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Intracerebral recordings from movement disorders patients undergoing deep brain stimulation have allowed the
identification of pathophysiological patterns in oscillatory activity that correlate with symptom severity. Changes
in oscillatory synchrony occur within and across brain areas, matching the classification of movement disorders
as network disorders. However, the underlying mechanisms of oscillatory changes are difficult to assess in pa-
tients, as experimental interventions are technically limited and ethically problematic. This is why animal models
play an important role in neurophysiological research of movement disorders. In this review, we highlight the
contributions of translational research to the mechanistic understanding of pathological changes in oscillatory
activity, with a focus on parkinsonism and dystonia, while addressing the limitations of current findings and

proposing possible future directions.

1. Introduction
1.1. A success story of translational research

In movement disorders, and specifically in Parkinson’s disease (PD),
understanding of the pathophysiological changes underlying motor
symptoms were built on a continuous back and forth between animal
and human studies, becoming a success story of translational research.

Particularly well known in this context are the results from the most
phenotypically faithful animal model of parkinsonism to date: the 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) -treated non-
human primate (NHP), in which the neurotoxic MPTP causes a selec-
tive loss of dopaminergic neurons in the substantia nigra pars compacta
(SNpc) (Burns et al., 1983; Langston et al., 1984).

With the help of multisite recordings in NHP, the groundwork was
laid for the best known basal ganglia model: the "rate model". Within the

rate model, electrophysiological data suggested that the medium spiny
neurons of the indirect pathway are overactive. The “direct” and an
“indirect” striatal output pathway represent separate populations of
striatal medium spiny neurons. In the 1980s to 1990s, it was shown that
the direct pathway is an inhibitory projection between striatum and
internal globus pallidus (GPi)/ substantia nigra pars reticularis (SNpr)
with medium spiny neurons expressing dopamine D1-receptors (Albin
et al., 1989; DeLong, 1990; Penney Jr. and Young, 1986). The indirect
pathway was shown to be characterized by the presence of dopamine
D2-receptors and inhibitory connections from the striatum to the
external globus pallidus (GPe) and subsequently to GPi/SNpr, either
directly or via the subthalamic nucleus (STN). Overactivity of the indi-
rect pathway, as suggested by the “rate model”, would thus lead to a
reduction in neuronal activity in the GPe with a subsequent increase in
STN and consecutively GPi activity, supposedly leading to a reduction in
motor output, which is considered the neurophysiological correlate of

* Corresponding author at: Department of Neurology, Movement Disorders and Neuromodulation Unit, Campus Charité Mitte, Charité-Universitadtsmedizin Berlin,

Berlin, Germany.
E-mail address: roxanne.lofredi@charite.de (R. Lofredi).

1 equal contribution.

https://doi.org/10.1016/j.expneurol.2022.114140

Received 28 January 2022; Received in revised form 14 May 2022; Accepted 3 June 2022

Available online 8 June 2022

0014-4886/© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:roxanne.lofredi@charite.de
www.sciencedirect.com/science/journal/00144886
https://www.elsevier.com/locate/yexnr
https://doi.org/10.1016/j.expneurol.2022.114140
https://doi.org/10.1016/j.expneurol.2022.114140
https://doi.org/10.1016/j.expneurol.2022.114140
http://crossmark.crossref.org/dialog/?doi=10.1016/j.expneurol.2022.114140&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

L. Rauschenberger et al.

parkinsonism (Bergman et al., 1994; Filion and Tremblay, 1991; Miller
and Delong, 1987). Although these findings paved the path for targeted
lesioning of the basal ganglia (Bergman et al., 1990) and the “renais-
sance” of functional stereotaxy in Parkinson’s disease, the "rate model"
was soon criticized as leading to paradoxical predictions and being too
simplistic (Marsden and Obeso, 1994).

In subsequent years, the observations on changes in firing rates were
expanded with findings on altered patterns of neuronal activity, many of
which were also discovered in animal models (Bergman et al., 1994;
Leblois et al., 2007; Nini et al., 1995; Raz et al., 2000; Wichmann and
Soares, 2006). Rapidly the focus shifted from observations of single
neuron activity to population activity and information coding within
and between basal ganglia nuclei. In particular, the interaction between
oscillations and neuronal spiking activity gained interest.

Brain oscillations are thought to reflect the synchronized activity of
large neuronal assemblies and are denominated “local field potentials”
(LFP) if recorded intracranially. The biophysical origin of LFPs has been
a matter of debate for years. By now, it is generally accepted, that LFPs
predominantly result from temporal integration of slower excitatory and
inhibitory postsynaptic potentials, whereas short-lasting axonal spikes
exhibit less summation. Hence, LFPs reflect the neuronal input activity
to the area surrounding the recording electrode rather than the output
activity (Buzsdki et al., 2012). The amplitude of an oscillation increases
along with the size of the neuronal population involved (Buzsaki et al.,
2012). Interestingly, the synchronization of neuronal populations in
specific oscillatory rhythms can be coupled across brain areas as well,
which is considered a sign of functional connectivity (Fries, 2015).

In the motor circuit, a specific oscillatory pattern within and across
areas of the motor system has been described: At rest, the motor network
is coupled in the beta frequency range (13-35 Hz). As such, beta activity
has been postulated to promote the status quo of motor control (Engel
and Fries, 2010; Gilbertson et al., 2005; Little and Brown, 2014). Slightly
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before the initiation of a movement, beta amplitude in and across motor
areas drops and during movement, neuronal assemblies synchronize in
the gamma frequency range (40-90 Hz) (Cheyne, 2013). With the end of
a movement sequence, a brief rebound of beta synchronization is
observed (Cheyne, 2013). The movement-related oscillatory pattern
seems robust across species, which indicates high inter-species trans-
ferability of findings in this field (Crone et al., 1998; Donoghue et al.,
1998; Igarashi et al., 2013; Mirzaei et al., 2017; Murthy and Fetz, 1992).

Given the prominent characteristics of movement-related changes in
oscillatory activity, their disturbance in patients presenting with
movement disorders seems intuitive. However, findings from non-
invasive recordings of patients with movement disorders have been
inconsistent regarding disease-specific or symptom-related oscillatory
characteristics (Boon et al., 2019). This might be related to a decrease of
the signal-to-noise ratio, specifically for higher frequencies with lower
amplitude, but also to the fact that most movement disorders are
thought to originate in subcortical structures such as the basal ganglia or
the cerebellum. These structures are difficult to investigate with non-
invasive methods due to their localization deep in the brain.

With subcortical deep brain stimulation (DBS) being acknowledged
as effective treatment for movement disorders, it became possible to
perform electrophysiological recordings of DBS-target structures during
the perioperative period, when DBS-electrodes are externalized. This
allowed the characterization of pathological oscillatory patterns in
subcortical structures of patients with movement disorders which are
associated with symptom severity. Since these observations in humans
are primarily correlative and not causal in nature, the study of oscilla-
tory phenomena in animal models became increasingly important. In the
following, we will focus on the significance, causality and transferability
of pathophysiological oscillatory patterns in the motor system in pa-
tients with Parkinson’s disease and dystonia as well as in the corre-
sponding animal models in NHP and rodents. The framework and main
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Fig. 1. Patterns of pathological oscillatory activity across species and disease models. Shown are illustrative traces of oscillatory activity in the beta, gamma and slow
frequency range, as focused on in this review. Across species and disease models, exaggerated beta oscillations have been associated with akinetic states of PD, while
specific patterns and localizations of increased gamma and slow oscillations (4-12 Hz) are seen both in hyperkinetic states of PD as well as in hyperkinetic movement
disorders such as dystonia. Note that for PD, various disease models are available in rodents, while in NHP the primary disease model used and emphasized in this
review is the MPTP-model. Both anatomy as well as physiology of NHP show higher similarity with the human brain than rodents, making results of NHP-research

specifically valuable. Parts of the figure are generated with http://biorender.com.
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focus of this review is visualized in Fig. 1.

2. Current limitations

Research from animal models for movement disorders allows for
studies that are difficult to perform in humans — such as multiple
recording sites, longitudinal studies i.e. with different states of alertness
as well as additional morphological and neurochemical analyses of the
brain after LFP recordings. Despite these advantages, the results should
always be interpreted with some caution. In this regard, one should be
aware that although the basal ganglia have the advantage of being
phylogenetically old structures that are relatively consistent in their
development across species, the basal ganglia of rats, monkeys and
humans still show clear inter-species differences. In rodents, the GPi is
located within the ventromedial internal capsule and often referred to as
the entopeduncular nucleus, the striatum is not separated into caudate
and putamen and the SNpc lacks neuromelanin which renders the
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human and NHP substantia nigra dark on macroscopic inspection. And
while the brain of NHP shows a high degree of similarities to the human
brain, animal research increasingly relies on the study of rodent models.
The brain and the motor network of rodents, however, is much less
complex. A study using resting state fMRI found that a large number of
voxels in the striatum of humans and NHP could not be matched to the
cortico-striatal circuit of rodents (Balsters et al., 2020). These unas-
signed voxels were related among others to executive function and
concluded to form circuits unique to humans and NHP. Such
inter-species differences clearly affect the study of LFPs. Moreover, most
animal models, such as toxin- or vector based models, might emulate the
phenotype, but still have the disadvantage of not representing the
chronic and age-dependent nature of PD and dystonia. Then again in
dystonia, animal models in general are rare and great hope lies in the
development of new genetic models that may be suitable to mimic the
vast range of motor symptoms that patients with dystonia may present
with.

subcortical beta

cortical gamma

Fig. 2. Oscillatory activity in PD and additional
insight through animal models. The upper panel
shows exemplary spectograms of subcortical beta in
the dopamine-depleted state and cortical gamma os-
cillations during dyskinesis in PD patients and animal
models of the disease. The lower panel illustrates
additional information gained from rodent models of
PD. (A) Subthalamic and (B) cortical recordings of a
PD Patient implanted with the Medtronic RC+S de-
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3. Parkinson’s disease

3.1. Exaggerated beta activity in Parkinson’s disease patients and animal
models

In the dopamine-depleted state of PD patients, the most prominent
feature of pathophysiological changes in oscillatory activity of basal
ganglia structures are exaggerated beta oscillations (Brown, 2003;
Brown et al., 2001; Lofredi et al., 2018; Lofredi et al., 2022; Silberstein
et al., 2003), see Fig. 2. Both at rest as well as during movement, beta
activity has been shown to correlate with speed of single joint move-
ments such as hand rotations or finger tapping (Feldmann et al., 2022;
Kehnemouyi et al., 2021; Lofredi et al., 2019; Lofredi et al., 2019;
Steiner et al., 2017). More broadly, beta oscillations correlate with
motor symptoms (Neumann et al., 2016; Lofredi et al., 2022) and are
reduced by levodopa or DBS (Eusebio et al., 2011; Kiihn et al., 2009;
Levy et al., 2002; Priori et al., 2004; Lofredi et al., 2022). The sup-
pression of exaggerated beta activity is in turn correlated with an
observed clinical improvement of bradykinesia and rigidity (Kiihn et al.,
2006; Kiihn et al., 2008).

In line with the concept of beta activity being an anti-kinetic signal,
parkinsonian tremor, which can be considered as hyperkinetic PD
symptom, is not well captured by beta dynamics (Neumann and Kiihn,
2017), but can still be detected from subcortical LFP-signals by using
multi-feature machine learning approaches (He et al., 2020; Hirsch-
mann et al., 2016; Yao et al., 2020).

While the association between bradykinetic-rigid symptoms and beta
activity has been replicated in various studies (Kiihn et al., 2006; Neu-
mann et al., 2016), the prevalence of subcortical beta peaks seems to
vary across studies, ranging between ~63% in smaller cohorts <10
patients (Tinkhauser et al., 2017b) and 91% in a large cohort of >100
PD-patients (Lofredi et al., 2022). The variance might be explained by
the amount of patients with tremor-dominant subtype (Neumann and
Kiihn, 2017), the distance of the recording site to the dorso-lateral STN
(Horn et al., 2017), the DBS-electrode type as well as the time of
recording (intra- vs post-operative).

In contrast to subcortical beta activity, findings on the pattern of
cortical beta activity have been less conclusive (Bosboom et al., 2006;
Heinrichs-Graham et al., 2014; Pollok et al., 2012), specifically when
recorded non-invasively. In invasive recordings from sensorimotor
cortices of PD patients, it is the phase-amplitude coupling with gamma
activity as well as the waveform shape of beta activity that seems to
better reflect motor impairment in PD (Cole et al., 2017; de Hemptinne
et al., 2015).

Across structures of the cortico-basal ganglia-thalamic loop, the beta
band can be functionally subdivided into a low (~13-20 Hz) and a high
beta band (~21-35 Hz), with low beta band activity classically being
associated with the aforementioned parkinsonian motor symptoms and
primarily responsive to levodopa in PD patients (Priori et al., 2004).
High beta band activity has been proposed to reflect hyperdirect
pathway activity as cortico-subcortical coupling occurs in this frequency
band (Kato et al., 2015; Little et al., 2012; Little et al., 2013b; Litvak
et al., 2011; Lopez-Azcarate et al., 2010; Oswal et al., 2016; van Wijk
et al., 2016).

3.2. The road to the 6-OHDA rodent model of Parkinson’s disease

Early animal experimentation during the 19 century did not try to
model the parkinsonian state but laid the foundation of basal ganglia
research by studying the effect of cortical and subcortical lesioning in
NHP, cats and other vertebrates (Sherrington, 1898; Wilson, 1914).
Treating PD with surgical lesioning became more and more popular
throughout the 20™ century with a plethora of targets by then known to
be involved in the control of movements. The recognition of parkin-
sonism as a hypodopaminergic syndrome and the advent of levodopa in
the early 1970’ marked a dramatic turn in the treatment of PD. It came
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along with the first pharmacological animal models of PD by dopami-
nergic receptor blockade (haloperidol) or vesicular monoamine deple-
tion (reserpine) (Glow, 1959). In rodents, both substances induce
catalepsy, a behavioral state of bradykinesia and rigidity, which can be
reversed by levodopa treatment (Carlsson et al., 1958; Carlsson et al.,
1957).

From the late 1960s on, the most widespread animal model of PD
became the 6-hydroxydopamine (6-OHDA) model (Ungerstedt, 1968).
6-OHDA is an analogue of dopamine and as such exhibits a high affinity
for dopamine (DAT) and norepinephrine transporters (NET) but induces
neuronal cell death after its uptake. Injecting 6-OHDA to the medial
forebrain bundle (MFB) or the SNpc causes a rapid and near complete
lesion of the dopaminergic system, whereas injections into the striatum
cause a more gradual decline, termed the partial PD model (Duty and
Jenner, 2011). Of note, 6-OHDA is almost always injected unilaterally,
as bilateral injections are associated with severe immobility and a high
mortality rate (Marshall et al., 1974). To protect the noradrenergic
neurons, desipramine is often administered prior to lesioning, although
a combined noradrenergic and dopaminergic lesion might closely
resemble the pathology of PD (Gesi et al., 2000; Wang et al., 2010). 6-
OHDA is effective in rodents as well as NHP although MPTP is often
preferred for the latter. Importantly, neither the 6-OHDA nor the MPTP
model lead to Lewy body formation (Halliday et al., 2009).

Replicating results from PD patients, MPTP- treated NHP display
increased low beta activity in the STN and internal pallidum, which is
suppressed by STN-DBS and dopaminergic medication (Moran et al.,
2012; Singh and Papa, 2020). Beyond typical DBS-target structures,
increased beta activity can also be found across BG nuclei of MPTP-
treated NHP such as the GPe, SNpr and striatum that are not
commonly accessible in PD patients (Connolly et al., 2015; Deffains
et al., 2016; Moran et al., 2012; Singh and Papa, 2020).

In rodents, the most popular PD-model is the 6-hydroxydopamine (6-
OHDA) model (Ungerstedt, 1968), for more information see box “The
road to the 6-OHDA rodent model of Parkinson’s disease”. While no
animal model replicates all aspects of the disease in humans, different
ways of testing for motor deficits that resemble the human phenotype
have been established over the years. Regularly used tests in rodents are
1) the rotarod test, where the amount of time the animal manages to stay
on an accelerating rotating rod is measured, 2) the rotation test, where
contralateral rotations after an amphetamine injection are counted, 3)
the adjusting steps test, where the number of adjusting steps made by the
weight-bearing forepaw is counted while the animal is dragged over a
flat surface and 4) the cylinder test, which assesses the limb use asym-
metry during voluntary exploration of a glass cylinder. The choice of the
behavioral test is not trivial and depends on the type of neurotoxin as
well as the experimental design. For example, the rotarod test will, when
performed more than 72 hours after the final dose of a MPTP treatment
scheme in mice, show no difference between lesioned and control ani-
mals, unless the treatment is chronic and the mice have been extensively
trained. For the 6-OHDA model, the cylinder test seems to be a sensitive
measure of unilateral dopaminergic denervation whereas the rotations
after amphetamine injection do not correlate linearly with the dopa-
minergic deficit. For an extensive overview see the article by Meredith
and Kang (Meredith and Kang, 2006).

In 6-OHDA lesioned rats, exaggerated beta activity can be observed
in GPe, STN, SNpr and motor cortex both under urethane anesthesia
during episodes of cortical desynchronization as well as in awake ani-
mals at rest (Beck et al., 2016; Kiihn et al., 2017; Mallet et al., 2008a;
Mallet et al., 2008b), see Fig. 2. As in humans and NHP, beta activity is
reduced by levodopa and apomorphine in 6-OHDA lesioned rats (Avila
et al., 2010; Brazhnik et al., 2014; Delaville et al., 2015; Kiihn et al.,
2017).

Unlike 6-OHDA lesioned rats and MPTP-treated NHP, MPTP and 6-
OHDA lesioned mice develop the clinical signs of PD but lack the
emergence of subcortical beta oscillations (Chen et al., 2018; Lobb and
Jaeger, 2015). In contrast, they display dopamine dependent delta
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oscillations (Whalen et al., 2020). Interestingly, when using other
parkinsonian models in mice, such as dopamine transporter knock out
mice (Costa et al., 2006) or selective activation of striatal interneurons
via optogenetics in healthy mice (Kondabolu et al., 2016), the parkin-
sonian phenotype is accompanied by increased beta oscillations in mice
as well.

Thus, taken together, current animal models seem to reflect not only
the phenotype of motor symptoms in PD but also mostly display similar
oscillatory patterns in the dopamine-depleted state. This increases
confidence that results from sites or scales that are not accessible in
humans can be assumed to apply in humans as well. Regarding the
interpretation of longitudinal findings of animal models, there is the
major limitation that the time scale of the disease in all toxin-induced
models contrasts with PD where the preclinical stage can last years.
Similarly, novel approaches with cell type-specific targeting using
optogenetic interventions to change neuronal population activity lead to
acute development of parkinsonism as well. For example, acute
parkinsonism could be observed when indirect medium spiny neurons
were excited in transgenic mice with Cre-dependent viral expression of
channel rhodopsin in D2-expressing striatal neurons (Kravitz et al.,
2010). In contrast, activating D1-expressing striatal neurons (Kravitz
et al., 2010) or cortical somatostatin-expressing interneurons (Valverde
et al., 2020) alleviates motor symptoms in a parkinsonian mouse model.
Possibly, novel genetic models of PD in which proteins that are known to
be involved in inherited forms of PD like SNCA, Parkin, DJ-1, LRRK2 and
PINK1 are targeted, may help overcome this current limitation. Indeed,
such transgenic mice have slower disease dynamics and lead to a varying
degree of neurodegeneration and clinical features of the disease in
transgenic mice (Pingale and Gupta, 2020).

3.3. Association between spiking activity and beta oscillations

Whether the magnitude of beta oscillations modulates the neuronal
output of subcortical nuclei is difficult to investigate in PD patients.
Although it is possible to measure both oscillatory and unit activity
intraoperatively, time constraints and the fact that in most cases solely
the dopamine-depleted state can be examined are significant limitations.

More information can be drawn from animal models in which pop-
ulation as well as unit activity can be measured in parallel from several
nodes of the cortico — basal ganglia — thalamo- cortical-loop (CBGTC-
loop) in both dopaminergic states. In different rodent models it has been
shown that the pathological state is not accompanied by a change in
absolute firing rate, but rather a change to a more beta synchronized
pattern across the entire network (Costa et al., 2006; Galvan and
Wichmann, 2008; Mallet et al., 2008a).

This coupling of firing to beta oscillations is also observed in the
dopamine-depleted state of PD patients and MPTP-treated NHP (Def-
fains et al., 2018; Soares et al., 2004). In PD patients, it is most robust in
the pallidum and STN but has not been observed in the striatum (Kiihn
et al., 2005; Meng et al., 2020; Moshel et al., 2013; Valsky et al., 2020;
Weinberger et al., 2006). This may be due to the fact that striatal
coupling to beta activity seems to be cell-type specific: While striatal
neurons with tonic activity show increased oscillatory activity in the
beta range, no significant change in medium spiny neuron activity has
been observed in MPTP-treated NHP (Deffains and Bergman, 2019;
Sharott et al., 2017).

3.4. Beta oscillations: Cause or epiphenomenon of parkinsonism?

In PD patients, LFP recordings are usually acquired from later stages
of the disease, when patients undergo DBS-surgery because of motor
complications. This makes it impossible to investigate how exaggerated
beta oscillations arise in early stages of the disease. Only recently
chronic recordings have become possible in PD patients through
development of novel pulse generators with sensing capacity (such as
Medtronic Activa PC+S, RC+S, Percept). Thus, it could be shown that
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subcortical beta oscillations are temporally stable biomarkers for
bradykinetic-rigid symptoms in PD patients in those later disease stages
(Kehnemouyi et al., 2021; Neumann et al., 2017b). Whether exagger-
ated beta oscillations are an epiphenomenon or causal to parkinsonian
motor symptoms is difficult to assess in PD patients. One way of doing
so, is by artificially inducing beta oscillations via low frequency STN-
DBS or transcranial alternating-current stimulation, which has been
shown to lead to a varying degree of akinetic symptoms in humans
(Chen et al., 2011; Eusebio et al., 2008; Fogelson et al., 2005; Pogosyan
et al., 2009). Up to now, these results could not be reproduced in animal
models: Optogenetic stimulation of excitatory STN neurons with beta
frequency pulses failed to elicit a behavioral response in behaving rats
(Gradinaru et al., 2009) and electrical stimulation of the STN using beta-
burst patterns neither caused discernable symptoms in intact animals
nor in levodopa treated 6-OHDA lesioned rats, although downstream
structures such as the SNpr showed a consecutive increase of beta os-
cillations (Swan et al., 2019). The dissociation of STN beta burst spiking
activity and LFP beta oscillations was also observed by Pan et al. (2016),
who blocked T-type calcium channels in the STN and recorded a sup-
pression of local neuronal bursting alongside reduced bradykinesia in 6-
OHDA lesioned rats while the oscillatory profiles remained unchanged.

In animal models of PD, unlike with human subjects, it is possible to
acquire electrophysiological data from healthy animals as well as from
all stages of the disease. For 6-OHDA treated rodents and MPTP-treated
NHP, there is only weak evidence of a stable correlation between mea-
sures of symptom severity and beta power at rest in cortical and
subcortical areas for the early course of disease. Most studies that
examined pathological beta oscillations in rodents have been carried out
with 6-OHDA lesions causing a >90% loss of dopaminergic innervation.
The appearance of akinetic symptoms precedes a significant increase of
beta power in cortex and STN in chronic rodent and NHP models of PD
(Degos et al., 2009; Haumesser et al., 2021; Leblois et al., 2007; Quiroga-
Varela et al., 2013) whereas acute models tend to show conflicting ev-
idence (Beck et al., 2016; Costa et al., 2006; Dejean et al., 2011; Mallet
et al., 2008b), see Fig. 2. In contrast to power, shift of peak frequency
from higher to lower beta band seems to accompany the transition from
healthy NHP to moderate parkinsonism after MPTP-treatment (Connolly
et al., 2015; Iskhakova et al., 2021). Thus, in MPTP-treated NHP, shifts
in beta peak frequency might be a more robust correlate of parkinsonian
symptom severity than changes in beta power, which should be further
investigated in PD-patients where longitudinal recordings just recently
became available through sensing-enabled DBS-devices.

A recent study by Brazhnik et al. corroborates these findings by
examining early changes in motor behavior and oscillatory power in
motor cortex and SNpr using a variety of acute and chronic PD models in
rats (Brazhnik et al., 2012). While significant motor symptoms by far
preceded changes in beta-range LFP power in the motor cortex and basal
ganglia, the authors report a concomitant early loss of cortical mid-
gamma activity and an early, although delayed, increase in spike-LFP
coherence between mortor cortex and SNpr. The authors could addi-
tionally show that chronic blockage of dopamine receptors can produce
beta-oscillations, which persist even after the cessation of drug admin-
istration and subsequent motor recovery, strengthening the case for
questioning a direct causative link between beta oscillations and motor
impairment. Furthermore, subcortical beta oscillations and an increase
of cortico-subcortical coherence have recently been observed in the
striatum of parkin knock-out mice that lack nigral degeneration or any
motor impairment (Baaske et al., 2020). The authors argue that changes
in striatal microcircuitry could facilitate the initial emergence of beta
oscillations but are not critical for their maintenance. This would be in
line with the observation that direct infusion of cholinergic agonists into
the striatum is sufficient to induce local strong oscillations in the beta
frequency range (McCarthy et al., 2011). Although studies in NHP
demonstrated that MSN spiking activity is not entrained to ongoing local
beta oscillations, this has been shown for other structures of the CBGTC-
loop including the STN (Deffains and Bergman, 2019; Deffains et al.,
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2016).
3.5. The origin of pathological beta oscillations

Although the presence of pathological beta oscillations throughout
the CBGTC-loop and their connection with parkinsonian symptoms has
been convincingly shown, the origin of pathological beta oscillations is
still a matter of debate. Various hypotheses have been posited and
explored with the aid of computational modeling, placing the origin
within the intrinsically oscillatory properties of the STN-GPe network
(Holgado et al., 2010), the enhanced cholinergic drive of striatal me-
dium spiny neurons (McCarthy et al., 2011) or the thalamo-cortical
circuits via integration of excitatory bursts targeting proximal and
distal dendrites of pyramidal neurons (Sherman et al., 2016). Oscillatory
activity in the STN-GPe network can be suppressed by blocking gluta-
matergic inputs to the STN (Nambu and Tachibana, 2014), a possible
explanation being that weak cortical oscillatory input to the STN may be
amplified by feedback inhibition in the STN-GPe network through an
enhancement of postsynaptic excitability (Baufreton et al., 2005). To
date it is not clear whether these mechanisms generate or merely sustain
ongoing pathological oscillations.

3.6. Beyond beta activity: Changes of gamma activity in Parkinson’s
disease

Across species, movement is preceded by an event-related desynch-
ronization (ERD) of the beta band throughout the CBGTC-loop. Besides
the decrease in beta power, movement is accompanied by a cortical and
subcortical event-related synchronization (ERS) in the gamma band
(40-90 Hz) which has therefore been considered a pro-kinetic activity.
The movement-related gamma synchronization has been observed
across the motor circuit in recordings of healthy humans (Muthuku-
maraswamy, 2010; Pfurtscheller et al., 2003) as well as in PD, dystonia
and epilepsy (Alegre et al., 2005; Cassidy et al., 2002; Fogelson et al.,
2005).

The subcortical gamma ERS has been shown to scale with movement
kinematics, although there is an ongoing debate whether this scaling
reflects motor output or motor effort (Briicke et al., 2012; Lofredi et al.,
2018; Tan et al., 2013). In the dopamine-depleted state of PD-patients,
the amount of movement-related gamma synchronization is reduced
and loses its scaling capacity (Lofredi et al., 2018). In contrast to beta
activity, movement-related gamma synchronization correlates both with
dopamine-related motor improvement (Litvak et al., 2012) as well as
absolute motor impairment in the dopamine-substituted state (Lofredi
et al., 2018). Despite these findings, which point to the pathophysio-
logical significance of movement-associated activity in the gamma band,
there are only few studies investigating this pattern in animal models.
Those existing only report high beta/low gamma band activity during
walking of parkinsonian rodents without further investigation (Delaville
et al., 2014; Sharott et al., 2005).

Besides movement-related gamma activity, a narrow oscillatory ac-
tivity in the gamma band (60-90 Hz, finely-tuned gamma, FTG) can
sometimes be observed across basal ganglia structures in the dopamine-
substituted state of PD patients as well as other movement disorders
(Jenkinson et al., 2013; Kiihn et al., 2006). Interestingly, FTG can also be
induced by STN-DBS in the absence of dopamine (Wiest et al., 2021).
This stimulation-induced FTG has recently been shown to occur across
nodes of the motor circuit, correlating with motor improvement through
DBS (Muthuraman et al., 2020). Subcortical FTG is therefore considered
a pro-kinetic, but physiological signal. On the cortical level however,
FTG has primarily been observed during L-Dopa induced dyskinesia
(LID) in PD patients (Swann et al., 2016), see Fig. 2, which is why it is
rather categorized as pathological feature of a hyperkinetic motor state.

This matches findings of NHP and rodents, were FTG during
medication-induced dyskinesia is most pronounced in cortical areas,
although it can also be detected in the striatum and GPi (Cenci and
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Lundblad, 2007; Di Monte et al., 2000; Dupre et al., 2016; Halje et al.,
2012; Kiihn et al., 2017; Salvade et al., 2016; Tamte et al., 2016), see
Fig. 2. The comparison of dopamine treated 6-OHDA lesioned rats with
dopamine-intact control animals together with the observation that near
complete dopaminergic lesions are a prerequisite for developing this
characteristic and long-lasting FTG activity emphasizes the pathological
nature of this phenomenon (Cenci and Lundblad, 2007). However, FTG
is not detected when levodopa priming is performed with lower doses
(Ye et al., 2021) or a GABA agonist is injected to the thalamus (Dupre
et al., 2016), although dyskinesia still occur, which further challenges
the assumption of a causal link between FTG and LID.

Nevertheless, using FTG across parallel multisite recordings in ro-
dent models of PD allowed Tamte and colleagues (Tamte et al., 2016) a
highly precise state-prediction of the animal. These findings, together
with recent reports from chronic multisite recordings in humans (Gilron
etal., 2021), show the importance of combining multisite targeting with
spectral features beyond beta activity to yield improved motor state
decoding in parkinsonism, see Fig. 2.

3.7. Temporal dynamics of oscillatory synchrony

Besides spectral features, oscillatory activity can also display varying
characteristics in the time domain. In healthy subjects, PD patients,
rodents and NHP, beta synchronization is not static but occurs in bursts
(Feingold et al., 2015; Haumesser et al., 2021; Lofredi et al., 2018).
Average increases of beta-power as seen in PD patients can be explained
by a shift from short to long lasting bursts of activity (Deffains et al.,
2018; Lofredi et al., 2019; Lofredi et al., 2022; Tinkhauser et al., 2017a;
Tinkhauser et al., 2017b). Departing from the classic “signaling the
status quo” hypothesis of beta (Engel and Fries, 2010), these brief beta
events point towards more specific roles like content-specific disinhi-
bition of neuronal ensembles (Sherman et al., 2016; Spitzer and Hae-
gens, 2017). For example, a study that combined data from PD patients
as well as from 6-OHDA lesioned rats demonstrated that phase-locking
of spiking activity in STN as well as in GPe and striatum increases
during cortical beta bursts (Cagnan et al., 2019), underscoring the bio-
logical relevance of this phenomenon, see Fig. 2.

The same methodology used to identify beta bursts has been applied
to movement and dyskinesia-related gamma activity in humans and
rodents. It could be shown that the rate of subthalamic gamma bursts in
PD patients correlates with movement velocity and the availability of
dopamine (Lofredi et al., 2018). In a rodent LID model, cortical gamma
burst parameters outperformed the averaged FTG power when corre-
lated with severity of dyskinesia (Giittler et al., 2021). Specifically in
cortical structures, bursts of oscillatory activity are thought to arise from
distinct excitatory synaptic inputs to deep and superficial cortical layers,
which drive current flow in opposite directions (Bonaiuto et al., 2021;
Sherman et al., 2016). In contrast, there is no conceptual framework or
empirical evidence from animal studies how oscillatory bursts are
generated in subcortical structures that lack the layered architecture of
the neocortex.

4. Dystonia
4.1. Exaggerated low frequency activity as biomarker in dystonia patients

Contrary to the excessive beta band activity in PD, patients with
dystonia show increased pallidal low frequency (LF) activity from 3-12
Hz (Chen et al., 2006; Liu et al., 2008; Lofredi et al., 2019; Silberstein
et al., 2003; Zhu et al., 2018). This was shown to hold true for the GPi,
primary target for DBS in dystonia patients, as well as — even though less
consistently - for the GPe and the STN (Geng et al., 2017; Moll et al.,
2014; Neumann et al., 2012). Additionally, cortical gamma activity at
rest may be associated with dystonic movements, but has not been
observed in basal ganglia structures of patients with dystonia (Mioci-
novic et al., 2018), see Fig. 3. On the network level, the functional
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Fig. 3. Matching findings in recent animal models of dystonia and dystonia patients. Repetitive kainate injections in rat cerebellum induce dystonic attacks as shown
in the lower image (A). Parallel sensorimotor and pallidal recordings were performed repetitively directly before and after kainate injections on consecutive days (B).
There was both an immediate effect of kainate-injections on cortical gamma activity (see comparison of pre- and post-injection to baseline) as well as a stepwise
increase over time (C). A similar pattern of increased cortical gamma activity was shown in a rare ECoG-recording from a single patient with dystonia along with
dystonic posture, as visualized by increased EMG-activity (D). Dystonic-like movements could also be observed in a novel genetic rat model (TOR1A) after a pe-
ripheral nerve crush (E). When recording cortical and subcortical oscillations during DBS (F), a trend towards a decrease of subcortical low frequency activity was
seen along with reduction of motor symptoms (G). A similar observation was made in a cohort of dystonia patients with predominantly phasic dystonic symptoms,
where pallidal DBS led to a local suppression of LF-activity (H). Part (A), (B), (C) adapted from Georgescu et al., 2018; (D) adapted from Miocinovic et al., 2018; (E),

(F). (G) adapted from Knorr et al., 2021; (H) adapted from Barow et al., 2014.

connectivity between internal pallidum and the cerebellum in the alpha
band (9-12 Hz) is reduced in dystonia (Neumann et al., 2015). While
pallidal LF activity shows a positive correlation with symptom severity
in patients with cervical dystonia (Moll et al., 2014; Neumann et al.,
2017a) even years after DBS-surgery (Scheller et al., 2019),
pallido-cerebellar alpha connectivity is inversely correlated with dys-
tonic symptoms.

So far, only pallidal LF-activity has been shown to be directly asso-
ciated with involuntary muscle contractions in dystonia patients as
measured by EMG (Chen et al., 2006; Foncke et al., 2007; Sharott et al.,
2008). Indeed, in a functional directionality analysis, Sharott et al.
further consolidated this finding by showing that the pallidal LF-activity
predicted EMG-assessed muscle activity significantly better than the
other way around. From that, authors concluded that efferences to the
muscle are more relevant regarding pathological muscle and intracere-
bral activity than the afferent muscle feedback signal (Sharott et al.,
2008). This observation is rendering afferent feedback from the dystonic
muscles to the GPi less likely a cause of increased LF activity. However,
LF activity might be responsive to peripheral stimuli: Liu et al. found
that sensory input, using a common physiotherapy massage vibrator, led
to decrease of LF synchronization, providing a possible explanation for
the alleviating effect of the “sensory trick” in dystonic patients (Liu et al.,
2008). In the same line, others showed a LF desynchronization in pa-
tients with cervical dystonia after application of a sensory trick (Tang
et al., 2007; Trenado et al., 2016).

Pallidal DBS has also been shown to lead to a LF desynchronization
and is most efficient if applied close to the LF-peak location within the
pallidum (Neumann et al., 2017a; Barow et al., 2014; Scheller et al.,
2019). However, dystonic syndromes represent a heterogeneous group
of hyperkinetic disorders, of which not all respond well to GPi or STN
DBS. It is still unclear whether all forms of dystonia would show similar
LFP activity and in how far the outcome of DBS can be related to this
biomarker. One study aimed at differentiating the oscillatory patterns
between phasic and tonic dystonia (Yokochi et al., 2018). Interestingly,

the authors found a shift in pallidal peak frequency from the alpha band
in patients with primarily phasic to the theta band in patients with
primarily tonic dystonic symptoms. This somewhat contrasts with
another study, that demonstrated suppression of theta band activity by
high-frequency stimulation specifically in patients with predominantly
phasic dystonia (Barow et al., 2014; Scheller et al., 2019), see Fig. 3. The
authors related this to the clinical observation that mobile dystonia re-
sponds earlier and better to high-frequency stimulation than fixed dys-
tonia (Krauss et al., 2004; Vidailhet et al., 2005; Volkmann and Benecke,
2002). However, an increase in LF power might not be disease- but
rather symptom-specific. Indeed, excessive theta oscillations were
recorded in PD patients with levodopa-induced dyskinesias, in patients
with Tourette’s syndrome as well as in a subset of myoclonus-dystonia
and NBIA patients with predominantly dystonic symptoms (Alonso-
Frech et al., 2006; Foncke et al., 2007; Huebl et al., 2019; Neumann
et al., 2018).

4.2. Symptomatic animal models of dystonia reveal similar oscillatory
pattern and highlight cerebellar involvement

Concerning animal studies for dystonia, research has been hindered
by the fact that, contrary to PD, symptomatic animal models are very
rare. Most forms of dystonia are slowly progressive and there are several
genetic mutations that have been associated with dystonia. However,
most genetic animal models are asymptomatic (Dang et al., 2005;
Grundmann et al., 2007, 2012; Sharma et al., 2005; Shashidharan et al.,
2005) and not in all symptomatic models electrophysiological re-
cordings were performed. Symptomatic rodent models without elec-
trophysiological recordings are for example a heterozygous Gnal mouse
model, in which dystonia-like movements were observed following
systemic administration of oxotremorine (an unselective cholinergic
agonist) (Pelosi et al., 2017), mice with conditional deletion of torsinA
in the central nervous system (Liang et al., 2014) or forebrain deletion of
torsinA (Pappas et al., 2015), which presented abnormal movements as
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well as Torla knockout mice, which showed dystonia-like movements
after application of a peripheral nerve crush (Ip et al., 2016).

For many years, the genetically dystonic hamster (gene symbol: dt*)
as well as the genetically dystonic rat, which is an autosomal recessive
mutant with a suspected deficiency in the protein caytaxin, were the
only animal models presenting with stress-induced dystonia-like attacks
(Lorden et al., 1984; Loscher et al., 1989; Xiao and Ledoux, 2005). The
genetically dystonic hamster has the caveat of a still unknown genetic
mutation and the suspected mutation in the genetically dystonic rat has
so far not been associated with dystonia in humans, which reduces their
translational value for dystonia research. However, multi-unit re-
cordings in dystonic rats revealed a more rhythmic bursting firing in the
cerebellum when compared to healthy rats (LeDoux and Lorden, 2002).
Interestingly, this pathological change of cerebellar firing pattern
increased linearly with postnatal age, highlighting the possibility of
disease-modifying therapies at an early age (LeDoux, 2011). In a more
recently developed model for DYT1, the most common form of inherited
dystonia, in which torsinA was acutely knocked down in the cerebellum
resulting in dystonia-like movements, similar changes in cerebellar
output activity were observed, but recordings from basal ganglia
structures were not performed (Fremont et al., 2017).

However, extracellular recordings from the GPi-equivalent (entope-
duncular nucleus, EP), which is downstream to cerebellum, have been
performed in the dystonic hamster. Here, a change in firing pattern to-
wards more desynchronized activity during EP-DBS was observed
(Leblois et al., 2010). Although concomitant oscillatory activity was not
recorded, the synchronized firing pattern of cerebellar neurons in the
dystonic rat and desynchronized firing of EP-neurons during clinically
effective EP-DBS potentially relate to the increased pallidal LF-
synchronization (Neumann et al., 2017a), that is reduced by pallidal
DBS in dystonia patients (Barow et al., 2014). Indeed, such increased LF-
synchronization as well as its modulation by DBS has been observed in a
novel rat model for DYT-TOR1A (AETorA rat model).

In this model, dystonia-like movements of the hindlimbs can be
induced by a transient peripheral nerve crush (Knorr et al., 2021), see
Fig. 3. Here, LFP-recordings from EP and the motor cortex revealed a
significantly higher theta power in AETorA crush rats compared to
wildtype crush rats. High-frequency stimulation of the EP led to a sig-
nificant improvement of the dystonia-like movements in AETorA crush
rats compared to non-stimulated AETorA crush controls. LFP-recordings
post stimulation revealed a non-significant reduction of 15% in theta
power of stimulated AETorA crush rats compared to non-stimulated
crush AETorA animals, see Fig. 3.

Thus, results from animal models presenting with a chronic form of
dystonia hint toward similar changes in neurophysiological patterns
than those observed in dystonia patients and point toward a significant
role of cerebellar output activity in these changes.

Further evidence for the importance of cerebellar involvement in the
etiology of dystonia comes from animal models that mirror rapid-onset
forms of dystonia. Here, dystonia-like movements are acutely induced
by repeated cerebellar injections of either

i) kainate, as a potent neurotoxin (Georgescu et al., 2018; Pizoli
et al., 2002),
ii) ouabain, which inhibits the sodium-potassium ion pump (Cal-
deron et al., 2011; Fremont et al., 2014),
iii) small hairpin RNA via adeno-associated viruses to specifically
knockdown a3-containing sodium pumps (Fremont et al., 2015).

Cerebellar ouabain-perfusions increased the amplitude of cerebellar
EEG-activity. Reducing cerebellar activity by GABAergic agents as well
as interrupting cerebellar projections to the basal ganglia by lesioning of
the deep cerebellar nuclei, alleviated dystonic symptoms (Calderon
et al., 2011). These findings are generally replicated when performing a
selective knockdown of a3-containing sodium pumps in the cerebellum
(Fremont et al., 2015).
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Therefore, the authors suggested that pathological basal ganglia
activity as recorded in dystonia patients might actually arise from a
pathological cerebellar output that is conveyed to the basal ganglia via
the thalamus. Indeed, another study provided further evidence for this
hypothesis as striatal firing shifted to high frequency burst firing during
cerebellar-induced dystonic postures and was normalized by lesioning
or optogenetically silencing of intralaminar thalamic neurons bilaterally
(Chen et al.,, 2014). Beyond altered cerebellar activity, cerebellar
kainate-injections were associated with an increase of cortical gamma
activity (Georgescu et al., 2018), which is similar to the pattern found in
dystonia patients (Miocinovic et al., 2018), see Fig. 3.

Taken together, further studies with multi-site recordings are needed
to foster our understanding of the network changes observed in dysto-
nia. Furthermore, many studies highlighting a cerebellar involvement in
dystonia might be biased, because neuronal recordings were performed
in symptomatic animal models, which are based on experimental cere-
bellar interventions.

4.3. How is pathological low frequency activity in dystonia generated?

Due to the limited accessibility, little to nothing is known on how or
where increased LF-oscillations in dystonia patients are generated. As
oscillations are thought to reflect the input to a structure, pallidal LF
oscillations likely rely on pathological input integration within or across
upstream structures of the basal ganglia. As mentioned above, animal
models of acute forms of dystonia suggest a cerebellar involvement in
dystonia (Calderon et al., 2011; Georgescu et al., 2018), which matches
findings from dystonia patients of decreased pallido-cerebellar connec-
tivity (Neumann et al, 2015) and reduced integrity of
cerebello-thalamo-cortical fiber tracts (Argyelan et al., 2009). Given
that disynaptic short-latency projections from the cerebellum to the
striatum via intralaminar thalamic nuclei have been shown to trigger
striatal dopamine release thereby modulating striatal activity (Threlfell
et al., 2012), increased cerebellar activity might lead to the supposed
hyperactivity of the direct pathway in dystonia (Kaji et al., 2018). Be-
sides cerebellar involvement, autopsy studies have observed striatal
atrophy in some forms of dystonia (Goto et al., 2005), neuroimaging
studies have reported a disorganization of somatosensory cortices
(Bara-Jimenez et al., 1998) and non-invasive neuromodulation revealed
a maladaptive cortical plasticity in motor excitability (Quartarone et al.,
2008). The widely distributed pathological findings in dystonia span-
ning the entire motor circuit, qualify dystonia as a network disorder. The
cerebellum, striatum as well as sensori-motor cortices can all be
considered as upstream structures of the internal pallidum, which rep-
resents the major output structure of the basal ganglia. Given that
oscillatory activity is thought to reflect pallidal input, pallidal LF activity
possibly does not reflect a pallidal pathology but is rather driven by the
striatum, where mismatching cortical and cerebellar inputs are thought
to enter the basal ganglia loop. In order to further explore whether
pallidal LF-activity reflects i) pathological pallidal processing or ii) the
common end route of pathological signaling upstream to the internal
pallidum, further investigations in animal models are needed that allow
for multi-scale, multi-site and longitudinal recordings.

5. Outlook

As shown in this review, translational research on oscillatory pat-
terns in movement disorders has been very valuable. Animal models
have been validated in various species, specifically in PD, that mirror
motor symptoms of human patients and display similar pathophysio-
logical changes in oscillatory activity. This increases the confidence that
findings on oscillatory patterns from disease-states, areas or circuitry
levels that are not accessible in humans are nevertheless transferable
between species. Current development of demand-adapted neuro-
modulation in movement disorders specifically aims at using oscillatory
activity as a read-out of the motor state. The strong consensus that beta
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oscillations can be considered an electrophysiological marker of the
Parkinsonian “Off’-state, together with the observation that these os-
cillations are suppressed by clinically effective therapies (Eusebio et al.,
2011; Kiihn et al., 2008; Levy et al., 2002; Priori et al., 2004) led to the
idea of adaptive or closed-loop stimulation of the STN with beta power
as stimulation trigger. First experiments used GPi and M1 spikes as
triggers for GPi stimulation in MPTP lesioned NHP (Rosin et al., 2011)
and later studies in human PD patients showed promising results with
reduced time on stimulation while preserving and in some cases
improving the clinical effects of DBS (Little et al., 2016; Little et al.,
2013a; Rosa et al., 2015).

Newly developed DBS-devices with integrated sensing capacity take
these experimental results to the next level with a currently recruiting
international, multi-center clinical trial (ADAPT-PD, NCT04547712).
Similar ideas are up and coming for DBS in dystonia patients. In a first
case report of a patient with medically refractory cervical dystonia and
STN-DBS as well as chronically implanted electrodes in the sensorimotor
cortex (Johnson et al., 2021), subthalamic DBS was triggered by cortical
theta activity which showed an improvement of blinded clinical ratings
compared to continuous DBS.

Further advances in aDBS will require a refinement of electrophysi-
ological biomarkers apart from the power of the beta band itself.
Johnson et al. could show in NHP that aDBS was inferior to classical DBS
in improving peak velocity in a cued reaching task when assessing ki-
nematic parameters (Johnson et al., 2016). The authors caution that
choosing a single LFP frequency as a biomarker, which by itself is
physiologically modulated during movement, is insufficient.

Following up this development, focus has shifted to multi-site re-
cordings with multi-feature extraction from oscillatory activity that al-
lows to explain the maximal amount of variance from all motor states
and thus to yield optimized therapeutic results (Gilron et al., 2021;
Neumann et al., 2018). For example, the close relationship between
finely tuned gamma (FTG) and LID has led Swann et al. (2018) to
conduct a proof-of-principle study using cortical FTG power as a
biomarker for aDBS, allowing for energy savings while maintaining the
therapeutic effects of stimulation of the STN. Further studies will be
needed to examine whether this concept is able to reduce clinically
relevant LID. Here, studies in animal models can help explore the
feature-space and shape study designs for human patients or assess
within-subject variance through longitudinal recordings.

Beyond DBS, the development of new genetic animal models as well
as methodological advances such as those referenced in the review
article of Peng et al. “Current approaches to characterize micro- and
macroscale circuit mechanisms of Parkinson’s disease in rodent models” of
this special issue will allow the pathophysiological investigation of cell-
type or population-specific changes which lead to varying oscillatory
patterns. This might finally help to prevent the development of these
pathological brain states, thereby guiding the exploration of disease-
modifying treatment options.
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