig. 4E; p >
0.05 N-way ANOVA). Finally, to investigate if the beta activity detected in preM and STN represented the
same oscillations propagating through the cortico-basal ganglia system, we compared the peak
frequency of 1050 individual 8-second periods with parallel detections of beta oscillations in the two
structures. Interestingly, while we observed a general tendency for co-variation in peak frequency across
oscillatory events, the STN peak frequency often did not reach as high as preM in the high-frequency
episodes (Fig. 4F; p<0.001, Pearson correlation). On average, preM had a peak frequency of 15.75+1.75
Hz (mean * SD) and peak width of 3.23 + 1.90 Hz compared to 14.53 + 2.46 Hz and 8.73 + 4.00 Hz for
STN. Thus, while oscillations in preM and STN are present simultaneously, the two structures do not
strictly engage in shared oscillations of the same frequency.

L-DOPA-induced shifts in LFP low-frequency oscillatory components. A) Example raw traces from
monopolar parallel LFP recordings in pre-motor cortex (preM) and STN, before (black) and after (red) L-
DOPA treatment. B) Average LFP power spectra of preM and STN from 16 bipolar recording sessions
OFF/ON L-DOPA (see panel E; 60 Hz spike is power-line noise). C) Individual bipolar power spectra from
each recording after normalization to the power spectral density of the non-periodic component (dB
Fractal). D) Average of the 16 spectra shown in panel C. E) Normalized peak power within the beta band
across recording days 150—381 after lesioning. Green/purple fields mark session with the lower/higher
L-DOPA dose range (gray/red bars mark OFF/ON L-DOPA). F) Comparisons of peak frequencies of
concurrently recorded beta oscillations in preM and STN reveal minor frequency differences (equation
inset represents linear fit to data [green dashed line] and the red line marks unity [1:1]). Mean and SD
shown in panels B and D.

STN narrow-band gamma oscillations emerge following
dopamine agonist treatment

In addition to the reversal of beta oscillations, a relative increase in LFP power in a narrow part of the
gamma band (70-90 Hz) has often been observed in human STN recordings, which can become further
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exaggerated in the presence of dyskinesia (Brown et al., 2001; Swann et al., 2016; see also, Alonso-Frech
et al. 2006). However, even though clear behavioral changes were induced by L-DOPA in the two animals
(cf. Figure 2), no evident LFP dynamics resembling human narrow-band gamma oscillations (NBGs)
could be established. One hypothetical explanation for this discrepancy could be that the conversion
efficiency of L-DOPA to dopamine in 6-OHDA lesioned marmosets is not fully comparable to human PD
patients. This may result in differences in network dynamics and could also explain the much higher L-
DOPA doses sometimes used (Kurlan et al., 1991). In this situation, direct activation of dopamine
receptors via dopamine agonists could potentially induce electrophysiological changes more closely
resembling the responses seen in humans at comparable doses. For this reason, L-DOPA was
temporarily substituted with apomorphine in Monkey B (tested in a dose range of 0.3-2.0 mg/kg).
Interestingly, in the very first apomorphine recording, evident NBGs emerged in STN (Fig. 5A, B). This
finding was repeated in another eleven recording sessions on apomorphine performed in the subsequent
weeks (it was also noted that on a behavioral level the antiparkinsonian effect of apomorphine
resembled L-DOPA, and that neuronal firing rate changes followed a similar pattern to L-DOPA; see
Supplementary Fig. 1). Surprisingly, however, when L-DOPA was reintroduced after this period of
apomorphine treatment, NBGs were consistently found in STN also in the L-DOPA ON state (Fig. 5A). Yet,
NBGs were not detected in any of the other structures recorded in parallel, for either apomorphine or L-
DOPA (Fig. 5B, left and right column, respectively). It might be important to note that while the NBGs
detected in Monkey B broadly resemble earlier human recordings, they appear to differ in two respects.
First, human NBGs are primarily found in the 70—-90 Hz range, whereas the NBGs in Monkey B had a
higher peak frequency for both apomorphine and L-DOPA (peak frequency [mean + SD]: 121.6 + 9.6 Hz
and peak width of 7.2 + 2.8 Hz for apomorphine, and 124.4 + 8.8 Hz and 7.8 + 3.6 Hz for L-DOPA).
Second, once the NBGs were established, similar oscillations were also observed in the OFF state in
some recordings, (Fig. 5B, gray bars, albeit less pronounced than in the ON state), which is typically not
the case in humans (Olaru et al., 2024).

Finally, because this study, to our knowledge, is the first encompassing neurophysiological recordings
during discrete identified episodes of behavioral manifestations of PD-P, we reasoned it would be of
interest to investigate if circuit dynamics in this state differs from the network dynamics associated with
dyskinetic symptoms (although it needs to be acknowledged that this analysis had to be based on the
small number of identified non-motor/hallucination events). To this aim, we first created an overview
visualization of differences in network dynamics for all recorded structures, comparing episodes of
identified PD-P manifestations to episodes with dyskinetic motor signs. Average power spectra were
calculated +/- 1 minute around each PD-P event (where the symptom categories ‘non-motor symptoms’
and 'hallucinations’ in Monkey A and ‘hallucinations’ in Monkey B were included). These spectra were
compared to those of a representative period (10 minutes) of prolonged dyskinesia from the same
recording but separated from the corresponding PD-P event. Subtraction of all pairs of spectra
suggested that STN was a structure of particular relevance for differentiation between the two states in
both animals (Fig. 5C). Averaging the spectra over all events, our data suggest that the main state
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differences [non-motor vs. motor] consist of relative shifts in the peak frequency of oscillatory
components within the gamma band (40-140 Hz; Fig. 5D).

Drug-induced motor and non-motor signs were associated with changes in high-frequency oscillatory
components. A) Temporal sequence of recordings showing that narrow-band gamma oscillations in the
STN emerged in Monkey B after treatment with apomorphine and remained after switching back to L-
DOPA treatment (gray bars mark baseline prior to drug injection, yellow apomorphine and red L-DOPA;
shaded green and purple areas mark low and high L-DOPA dose ranges, respectively and shaded gray
apomorphine). B) Spectrograms illustrating LFP oscillatory components in five structures recorded in
parallel during the first apomorphine recording (left column) and the first subsequent L-DOPA recording
(right column), demonstrating STN narrow-band gamma activity in both recordings. C) Overview of
spectral differences between non-motor/hallucinations and dyskinesia-related brain activity across
different structures in the two animals, based on 15 identified non-motor/hallucination events. Note the
consistent differences in STN suggesting frequency shifts between the states in a limited part of the
spectrum. D) Averaged STN normalized power spectral densities for non-motor/hallucinations vs.
dyskinesia-related episodes suggest a main relative power difference in the gamma-band for the two
animals (40-140 Hz and 110-140 Hz, respectively).

Discussion

In the present study, we analyzed behavioral and electrophysiological changes induced by dopamine
replacement therapy, both acutely and over the long term, in two 6-OHDA lesioned marmosets. The
behavioral responses to L-DOPA in the two monkeys were found to be largely comparable, in spite of
differences in lesion severity indicated by the immunohistochemical quantification of TH-labeled
terminal densities in cortico-basal ganglia structures, suggesting both lesions were sufficiently severe to
induce robust parkinsonian signs and promote sensitization to dopamine. On the other hand, since the
manifestations of levodopa-induced excessive behaviors were not entirely consistent between the two
monkeys, when analyzed over the entire one-year treatment period, it is possible that differences in
relative dopamine depletion may have contributed to interindividual differences in network plasticity over
the long term. Excessive behaviors observed ranged from distinct motor signs such as dystonia to clear
psychiatric signs, such as visual hallucinations. Although few earlier studies in 6-OHDA lesioned
marmosets have characterized this broad spectrum of L-DOPA induced behaviors, some of the current
observations closely resemble behaviors previously described in MPTP-treated marmosets indicative of
motor and PD-P symptoms (Fox et al., 2009; Johnston et al., 2013; Kurlan et al., 1991; Kwan et al., 2021,
Visanji et al., 2006).

In parallel with behavioral assessments, we recorded single unit activity and LFPs in distributed brain
structures. For technical reasons the total number of units was rather limited and unevenly sampled
across different brain structures. Yet, among the two animals, several parts of the cortico-basal ganglia-
loop thought to contribute to hyperkinetic behavior were recorded (Cenci et al., 2018), as well as
thalamic nuclei implicated in auditory and visual hallucinations (Mancini et al., 2020; Zhuo et al., 2020),
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giving at least partial information about the wider network activity. Also, it should be emphasized that no
previous longitudinal recordings exist of unit activity in primates characterizing neuronal L-DOPA
responses both acutely and over extended time periods. Hence, the current data set represents an
important first step towards a better understanding of the pathophysiology underlying side effects of PD
medication. In this context, the present finding that a sub-group of neurons in STN displays significantly
increased firing rates during periods of excessive L-DOPA-induced behaviors and, furthermore, shows
gradually increasing modulation depth with long-term treatment, may provide important mechanistic
information. Indeed, in line with our findings, a subpopulation of overactive STN neurons was recently
described in the STN in a mouse model of LID. Although, optogenetically activating these neurons did
not directly induce dyskinesia, making their causal relation to LID uncertain (Shen et al., 2024). In any
case, the potential pathophysiological role of the much larger fraction of excited STN neurons observed
in our L-DOPA treated parkinsonian primates clearly deserves further investigation.

It is known from several earlier studies that LFPs obtained from chronic recordings in dyskinetic PD-
patients and from 6-OHDA lesioned rats, show almost identical NBGs with a peak around 70-90 Hz
(Halje et al., 2012; Swann et al., 2016). In the current study, detected NBGs were restricted to the STN,
and were observed only in the monkey with more severe dopaminergic denervation. Consequently, it can
be speculated that the time needed for induction of network changes responsible for development of
NBGs may be longer than one year for more moderate dopamine denervation, as in Monkey A.
Importantly, it should be cautioned that it also remains unclear if the NBGs observed in Monkey B
represent the same pathophysiological phenomenon as the previously described NBGs in rats and
humans. In particular, based on rat studies, it has been suggested that while 70-90 Hz oscillations in
sensorimotor circuits appear to be strongly associated with dyskinesia, high-frequency oscillations in
cognitive-limbic structures in the higher gamma-band (110-160 Hz) could instead be related to
psychosis-like states (Brys et al., 2023; Nasretdinov et al., 2023; Petersson et al., 2019). Hence, we here
attempted to test for such a distinction in LFP activity patterns, by comparing recording periods with PD-
P signs to other periods with dystonia/dyskinesia during the same recording session. Unfortunately, this
analysis was limited by the small number of non-motor observations making it primarily descriptive.
Nonetheless, the main difference observed in this comparison was indeed related to a shift in peak
frequency within the gamma band, strengthening the notion of a link between the main oscillation
frequency and the dominant type of symptoms experienced. It is important to keep in mind, however,
that oscillatory frequency ranges may not be directly comparable between species. As an example,
NBGs in dyskinetic mice have been reported to often occur in a higher frequency band than in rats and
humans (with peak frequencies reaching up to 130 Hz), in this respect closer resembling the NBGs
observed in Monkey B (Petersson & Walters, 2025).

In conclusion, this study represents the first characterization of neurophysiological features associated
with long-term L-DOPA treatment in the extended cortico-basal ganglia circuits in parkinsonian primates.
Our results point to overactivity of a fraction of STN neurons and NBGs in the higher gamma band as two
pathophysiological phenomena potentially contributing to both motor and non-motor side effects, which
we propose deserve further investigation.
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6-OHDA administration causes loss of dopaminergic innervation in cortico-basal ganglia structures.
Two marmosets (Monkey A and B) were injected with 6-OHDA in the left medial forebrain bundle. The
extent of dopaminergic denervation was assessed by TH-immunolabeling. A) Representative images of
the TH immunostaining in the caudate (Cd), putamen (Put), globus pallidus externus (GPe) and globus
pallidus internus (GPi; scale bar = 2000 um). B) Representative images of TH immunostaining in
substantia nigra (SN) and ventral tegmental area (VTA, scale bar = 1000 pm). C) Quantitative summary
of TH staining in the Cd, Put, GPe, GPi, nucleus accumbens (Acb) andprimary motor cortex (M1),
expressed as contrast index. D) Quantitative summary of cell body counts in the SN+VTA. Bar graphs
show median = SEM; *, p < 0.05, Mann-Whitney test.
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Figure 2

L-DOPA treatment reverses parkinsonism and induces excessive motor behaviors

Behavioral changes observed following L-DOPA treatment were quantified using automated (panel A-B)
and manual (C-E) assessment techniques. A) Reduction of hypokinesia, Left columns: Change in general
motility, Right columns: Change in number of initiated locomotion bouts (behavior sampled prior to L-
DOPA and 1000-2000 s after administration). B)Reduction of bradykinesia as indicated by a shift
towards faster movement components (green = OFF and pink = ON L-DOPA). C) Time course of neck
dystonia/torticollis in Monkey B. Effective symptomatic relief was observed after L-DOPA administration
in both the lower (blue) and higher (orange) dose ranges. D)Temporal correlation matrix of abnormal
behaviors (warm colors denote behaviors that tended to co-occur during the same 1-minute observation
period and blue colors denote behaviors that tended to be mutually exclusive). E) Average
frequency/severity scores of the five main categories of abnormal behaviors observed as a function of
time after L-DOPA treatment, throughout the 2 h observation period.
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Figure 3

Changes in neuronal firing patterns induced by L-DOPA treatment

Single unit recordings in the lesioned hemisphere in the two monkeys revealed distinct firing rate
changes following L-DOPA administration. A) Changes in normalized firing rates in all recorded neurons
during the first 50 minutes after L-DOPA (firing rates were z-scored in relation to baseline and sorted
according to their similarity to PC1 [see B]). B) Coefficients of PC1 for each 40-s time bin over the 50-
minute recording period demonstrated that the most dominant changes in firing rates occurred gradually
during the first 30 minutes. C)Fractions of cells showing significant changes in firing rates 30-40 minutes
after L-DOPA compared to their baseline firing rates (-15 to -5 min prior to injection; number of neurons
indicated next to each fraction). D) Top row: Normalized L-DOPA-induced changes in STN firing rates
(values were z-scored to baseline). Left column: recordings obtained month 1-3 and Right column:
month 4-12. Middle and bottom rows: Average changes in firing rates (mean and SEM) for significantly
up-/down-regulated cells. Note that modulation depth became relatively more pronounced in the later
recordings.
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Figure 4

Beta oscillations in cortex and STN covary but are separable

L-DOPA-induced shifts in LFP low-frequency oscillatory components. A) Example raw traces from
monopolar parallel LFP recordings in pre-motor cortex (preM) and STN, before (black) and after (red) L-
DOPA treatment. B)Average LFP power spectra of preM and STN from 16 bipolar recording sessions
OFF/ON L-DOPA (see panel E; 60 Hz spike is power-line noise). C) Individual bipolar power spectra from
each recording after normalization to the power spectral density of the non-periodic component (dB
Fractal). D) Average of the 16 spectra shown in panel C. E)Normalized peak power within the beta band
across recording days 150-381 after lesioning. Green/purple fields mark session with the lower/higher L-
DOPA dose range (gray/red bars mark OFF/ON L-DOPA). F)Comparisons of peak frequencies of
concurrently recorded beta oscillations in preM and STN reveal minor frequency differences (equation
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inset represents linear fit to data [green dashed line] and the red line marks unity [1:1]). Mean and SD
shown in panels B and D.
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Figure 5

LFP spectral components associated with excessive motor behavior

Drug-induced motor and non-motor signs were associated with changes in high-frequency oscillatory
components. A)Temporal sequence of recordings showing that narrow-band gamma oscillations in the
STN emerged in Monkey B after treatment with apomorphine and remained after switching back to L-
DOPA treatment (gray bars mark baseline prior to drug injection, yellow apomorphine and red L-DOPA;
shaded green and purple areas mark low and high L-DOPA dose ranges, respectively and shaded gray
apomorphine). B)Spectrograms illustrating LFP oscillatory components in five structures recorded in
parallel during the first apomorphine recording (left column) and the first subsequent L-DOPA recording
(right column), demonstrating STN narrow-band gamma activity in both recordings. C) Overview of
spectral differences between non-motor/hallucinations and dyskinesia-related brain activity across
different structures in the two animals, based on 15 identified non-motor/hallucination events. Note the
consistent differences in STN suggesting frequency shifts between the states in a limited part of the
spectrum. D)Averaged STN normalized power spectral densities for non-motor/hallucinations vs.
dyskinesia-related episodes suggest a main relative power difference in the gamma-band for the two
animals (40-140 Hz and 110-140 Hz, respectively).
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This is a list of supplementary files associated with this preprint. Click to download.

e SupplementaryVideo1MonkeyBTorticollis.mp4

e SupplementaryVideo2MonkeyADyskinesia.mp4

e SupplementaryVideo3MokeyBDyskinesia.mp4

e SupplementaryVideo4MonkeyARotations.mp4

e SupplementaryVideo5MonkeyBRotations.mp4

e SupplementaryVideo6MonkeyAExcessiveLocomotion.mp4
e SupplementaryVideo7MonkeyBExcessiveLocomotion.mp4
e SupplementaryVideo8MonkeyAEscapeLikeBehaviorandAgitatedRapidLocomotion.mp4
e SupplementaryVideo9MonkeyBHallucination.mp4

e SupplementaryVideo10MonkeyAHallucination.mp4

e TablefigS1.docx
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