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Oscillations form a ubiquitous feature of the central nervous system. Evidence is accruing from cortical and
sub-cortical recordings that these rhythms may be functionally important, although the precise details of
their roles remain unclear. The basal ganglia share this predilection for rhythmic activity which, as we see
in Parkinson's disease, becomes further enhanced in the dopamine depleted state. While certain cortical
rhythms appear to penetrate the basal ganglia, others are transformed or blocked. Here, we discuss the func-
tional association of oscillations in the basal ganglia and their relationship with cortical activity. We further
explore the neural underpinnings of such oscillatory activity, including the important balance to be struck be-
tween facilitating information transmission and limiting information coding capacity. Finally, we introduce
the notion that synchronised oscillatory activity can be broadly categorised as immutability promoting
rhythms that reinforce incumbent processes, and mutability promoting rhythms that favour novel
processing.

© 2013 Elsevier Inc. All rights reserved.
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Introduction

Oscillations form a ubiquitous feature of the central nervous system.
Evidence is accruing from cortical and sub-cortical recordings that these
rhythms may be functionally important, although the precise details of
their roles remain unclear. The basal ganglia share this predilection for
rhythmic activitywhich, aswe see inParkinson's disease, becomes further
enhanced in the dopamine depleted state. While certain cortical rhythms
n).
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appear to penetrate the basal ganglia, others are transformed or blocked.
Here, we discuss the functional association of oscillations in the basal
ganglia and their relationship with cortical activity.
Anatomical substrate

The basal ganglia consist of several parallel, homologous but func-
tionally distinct loops that connect cortical limbic, oculomotor, prefrontal
and motor territories (Nambu, 2008). We will focus predominantly on
themotor loops— a series of circuits evolved for the control of voluntary
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movements (Fig. 1A). Convergence of motor projections from cortical
territories occurs at the striatal level, with segregated circuits projecting
through globus pallidus and substantia nigra to thalamic and brainstem
(reticular) nuclei (Kaneda et al., 2002; Nambu, 2008). By far the most
dominant source of synaptic inputs to the striatum comes from the
corticostriatal pathways (Ingham et al., 1998; Mathai and Smith, 2011;
Raju et al., 2008), where cortical afferents directly innervate the output
cells of striatum — the medium spiny neurons (MSNs). A major ascend-
ing input onto the MSNs is dopaminergic and arises from the substantia
nigra pars compacta. MSNs can be divided into those which express
dopamine D1-class receptors and project to the globus pallidus pars
interna (GPi), and those which express dopamine D2-class receptors
and project to the globus pallidus pars externa (GPe). Dopamine release
in the striatum leads to excitation of the direct pathway via the excitatory
D1-receptors, while simultaneously inhibiting the indirect pathway via
inhibitory D2-receptor activation. These pathways form the basis of the
classic direct and indirect model of basal ganglia function as proposed
by Albin et al. (1989) and DeLong (1990). The subthalamic nucleus
(STN), the sole excitatory (glutaminergic) nucleus of the basal ganglia
network also receives direct cortical afferents through a cortico-
subthalamic projection (the hyperdirect pathway), of which rela-
tively little is known (Mathai and Smith, 2011).
Oscillations — from single units to network activity

Rhythmic activity is a ubiquitous feature of the cerebro-basal ganglia
network, havingbeen observed at every level fromsingle-units to extra-
cranial magnetic fields. However, the origin and functional interpreta-
tion of such activity and how it relates to neuronal spiking are complex.
A

Fig. 1. Anatomy of the basal ganglia and dopaminergic modulation of basal ganglia oscillation
ganglia and cortex. [B] Schematic of the relationship between dopaminergic activity in the b
with low levels of beta. Middle panel; untreated PD. Due to the loss of nigral dopaminergic neur
the sum of tonic and phasic release modes, is low and the dynamic range of dopamine variati
patients with levodopa or dopamine agonists is thought to change the set-point of the system
[B] Adapted with permission, Jenkinson and Brown (2011).
Single-units can display highly regimented patterns of repetitive firing,
with oscillatory dynamics emerging in the background local field poten-
tial (LFP). While LFPs undoubtedly result from a complex interaction of
synaptic and cellular mechanisms (Logothetis et al., 2001), the major
driving influence appears to originate from slow subthreshold currents,
primarily post-synaptic potentials (Eccles, 1951). Numerous studies
have shown rhythmic multi-unit firing that correlates with oscillations
in the LFP (e.g. Kuhn et al., 2005), however the extent to which this
relationship holds when moving to macroscales remains unclear
(Manning et al., 2009; Ray and Maunsell, 2010; Truccolo et al., 2011;
Wyler et al., 1982). Recordingsmust also consider neuronalmorphology
and, as they move towards broader spatial realms, the anatomical
arrangement of cells (Buzsáki et al., 2012). For instance, magnetoen-
cephalography is known to be sensitive to the orientation of the exten-
sive dendritic trees of Purkinje cells that are thought to dominate the
observed field (Okada and Nicholson, 1988).
Cortical rhythms

While oscillations are commonly considered to encode feature
binding across various sensory modalities (e.g. visual, auditory,
olfactory), their role in motor processing appears less clear (van
Wijk and Daffertshofer, 2012). Before addressing the specific role
of oscillations in the basal ganglia (a recipient of massive cortical
input), some knowledge of their cortical counterparts would seem
informative.

Most research into event-related brain oscillations focuses on changes
in power that likely reflect thedegree, and in the case of extracranialfields
the spatial extent, of synchronisation in the neuronal population. Early
B

s in Parkinson's disease. [A] Major anatomical connections within and between the basal
asal ganglia, and beta activity in health and in PD. Upper panel; normal state associated
ones there is less presynaptic dopamine for release in the striatum and STN. Net dopamine,
on begins from a lower threshold than in the healthy state. Lower panel; treatment of PD
, driving the dynamic range into normal limits.
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pioneering work by Jasper and Andrews (1938) demonstrated 20 Hz
oscillations close to the central sulcus that desynchronised (i.e. displayed
a relative decrease in power, see Pfurtscheller and Lopes da Silva, 1999 for
a discussion) upon passive and active manipulation of the limb. Cortical
beta activity (13–30 Hz) is now widely associated with static motor
control such as tonic or postural contraction. Cortical stimulation at beta
frequencies is known to reduce motor output (Joundi et al., 2012a;
Pogosyan et al., 2010) and beta has been consistently observed to
desynchronise prior to and during movement execution (Lalo et al.,
2007). Desynchronisation is often followed by a post movement beta
rebound (PMBR), which is generally thought to represent the processing
of somatosensory feedback, though this view remains contentious (see,
for example, Parkes et al., 2006).

It was soon evident that, cortically at least, awide range of frequencies
react in anticipation of and during voluntary movements. Both beta and
mu (8–13 Hz) rhythms demonstrate event-related-desynchronisation
(ERD) prior to movement, with sustained suppression during movement
execution. Despite initial similarities, differences in their time-course and
topography implicate these rhythms as functionally distinct, though their
precise roles remain a matter of some debate (Pfurtscheller and Lopes da
Silva, 1999).

Several frequencies show event-related synchronisation (ERS; a rela-
tive increase in power) uponmovement execution. Gammaband activity
(40–90 Hz) synchronises just prior to movement onset and has been
described as representing active information processing (Pfurtscheller
et al., 1993; Salenius et al., 1996). During movement, the increase in
power appears more focal than either the mu or beta ERD, and can be
more consistently localised to the functional anatomy of the sensorimo-
tor strip (Crone et al., 1998). Gamma band activity is therefore consid-
ered to promote movement; indeed cortical stimulation at gamma
frequencies increases the rate of force production (Joundi et al., 2012a).
Fluctuations in oscillatory dynamics are also regularly observed in the
theta band (4–7 Hz) prior to and during movement, though these are
generally considered to reflect ongoing cognitive processes, such as
attention and memory processing (Kilmesch, 1999).

But what of these oscillations at the sub-cortical level— do they per-
vade the basal ganglia, are they generated sub-cortically, or are they
transformed or even focussed in the basal ganglia? Some oscillations,
such as the beta rhythm, appear ubiquitous throughout the basal
ganglia network whilst others, such as the mu rhythm, are transformed
or attenuated entirely (Klostermann et al., 2007). Transient fluctuations
in power and modulation in the strength of coupling with cortex dem-
onstrate a dynamic circuit that selectively propagates oscillatory activi-
ty in a prescribed manner. For a more thorough discussion on cortical
sensorimotor rhythms see, for example, Cheyne (in press).

Dopamine dependent rhythms in the basal ganglia

Most of our knowledge regarding the role of oscillatory activity in
the basal ganglia comes either from animal models (usually rodent or
non-human primate) or patients undergoing deep brain stimulation
(DBS). The latter involves the implantation of DBS electrodes into the
basal ganglia, thalamic and even brainstem nuclei. Recordings from
these sites offer a glimpse into the sub-cortical functioning of specific
brain networks, albeit under the guise of disease state. Recordings in
patients can be made intra-operatively from the microelectrodes used
to aid functional localisation of surgical targets. Microelectrodes afford
recording of single neuronal units, the background firing of multiple
units, and of the local field potential (LFP). Alternatively LFP recordings
can be made post-operatively, with fewer time constraints, directly
from the DBS electrode. The most common target for DBS, the STN, is
implanted for the treatment of Parkinson's disease (PD) — a condition
caused by the loss of dopaminergic cells in the substantia nigra and
hence a marked reduction in the dopaminergic innervation of the basal
ganglia, particularly the striatum. The depletion in dopamine levels
favours the classic indirect pathway in accordance with the Albin et al.
(1989) and DeLong (1990) model. Accordingly, the bradykinesia and
akinesia (slowing and paucity of movement, respectively) of PD can be
effectively treated through administration of the dopamine precursor
levodopa. Thus PD offers a fascinating model through which the func-
tioning of the basal ganglia can be probed with a controllable bias in
net dopamine levels (see Fig. 1B).

Data from PD patients suggest that 95% of STN LFP recordings made
directly from the DBS electrode possess distinguishable peaks in the
beta-band (Little and Brown, 2012; Fig. 2). When patients with PD are
treated with dopaminergic medication, beta power in the STN LFP is
largely dissipated (Hammond et al., 2007) and is instead replaced by in-
creased synchronisation in the theta and gamma bands (Alonso-Frech,
2006; Brown et al., 2001). There is also a suggestion that high-
frequency oscillations (about 250 Hz) are replaced by even higher
frequency activity (250–350 Hz) in the STN (Foffani et al., 2003;
López-Azcárate et al., 2010; Özkurt et al., 2011). In addition, a spectral
peak in the alpha band is often seen, although this is not clearly modu-
lated by dopaminergic state (Priori et al., 2004).

Within the STN, firing of individual spike trainswith spectral peaks in
the beta band has been shown to phase-couple to the background mul-
tiple unit activity picked-up in micro-electrode recordings in 20–33% of
instances across patients (Moran et al., 2008) and non-human primates
(Moran et al., 2012). The same consistency was not evident for
tremor-band activity (where tremor was clinically evident) despite
small pockets of highly synchronised oscillators (Moran et al., 2008).
Such differences in the degree of recruitment and phase-consistency
are likely to be important determinants of which neuronal activities are
best represented in the LFP.

Exaggerated beta activity tends to be most prominent in the motor
territories of the Parkinsonian basal ganglia (Levy et al., 2002a,b; Stein
and Bar-Gad, in press; Zaidel et al., 2010), and may be subdivided into
lower (13–20 Hz) and upper (20–35 Hz) frequency bands (see Fig. 2).
This was elegantly illustrated in a study of inter-hemispheric coupling
between STN LFPs, in which peak activity was reported in one or both
bands indicating that these frequencies are notmutually exclusivewith-
in a nucleus (de Solages et al., 2010). STN activity in the lower beta band
usually dominates over power in the upper band, and background levels
are suppressed more radically by dopaminergic activation (Litvak et al.,
2011; López-Azcárate et al., 2010). However, there is sparse evidence
that the phasic reduction in beta seen with movement is in-fact
underpinned by changes in net dopamine levels. Rather this hypothesis
remains to beproven, presumably through techniques capable of direct-
ly tracking the moment-to-moment fluctuations in dopamine level,
such as fast-scan cyclic voltammetry (see Jenkinson and Brown, 2011
for a discussion).

Aswith the cortical response, beta recorded in the STNdesynchronises
in preparation of and during movement, with subsequent PMBR. Volun-
tary actions promote a desynchronisation of the beta-band of between
30 and 50%. Suppression is sustained during fast rhythmic finger tapping,
with interdigitated rebound synchronisation occurring between move-
ments at slower rates (Joundi et al., 2012b). Some degree of suppression
is observed bilaterally, with the greatest desynchronisation contralateral
to movement (Alegre et al., 2005; Joundi et al., 2012b). Overt speech,
and even covert speech albeit to a lesser degree, displays a similar pattern
of beta band desynchronisation (Brittain et al., 2012; Hebb et al., 2012).
Thismovement-related reactivity in the beta band is likely a physiological
feature, as it can be detected in healthy monkeys (Courtemanche et al.,
2003), and non-Parkinsonian patients (Androulidakis et al., 2007;
Sochurkova and Rektor, 2003) and displays a similar pattern of activation
as its cortical counterpart (Fogelson et al., 2006; Pfurtscheller and Lopes
da Silva, 1999).

Beta suppression is not only confined tomovement, but may also be
seen following cues that are predictive of forthcoming action demands.
Observations from the rat demonstrate a global response of beta across
the basal ganglia to cue utilisation (Leventhal et al., 2012). Recordings in
patients show that salient cues suppress beta activity in the STN even



Fig. 2. Grand average spectra from the STN observed ON and OFF dopaminergic medication in a cohort of patients with Parkinson's disease. [A] Time-evolving spectra centred about the
onset ofmovement during self-initiatedwrist-extensions. Beta activity desynchronises prior to and duringmovement, particularly ONmedication. [B] Time-averaged resting power spec-
trum. Note the reduction in low, but not high frequency beta power ON medication. There are also peaks in the theta/alpha, gamma and high-frequency (250–350 Hz) bands.
[A] and [B] adapted with permission, López-Azcárate et al. (2010).
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when they cannot directly lead to explicit motor processing, and that
this reactivity is promoted by dopaminergic mechanisms (Oswal et al.,
2012). Although these recent findings are not inconsistent with the
view that beta promotes the status quo or tonic activity at the expense
of voluntary movements (Brown, 2007; Engel and Fries, 2010), they
have raised the possibility that premovement reductions in the level
of beta activity signal the likelihood that a new voluntary action will
need to be actuated (for a thorough discussion see Jenkinson and
Brown, 2011).

The putative promotion of tonic motor activity by high levels of beta
and the failure of beta to suppress under circumstances that predict
the need for action provide plausible means by which elevated and less
reactive beta activity in Parkinsonism might contribute to bradykinesia,
akinesia and rigidity (Fig. 1B). Treatment-induced suppression of beta ac-
tivity has repeatedly been shown to correlate with improvements in clin-
ical score (Eusebio et al., 2011; Kühn et al., 2006, 2009; Ray et al., 2008;
Weinberger et al., 2006); however, it was only recently that spontaneous
fluctuation in beta activitywas shown to be a reliable cross-patientmark-
er indexing ongoing clinical state (Chen et al., 2010a; Little et al., 2012).
Such fluctuation ismeasured as the coefficient-of-variation or complexity
in beta amplitude and could arise through variation in the strength,
density and spatial extent of phase synchronisation. The latter can be
inferred from the phase consistency of beta across DBS electrode contacts
(Pogosyan et al., 2010), which also correlates with clinical state.

In sum, these observations suggest that it is both the degree of
synchronisation and the reactivity of synchronisation (most likely in
response to salient sensory and internal stimuli) that impact upon the
performance of an ensemble of neurons (as, for example, in motor
programming).
A mechanism for exaggerated beta in Parkinson's disease

The enhanced beta rhythm observed in Parkinson's disease does
not proliferate throughout the cortico-basal ganglia loop in uniform
fashion. Rather, the beta range can be subdivided into two distinct
frequency bands which appear to show disparity in their modulation
to dopamine depletion across the basal ganglia and cortex. We now
discuss these distinctions and present a theory for the emergence of
exaggerated lower frequency beta in the basal ganglia that involves
an interaction between high frequency cortical beta and enhanced
GPe–STN reciprocal coupling.

Repeated observations implicate the cerebral cortex as the most
likely source of the enhanced beta rhythm ubiquitous throughout the
basal-ganglia in Parkinson's disease (Gradinaru et al., 2009; Hammond
et al., 2007; Litvak et al., 2011). So is it that the influence of cortical
beta upon the basal ganglia is increased or that cortical beta activity
itself is also exaggerated? One suggestion is that the cortico-
subthalamic pathway is enhanced through disinhibition of the STN by
a suppressed GPe, allowing the STN to become entrained by excitatory
cortical projections. However, MEG studies suggest that cortical beta
over motor areas is increased at rest in patients with moderately
advanced PD (Stoffers et al., 2008), and its suppression by movement
is attenuated or even reversed in very mild PD (Pollok et al., 2012).
Both aspects correlate with motor impairment (Pollok et al., 2012;
Stoffers et al., 2008). Recent electrocorticographic recordings made
directly from the primary motor cortex have shown that beta activity
is increased when PD patients have to stop a movement compared to
patients with dystonia, a disorder characterised by muscle spasms,
and essential tremor, neither of which are associated with loss of

image of Fig.�2
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neurons in the substantia nigra (Crowell et al., 2012). However, al-
though this study demonstrated a divergence in resting cortical power
between disease types at frequencies above 20 Hz, the elevation in
beta activity in PD was not significant.

So cortical beta activity may be elevated in PD, but does this activity
then drive the sub-cortical beta? Coherence and directionality analysis
between motor cortical areas and basal ganglia nuclei confirm a pre-
dominant cortical drive that is, paradoxically, preferentially seen in
the upper beta range (Hirschmann et al., 2011; Litvak et al., 2011;
Williams et al., 2002). Thus it appears likely that the upper cortical
beta range impacts upon basal ganglia activity, despite the emergence
of a pronounced lower beta oscillation in the STN LFP in the absence
of dopaminergic medication. Dopaminergic state does not, at rest, sub-
stantially change the coherence between cortex and STN in the upper
beta band (Hirschmann et al., 2011; Litvak et al., 2011). However, beta
activities in the upper and lower bands display non-linear interactions
suggestive of harmonic relationships, with these interactions being
severely attenuated by dopaminergic medication (Marceglia et al.,
2006). A picture emerges in which high beta activity in motor cortical
areas could drive similar subcortical oscillations that, in the low dopa-
mine state, also lead to oscillations at subharmonic frequencies within
the STN. Thus in the OFF medication state there may be a transforma-
tion of the descending high beta drive into basal ganglia oscillations in
the low beta range. Proof of this hypothesis is awaited in a demonstra-
tion of selective bicoherence between cortical activity and STN LFPs, and
its modulation by dopamine. Meanwhile interdependence of the two
rhythms may serve to explain why treatment induced changes in both
low and high beta activities in the STN correlate with improvements
in akinesia–rigidity (Kühn et al., 2009).

The potential frequency transduction of cortical beta and the subcor-
tical exaggeration of lower beta band activity could result from a com-
mon mechanism. The STN and GPe possess massively reciprocal and
opposing connections, with GPe inhibiting STN and STN exciting GPe
(Albin et al., 1989). As outlined inMarreiros et al. (2013), this local circuit
is theoretically prone to unstable oscillatory activity and strengthening of
this circuit in the absence of dopaminergic input is a recurrent theme in
studies modelling the exaggerated beta activity seen in the Parkinsonian
basal ganglia. Such strengthening has recently been corroborated in
experimental models of Parkinson's disease (Cruz et al., 2011; Fan
et al., 2012). While the possibility exists that the intrinsically resonant
GPe–STN network oscillates independently, it is just as likely that this
network could be at least partially entrained by descending cortical
high-beta oscillations. Evidence fromnon-human primates andmedicat-
ed patients further suggests that these basal ganglia beta oscillations are
prevented from re-innervating the cortex, hence averting a recurrent
entrainment loop. This has been interpreted in terms of lowpass filtering
or damping of cortical input from the basal ganglia, with both effects
appearing deficient in the untreated Parkinsonian state suggesting that
they are dependent on dopaminergic innervation (Eusebio et al., 2009;
Rivelin-Etzion et al., 2008).

Beyond motor control

Unsurprisingly, it has become increasingly apparent that oscillatory
synchrony in the basal ganglia does not only impact on motor control.
Cognitive and limbic processes may be modulated, although in these
cases the responsible oscillations are likely concentrated in non-motor
regions (e.g. Kühn et al., 2005; Rodriguez-Oroz et al., 2011).

Theta/alpha-band activity

Theta/alpha STN power is increased during cued button or keyboard
presses (Alegre et al., 2013; Klostermann et al., 2007) and externally
paced grips (Anzak et al., 2012), although the response in self-paced
movements is less consistent (Oswal et al., 2013; Singh et al., 2011).
Higher levels of theta and alpha STNpower are associatedwith improved
motor performance, at least in PD. Thus theta/alpha power in the STN
correlates with force measures during onset, maintenance and release
of maximal grips, and with the latency to onset of grip and its release
(Anzak et al., 2012; Tan et al., 2013). The breadth of these associations
raises the possibility that STN activity in the theta/alpha bandmight sub-
serve a non-specific function related to movement, such as attention.
This would be in line with views about coherent activity at similar
frequencies between the STN, parieto-temporal cortex and brainstem
of patients with PD (Hirschmann et al., 2011; Litvak et al., 2011). Similar
reactivity upon movement in the STN of patients with PD and the GPi of
patients with dystonia has led to the suggestion that movement related
power increases may be primarily physiological rather than disease spe-
cific (Singh et al., 2011). However, this does not exclude a role in disease,
and theta activity is especially raised at rest in the motor territory of the
STN of PD patients with levodopa-induced dyskinesias (Rodriguez-Oroz
et al., 2011) and in the STN and globus pallidus of patients with dystonia
(Neumann et al., 2012; Silberstein et al., 2003). Theta activity in the STN
LFP is also sensitive to conflict during decision making paradigms
(Cavanagh et al., 2011; Fumagalli et al., 2011). Interestingly, resting
theta power in the ventral STN is reported to be particularly elevated
in PD patients with impulse-control disorders (Rodriguez-Oroz et al.,
2011). Alpha band activity in the STN is suppressed by emotional stimuli,
with the degree of suppression modulated by the affective state of the
patient (Huebl et al., 2011; Kühn et al., 2005).

Beta-band activity

Research into beta activity has remained largely anchored in the
motor realm. However, by viewing beta as a neural signature of motor
planning in the basal ganglia, important inferenceswith respect to exec-
utive processing can be made. For instance, with regard to decision
making, a post-ERD resynchronisation of beta-band activity within the
STN (and cortically— see Swann et al., 2009) has now been consistently
associated with delayed behavioural responding alongside a concomi-
tant improvement in accuracy (Alegre et al., 2013; Brittain et al., 2012;
Ray et al., 2012). A relative increase in STN beta activity is also seen dur-
ing motor inhibition in the Go–NoGo task (Kühn et al., 2004). One the-
ory posits that the STN plays an important role in inhibiting behaviour
by providing a global stopping signal that is mediated through the
hyperdirect pathway (Frank, 2006). Structural diffusion imaging has re-
vealed the white matter tracts connecting STN to both inferior frontal
cortex (IFC) and pre-supplementary motor area (preSMA; Aron et al.,
2007). These sites are preferentially activated in conflict scenarios
(Aron et al., 2007) and the integrity of these tracts have been shown
to predict stopping performance (as measured, for example, by stop-
signal reaction time; Coxon et al., 2012). Current theories posit the
rapid resynchronisation of beta as the neural signature of the hyper-
direct pathway, mediated through executive processing centres
(Brittain et al., 2012). Such findings reveal the temporal interplay of
motor preparation and its recruitment during conflict scenarios, further
informing contemporary models of response inhibition (see, for
instance, Aron, 2007; Frank, 2006). Beyond direct motor consequences,
there is emerging evidence that beta-band reactivity may play an
important role in semantic encoding strategies (Hanslmayr et al., 2009,
2012).

Gamma-band activity

Gamma activity in the basal ganglia may consist of two general pat-
terns. The first is a narrow band synchronisation that can peak at any
frequency between 60 and 90 Hz. Thisfinely-tuned gamma (FTG) activ-
ity can be seen in some, but not all, resting spectra, is increased by
dopaminergic therapy in PD patients, undergoes phasic increase during
voluntary movement and is recorded in several disease syndromes
(Kempf et al., 2009). The latter suggests that FTG in the basal ganglia
is likely to possess a physiological, rather than largely pathological,



Fig. 3.Multiplexing and cross-frequency interaction. [A] Functional organisation of amodel of the STN in Parkinson's disease depicting neurons classified by their oscillatory activity. Neu-
rons are described as oscillating at tremor frequency band (TFB), high-frequency [8–20 Hz] band (HFB) or dual-frequency band (DFB). The model involves multiplexing both at the nu-
clear and neuronal levels. [B] Example of the time–frequency firing pattern of a DFB neuron oscillating simultaneously at both tremor and high (beta-range) frequencies; clear evidence of
multiplexing within a neuron. [C] Cross-frequency coupling between theta-phase and gamma-amplitude in the rat striatum obtained during navigation of a T-maze task.
[A] and [B] adapted with permission, Moran et al. (2008), [C] adapted with permission, Tort et al. (2008).
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role. Furthermore, comparable activity has been detected in the motor
cortex of healthy subjects (Muthukumaraswamy, 2010), and this corti-
cal activity is likely related to that at subcortical levels (Litvak et al.,
2012). FTG is also dependent on arousal state and is increased after star-
tling stimuli, suggesting that it might relate to the ascending reticular
activating system, with the basal ganglia acting as a staging post to
cerebral cortex (Jenkinson et al., 2013).

A more broadband form of gamma activity is also present in
recordings of the basal ganglia. Unlike FTG this rhythm is not evident
at rest, and instead emerges as a movement related synchronisation
starting from around 40 Hz. The strength of synchronisation correlates
with reaction time (Joundi et al., 2012c) and the size, force and velocity
of voluntary movements (Anzak et al., 2012; Brucke et al., 2012; Tan et
al., 2013). However, whether these are direct associations or that the
primary relationship is with motor effort remains to be determined
(see Jenkinson et al., 2013 for a discussion). It has also yet to be resolved
whether the broad gamma ERS upon movement, which can extend up
to 600 Hz in the STN (Litvak et al., 2012), is the product of multiple, dy-
namic, phase-coupled neuronal clusters spanning this broad frequency
range, or reflects the brief and asynchronous burst of activity hypothe-
sized to be an LFP correlate of population firing (Manning et al., 2009;
Miller et al., 2009; Ray and Maunsell, 2010).

Gamma activity in the STN has also been implicated in cognitive pro-
cessing. It is increased during the performance of paced randomnumber
generation and verbal fluency tests. These gamma changes correlate
with a measure of randomness which indexes success in switching
from automatic counting to a more controlled random generation of
numbers (Anzak et al., 2013) and with the ability to switch between
sub-categories in verbal fluency tasks (Anzak et al., 2011). Together
these studies provide support for STN gamma activity in executive pro-
cesses such as suppression of habitual or pre-potent responses and
switching from automatic to controlled processing in cognitive tasks.

Segregation or multiplexing?

It may be an over-simplification to consider oscillatory synchrony
within a given frequency band as having distinct functional associations.
In practice task-related changes in synchrony occur across different fre-
quency bands and all these changes may contribute to behaviour. We
have, for example, already touched upon the robust correlations that
have been reported between treatment induced suppressions of beta
LFP activity in the STN and improvements in bradykinesia and rigidity
(Kühn et al., 2006, 2008, 2009; Ray et al., 2008; Weinberger et al.,
2006). And yet, the proportionate role of modulations in beta activity
in the execution of a manual grip task has recently been noted to be rel-
ativelymodest, with greater effects being seenwith changes in the alpha
and gamma frequency bands (Anzak et al., 2012; Tan et al., 2013). The
latter studies have taken a multivariate approach to correlation, which
highlights those LFP features that continue to predict behavioural per-
formance while other features are held constant. Thus the relationship
hitherto reported between beta activity and bradykinesia–rigidity
might be tightly locked with or even secondary to effects at both
lower and higher frequencies. Even at the level of the final effecter,
motor-units can display complex cross-frequency associations with
motor output (Halliday et al., 1995).

While synchronised pockets of oscillators may explain the presence
of multiple spectral peaks in the local field potential, cross-frequency
interactions (such as those reported in Lopez-Azcarate et al., 2010;
Marceglia et al., 2006) require convergence in these anatomical path-
ways, and hence the capacity of neurons to encode multiple rhythms
(Fig. 3). Such multiplexing behaviour has been observed in single
units, where firing rate distributions can possess multiple distinct
peaks (Moran et al., 2008, also Fig. 3B). The juxtaposition of anatomical
convergence and cross-frequency coupling is further emphasised in a
dynamic causal model of the cortical motor circuitry during execution
of a manual grip (Chen et al., 2010b). In this study, the inclusion of
cross-frequency associations between induced power changes in differ-
ent cortical territories led to a significant improvement inmodel perfor-
mance over the linear solution.

Finally, cross-frequency interactions are not limited to consideration
of local power changes. Levodopa treatment causes a frequency-
selective change in the reactivity of cortico-subthalamic coherence dur-
ing movement. The degree of reactivity correlates across the alpha and
gamma bands with treatment-related improvement in motor
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performance (Litvak et al., 2012; Oswal et al., 2013). However, partial
coherence analysis suggests that changes in coupling in the two fre-
quency bands explain the same portion of the variance in the clinical re-
sponse to treatment (Oswal et al., 2013). Interestingly, this is the case
despite frequency dependent differences in the cortical topography of
the coherences. The implication is that the dopamine dependent disen-
gagement of the STN from its locking to temporal cortex at alpha band
frequencies, and the engagement of STN locking to motor cortex in
the gamma band are two sides of the same coin. The introduction of
techniques such as singular value decomposition and higher-order
spectra in the study of the basal ganglia should help define how
such function may be underpinned by co-ordinated changes across
frequencies.

Concluding speculation

Hitherto, oscillatory activities in circuits involving the basal ganglia
have been broadly classified as primarily antikinetic (e.g. beta activity),
or prokinetic (e.g. gamma activity), based on their respective behaviour-
al associations in patients with PD (Brown, 2003). Yet this characterisa-
tion does not fully capture the nature of the two classes of activity
which can, as we have seen, impact on non-motor executive processing.
Indeed, we might better consider them as immutability promoting
rhythms that reinforce incumbent processes and mutability promoting
rhythms that favour novel processing within the broader executive
domain.

Beta is relatively persistent and can demonstrate phase synchrony
over extensive neuronal populations, both locally and between connected
A

B C

Fig. 4. Neural synchrony and its relationship to information theory. Note drop in informatio
nisation (or its surrogate LFP power).
Reproduced with permission, Hanslmayr et al. (2012).
regions or nuclei. This constrains neural activity to temporally predictable
and spatially amorphous low-entropy signalling that impedes the
response to novel demands. At times this may be advantageous, such as
when suppressing the repertoire of actions that could potentially be
invoked in a given scenario (Kuhn et al., 2004). Likewise, phasic increases
in beta activity occur in the STN when a selected response suddenly
becomes inappropriate (Alegre et al., 2013) or when the optimum
response does not coincide with the pre-potent selection (Brittain et al.,
2012). Conversely, there are times when a suppression of beta activity is
desirable, such as during a motor response (Hammond et al., 2007).
This may liberate circuits to engage in rate coding and more dynamic
forms of synchronisation that are played out on a finer spatial resolution.
There is good evidence for a reciprocal interaction between beta synchro-
nisation and rate coding. For instance, during movement paradigms,
desynchronisation of beta-band activity over primary motor cortex is
associated with an increase in firing rate of pyramidal tract neurons,
boosting output to the spinal cord (Baker et al., 2001; Spinks et al.,
2008; van Wijk and Daffertshofer, 2012), and something very similar
has been reported in the striatum of healthy non-human primates
(Courtemanche et al., 2003). In short, beta desynchronisation leads to
an increase in potential information coding (increased entropy). These
concepts, while not new, are currently undergoing resurgence. Inspired
by information theory, Barlow (1961) first proposed the efficient coding
hypothesis as a model of how neurons encode sensory stimuli. More
recently, Hanslmayr et al. (2012) reintroduced these concepts as informa-
tion via desynchronisation (see Fig. 4).

The idea that phasic increases in oscillatory activity, such as task
related increases in the gamma band, can facilitate novel processing,
D

n coding capacity (as formally indexed by entropy in C and D) with increased synchro-
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such as that underpinning a voluntarymovement, sits well with current
views about how synchronisation promotes interaction between neuro-
nal populations. These posit that synchronisation acts to strengthen rel-
evant information coding channels through processes such as temporal
summation and spike-timing dependent plasticity. Note however that
implicit in this schema is spatial selectivity and a limit on the strength
of synchronisation. The latter arises because at somepoint the loss of in-
formation coding space entailed by synchronisation will outstrip any
advantage gained through temporal patterning (see Fig. 5). Indeed, it
is precisely this feature that may potentially be exploited by immutabil-
ity promoting rhythms, as typified by beta.

However, there is one empirical observation that suggests that
beta band synchronisation may not merely impose its effects through
a limitation on coding space. There is now a considerable evidence
that high frequency DBS of basal ganglia targets drives output at stim-
ulation frequency and subharmonics thereof, reducing the entropy of
neuronal firing and restricting coding space (Dorval et al., 2008;
Moran et al., 2011). This form of stimulation improves motor perfor-
mance in PD, in contrast to exaggerated beta band synchrony which
seems to impede motor processing. The implication is that the effects
of synchrony do not simply relate to their impact on information cod-
ing capacity as they are partially frequency selective. Thus prominent
beta synchronisation may have additional frequency specific conse-
quences such as effects on plasticity. In a coupled oscillator model,
low-frequency stimulation not only drove the neural populous to
heightened beta-band synchronisation, but also actively reinforced
the rhythm through long term potentiation (LTP; Tass and Majtanik,
Fig. 5. Idealised relationship between ensemble performance and neural synchrony. As sub-po
the population increases. At the same time the amount of information that can be transmitted
synchronisation increases.Mutability promoting rhythms (MPR), such as those in the gamma b
weakly and locally synchronised nature. Increases in synchronisation in these activities improv
promoting rhythms (IPR) such as alpha and beta, tend to operate to the right of the ensembl
nature. This degree of synchronisation is more likely to be supported by recurrent networks w
to external perturbation. Increases in synchronisation inmore synchronised immutability prom
stances. This may, in turn, be exaggerated by plastic reconfiguration of networks by the rhythm
2006). The GPi, being the key outflow structure of the basal ganglia,
displays precisely the arrangement of converging and synchronised
inhibitory striatal and excitatory subthalamic input that favours LTP
(Schneidman et al., 2011), with an analogous arrangement at GPe.
High-frequency stimulation in the above model has little effect on
plasticity, with synaptic weights remaining fixed in their heightened
pathological state (Tass and Majtanik, 2006). The favouring of the
status quo by immutability promoting rhythms like beta therefore
appears to be both passive, through a restriction on information cod-
ing capacity, and active through the reinforcement of current net-
work relationships. DBS may therefore be effective because it drives
neural output at higher frequencies away from beta-specific plasticity
effects, albeit still at the expense of compromised information coding
capacity. Thus DBS seems to possess both beneficial and deleterious
effects on behaviour, depending on whether it is delivered in the set-
ting of excessive beta synchrony or not (Chen et al., 2006; Ray et al.,
2009).

Although oscillatory synchrony is evident in the operations of the
basal ganglia, there remain many unknowns. Both synchronisation
and desynchronisation appear to characterise active basal ganglia net-
works as they become engaged in task-specific actions, and at the
very least these processes allow us to track the flow of information
within these circuits. However, thefield has suffered froma reductionist
view in which function has been sought for specific frequencies rather
than in cross-frequency patterns of modulation.Moreover, with respect
to the basal ganglia, many of our insights have come from the study of
diseased systems so extrapolation to normal function must remain
pulations of neurons become correlated, the signal-to-noise ratio of that cluster relative to
by the ensemble decreases. The result is an inverted U-shape to ensemble performance as
and, operate to the left of the ensemble performance curve, as dictated by their low power,
e ensemble performance and the ability to react to changing circumstances. Immutability
e performance curve in keeping with their higher power, more extensively synchronised
here reinforcement of the ongoing oscillations leads to a further reduction in reactivity

oting rhythms diminish ensemble performance and the ability to react to changing circum-
ic activities themselves (see text).
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necessarily tentative. Nevertheless, it is this link to disease that makes
the study of oscillatory synchrony in the basal ganglia particularly im-
portant, and one that is already beginning to bear fruit (Rosin et al.,
2011).
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