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Move to the rhythm: oscillations in
the subthalamic nucleus—-external
globus pallidus network

Mark D. Bevan, Peter J. Magill, David Terman, J. Paul Bolam and Charles J. Wilson

Recent anatomical, physiological and computer modeling studies have revealed
that oscillatory processes at the levels of single neurons and neuronal networks
in the subthalamic nucleus (STN) and external globus pallidus (GPe) are
associated with the operation of the basal ganglia in health and in Parkinson’s
disease (PD). Autonomous oscillation of STN and GPe neurons underlies tonic
activity and is important for synaptic integration, whereas abnormal
low-frequency rhythmic bursting in the STN and GPe is characteristic of PD.
These recent findings provide further support for the view that the basal ganglia
use both the pattern and the rate of neuronal activity to encode information.
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The basal ganglia are a group of subcortical brain
nuclei involved in voluntary movement, association,
cognition and emotion [1-6]. Reciprocally connected
glutamatergic neurons of the subthalamic nucleus
(STN) and GABAergic neurons of the external globus
pallidus (GPe) form a key network within the basal
ganglia [7-9]. The principal source of afferent input to
the basal ganglia, the cerebral cortex, influences the
STN-GPe network, directly via monosynaptic
projections or indirectly via GABAergic striatal or
glutamatergic thalamic neurons. By virtue of their
extensive innervation of the GABAergic neurons of the
basal ganglia output nuclei, the STN and GPe areina
position to influence powerfully the communication of
the basal ganglia with the rest of the brain (Fig. 1).

An important model of basal ganglia dysfunction,
commonly used to explain the motor symptoms of
Parkinson’s disease (PD), implies that the interaction
of the STN and GPe is unidirectional and constant
over time. It also accounts for the symptoms of PD in
terms of changes in the mean rates of activity of basal
ganglia nuclei [10-12]. Thus, abnormal over-activity
of the GABAergic neurons projecting from the
striatum to the GPe reduces the activity of the GPe,
which results in disinhibition of the STN and, in turn,
drives over-activity of the basal ganglia output nuclei
and excessive inhibition of their targets. In contrast to
the proposed pathological over-activity of this
‘indirect pathway'’ to the output nuclei, the ‘direct
pathway’ (i.e. the direct projection from the striatum)
is proposed to be relatively under-active. Therefore,
the reduced inhibition of basal ganglia output nuclei
also contributes to their relative over-activity in PD.

Studies of idiopathic and experimental models of
PD suggest that changes in the patterns of activity of

STN and GPe neurons could be at least as robust as
changes in their mean rates of activity [5,13-27].
Thus, normal information processing in the STN and
GPe is characterized by complex spatiotemporal
patterns of firing, whereas in PD, STN and GPe
neurons display more correlated, synchronous and
rhythmic patterns of activity [5,13-37]. The
transformation in the pattern of activity in the STN
and GPe in PD is mirrored by similar changes in the
activity of the basal ganglia output nuclei
[5,14-16,21,25,26,38-43]. Pathological,
synchronized, oscillatory activity is likely to resultin
less efficient coding of information by the basal
ganglia and could, therefore, contribute to the
symptoms of PD. Here we review recent findings
concerning the sources of oscillatory activity in the
STN and GPe, and their relevance to normal and
pathological patterns of activity in the basal ganglia.

Activity patterns in the STN and GPe

During quiet wakefulness, the STN and GPe fire
differently, without rhythm and without strong
correlation either within or between the nuclei
[5,14,25-26,28,37]. During voluntary or passive
movement, STN and GPe neurons display intricate
spatiotemporal changes in activity, which relate in a
complex manner to motor activity [14,28,30,37].
During movement, activity is rarely correlated but it
is highly structured, so that there is precise
somatotopic specificity [14,28,30,37]. In PD, rhythmic
bursting activity at 4-10 Hz and 15-30 Hz is observed
in the STN, GPe and other parts of the basal ganglia
[5,13-15,17,20-22,25-26]. This activity is often
correlated within and between nuclei, although a
spectrum of phase relationships exists, even between
closely spaced neurons [5,13-15,17,20-22,25-26].
Movement is impaired and the precise somatotopic
organization of activity in relation to sensory—motor
processing breaks down [5,12—14,18,38]

In addition to these relatively fast rhythms,
ultra-slow rhythms (with periods in the range of
~20-100 s) have been described in the activity of STN
and GPe neurons of both normal and dopamine-
depleted animals [44—46]. The possible functional
relevance of these ultra-slow rhythms and their
underlying mechanisms have been discussed in the
original papers and will not be dealt with further here.
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Fig. 1. The basal ganglia and their associated structures. A simplified,
schematic diagram of the basal ganglia (within the pale blue box) and
their associated structures. Glutamatergic connections are in purple,
GABAergic connections are in dark blue and dopaminergic connections
are in green. Brainstem premotor nuclei and midbrain nuclei, which use
avariety of neurotransmitters, are shaded gray. The major afferents to
the basal ganglia are from the cortex and thalamus and are directed to
both the striatum and the subthalamic nucleus (STN). The striatum
influences the basal ganglia output nuclei [substantia nigra

pars reticulata (SNr) and the internal segment of the globus pallidus
(GPi)] directly, or indirectly via connections with the network between
the STN and external globus pallidus (GPe). The dopaminergic
substantia nigra pars compacta (SNc) influences the operation of the
basal ganglia via connections with each nucleus. The major targets of
the basal ganglia output nuclei are the thalamus and the midbrain and
brainstem premotor regions, which influence movement via direct or
indirect connections with motor nuclei. Note that the STN-GPe network
is the principal site of reciprocally innervated excitatory and inhibitory
neurons in the basal ganglia. Through the extensive connections of the
STN and GPe with the output nuclei, the network is in a strategic
position to have powerful influence on the communication of the basal
ganglia with the rest of the brain.

Microcircuitry of the STN-GPe network

Correlated light- and electron-microscopic studies
employing the bidirectional transport of neuronal
tracers in rats and monkeys revealed that the STN
and GPe are made up of repeating neuronal
architectures [7,8,47-49]. Thus, functionally related
regions of the STN and GPe are reciprocally
connected and innervate functionally related regions
of the basal ganglia output nuclei. Furthermore, the
majority of STN and GPe neurons in rats and
monkeys have branched axons that mediate both the
reciprocal connections and the innervation of the
basal ganglia output nuclei [7,8,50-52]. However, it is
still not known whether individual STN and GPe
neurons form reciprocally connected pairs of neurons
or, if such pairs exist, whether they innervate
common basal ganglia output neurons.

http://tins.trends.com

One operation of this reciprocal network
appears to be the regulation of subthalamic
activity by feedback inhibition from the GPe
[29,31,32,34-35,53]. However, the existence of
reciprocally connected excitatory and inhibitory
nuclei implies that the STN-GPe network could also
support oscillatory activity and act as a pattern
generator. Furthermore, the innervation of common
regions of the basal ganglia output nuclei by
reciprocally connected regions of the STN and GPe
indicates that pattern generation within the
STN-GPe network would have a powerful impact on
the output of the basal ganglia. Indeed, pathological
oscillatory activity in the basal ganglia output nuclei
in PD is abolished by disruption of activity in the STN
and/or the GPe [5,39,54-56].

Pacemaker activity in single STN and GPe neurons
Neurons of the STN and GPe display spontaneous,
rhythmic single-spike activity when they are isolated
from synaptic input by severing afferents during the
preparation of brain slices and/or by the application of
neurotransmitter-receptor antagonists (Fig. 2)
[57-61]. The ionic mechanisms underlying this
spontaneous activity have been characterized most
completely for STN neurons. In these neurons,
voltage-gated Na* channels that inactivate slowly are
the primary source of current during the depolarizing
phase of the oscillation [57-58]. The period and
precision of the oscillation are controlled, at least in
part, by an apamin-sensitive Ca2*-dependent
K*current [58]. The Ca?*-dependent K* current is
activated by Ca?* entry through high-voltage-
activated Ca?* channels that open briefly during each
Na* action potential [58]. Hyperpolarization-
activated cationic currents and low-threshold
Ca?*currents in STN neurons are not activated and
remain inactivated, respectively, at the voltages
associated with the spontaneous oscillation

(~-45to -65 mV) [57,58].

Some types of GPe neuron also possess intrinsic
properties that underlie rhythmic, autonomous
activity and have been demonstrated to fire
spontaneously in isolation under certain conditions
[59-61]. Taken together, these observations suggest
that the resting state of STN and GPe neurons is one
of rhythmic activity and that the responses of STN
and GPe neurons to synaptic input are determined by
the interaction of synaptic currents with the intrinsic
oscillatory properties of their membranes. In vivo,
activities generated by these pacemakers are likely to
be sculpted into more complex firing patterns by
synaptic inputs and network dynamics. Thus, during
wakefulness, the intrinsic properties and
interactions of the STN and GPe neurons are likely to
generate persistent activity in the absence of
extrinsic excitatory input. The influence of inputs
from the cortex, thalamus and striatum to the
STN-GPe network will be exerted within the context
of this intrinsic network activity. Clarifying the
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Fig. 2. GABA, inhibitory postsynaptic potentials (IPSPs) regulate the timing and pattern of action
potential generation in subthalamic nucleus (STN) neurons. Recordings were made from

STN neurons in brain slices using the perforated-patch technique and GABA,, IPSPs were evoked by

electrical stimulation of the internal capsule. (a,b) Single large IPSPs consistently reset the
spontaneous oscillatory cycle so that activity following the IPSP occurs within a relatively narrow
time window (a, 50 superimposed sweeps; b, two representative sweeps, one in black and one in
green). (c,d) The inter-spike intervals associated with relatively small IPSPs are of similar duration
regardless of the phase at which IPSPs are evoked (c, fifty superimposed sweeps; d, two

representative sweeps, one in black, one in green). The spontaneous activity of STN neurons in the

absence of IPSPs (e) can be reduced (f) or augmented (g,h) by multiple IPSPs. When ten IPSPs are

evoked within the same 2.5 s sampling period, they can inhibit activity (f) or generate rebound burst

activity (g), depending on their degree of summation. Comparison of (g) and (h) reveals that

increasing the number of IPSPs in the 2.5 s sampling period increases the rebound burst activity of

the STN neuron. Inhibitory synaptic potentials can, therefore, lead to the paradoxical excitation of
STN neurons when channels underlying rebound activity are primed by IPSPs. Scale bar in (a) also

applies to (b—d); scale bar in (e) also applies to (f-h). For clarity, action potentials have been truncated
at 0 mV and the stimulation artifact present in (a—d) has been removed from (e-h). Reproduced, with

permission,

from Ref. [63].

relationship between intrinsic oscillations of
single cells and the rhythmic firing patterns

seen inthe STN and GPe requires a thorough
understanding of the synaptic interactions among

neurons in the circuit.

http://tins.trends.com
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Response of STN neurons to GPe input

The principal GABAergic input to the STN arises
from the GPe and acts at GABA,, receptors. In vitro
patch recordings of STN neurons, using the
perforated configuration to maintain the natural
intracellular concentration of Cl- (the principal
permeant ion of the GABA, receptor), have revealed
that the equilibrium potential of GABA,, receptor-
mediated inhibitory postsynaptic potentials (IPSPs)
is approximately -80 mV [62-63]. Thus, GABA
IPSPs can, in theory, hyperpolarize STN neurons
10-20 mV below the voltages associated with the
most negative phase of the spontaneous oscillation.
In practice, therefore, single GABA, IPSPs disrupt
and inhibit the spontaneous oscillation that underlies
rhythmic single-spike firing in STN neurons (Fig. 2).
As the magnitude of the IPSP increases, the
effectiveness of the IPSP in prolonging the interspike
interval is related more strongly to the phase of the
oscillation at which the IPSP occurs. Thus, large
IPSPs reset the oscillatory cycle and are likely to lead
to synchronization (Fig. 2a,b), whereas small IPSPs
produce relatively phase-independent delays in firing
and could lead to desynchronization (Fig. 2c,d) [63].
The response of STN neurons to multiple IPSPs is
more complex because summated IPSPs can produce
sufficient hyperpolarization to prime ion channels
that are not operational during spontaneous
rhythmic activity (i.e. channels responsible for
low-threshold Ca?* current and hyperpolarization-
activated cationic current). Indeed, multiple IPSPs
can produce sufficient hyperpolarization to activate a
rebound depolarization, which generates a single
spike, restores rhythmic spiking and/or generates a
burst of activity (Fig. 2g,h) [63]. Multiple IPSPs can
also reduce and/or prevent action-potential
generation (Fig. 2f) [63]. The pattern and rate of
inhibitory input are, therefore, crucial in determining
whether STN neurons fire in a single-spiking or
bursting pattern. The level of polarization of STN
neurons is also crucial in determining the response to
GPe input, implying that neuromodulators that
influence the polarization of STN neurons over long
periods (e.g. ACh, serotonin and dopamine) will have
a profound effect on the operation of the network [63].
Taken together, these data suggest that inhibitory
input from the GPe can contribute to the range of
firing patterns expressed by STN neurons in vivo.
They also confirm that the firing mode of STN
neurons is related more intimately to the magnitude
and pattern of inhibitory input than to the frequency
of input averaged over long periods. Furthermore,
these findings illustrate that certain patterns of
inhibitory GABAergic input can actually augment,
rather than reduce, the activity of STN neurons.

Origins of correlated, rhythmic activity in the STN-GPe
network in PD

There has been considerable debate on the origins of
correlated, rhythmic firing in the STN-GPe network
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in idiopathic and experimental models of PD. This
activity could be an emergent property of the
STN-GPe network itself and/or be driven by
rhythmic activity in the cortex.

Intrinsic origin of rhythmic activity

Evidence for an intrinsic origin of correlated,
rhythmic firing in the STN-GPe network comes from
studies of organotypic co-cultures of the STN and
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Fig. 3. Activity patterns in the connections between subthalamic
nucleus (STN) external globus pallidus (GPe) depend on architecture.
The left column displays activity patterns for the random, sparsely
connected network shown in (a). Each GPe cell sends inhibitory input to
asmall proportion of the STN neurons selected at random (straight
green arrows). The STN cells also project sparsely (each connecting to
only one GPe cell, black arrow), making random connections. For clarity,
neurons are sorted inaand b to align STN cells with the GPe cell they
innervate, and only connections with respect to a single, representative
STN cell are shown. The right column displays activity patterns for the
more-structured architecture shown in (b). In this architecture, each STN
neuron still connects to only one GPe neuron, and each GPe inhibits a
small number of STN neurons. The difference is that GPe cells do not
project back to the STN randomly. Instead they project to STN cells that
are near to, but different from, the one that connects to them (avoiding
reciprocal connections). In both architectures, GPe cells inhibit each

http://tins.trends.com

other through all-to-all connections. (c) Network activity of the STN
(upper two panels) and GPe cells (lower two panels). In each plot, six
rows show the voltage traces of six cells over a time period of 2000 ms.
Voltage is coded in grayscale, ranging from black at 0 mV to white at
-80 mV, as shown centrally. (d) Membrane potential (mV) as a function
of time (ms) for representative individual cells during each activity
pattern. The randomly connected network exhibits episodic activity, in
which cells fire irregularly. Each episode lasts for ~300 ms and the silent
period between the episodes is ~500 ms. The more topographically
organized, structured network exhibits clustered rhythms, in which each
structure is divided into two subsets of neurons that become highly
correlated with each other. The frequency of the bursts is close to 5 Hz.
During each burst of activity, cells spike at ~40 Hz. The frequency of
bursting, the size of clusters and the firing rate within bursts depend on
the strength of connections in the network and the intrinsic cellular
properties of the neurons.
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Fig. 4. Low-frequency rhythmic activity in subthalamic nucleus (STN) and external globus pallidus
(GPe) neurons in vivois related to coincident cortical activity and is augmented by the depletion of
dopamine. Coincident patterns of activity in the cortex, STN and GPe were assessed from
simultaneous recordings of frontal cortical electroencephalogram (EEG) and the unit activity of
individual STN or GPe neurons in deeply anesthetized rats. (a) Neurons in the STN of anesthetized
control rats exhibit low-frequency rhythmic firing (~1 Hz) during periods of slow-wave activity in the
ipsilateral cortex (+ Cortex). The rhythmic, burst-like discharges of STN neurons are phase-locked to
the cortical slow-wave. By contrast, GPe neurons fire in a rhythmic single-spike manner, irrespective
of slow-wave activity in the cortex. Rhythmic bursting activity in the STN is abolished by ablation of
the ipsilateral cortex (- Cortex), whereas activity in the GPe is not altered. Note that following
ipsilateral cortical ablation, the depth of anesthesia was assessed from the contralateral frontal EEG.
(b) Following the chronic depletion of dopamine [unilateral 6-hydroxydopamine (6-OHDA) lesion of
midbrain dopaminergic neurons], STN neurons continue to display low-frequency rhythmic activity
during ipsilateral cortical slow-wave activity, but the burst-like discharges are more intense (mean
rate of firing increases two- to threefold). Neurons in the GPe also develop low-frequency oscillatory
activity that is phase-locked to ipsilateral cortical activity. Low-frequency rhythmic activity in STN and
GPe neurons of dopamine-depleted rats is also largely abolished by ipsilateral cortical ablation

(- Cortex). Taken together, these data suggest that, under some conditions, low-frequency network
oscillations depend on rhythmic cortical activity. Scale bars apply to all panels. Reproduced, with
permission, from Ref. [23].

GPe. These have demonstrated that the STN-GPe
network can support such activity when isolated from
two of its major afferents (the cortex and the
striatum) [9]. The mechanism underlying this
rhythmic activity was proposed to be similar to that
described for spindle oscillations in the thalamus [64],
which are characterized by the priming of

http://tins.trends.com
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low-threshold Ca?* currents in excitatory neurons by
bursts of GABA-mediated inhibition. Thus,
synchronous bursting activity in GPe neurons
generates sufficient hyperpolarization in STN
neurons for rebound burst activity which, in turn,
drives bursting activity in GPe neurons and leads to
the perpetuation of the rhythm [9]. Interestingly, the
frequency of the rhythm in organotypic co-cultures
(0.4-1.2 Hz) [9] is much lower than that observed in
conscious patients with idiopathic PD or in awake
dopamine-depleted animals. Computer simulations of
the STN-GPe network suggest that higher-frequency
rhythms can arise from networks that incorporate the
more complex patterns of synaptic connectivity that
might be present in vivo.

Recent modeling studies incorporating the known
biophysical properties of STN and GPe neurons with a
variety of network architectures have been useful in
examining the principles that underlie activity
patterns in the STN-GPe network [65]. Although
many important anatomical questions remain, recent
studies have established that the connections
between the STN and GPe are roughly topographical
and reciprocal, and that individual axons of both
structures make sparse and distributed arborizations,
in which average connectivity is low [7,8,50-52].
Computer simulations using a range of structural
arrangements within the limits of the known anatomy
suggest that the STN-GPe network is capable of
generating patterned and persistent activity of a
variety of types. Randomly connected STN-GPe
networks are capable of generating the slow, rhythmic
firing seen in organotypic co-cultures but are
incapable of generating 4-10 Hz or 15-30 Hz
rhythmic activity, as seen in idiopathic and
experimental models of PD. In simulations of more
realistic, topographically organized but sparsely
connected networks, the STN and GPe exhibited
clusters of neurons whose activity was correlated and
rhythmic in the frequency range associated with PD.
As predicted from experimental studies, rebound
bursts in STN neurons, which follow barrages of
IPSPs arising from the GPe, were crucial to the
rhythm. Small changes in the strength of synaptic
connections between STN and GPe neurons and
among GPe neurons could produce qualitative
changes in firing pattern. For example, rhythmic
activity at 4-6 Hz occurred continuously when
synaptic inputs from the STN to the GPe were strong
but occurred in discrete episodes when the strength of
this connection was diminished. The nature of the
network activity pattern also depended crucially upon
inhibitory input to the GPe from the striatum.
Irregular, uncorrelated activity arose in the network
when connections between GPe neurons were strong
and striatal inhibition was weak. Local GPe collateral
projections opposed clustered rhythms because they
diminished bursting activity in GPe neurons and
reduced the coherence of activity in the reciprocal
pathways between the STN and GPe (Fig. 3). Striatal
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inhibition in the model enhanced 4-6 Hz rhythms by
suppressing asynchronous activity among GPe
neurons, often with no effect on mean rate. The model
suggests that the over-activity of the striatal pathway
to GPe neurons in PD could alter activity patternsin
the STN-GPe network directly via postsynaptic
action [31,60], and indirectly through the release of
peptide co-transmitters that target presynaptic
receptors on the local axon collaterals of GPe neurons
[66,67]. Activation of these presynaptic peptide
receptors reduces the magnitude of the IPSP arising
from GPe intranuclear collateral projections [66,67],
which allows clustered low-frequency activity of the
STN-GPe network to develop more easily (Fig. 3) [65].

Extrinsic origins of rhythmic activity

Recent studies indicate that the cortex can pattern
rhythmic activity in the STN and GPe [23,33]. In
anesthetized-control and dopamine-depleted animals,
STN neurons exhibited low-frequency rhythmic firing,
which was correlated tightly with slow-wave activity
(~1 Hz) generated by cortical networks (Fig. 4) [23,33].
Obliteration of slow-wave activity, by ipsilateral
cortical ablation or activation, largely abolished low-
frequency rhythmic activity [23,33]. The principal
effects of dopamine depletion are that GPe neurons
begin to express low-frequency oscillatory activity and
the STN exhibits more intense oscillatory activity
(Fig. 4) [23]. Because the amplitude and period of
cortical slow-wave activity are unchanged by
dopamine depletion, these data suggest that, in the
dopamine-depleted state, the STN and GPe are more
sensitive to the cortical rhythm [23].

In both the absence and presence of dopamine in
idiopathic PD, rhythmic activity in the cerebral cortex
and the basal ganglia are intimately related.
Following withdrawal of treatment with the
dopamine precursor L-DOPA (3,4-dihydroxy phenyl
L-alanine), the cortex, STN and GPe of PD patients
displayed relatively strong rhythmic activity in
the tremor frequency range (4—10 Hz) and in the
alpha (8-13 Hz) and beta ranges (14—30 Hz)
[15,20-22,68-71]. When dopamine-receptor agonists
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were administered, rhythmic activity below 30 Hz
diminished and higher frequency rhythms in the
gamma range (30—70 Hz) were expressed in both
cortex and basal ganglia[15,22,68]. On the basis of
findings in anesthetized animals, some of us have
suggested that low-frequency oscillations in the basal
ganglia in PD might be abnormal representations of
rhythms that are generated within the cortex during
quiet wakefulness [23]. Another hypothesis that has
been proposed recently is that the dopamine-depleted
basal ganglia, through their connections with the
thalamocortical, midbrain and brainstem circuits,
resonate and amplify the idling rhythms generated by
the cortex and, somehow, suppress emergence of
higher-frequency rhythms [15,22,68]. Given that, in
the sensory—motor cortex, rhythmic activity in the
gamma range is associated with the onset of
movement [72] and can occur during particular types
of movement [73], it follows that the suppression of
this high-frequency activity could partly underlie the
disruption of movement seen in PD.

Finally, it should be noted that other sources of
afferent projections to the basal ganglia, such as the
thalamus, also generate oscillatory activity [64] and
could, in theory, underlie pattern activity in the STN
and GPe. The impact of other potential pattern
generators on the STN and GPe remains to be studied.

Conclusions

Rhythmic activity is an important feature of the
normal and abnormal operation of the basal ganglia.
At the single-cell level, STN and GPe neurons possess
intrinsic membrane properties that drive
autonomous activity and set the context in which
synaptic input is integrated. At the level of the STN
and GPe, rhythmic activity might be driven by both
intrinsic and external pattern generators. Major
challenges that lie ahead are to understand how
dopamine modulates the relative contribution of
these oscillatory mechanisms to information
processing, and to generate models of basal ganglia
function and dysfunction that incorporate the
dynamic nature of oscillatory processes.
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