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In the normal brain beta band oscillatory activity has been associated with retaining of ongoingmotor activities.
In Parkinson's disease, enhanced beta band oscillatory activity is displayed across the cortico-basal ganglia path-
way and is one of the prominent neurophysiological phenomena associatedwith the disorder. Intraoperative and
postoperative recordings of neural activity in patients undergoing stereotactic neurosurgery combined with
studies in animal models of parkinsonism have led to the accumulation of complementary data regarding
these oscillations. In this review we address some of the key issues facing researchers in the field. These issues
encompass existing agreements as well as open debates in modern studies of beta band oscillations, including
their defining characteristics, links to clinical symptoms and the functional properties of their formation and
effects on behavior. We address these questions by comparing and contrasting the results of neurophysiological
observations in human patients, MPTP primate model and 6-OHDA rat model with conceptual and computational
models of the normal and parkinsonian basal ganglia. Defining a unifying scheme of beta band oscillations and
their relation to neurophysiological, functional and clinical phenomena will enable future targeting of these oscil-
lations for both diagnosis and treatment of Parkinson's disease.

© 2012 Elsevier Inc. All rights reserved.
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Introduction

James Parkinson first described the motor deficits associated with
the disease which was later named after him almost two centuries
ago. The underlying pathology of Parkinson's disease (PD) is complex
and involves multi-stage neuronal death throughout different parts of
the brain (Braak et al., 2003). However, the primary motor symptoms
of the disorder have been associated specifically with death of the
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dopaminergic neurons of the substantia nigra pars compacta (SNc).
These neurons modulate the activity of the basal ganglia, mostly
through their innervation of the striatum. Loss of these dopaminergic
innervations leads to abnormal processing of the striatal inputs from
the cortex and thalamus and subsequently to changes in neuronal
activity of downstream basal ganglia nuclei; i.e., the globus pallidus
externus and internus (GPe and GPi respectively), the subthalamic
nucleus (STN) and the substantia nigra pars reticulata (SNr). The out-
put of the basal ganglia (efferents of the GPi and SNr) is sent primarily
to the thalamus and from there to the frontal cortex, thus forming the
partially closed cortico-basal ganglia (CBG) loop (Joel andWeiner, 1994).
The anatomical changes in the SNc (Hassler, 1939) and their relation to
dopamine levels in the striatum (Hornykiewicz, 1963) were identified
over half a century ago. However, studies of the neurophysiological
changes underlying the disorder had to wait for the emergence of ani-
mal models of the disorder.

Animal models of parkinsonism focused on lesions to the dopami-
nergic neurons of the nigrostriatal system to mimic the source of the
major motor symptoms. The two dominant models used extensively
in studies of the parkinsonian neurophysiology are the MPTP primate
model and the 6-OHDA rat model. Early studies reported that the
neurotoxin 6-hydroxydopamine (6-OHDA) could be injected directly
to the nigrostriatal pathway to induce a depletion of dopamine in the
ipsilateral side to the injection (Ungerstedt, 1968). This consequently led
to abnormal dopamine dependent turning behavior in the injected rats
(Ungerstedt and Arbuthnott, 1970). Following the accidental discovery
that acute parkinsonism can be induced in human subjects following ex-
posure to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), stud-
ies have shown that its systemic injection to non-human primates
leads to the formation of all the major parkinsonian motor symptoms
(with the possible exception of rest tremor in some species) (Burns et
al., 1983; Fox and Brotchie, 2010). Over the years a multitude of variants
of these two models have been developed which vary, for example, as
regards the site of 6-OHDA injection or the methodology, timing and
amount of MPTP injection. While other models of parkinsonism (such
as genetically manipulated mice models) are currently used in different
research fields, their contribution to neurophysiological studies has
been limited so far and will not be discussed in this review.

The emergence of stereotactic surgery as a palliative treatment for
PD symptoms and the use of microelectrode recording during surgery
have led to an abundance of neurophysiological data recorded in human
patients. The most common types of stereotactic surgeries in PD are ab-
lation (primarily targeting the GPi) or deep brain stimulation (DBS)
electrode placement (primarily in the STN). Neurophysiological data
may be collected either during the procedure itself via the navigation
microelectrode used for better localization of the target nucleus (Levy
et al., 2002b) or postoperatively using the implanted DBS leads (Kuhn
et al., 2009). These recordings constitute a rare opportunity in neurosci-
ence enablingdirect comparison of data frompatients suffering from the
disorder and data from animal models of the same disorder. This makes
both the corroboration of the animal data and the expansion of human
data possible.

Early studies of the neurophysiological changes occurring in the
cortico-basal ganglia loop during parkinsonism dealt primarily with
changes in the mean firing rate within different parts of the pathway
(Albin et al., 1989; DeLong, 1990). Later studies shifted to different
spatial and temporal properties of neuronal activity. Special attention
has been paid to repetitive activity patterns manifested in the temporal
domain as oscillations in the activity of single neurons or large neuronal
populations and in the spatial domain as coherence betweenneurons or
even nuclei.

Over the last few decades oscillations and coherence were shown
to be important features of neural activity in both the normal and ab-
normal states (Buzsaki and Draguhn, 2004; Engel et al., 2001). Histor-
ically, neuronal oscillations are classified according to their frequency
into multiple bands that range from low to high frequencies and are
known as the delta, theta, alpha, beta and gamma bands respectively.
The exact frequency range of each band and their subdivision into
sub-bands varies across studies. Multiple studies have reported oscillato-
ry activity in the cortico-basal ganglia pathway in different frequencies
ranging from ultra-slow (b0.5 Hz) oscillations (Wichmann et al., 2002)
to fast (>100) Hz oscillations (Foffani et al., 2003). However, most stud-
ies of basal ganglia oscillatory activity have centered on the 3–50 Hz
rangewhich classically includes theta, alpha and beta oscillations that in-
crease in their amplitude considerably during parkinsonism. This range
was further subdivided into frequencies classically associated with the
parkinsonian rest tremor (3–7 Hz), and higher frequencies (focusing on
the 10–35 Hz) were termed beta band oscillations (Gatev et al., 2006).

Beta band oscillations have been associated with both cognitive and
motor functions in normal animals and human subjects and have been
hypothesized to play a key role in themaintenance of the current behav-
ioral state (Engel and Fries, 2010). The normal levels of beta oscillations
and synchronization along the cortico-basal ganglia pathway in the nor-
mal state undergo a dramatic increase during parkinsonism. In this re-
view, we will explore these excessive beta band oscillations (BBO) by
addressing some of the key questions faced by researchers of the field.
The questions are divided into three main categories: characterization
of the oscillations in space and time, the relationship of these oscillations
to the manifestation of clinical symptoms and the treatment of these
symptoms, andfinally thepotentialmechanismsof oscillation formation
and their effects on behavior.

Characterization

The term BBO during parkinsonism has been used loosely over the
years to describe a wide range of oscillatory phenomena. Assessing
the clinical and functional significance of these oscillations requires
an initial definition of the properties of these different phenomena
enabling their comparison and potential clustering into a single entity.
The key issues required for defining BBO as a single unique entity are
(1) characterization of the neurophysiological signals displaying BBO,
(2) characterization of the spectral, spatial and temporal properties of
BBO, (3) characterization of the similarities and differences between spe-
cies and between individuals, and (4) the relationship of BBO to
other oscillations expressed during parkinsonism.

Neurophysiological signals displaying BBO

Oscillatory activity may be detected in different neurophysiologi-
cal signals. These signals reflect neuronal activities that have different
functionalities and spatial scope (Moran and Bar-Gad, 2010). The
most local signal is the spiking activity of a single neuron, termed sin-
gle unit activity. When the recorded extracellular signal contains
spikes which cannot be attributed to a single neuron but rather to
multiple neighboring neurons, typically in the radius of b200 μm
(Lemon, 1984), the spike train is termed multiunit activity. Removal
of the large spiking activity from the extracellular signal yields the
background unit activity (BUA) which reflects spiking activity within
a somewhat larger radius. In contrast to all these signals which reflect
the spiking activity of neurons; i.e., neuronal output, slow changes in
the extracellular voltage reflect the sum of (primarily) synaptic activity
around the electrode (Buzsaki et al., 2012); in other words, the neuronal
input to the recorded site at a distance of roughly amillimeter (depending
on properties of the brain area and recording electrode). These slow
changes are termed local field potential (LFP) when recorded inside
the brain. When the same changes are recorded on the cortex they are
termed electrocorticogram (ECoG) and electroencephalogram (EEG)
when recorded on the scalp. These signals reflect the cumulative neuro-
nal input within an area of ~5 mm2 (ECoG) to ~10 cm2 (EEG) (Buzsaki
et al., 2012). These slow signals originate from multiple sources, with
synaptic potential making the largest contribution and other factors
such as fluctuating membrane potentials and even glial cell activity
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contributing to the overall signal. Thus, the different recorded neuro-
physiological signals may reflect either the neuronal input or output
in a specified brain area and a spatial resolution ranging from one neu-
ron to a neuronal population occupying few centimeters (Moran and
Bar-Gad, 2010). During parkinsonism all of these signals may display
BBO, for example: single unit activity (Levy et al., 2002a), multiunit ac-
tivity (Weinberger et al., 2006), BUA (Moran et al., 2008), LFP (Kuhn et
al., 2004), EEG (Silberstein et al., 2005) and ECoG (Crowell et al., 2012;
Mallet et al., 2008b). The BBO data recorded using each of these distinct
methods, although complementary in nature, can yield different results
that represent different neuronal processes affecting the same underly-
ing neuronal tissue (Fig. 1).

Spectral, temporal and spatial characteristics

The spectral definition of BBO was inspired by the historical clas-
sification of oscillations into multiple frequency ranges known as
bands or rhythms. The term beta rhythm was first coined by (Berger,
1930) and the range of frequencies which classically belongs to this
band has a lower bound of 13 Hz and an upper bound at either 30 or
40 Hz (Niedermeyer, 1999). BBO in parkinsonism are generally defined
over an extended range of 8–30 Hz (Brown and Williams, 2005) with
the upper bound extending to 40 Hz in some cases (Rossi et al., 2008).
This more inclusive definition of the beta band in parkinsonism ac-
knowledges the common properties of the oscillations throughout this
larger range which includes most of the band classically defined as the
Raw data

Single unit activity

Background unit activity

Local field potential

A

B

C

D

Fig. 1. Extracellular microelectrode recording and the derived signals displaying BBO. (A) R
trophysiological signals extracted from the same raw data recording. (B) Single unit activity
ing activity of a single unit (red). (C) Background unit activity representing the spiking activ
removal of the unit activity from the high pass filtered raw data (blue) followed by rectificat
synaptic activity and other processes surrounding the electrode tip, is extracted by low pas
alpha band (Berger, 1929; Niedermeyer, 1999). The exact definition of
the BBO frequency band varies to some extent across different studies
and especially across different species, such as 8–35 Hz in PD patients
(Kuhn et al., 2009), 10–15 Hz for NHP (Moran et al., 2012), and 12–
40 Hz in the rat (Avila et al., 2010). The greatest disparity in the defini-
tion of BBO spectral properties across different studies pertains to the
spectral specificity of the oscillations.While some studies have reported
gross changes in themean power of the whole band (Kuhn et al., 2008)
others have observed changes in highly specific frequencies spanning
only 1–2 Hzwithin thewhole range (Moran et al., 2008),with addition-
al intermediate cases (Levy et al., 2000). Observations of differences in
oscillation properties within the beta band have given rise to a division
of the range into sub-ranges with potentially different functional and
clinical implications. One gross division splits BBO into a low beta
band (~10–20 Hz) and a high beta band (~20–30 Hz) (Avila et al.,
2010; Priori et al., 2004), with each sub-band associated with different
clinical symptoms (Avila et al., 2010; Priori et al., 2004). This division
is supported by different studies which found highly specific (i.e. narrow
bandwidth) oscillations of single neurons at either the lowend (8–15 Hz)
(Moran et al., 2008, 2012) or high end (15–30 Hz) of the band (Levy et al.,
2002a).

The temporal properties of BBO tend to be similar across studies.
BBO manifest as coherent oscillations with phase locking for prolonged
periods of time (Levy et al., 2000, 2002a; Moran et al., 2008). Thus, BBO
appear to be related to the overall “tonic” state of parkinsonism rath-
er than to any “phasic” expression of a specific symptom; although
100 ms

aw data recorded from the GPi of NHP rendered parkinsonian using MPTP. (B–D) Elec-
extracted from raw data by high pass filtering (blue), followed by marking of the spik-
ity of small localized subpopulations around the electrode tip. The signal is extracted by
ion and envelope calculation (red). (D) Local field potential, representing integration of
s filtering (red) the raw data (blue).



Table 1
Characteristics of single neuron β band oscillations.

Brain area Human PD MPTP treated NHP 6-OHDA treated rat

Motor cortex – – 15–25 Hz
STN ++ 8–30 Hz ++ 8–15 Hz ++ 20 Hz
GPe + 15–30 Hz + 8–15 Hz + 15-30 Hz
GPi ++ 8–30 Hz ++ 8–15 Hz + 4–18 Hz
Thalamus – – ?
SNr – – ?

++: highly oscillatory, +: oscillatory, –: not oscillatory, ?: unknown.
Human: Chan et al. (2011), Levy et al. (2001, 2002a, 2002b), Magnin et al. (2000),
Moran et al. (2008), Silberstein et al. (2003), Weinberger et al. (2006).
MPTP: Bergman et al. (1994), Guehl et al. (2003), Leblois et al. (2007), Moran et al.
(2012), Nini et al. (1995), Pasquereau and Turner (2011), Raz et al. (2001), Soares et
al. (2004), Tachibana et al. (2011), Wichmann et al. (1999).
6-OHDA: Avila et al. (2010), Magill et al. (2001), Mallet et al. (2008a, 2008b), Ruskin et al.
(2002).
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the oscillations typically vary over long time scales (Moran et al.,
2008; Sen and Dostrovsky, 2007). This contrasts sharply with other
oscillations related to parkinsonism, such as tremor frequency oscilla-
tions, which appear and disappear in synchrony with muscle tremor
(Bergman et al., 1994). Phasic modulation of the power of BBO has
been reported to occur during different behaviors. Desynchronization
in the BBO was observed prior to voluntary movements in normal sub-
jects (Engel and Fries, 2010; Kilner et al., 1999) as well as in parkinso-
nian patients (Kuhn et al., 2004; Levy et al., 2002a; Williams et al.,
2005). Thus, during parkinsonism BBO typically have higher amplitude
than in the normal state but they undergo the samemodulation by vol-
untary movements and behavior.

The spatial distribution of BBO during parkinsonism is non-uniform
onmultiple scales. On themacro-scale, the power of BBOwithin different
nuclei and regions of the CBG pathway is very different; on an interme-
diate scale, different regions within each nucleus oscillate to a different
extent and on the micro scale, single neurons vary in their expression
of BBO. The increase in BBO during parkinsonism is associated with the
whole CGB loop, but not all the nuclei along the loop display similar
levels of BBO activity. The STN and GPi display the highest BBO activity
(Moran et al., 2012), the GPe displays smaller BBO amplitudes (Heimer
et al., 2002; Moran et al., 2012), while in the SNr (Wichmann et al.,
1999), the thalamus (Guehl et al., 2003; Pessiglione et al., 2005) (but
see Xu et al., 2008) andmotor cortex (Pasquereau and Turner, 2011) sin-
gle neuron oscillations are not dominant. Notably, EEG recordings, which
reflect the sumof large volumes of cortical neurons, do display BBO in PD
patients (Brown, 2000; Silberstein et al., 2005). Spectrally, the oscilla-
tions along the CBG loop are similar across the different parts of the
loop. This is evident both from the range of oscillations recorded concur-
rently across different areas (Moran et al., 2012) and the high coherence
between nuclei at both the LFP and single neuron level (Kuhn et al.,
2004; Levy et al., 2002a; Mallet et al., 2008b; Moran et al., 2012, 2012;
Raz et al., 2000; Soares et al., 2004). Themagnitude of BBO and the distri-
bution of oscillating neurons within the same nucleus vary: in the STN
most oscillatory neurons are located in the dorsal (motor) part of the nu-
cleus (Moran et al., 2008; Weinberger et al., 2006; Zaidel et al., 2010).
This spatial–functional distribution is in line with the higher levels of
BBO found in the predominantlymotor GPi compared to the lesser oscil-
latory activity in the classically non-motor SNr (Levy et al., 2002b;
Wichmann et al., 1999). This may hint at the enhancement of BBOmain-
ly along the motor pathway of the CBG loop.

The extent to which exaggerated BBO are expressed within the
same nucleus and functional territory varies greatly according to the
type of recorded signal. The probability of detecting oscillating activ-
ity is largest in the global signals summing large volumes of neurons
(such as the LFP), smaller in the signal summing small populations
(multiunit and background unit activity) and smallest in single neu-
rons. For example, STN LFP recordings display BBO oscillations with
clear peaks in 90% of the patients (Kuhn et al., 2009), STN background
unit activity displays significant oscillatory peaks in half of the recordings
(Moran et al., 2008, 2012) and finally only a fifth to a third of single neu-
rons display beta oscillations (Moran et al., 2008, 2012). The GPi and GPe
display similar signal-related distributions both in PD patients (Levy et
al., 2002b) and MPTP treated NHP (Moran et al., 2012; Tachibana et al.,
2011). Spatially, overlapping data across multiple scales implies that
BBO in parkinsonism are important phenomena throughout the CBG
loop and that its magnitude varies drastically.

Variance across individuals and species

Comparison of BBO across PD patients has revealed that individual
subjects display oscillatory activity which is narrowly concentrated
around a single main frequency, while different subjects display var-
ious oscillation frequencies which are mainly distributed across the
15–30 Hz beta band (Levy et al., 2000). A similar analysis of MPTP
treated NHP (Macaca fascicularis (Moran et al., 2012),Macaca mulatta
(Leblois et al., 2007; Nini et al., 1995; Soares et al., 2004), African
green (Bergman et al., 1994) and Vervet (Raz et al., 2001)) displayed
BBO activity which was concentrated within a narrow 10–15 Hz fre-
quency band (primarily around 12 Hz) across all subjects and species,
in contrast to the relatively large inter-subject variance of PD patients.
The NHP beta band (8–15 Hz) is a subset of the whole human beta
band (8–30 Hz), occupying only the lower part of the band which is
sometimes referred to as “low beta” in human subjects. Some studies
of human patients are in line with this limited beta range at least in
terms of neuronal output activity (Moran et al., 2008; Zaidel et al.,
2010). In contrast to the coherent nature of BBO properties across dif-
ferent species of NHP, there is diversity in the clinical symptoms
displayed during parkinsonism. While all species display severe move-
ment disorders, only the African green and vervet NHP display rest
tremor (Bergman et al., 1994; Raz et al., 2001) and thus also display trem-
or frequency oscillations. Full parkinsonism is induced inNHPs either by a
single set of intramuscular MPTP injections (Bergman et al., 1994; Moran
et al., 2012; Nini et al., 1995; Raz et al., 2001; Soares et al., 2004), or a pro-
gressive dopaminedepletionprocesswhich is achievedbydaily injections
of small doses of MPTP (Leblois et al., 2007). The different induction
methods have not led to differences in the displayed BBO.

In contrast to the consistent characteristics of BBO across MPTP
treated NHPs, 6-OHDA treated rats display a wide spectrum of results.
STN BBO are observed across the 20–30 Hz frequency band (Mallet et al.,
2008b; Sharott et al., 2005). The globus pallidus (GP); which is the rat
homologue of the GPe; also displays BBO over the 15-30 Hz frequency
band with peaks concentrated around 20 Hz (Mallet et al., 2008a). The
entopeduncular (EP) nucleus,which is the rat homologue ofGPi, displays
oscillatory activity across the lower 4–18 Hz frequency band (Ruskin
et al., 2002). Finally, the SNr also exhibits enhanced oscillatory activity
across the beta band 12–25 Hz frequency band (Avila et al., 2010) in
contrast to observations in PD patients and MPTP treated NHP. It may
be possible that the high variability across the different 6-OHDA rat
studies is an outcome of the various recording methods; anesthetized
(Magill et al., 2001; Mallet et al., 2008b), awake immobilized (Ruskin
et al., 2002) and freely moving (Avila et al., 2010; Mallet et al., 2008b).
It has already been shown that the neuronal activity patterns in general
and the appearance of BBO in particular in 6-OHDA treated rats are
dominated by their arousal levels (Mallet et al., 2008a). The spectral
characteristics of the BBO; range and magnitude; across the different
nuclei along the cortico basal ganglia pathway for the different species
are introduced in Table 1.

Relation to other oscillations

The CBG pathway displays oscillatory activity across various fre-
quency bands, in both the normal and parkinsonian states. Spectral
analysis of the oscillatory activity across the cortex in the normal
state reveals two predominant frequency bands which are associated
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with movement: the beta band (classically 13–30 Hz (Engel and Fries,
2010)) and the gamma band (classically 35–90 Hz (Niedermeyer,
1999; Engel and Fries, 2010)). The former is associated with mainte-
nance of the current state (i.e. leading to reduced movement) and the
latter is associatedwith initiation ofmovement (i.e. leading to increased
movement) (Brown, 2003; Engel and Fries, 2010). In the normal state it
is commonly accepted to denote the BBO as antikinetic oscillations and
gamma oscillations as prokinetic oscillations (Brown, 2003). In the nor-
mal state beta band desynchronizationwas observed prior tomovement
(Crone et al., 1998; Miller et al., 2007). The inverse relation between the
beta and gamma bands and their relation to movement are maintained
during parkinsonism (Brown, 2003; Crowell et al., 2012; Engel and Fries,
2010).

During parkinsonism low frequency theta oscillations (4–7 Hz);
which are not observed in the normal state; are associatedwithmuscu-
lar tremor (Bergman et al., 1994; Hutchison et al., 1997), and enhanced
BBO (Brown andWilliams, 2005) are observed across the CBG pathway.
Although the tremor and beta bands do not overlap, the harmonics of the
tremor band can reflect as frequencies classified as BBO in some cases
(e.g. 6 Hz oscillations may manifest at 12 or even 18 Hz) (Wichmann
et al., 1999). These harmonics share both the spatial and temporal
properties of the base tremor frequency. Co-analysis of tremor related
oscillations and BBO showed that the two are uncorrelated (Levy et al.,
2001; Moran et al., 2008) (but see Weinberger et al., 2009) and have
very different temporal and spatial properties. In the temporal domain
tremor oscillations are more intermittent over time (Hurtado et al.,
1999; Moran et al., 2008) whereas BBO are more continuous in nature
(Moran et al., 2008). The relation of BBO to additional oscillation bands
such as very low (b1 Hz) (Wichmann et al., 2002) or very high
(>100 Hz) (Foffani et al., 2003) bands has not been studied yet.

Clinical features

It is commonly accepted that pathological BBO, which are key neuro-
physiological phenomena in PD, are related to the clinical symptoms of
the disease. However, in contrast to tremor band oscillations that are di-
rectly related to parkinsonian tremor (Bergman et al., 1994; Hutchison
et al., 1997), the relations between BBO and parkinsonian clinical symp-
toms or states are far more complex. The key issues associating BBO to
the manifestation of clinical symptoms are as follows: (1) linking exag-
gerated BBO and clinical symptoms during parkinsonism, (2) linking
changes in BBO and treatments of parkinsonism, and (3) establishing a
causal relation between BBO and parkinsonian clinical symptoms.

Relation of BBO to clinical symptoms during parkinsonism

Parkinsonism is characterized by severe motor symptoms includ-
ing bradykinesia, akinesia, rigidity and tremor (Jankovic, 2008) and
by exaggerated BBO compared to the normal state (Kuhn et al.,
2008). Surprisingly, although these neurophysiological and clinical
characteristics are presumed to be correlated, numerous works have
failed to establish a clear relationship between the two during parkin-
sonism. No significant correlations have been found between patients'
overall clinical state, as measured by their Unified Parkinson's Disease
Rating Scale (UPDRS) scores, and the percent of oscillating cells
(Weinberger et al., 2006), LFP oscillations' main frequency (Kuhn et
al., 2009) or LFP power over the 8–35 Hz frequency band (Kuhn et
al., 2009). In addition, no significant correlation was found between
BBO and specific motor symptoms such as bradykinesia, akinesia and
rigidity (Moran et al., 2008). Note that in some cases harmonics of
the tremor band oscillations can be misidentified as BBO due to their
overlapping frequency range, which can lead to correlations between
the activity in the beta band (which is not part of the classic BBO) and
parkinsonian tremor (Wichmann et al., 1999).

The failure to correlate baseline beta oscillatory activity with over-
all clinical state or the manifestation of specific symptoms prompted
the analysis of the relationship between the two over shorter time
scales, and in particular around the time of voluntary movements.
Studies of the relation between BBO during parkinsonism and move-
ment are based on studies in the normal state in which beta activity is
associated with maintenance of motor/behavioral in the steady state.
These studies demonstrate that beta band power increases while the
status quo is maintained, and decreases upon shifting from it (Engel
and Fries, 2010; Kilner et al., 1999). These studies have found that
the STN BBO desynchronize about 200 ms prior to voluntary movement
and resynchronize about 1 s following the end of the movement (Kuhn
et al., 2004;Williams et al., 2005), in linewith cortical EEG results during
normal behavior. Additional evidence in line with these findings is that
when no voluntary movements took place, STN single unit activity
displayed coherent BBO with phase locking for hundreds of seconds
(Levy et al., 2000, 2002a). Taken together, although BBO are a prominent
feature of parkinsonism, no correlation has been found between the BBO
and the general UPDRS score or any of the parkinsonian motor symp-
toms in the baseline state.

BBO during treatment of parkinsonism

The standard treatment for PD symptoms consists of dopamine
related drugs, such as the dopamine precursor levodopa (L-dopa)
(Hornykiewicz, 2010) or dopamine agonists such as apomorphine
(Subramony, 2006). Studies have found that suppression of BBO across
the BGwas observed during elevation of dopamine levels and ameliora-
tion of the clinical motor symptoms (Priori et al., 2004). Furthermore,
improvement in the clinical motor symptoms with the exception of
tremor was found to be correlated with the degree of BBO suppression
(Doyle et al., 2005; Kuhn et al., 2006, 2009) and the percent of oscillat-
ing cells in the baseline state (Weinberger et al., 2006). However, there
are no straightforward relations between the BBO and the clinical state
as evidenced from a study in which partial inhibition of the STN led to
improvement of the clinical symptoms without a suppression of BBO
in the STN (Levy et al., 2001).

An alternative therapeutic intervention in PD is stereotactic surgery
that involves either ablation (primarily targeting the GPi) or implanta-
tion of DBS electrodes (primarily targeting the STN). This intervention
takes place when the dopaminergic treatment is no longer effective or
induces severe side effects such as dyskinesias (Alonso-Frech et al.,
2006). The mechanism underlying the ameliorating effects of high fre-
quency DBS is still largely unknown (Kuhn et al., 2008). The analysis of
the changes that BBO undergo duringDBS is complex due to the large ar-
tifact of the stimulating currents and the interacting effects of the specific
stimulating electrode type and configuration (Carlson et al., 2010; Erez et
al., 2010; Kuhn et al., 2008). Conflicting results have been reported in dif-
ferent studies examining the level of BBO in the STN during DBS. On one
hand itwas reported that thepower of BBOdoes not change significantly
despite the ameliorating effects of DBS (Rossi et al., 2008). On the other
hand, another study reported suppression of beta band power during
DBSwhich returned to its baseline level following the end of stimulation
(Kuhn et al., 2008). Another study on MPTP treated NHPs reported that
during STN DBS the oscillations underwent relatively mild reduction,
but a major decrease in coherence between neurons displaying BBO
across the BG was observed (Moran et al., 2012).

Are the oscillations causal to the symptom?

The relation between BBO and motor symptoms which was histori-
cally based solely on correlative evidence gave rise to the hypothesis
of a causal link between the two. The validation or rebuttal of such a
link has a crucial role in emerging treatment methodologies of the clin-
ical motor symptoms in PD (Tass, 2001). The basis for the assumption of
a causal relation between BBO and clinical symptoms relies extensively
on a set of studies which imposed exaggerated beta band coherent oscil-
lations in the BG and the cortex. Induction of 10 Hz (Timmermann et al.,
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2004) and 20 Hz (Chen et al., 2007; Eusebio et al., 2008) oscillations in
the STN of PD patients through electrical stimulation led to a significant
but subtleworsening of the clinicalmotor symptoms,mainly akinesia. In
addition, boosting 20 Hz cortical oscillations in healthy subjects using
transcranial alternating-current stimulation (tACS) slowed voluntary
movement (Pogosyan et al., 2009). On the other hand, a study of the
progression of BBO and clinical symptomsduring the progressive forma-
tion of parkinsonism in NHP using low doses of MPTP found that the
manifestation of the clinical motor impairments is not dependent on
BBO. This study found that the clinical symptoms appeared several
days prior to the formation of BBO (Leblois et al., 2007). These findings
were corroborated by a computational model suggesting that moderate
dopamine depletion is sufficient to induce clinical motor symptoms
whereas BBO emerge in addition to these clinical symptoms only fol-
lowing high levels of dopamine depletion (Leblois et al., 2006). A
study in PD patients showed that the percent of beta band oscillating
cells is uncorrelated to the clinical state of the patient, but is correlated
to the degree of symptom amelioration upon application of levodopa;
hence pointing on a dissociation between the oscillatory beta band ac-
tivity and the clinical symptoms (Weinberger et al., 2006). An addition-
al study in PD patients following STN DBS; reported on reduced rigidity
without a significant change in the power spectrum across the beta,
gamma and 300 Hz frequency bands; hence, pointing on a dissociation
between the BBO activity and the clinical state (Foffani et al., 2006). Fi-
nally, partial inhibition of the STN in PD patients led to an improvement
of the clinical symptomswithout a suppression of BBO (Levy et al., 2001).
Thus, there are currently seemingly conflicting findings regarding the
existence of a causal relation between BBO and clinical motor symptoms
in PD. Due to the major implications of this key issue on PD research and
treatment, further physiological, theoretical and clinical research is need-
ed to identify a unifying mechanism consistent with all these findings.

Functionality

Comparative anatomy of the basal ganglia demonstrates that these
nuclei are well preserved across vertebrate species (Reiner, 2009).
However, despite accumulating pharmacological, physiological and
anatomical data, their role in the normal state and their effect in differ-
ent BG-related pathologies are still unclear. Currently the leading BG
model is still the classical rate based model introduced more than
20 years ago (Albin et al., 1989; DeLong, 1990), which fails to address
temporal changes in the neuronal activity such as oscillations and
coherence. In order to shed light on the functionality aspects of thefind-
ings presented in the previous sections, two key issues should be
addressed: (1) the mechanism underlying the formation of BBO and
(2) themechanism bywhich BBOmay result in abnormal behavior dur-
ing parkinsonism.

Mechanism of BBO formation

The underlying mechanism of BBO formation during parkinsonism
is still unclear. The nature of BBO requires their definition in a dynamic,
time varying nature,which contrastswith the current staticmodulatory
perception of the ‘box and arrow’ model of the CBG loop. Multiple hy-
potheses have been put forward over the years which were supported
primarily by theoretical models and computational studies. The com-
mon denominator underlying all these models is that the presumed
source of BBO formation is within the basal ganglia nuclei and from
this source they propagate downstream to the thalamus and conse-
quently to the cortex. This is consistent with the experimental findings
of increased BBOwithin the BG during parkinsonism relative to the rest
of the CBG pathway, across multiple neuronal signal types. Moreover,
the existence of BBO in EEG recordings but not in single units may
hint to their nature as input signals to the cortex rather than output of
the cortical system. The leading theory of oscillation formation is
based on the massive reciprocal and opposing connectivity between
the STN and GPe; namely, STN inhibition by GABAergic GPe projections
and GPe excitation by glutamatergic STN projections (Bevan et al.,
2002). Theoretical studies of such feedback loops have shown that
this structure is prone to oscillatory unstable activity. In-vitro studies
of brain cultures demonstrated the formation of pace making activity
using the feedback between the STN and GPe (Plenz and Kital, 1999)
which may be achieved in isolation from other synaptic inputs. The
involvement of these two major components of the BG indirect path-
way in oscillation formation was also demonstrated computationally
(Terman et al., 2002). The formation of oscillations within the STN–
GPe network has been associated with multiple potential factors:
increased coupling of the GPe–STN (Magill et al., 2001), increased cou-
pling within the STN (Gillies et al., 2002), a short time constant of neu-
ronal reaction (Holgado et al., 2010), and an increase of synaptic input
from the striatum to the GPe (Kumar et al., 2011). Notably another
model implicated different parts of the cortico-basal ganglia pathway:
Leblois et al. (2006) demonstrated computationally that the dopamine
induced imbalance between the competing direct and hyperdirect
pathways is potentially capable of forming oscillatory activity. In this
model the indirect pathway and consequently the GPe–STN interaction
do not play a primary role in oscillation formation.

Mechanisms of BBO effect on behavior

The actual mechanism by which BBO in the basal ganglia during
parkinsonism affect behavior has been addressed using two major
modeling approaches: conceptual modeling of the BBO effect based
on an analogy to their apparent effect in normal behavior and compu-
tational modeling of the BBO effect based on the modulation exerted
by the BG on neuronal activity downstream. Recently, BBO have been
associated with the role of maintaining the status quo; i.e., mainte-
nance of the current state (Engel and Fries, 2010). According to this
conceptual model, high BBO levels signal that the current state should
be maintained while low BBO levels signal that a change of state is
about to occur. This notion is supported by linking enhanced cortical
beta oscillations to posture maintenance and to the absence of move-
ment (Gilbertson et al., 2005). In this context the enhanced BBO ob-
served during parkinsonism constantly signal to the rest of the brain
to maintain the current state and reduce shifts to different behaviors,
resulting in akinesia and bradykinesia. Other disorders have been asso-
ciated with abnormal neuronal activity along the CBG pathway. En-
hanced BBO is a feature of some of these pathologies. In dystonia, BBO
are observed across the basal ganglia, in both LFP and single unit activity
(Schrock et al., 2009; Weinberger et al., 2012) and typically occupy a
lower frequency band (8–20 Hz) (Weinberger et al., 2012). PD patients
display a significantly higher level of single unit oscillatory activity
(Schrock et al., 2009; Weinberger et al., 2012) and coherence between
single unit and LFP activity (Weinberger et al., 2012) than dystonia pa-
tients. In contrast, studies in Tourette syndrome patients (Marceglia et
al., 2010) and in the NHP model of the disorder (McCairn et al., 2009)
have not observed BBO. Thus, although BBOmay bemore broadly asso-
ciatedwithmovement abnormalities, theirmanifestation during PD ap-
pears to be the most pronounced.

The mechanism by which such oscillations in sub-cortical areas af-
fect behavior, presumably through the thalamus and cortex, is still
unclear and is studied primarily using computational models of the
CBG pathway. These models rely on the accumulated anatomical and
physiological data demonstrating that the output of the basal ganglia
controls thalamo-cortical transmission using a disinhibitionmechanism
(Deniau and Chevalier, 1985). Oscillations in the output neurons of the
basal ganglia lead to reduced fidelity of information transmission by
thalamo-cortical neurons (Rubin and Terman, 2004). The correlated os-
cillatory activity in the GPi may in turn increase the thalamic correla-
tions, thereby decreasing the information transmission (Reitsma et al.,
2011). The reduced fidelity of thalamo-cortical information transmis-
sion combined with the reduced information capacity of the basal
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ganglia during parkinsonism (Bar-Gad et al., 2003) may prevent the re-
quired information for making a behavioral choice from reaching the
frontal cortex.

Summary

The abundance of data relating to BBO in recent years from record-
ings in both human PD patients and animal models of the disorder
has greatly increased our understanding of these oscillations. These
complementary data collected by using multiple methods and species
have led to a widespread consensus concerning some BBO properties,
provided insufficient data on others and have left some issues under
intense debate. There is a general agreement that BBO form a single
group of phenomena which share a common basis. These oscillations,
which are manifested in a differential way throughout the CBG loop,
are correlated with the overall parkinsonian state but do not directly
reflect the severity of any of the symptoms or their combination. The
oscillations decrease drastically during different treatments of parkin-
sonism such as dopaminergic medication or high frequency DBS. Unlike
these well-established agreements, other issues are still lacking conclu-
sive evidence: both the mechanism of the formation of BBO and the
mechanism of their effect are currently addressed primarily by concep-
tual and computational models but there is little experimental data to
support any theory. Other properties of BBO have been the subject of
implicit or explicit debate over the last few years such as conflicting
data on the frequency range of BBO and their subdivision into different
sub-bands has received conflicting evidence. Most importantly, the
causal relationship between BBO and clinical symptoms remains elusive
with some studies demonstrating that imposing oscillations leads di-
rectly to some parkinsonian symptoms while others note the formation
of such symptoms without noticeable BBO. This key question will ulti-
mately decide the fate of BBO as either a key pathology of Parkinson's dis-
ease or an epiphenomenon of the disease.

Acknowledgments

We thank A. Moran and H. Tischler for sample data recordings and
M. Bronfeld for helpful comments on this manuscript. This study was
funded in part by a Legacy Heritage Biomedical Programof the ISF grant
(981-10).

References

Albin, R.L., Young, A.B., Penney, J.B., 1989. The functional anatomy of basal ganglia dis-
orders. Trends Neurosci. 12, 366–375.

Alonso-Frech, F., Zamarbide, I., Alegre, M., Rodriguez-Oroz, M.C., Guridi, J., Manrique, M.,
Valencia, M., Artieda, J., Obeso, J.A., 2006. Slow oscillatory activity and levodopa-
induced dyskinesias in Parkinson's disease. Brain 129, 1748–1757.

Avila, I., Parr-Brownlie, L.C., Brazhnik, E., Castaneda, E., Bergstrom, D.A., Walters, J.R.,
2010. Beta frequency synchronization in basal ganglia output during rest and
walk in a hemiparkinsonian rat. Exp. Neurol. 221, 307–319.

Bar-Gad, I., Morris, G., Bergman, H., 2003. Information processing, dimensionality reduc-
tion and reinforcement learning in the basal ganglia. Prog. Neurobiol. 71, 439–473.

Berger, H., 1929. Uber das Elektrenkephalogramm des Menschen. Arch. Psychiatr. 87,
527–570.

Berger, H., 1930. Uber das Elektrenkephalogramm des Menschen. Zweite Mitteilung.
J. Psychol. Neurol. 40, 169–170.

Bergman, H., Wichmann, T., Karmon, B., DeLong, M.R., 1994. The primate subthalamic
nucleus. II. Neuronal activity in the MPTP model of parkinsonism. J. Neurophysiol.
72, 507–520.

Bevan, M.D., Magill, P.J., Terman, D., Bolam, J.P., Wilson, C.J., 2002. Move to the rhythm:
oscillations in the subthalamic nucleus-external globus pallidus network. Trends
Neurosci. 25, 525–531.

Braak, H., Del, T.K., Rub, U., de Vos, R.A., Jansen Steur, E.N., Braak, E., 2003. Staging
of brain pathology related to sporadic Parkinson's disease. Neurobiol. Aging 24,
197–211.

Brown, P., 2000. Cortical drives to human muscle: the Piper and related rhythms. Prog.
Neurobiol. 60, 97–108.

Brown, P., 2003. Oscillatory nature of human basal ganglia activity: relationship to the
pathophysiology of Parkinson's disease. Mov. Disord. 18, 357–363.

Brown, P., Williams, D., 2005. Basal ganglia local field potential activity: character and
functional significance in the human. Clin. Neurophysiol. 116, 2510–2519.
Burns, R.S., Chiueh, C.C., Markey, S.P., Ebert, M.H., Jacobowitz, D.M., Kopin, I.J., 1983. A
primate model of parkinsonism: selective destruction of dopaminergic neurons
in the pars compacta of the substantia nigra by N-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine. Proc. Natl. Acad. Sci. U. S. A. 80, 4546–4550.

Buzsaki, G., Draguhn, A., 2004. Neuronal oscillations in cortical networks. Science 304,
1926–1929.

Buzsaki, G., Anastassiou, C.A., Koch, C., 2012. The origin of extracellular fields and currents—
EEG, ECoG, LFP and spikes. Nat. Rev. Neurosci. 13, 407–420.

Carlson, J.D., Cleary, D.R., Cetas, J.S., Heinricher, M.M., Burchiel, K.D., 2010. Deep brain
stimulation (DBS) does not silence neurons in subthalamic nucleus in Parkinson's
patients. J. Neurophysiol. 103, 962–967.

Chan, V., Starr, P.A., Turner, R.S., 2011. Bursts and oscillations as independent properties
of neural activity in the parkinsonian globus pallidus internus. Neurobiol. Dis. 41,
2–10.

Chen, C.C., Litvak, V., Gilbertson, T., Kuhn, A., Lu, C.S., Lee, S.T., Tsai, C.H., Tisch, S.,
Limousin, P., Hariz, M., Brown, P., 2007. Excessive synchronization of basal ganglia
neurons at 20 Hz slows movement in Parkinson's disease. Exp. Neurol. 205, 214–221.

Crone, N.E., Miglioretti, D.L., Gordon, B., Lesser, R.P., 1998. Functional mapping of human
sensorimotor cortex with electrocorticographic spectral analysis. II. Event-related
synchronization in the gamma band. Brain 121 (Pt 12), 2301–2315.

Crowell, A.L., Ryapolova-Webb, E.S., Ostrem, J.L., Galifianakis, N.B., Shimamoto, S., Lim,
D.A., Starr, P.A., 2012. Oscillations in sensorimotor cortex in movement disorders:
an electrocorticography study. Brain 135, 615–630.

DeLong, M.R., 1990. Primate models of movement disorders of basal ganglia origin.
Trends Neurosci. 13, 281–285.

Deniau, J.M., Chevalier, G., 1985. Disinhibition as a basic process in the expression of
striatal functions. II. The striato-nigral influence on thalamocortical cells of the
ventromedial thalamic nucleus. Brain Res. 334, 227–233.

Doyle, L.M.F., Kuhn, A.A., Hariz, M., Kupsch, A., Schneider, G.H., Brown, P., 2005. Levodopa-
inducedmodulation of subthalamic beta oscillations during self-pacedmovements in
patients with Parkinson's disease. Eur. J. Neurosci. 21, 1403–1412.

Engel, A.K., Fries, P., 2010. Beta-band oscillations — signalling the status quo? Curr. Opin.
Neurobiol. 20, 156–165.

Engel, A.K., Fries, P., Singer, W., 2001. Dynamic predictions: oscillations and synchrony
in top-down processing. Nat. Rev. Neurosci. 2, 704–716.

Erez, Y., Tischler, H., Moran, A., Bar-Gad, I., 2010. Generalized framework for stimulus
artifact removal. J. Neurosci. Methods 191, 45–59.

Eusebio, A., Chen, C.C., Lu, C.S., Lee, S.T., Tsai, C.H., Limousin, P., Hariz, M., Brown, P.,
2008. Effects of low-frequency stimulation of the subthalamic nucleus on move-
ment in Parkinson's disease. Exp. Neurol. 209, 125–130.

Foffani, G., Priori, A., Egidi, M., Rampini, P., Tamma, F., Caputo, E., Moxon, K.A., Cerutti,
S., Barbieri, S., 2003. 300-Hz subthalamic oscillations in Parkinson's disease. Brain
126, 2153–2163.

Foffani, G., Ardolino, G., Egidi, M., Caputo, E., Bossi, B., Priori, A., 2006. Subthalamic os-
cillatory activities at beta or higher frequency do not change after high-frequency
DBS in Parkinson's disease. Brain Res. Bull. 69, 123–130.

Fox, S.H., Brotchie, J.M., 2010. The MPTP-lesioned non-human primate models of
Parkinson's disease. Past, present, and future. Prog. Brain Res. 184, 133–157.

Gatev, P., Darbin, O., Wichmann, T., 2006. Oscillations in the basal ganglia under normal
conditions and in movement disorders. Mov. Disord. 21, 1566–1577.

Gilbertson, T., Lalo, E., Doyle, L., Di Lazzaro, V., Cioni, B., Brown, P., 2005. Existing motor
state is favored at the expense of new movement during 13–35 Hz oscillatory syn-
chrony in the human corticospinal system. J. Neurosci. 25, 7771–7779.

Gillies, A., Willshaw, D., Li, Z., 2002. Subthalamic-pallidal interactions are critical in deter-
mining normal and abnormal functioning of the basal ganglia. Proc. Biol. Sci. 269,
545–551.

Guehl, D., Pessiglione, M., Francois, C., Yelnik, J., Hirsch, E.C., Feger, J., Tremblay, L., 2003.
Tremor-related activity of neurons in the ‘motor’ thalamus: changes in firing rate and
pattern in the MPTP vervet model of parkinsonism. Eur. J. Neurosci. 17, 2388–2400.

Hassler, R., 1939. Zur pathologischen anatomie des senilen und des parkinsonistischen
tremor. J. Psychol. Neurol. 13–15.

Heimer, G., Bar-Gad, I., Goldberg, J.A., Bergman, H., 2002. Dopamine replacement therapy re-
verses abnormal synchronization of pallidal neurons in the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine primate model of parkinsonism. J. Neurosci. 22, 7850–7855.

Holgado, A.J., Terry, J.R., Bogacz, R., 2010. Conditions for the generation of beta oscillations
in the subthalamic nucleus-globus pallidus network. J. Neurosci. 30, 12340–12352.

Hornykiewicz, O., 1963. The tropical localization and content of noradrenalin and do-
pamine (3-hydroxytyramine) in the substantia nigra of normal persons and pa-
tients with Parkinson's disease. Wien. Klin. Wochenschr. 75, 309–312.

Hornykiewicz, O., 2010. A brief history of levodopa. J. Neurol. 257, S249–S252.
Hurtado, J.M., Gray, C.M., Tamas, L.B., Sigvardt, K.A., 1999. Dynamics of tremor-related

oscillations in the human globus pallidus: a single case study. Proc. Natl. Acad. Sci.
U. S. A. 96, 1674–1679.

Hutchison, W.D., Lozano, A.M., Tasker, R.R., Lang, A.E., Dostrovsky, J.O., 1997. Identifica-
tion and characterization of neurons with tremor-frequency activity in human
globus pallidus. Exp. Brain Res. 113, 557–563.

Jankovic, J., 2008. Parkinson's disease: clinical features and diagnosis. J. Neurol. Neurosurg.
Psychiatry 79, 368–376.

Joel, D., Weiner, I., 1994. The organization of the basal ganglia-thalamocortical circuits:
open interconnected rather than closed segregated. Neuroscience 63, 363–379.

Kilner, J.M., Baker, S.N., Salenius, S., Jousmaki, V., Hari, R., Lemon, R.N., 1999. Task-dependent
modulation of 15–30 Hz coherence between rectified EMGs from human hand and
forearm muscles. J. Physiol. 516 (Pt 2), 559–570.

Kuhn, A.A., Williams, D., Kupsch, A., Limousin, P., Hariz, M., Schneider, G.H., Yarrow, K.,
Brown, P., 2004. Event-related beta desynchronization in human subthalamic nucleus
correlates with motor performance. Brain 127, 735–746.



59E. Stein, I. Bar-Gad / Experimental Neurology 245 (2013) 52–59
Kuhn, A.A., Kupsch, A., Schneider, G.H., Brown, P., 2006. Reduction in subthalamic 8–35
Hz oscillatory activity correlates with clinical improvement in Parkinson's disease.
Eur. J. Neurosci. 23, 1956–1960.

Kuhn, A.A., Kempf, F., Brucke, C., Gaynor, D.L., Martinez-Torres, I., Pogosyan, A.,
Trottenberg, T., Kupsch, A., Schneider, G.H., Hariz, M.I., Vandenberghe, W., Nuttin, B.,
Brown, P., 2008. High-frequency stimulation of the subthalamic nucleus suppresses
oscillatory beta activity in patients with Parkinson's disease in parallel with improve-
ment in motor performance. J. Neurosci. 28, 6165–6173.

Kuhn, A.A., Tsui, A., Aziz, T., Ray, N., Brucke, C., Kupsch, A., Schneider, G.H., Brown, P.,
2009. Pathological synchronisation in the subthalamic nucleus of patients with
Parkinson's disease relates to both bradykinesia and rigidity. Exp. Neurol. 215, 380–387.

Kumar, A., Cardanobile, S., Rotter, S., Aertsen, A., 2011. The role of inhibition in gener-
ating and controlling Parkinson's disease oscillations in the basal ganglia. Front.
Syst. Neurosci. 5, 86.

Leblois, A., Boraud, T., Meissner, W., Bergman, H., Hansel, D., 2006. Competition be-
tween feedback loops underlies normal and pathological dynamics in the basal
ganglia. J. Neurosci. 26, 3567–3583.

Leblois, A., Meissner, W., Bioulac, B., Gross, C.E., Hansel, D., Boraud, T., 2007. Late emer-
gence of synchronized oscillatory activity in the pallidum during progressive Par-
kinsonism. Eur. J. Neurosci. 26, 1701–1713.

Lemon, R.N., 1984. Methods for Neuronal Recording in Conscious Animals. Wiley, New York.
Levy, R., Hutchison, W.D., Lozano, A.M., Dostrovsky, J.O., 2000. High-frequency syn-

chronization of neuronal activity in the subthalamic nucleus of parkinsonian pa-
tients with limb tremor. J. Neurosci. 20, 7766–7775.

Levy, R., Lang, A.E., Dostrovsky, J.O., Pahapill, P., Romas, J., Saint-Cyr, J., Hutchison, W.D.,
Lozano, A.M., 2001. Lidocaine and muscimol microinjections in subthalamic nucleus
reverse Parkinsonian symptoms. Brain 124, 2105–2118.

Levy, R., Ashby, P., Hutchison, W.D., Lang, A.E., Lozano, A.M., Dostrovsky, J.O., 2002a.
Dependence of subthalamic nucleus oscillations on movement and dopamine in
Parkinson's disease. Brain 125, 1196–1209.

Levy, R., Hutchison, W.D., Lozano, A.M., Dostrovsky, J.O., 2002b. Synchronized neuronal
discharge in the basal ganglia of parkinsonian patients is limited to oscillatory ac-
tivity. J. Neurosci. 22, 2855–2861.

Magill, P.J., Bolam, J.P., Bevan, M.D., 2001. Dopamine regulates the impact of the cere-
bral cortex on the subthalamic nucleus-globus pallidus network. Neuroscience
106, 313–330.

Magnin, M., Morel, A., Jeanmonod, D., 2000. Single-unit analysis of the pallidum, thalamus
and subthalamic nucleus in parkinsonian patients. Neuroscience 96, 549–564.

Mallet, N., Pogosyan, A., Marton, L.F., Bolam, J.P., Brown, P., Magill, P.J., 2008a. Parkinsonian
beta oscillations in the external globus pallidus and their relationship with subthalamic
nucleus activity. J. Neurosci. 28, 14245–14258.

Mallet, N., Pogosyan, A., Sharott, A., Csicsvari, J., Bolam, J.P., Brown, P., Magill, P.J.,
2008b. Disrupted dopamine transmission and the emergence of exaggerated beta
oscillations in subthalamic nucleus and cerebral cortex. J. Neurosci. 28, 4795–4806.

Marceglia, S., Servello, D., Foffani, G., Porta, M., Sassi, M., Mrakic-Sposta, S., Rosa, M.,
Barbieri, S., Priori, A., 2010. Thalamic single-unit and local field potential activity
in Tourette syndrome. Mov. Disord. 25, 300–308.

McCairn, K.W., Bronfeld, M., Belelovsky, K., Bar-Gad, I., 2009. The neurophysiological
correlates of motor tics following focal striatal disinhibition. Brain 132, 2125–2138.

Miller, K.J., Leuthardt, E.C., Schalk, G., Rao, R.P., Anderson, N.R., Moran, D.W., Miller,
J.W., Ojemann, J.G., 2007. Spectral changes in cortical surface potentials during
motor movement. J. Neurosci. 27, 2424–2432.

Moran, A., Bar-Gad, I., 2010. Revealing neuronal functional organization through the
relation between multi-scale oscillatory extracellular signals. J. Neurosci. Methods
186, 116–129.

Moran, A., Bergman, H., Israel, Z., Bar-Gad, I., 2008. Subthalamic nucleus functional or-
ganization revealed by parkinsonian neuronal oscillations and synchrony. Brain
131, 3395–3409.

Moran, A., Stein, E., Tischler, H., Bar-Gad, I., 2012. Decoupling neuronal oscillations during
subthalamic nucleus stimulation in the parkinsonian primate. Neurobiol. Dis. 45,
583–590.

Niedermeyer, E., 1999. The normal EEG of the waking adult. Electroencephalography:
Basic Principles, Clinical Applications, and Related Fields. Lippincott Williams and
Wilkins, pp. 149–173.

Nini, A., Feingold, A., Slovin, H., Bergman, H., 1995. Neurons in the globus pallidus do
not show correlated activity in the normal monkey, but phase-locked oscillations
appear in the MPTP model of parkinsonism. J. Neurophysiol. 74, 1800–1805.

Pasquereau, B., Turner, R.S., 2011. Primary motor cortex of the parkinsonian monkey:
differential effects on the spontaneous activity of pyramidal tract-type neurons.
Cereb. Cortex 21, 1362–1378.

Pessiglione, M., Guehl, D., Rolland, A.S., Francois, C., Hirsch, E.C., Feger, J., Tremblay, L.,
2005. Thalamic neuronal activity in dopamine-depleted primates: evidence for a
loss of functional segregationwithin basal ganglia circuits. J. Neurosci. 25, 1523–1531.

Plenz, D., Kital, S.T., 1999. A basal ganglia pacemaker formed by the subthalamic nucleus
and external globus pallidus. Nature 400, 677–682.

Pogosyan, A., Gaynor, L.D., Eusebio, A., Brown, P., 2009. Boosting cortical activity at
beta-band frequencies slows movement in humans. Curr. Biol. 19, 1637–1641.

Priori, A., Foffani, G., Pesenti, A., Tamma, F., Bianchi, A.M., Pellegrini, M., Locatelli, M.,
Moxon, K.A., Villani, R.M., 2004. Rhythm-specific pharmacological modulation of
subthalamic activity in Parkinson's disease. Exp. Neurol. 189, 369–379.
Raz, A., Vaadia, E., Bergman, H., 2000. Firing patterns and correlations of spontaneous
discharge of pallidal neurons in the normal and the tremulous 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine vervetmodel of parkinsonism. J. Neurosci. 20, 8559–8571.

Raz, A., Frechter-Mazar, V., Feingold, A., Abeles, M., Vaadia, E., Bergman, H., 2001. Activity
of pallidal and striatal tonically active neurons is correlated in MPTP-treated mon-
keys but not in normal monkeys. J. Neurosci. 21, RC128.

Reiner, A., 2009. You cannot have a vertebrate brain without a basal ganglia. In: Henk,
J.G., Henk, W.B., Alexander, R.C., Pieter, Voorn, Mulder, Antonius B. (Eds.), The Basal
Ganglia IX. Springer, pp. 3–24.

Reitsma, P., Doiron, B., Rubin, J.E., 2011. Correlation transfer from basal ganglia to thalamus
in Parkinson's disease. Front. Comput. Neurosci. 5.

Rossi, L., Marceglia, S., Foffani, G., Cogiamanian, F., Tamma, F., Rampini, P., Barbieri, S.,
Bracchi, F., Priori, A., 2008. Subthalamic local field potential oscillations during on-
going deep brain stimulation in Parkinson's disease. Brain Res. Bull. 76, 512–521.

Rubin, J.E., Terman, D., 2004. High frequency stimulation of the subthalamic nucleus
eliminates pathological thalamic rhythmicity in a computational model. J. Comput.
Neurosci. 16, 211–235.

Ruskin, D.N., Bergstrom, D.A., Walters, J.R., 2002. Nigrostriatal lesion and dopamine agonists
affect firing patterns of rodent entopeduncular nucleus neurons. J. Neurophysiol. 88,
487–496.

Schrock, L.E., Ostrem, J.L., Turner, R.S., Shimamoto, S.A., Starr, P.A., 2009. The subthalamic
nucleus in primary dystonia: single-unit discharge characteristics. J. Neurophysiol.
102, 3740–3752.

Sen, A., Dostrovsky, J., 2007. Evidence of intermittency in the local field potentials
recorded from patients with Parkinson's disease: a wavelet-based approach.
Comput. Math. Methods Med. 8, 165–171.

Sharott, A., Magill, P.J., Harnack, D., Kupsch, A., Meissner, W., Brown, P., 2005. Dopamine
depletion increases the power and coherence of beta-oscillations in the cerebral
cortex and subthalamic nucleus of the awake rat. Eur. J. Neurosci. 21, 1413–1422.

Silberstein, P., Kuhn, A.A., Kupsch, A., Trottenberg, T., Krauss, J.K., Wohrle, J.C., Mazzone, P.,
Insola, A., Di Lazzaro, V., Oliviero, A., Aziz, T., Brown, P., 2003. Patterning of globus
pallidus local field potentials differs between Parkinson's disease and dystonia.
Brain 126, 2597–2608.

Silberstein, P., Pogosyan, A., Kuhn, A.A., Hotton, G., Tisch, S., Kupsch, A., Dowsey-
Limousin, P., Hariz, M.I., Brown, P., 2005. Cortico-cortical coupling in Parkinson's
disease and its modulation by therapy. Brain 128, 1277–1291.

Soares, J., Kliem, M.A., Betarbet, R., Greenamyre, J.T., Yamamoto, B., Wichmann, T.,
2004. Role of external pallidal segment in primate parkinsonism: comparison of
the effects of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced parkinsonism
and lesions of the external pallidal segment. J. Neurosci. 24, 6417–6426.

Subramony, J.A., 2006. Apomorphine in dopaminergic therapy. Mol. Pharm. 3, 380–385.
Tachibana, Y., Iwamuro, H., Kita, H., Takada, M., Nambu, A., 2011. Subthalamo-pallidal

interactions underlying Parkinsonian neuronal oscillations in the primate basal
ganglia. Eur. J. Neurosci. 34, 1470–1484.

Tass, P.A., 2001. Desynchronizing double-pulse phase resetting and application to deep
brain stimulation. Biol. Cybern. 85, 343–354.

Terman, D., Rubin, J.E., Yew, A.C., Wilson, C.J., 2002. Activity patterns in a model for the
subthalamopallidal network of the basal ganglia. J. Neurosci. 22, 2963–2976.

Timmermann, L.,Wojtecki, L., Gross, J., Lehrke, R., Voges, J., Maarouf, M., Treuer, H., Sturm, V.,
Schnitzler, A., 2004. Ten-Hertz stimulation of subthalamic nucleus deteriorates motor
symptoms in Parkinson's disease. Mov. Disord. 19, 1328–1333.

Ungerstedt, U., 1968. 6-Hydroxy-dopamine induced degeneration of central mono-
amine neurons. Eur. J. Pharmacol. 5, 107–110.

Ungerstedt, U., Arbuthnott, G.W., 1970. Quantitative recording of rotational behavior in
rats after 6-hydroxy-dopamine lesions of the nigrostriatal dopamine system. Brain
Res. 24, 485–493.

Weinberger, M., Mahant, N., Hutchison,W.D., Lozano, A.M., Moro, E., Hodaie, M., Lang, A.E.,
Dostrovsky, J.O., 2006. Beta oscillatory activity in the subthalamic nucleus and its rela-
tion to dopaminergic response in Parkinson's disease. J. Neurophysiol. 96, 3248–3256.

Weinberger, M., Hutchison, W.D., Lozano, A.M., Hodaie, M., Dostrovsky, J.O., 2009. In-
creased gamma oscillatory activity in the subthalamic nucleus during tremor in
Parkinson's disease patients. J. Neurophysiol. 101, 789–802.

Weinberger, M., Hutchison, W.D., Alavi, M., Hodaie, M., Lozano, A.M., Moro, E.,
Dostrovsky, J.O., 2012. Oscillatory activity in the globus pallidus internus: compar-
ison between Parkinson's disease and dystonia. Clin. Neurophysiol. 123, 358–368.

Wichmann, T., Bergman, H., Starr, P.A., Subramanian, T., Watts, R.L., DeLong, M.R., 1999.
Comparison of MPTP-induced changes in spontaneous neuronal discharge in the
internal pallidal segment and in the substantia nigra pars reticulata in primates.
Exp. Brain Res. 125, 397–409.

Wichmann, T., Kliem, M.A., Soares, J., 2002. Slow oscillatory discharge in the primate
basal ganglia. J. Neurophysiol. 87, 1145–1148.

Williams, D., Kuhn, A., Kupsch, A., Tijssen, M., Van Bruggen, G, Speelman, H., Hotton,
G., Loukas, C., Brown, P., 2005. The relationship between oscillatory activity and
motor reaction time in the parkinsonian subthalamic nucleus. Eur. J. Neurosci. 21,
249–258.

Xu, W., Russo, G.S., Hashimoto, T., Zhang, J., Vitek, J.L., 2008. Subthalamic nucleus stim-
ulation modulates thalamic neuronal activity. J. Neurosci. 28, 11916–11924.

Zaidel, A., Spivak, A., Grieb, B., Bergman, H., Israel, Z., 2010. Subthalamic span of beta
oscillations predicts deep brain stimulation efficacy for patients with Parkinson's
disease. Brain 133, 2007–2021.


	Beta oscillations in the cortico-basal ganglia loop during parkinsonism
	Introduction
	Characterization
	Neurophysiological signals displaying BBO
	Spectral, temporal and spatial characteristics
	Variance across individuals and species
	Relation to other oscillations

	Clinical features
	Relation of BBO to clinical symptoms during parkinsonism
	BBO during treatment of parkinsonism
	Are the oscillations causal to the symptom?

	Functionality
	Mechanism of BBO formation
	Mechanisms of BBO effect on behavior

	Summary
	Acknowledgments
	References


