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Interaction of Oscillations, and Their Suppression
via Deep Brain Stimulation, in a Model of the

Cortico-Basal Ganglia Network
Guiyeom Kang and Madeleine M. Lowery, Member, IEEE

Abstract—Growing evidence suggests that synchronized neural
oscillations in the cortico-basal ganglia networkmay play a critical
role in the pathophysiology of Parkinson’s disease. In this study,
a new model of the closed loop network is used to explore the
generation and interaction of network oscillations and their sup-
pression through deep brain stimulation (DBS). Under simulated
dopamine depletion conditions, increased gain through the hyper-
direct pathway resulted in the interaction of neural oscillations
at different frequencies in the cortex and subthalamic nucleus
(STN), leading to the emergence of synchronized oscillations at a
new intermediate frequency. Further increases in synaptic gain
resulted in the cortex driving synchronous oscillatory activity
throughout the network. When DBS was added to the model
a progressive reduction in STN power at the tremor and beta
frequencies was observed as the frequency of stimulation was
increased, with resonance effects occurring for low frequency
DBS ( 40 Hz) in agreement with experimental observations.
The results provide new insights into the mechanisms by which
synchronous oscillations can arise within the network and how
DBS may suppress unwanted oscillatory activity.

Index Terms—Basal ganglia, deep brain stimulation (DBS), os-
cillations, Parkinson’s disease.

I. INTRODUCTION

O VER the past decade, deep brain stimulation (DBS) has
become established as an effective therapy for treating

the symptoms of Parkinson’s disease including tremor, bradyki-
nesia, rigidity, and akinesia. Recent studies have suggested
that DBS disrupts abnormal neural synchrony responsible for
pathological oscillations throughout the cortico-basal ganglia
network [1], [2]. In patients with Parkinson’s disease and
MPTP-treated monkeys, increased oscillatory activity in the
local field potential (LFP) and synchronized neural activity
within the parkinsonian tremor (3–9 Hz) and beta (15–45 Hz)
frequency ranges have been shown to occur throughout the
basal ganglia, including the subthalamic nucleus (STN), globus
pallidus externa (GPe), and interna (GPi), and in the cortex
[3]–[6]. LFP and surface electromyographic signals have been
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shown to be correlated both at the frequency, and at twice the
frequency, of parkinsonian tremor [7], [8]. Recently, directional
coupling between LFP and accelerometer signals has con-
firmed an efferent role for LFP oscillations in the generation of
tremor [9]. The strength of beta band oscillations and levels of
bradykinesia and rigidity are correlated in Parkinson’s disease,
and are suppressed with the degree of suppression inversely
correlated to symptom severity following administration of
Levodopa [10]–[12]. Beta band power in the STN is similarly
attenuated during and following STN-DBS [13]–[15], leading
to the hypothesis that DBS may exert part of its therapeutic
influence through the suppression of pathological beta band
activity.
Two main hypotheses have been proposed to explain the

origin of the pathological oscillations in Parkinson’s disease.
The first, based on in vitro recordings from STN-GPe network
co-cultured with the cortex and striatum suggests that low-fre-
quency oscillatory activity is generated by the reciprocally
connected STN-GPe network acting as a central pacemaker
[16]. Dopamine depletion presynaptically increases the effect
of GABAergic transmission from the GPe to STN, contributing
to abnormal correlated burst-firing among STN neurons [17].
These effects are further enhanced by decreased activation of
postsynaptic dopamine receptors in the STN [18]. It has been
alternatively suggested that dopaminergic loss leads to a loss of
segregation among nuclei within the cortico-basal ganglia net-
work, leading to increased synchrony and oscillatory activity
throughout the network [19].
Recent studies have suggested a critical role for overactivity

in the hyperdirect pathway between the cortex and STN in the
generation of pathological oscillations in Parkinson’s disease
[20]. It has been shown that abnormal slow oscillations of
the STN-GPe network can be driven by the cortex following
dopamine depletion [20]–[22]. It is possible that a similar
mechanism may underpin exaggerated beta activity in the
cortex and STN, with the cortex effectively driving the STN
in Parkinson’s disease. Consistent with this, measures of func-
tional connectivity in animal models of Parkinson’s disease
have indicated increased coupling between the cortex and STN
and between the STN and GPe [21]–[24]. It is also possible
that oscillations originating in different parts of the network
may interact leading to loss of segregation at the network level.
Bispectral analysis has provided experimental evidence of
nonlinear interactions between different basal ganglia oscilla-
tions in Parkinson’s disease patients that can be modulated by
administration of Levodopa [25], [26]. Despite these advances,
current understanding of the origin and functional significance

1534-4320/$31.00 © 2013 IEEE



KANG AND LOWERY: INTERACTION OF OSCILLATIONS, AND THEIR SUPPRESSION VIA DEEP BRAIN STIMULATION 245

of pathological oscillatory activity within the cortico-basal gan-
glia network and the mechanism by which they are modulated
by DBS is far from complete.
In this study, we explore the hypothesis that alteration in net-

work connectivity due to dopamine depletion in Parkinson’s dis-
ease leads to the generation of pathological oscillations within
the cortico-basal ganglia network and that high-frequency DBS
exerts its therapeutic influence by suppressing these oscillations,
using model simulation. We explore mechanisms by which low
frequency oscillations can be generated within the network and
illustrate how oscillations at both beta and tremor frequencies
can emerge through the interaction of oscillatory STN activity
with cortical inputs through the hyperdirect pathway.
The model presented is the first to simulate activity of indi-

vidual neurons in each of the nuclei in the closed loop formed
through the cortico-basal ganglia-thalamic network. The model
also simulates pathological oscillations at both beta and parkin-
sonian tremor frequencies. The majority of DBS models to date
have focused on the network formed by the STN, GPe, GPi, and
thalamus without consideration of cortical inputs and have sim-
ulated pathological oscillations at the frequency of parkinsonian
tremor [27]–[31]. The effect of DBS on simulated beta oscilla-
tions was examined in [32], however the model did not con-
sider oscillations at the frequency of parkinsonian tremor nor
the closed loop formed between the cortex and basal ganglia.
While these nuclei have been included in a recent neural mass
model [33], by its nature this type of model focuses on the ag-
gregate activity of populations of neurons, and therefore does
not capture individual neuron firing times and dynamics.
In this paper, we illustrate how under conditions of increased

gain through the hyperdirect pathway neural oscillations at two
different frequencies arising within the cortex and STN can in-
teract, leading to the emergence of synchronized oscillations
throughout the network at a new intermediate frequency. The
model also shows how cortical activity may dominate and drive
the activity of the STN at higher gains. In agreement with exper-
imental observations, the addition of high frequency DBS to the
model suppressed oscillations in the STN at both parkinsonian
tremor and beta frequencies, while low frequency DBS resulted
in resonance effects, enhancing the magnitude of beta oscilla-
tions.

II. METHODS

The structure of the closed loop cortico-basal ganglia model
developed in this study is presented in Fig. 1. Themodel is based
on an extension of the basal ganglia network model originally
presented by Rubin and Terman [27], [28]. In addition to the in-
direct pathway from the GPe through the STN to the GPi, the
model also includes the hyperdirect pathway from the cortex to
the STN and the pathway from the thalamus to cortex, thereby
incorporating the closed loop formed by the cortex-STN-GPi
and thalamus [34]. Striatal input to the GPe is implemented as
a constant hyperpolarizing current. To incorporate STN plateau
potentials, the model incorporates a more physiological repre-
sentation of STN neurons introduced by Otsuka et al. [35]. It
has been suggested that the generation of plateau potentials may
be one of several mechanisms responsible for the long-lasting

Fig. 1. Schematic diagram of the model, illustrating connections between GPe,
STN, GPi, thalamus, striatum, and cortex. Excitatory connections are indicated
with a solid line and inhibitory connections with a dashed line.

bursts observed in STN neurons [36] and that the ionic conduc-
tances underlying bursting activity in Parkinson’s disease and
plateau potentials may be the same [37]. Simulation of the GPe,
GPi, and thalamus neurons was based on the neuron models pre-
sented in [27] and [28]. The GPe model was developed to match
firing properties of GPe cells observed in slices. The GPi model
is based on the GPe, with parameters altered to reflect faster
firing properties of the GPi, while the thalamus is a simplifica-
tion of a previously presented model [38].
It is assumed that the STN neurons receive substantial di-

rect excitatory input from the cortex [39] via the hyperdirect
pathway and inhibitory input from the GPe [40]. To represent
these connections, each STN neuron in the model, receives ex-
citatory input from two cortical neurons and inhibitory input
from two GPe neurons. To simulate inhibitory connections be-
tween GPe neurons [41], each GPe neuron receives inhibitory
input from two other GPe neurons in addition to excitatory input
from a single STN neuron as the GPe is reciprocally connected
to the STN [42]. Each GPi neuron receives excitatory input
from a single STN neuron and inhibitory input from a single
GPe neuron [43]. Finally, each thalamic neuron receives in-
hibitory input from a single GPi neuron and projects to the
cortex such that each cortical neuron receives excitatory input
from a single thalamic neuron (Fig. 1). As the details of con-
nections between thalamic and cortical neurons are not well un-
derstood, in the model a simple one-to-one connectivity scheme
was implemented. The effect of the striatum on the GPe was in-
corporated by applying a constant inhibitory current from the
striatum to all GPe neurons. 25 STN, 25 GPe, 25 GPi, 10 tha-
lamic neurons, and 25 cortical neurons were included in the
model.

A. Subthalamic Nucleus Neurons

The STN model adopted here is that developed by Otsuka et
al. (2004) as it captures critical STN properties in particular the
generation of plateau potentials in a single compartment model,
thereby remaining computationally efficient and suitable for in-
cluding in a network model comprised of a large number of neu-
rons. The membrane potential of STN neuron , is de-
scribed by

(1)
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where is the membrane capacitance, is the
sodium current, is the Kv3-type current, and
is the voltage dependent A-type current. An L-like long-
lasting current, , and low threshold T-type
current, are also included. Finally, the model includes
a -activated current, , and a leak current,

. Parameter values used for the STN neuron are as detailed
in Otsuka et al. (2004). represents a level of activation
of postsynaptic dopamine receptors in the STN. repre-
sents the synaptic current from cell to cell and is described
as follows:

(2)

where indicates the synaptic gain from structure to
structure and is the reversal potential of the synaptic
current. The sum is taken over the presynaptic neurons con-
nected to each neuron. Details of the parameter values for the
synaptic variable, are given in Rubin and Terman (2004).

B. Globus Pallidus Neurons

The models used to simulate the GPe and GPi neurons are
adopted from those presented in Rubin and Terman (2004). Sim-
ilar to the equation for the STN neurons, the membrane potential
of GPe neuron , is described by

(3)

Here, ,
indicate the membrane capacitance, leak, potas-

sium, sodium, low-threshold T-type , high-threshold
, and voltage-independent “afterhyperpolarization”

currents, respectively. GPi neurons were modeled similarly
to the GPe neurons. indicates the synaptic current as
detailed in (2) and is a constant value representing
the applied current from the striatum to the GPe in the GPe
model and the additional constant current to the GPi to capture
the neuron firing properties in the GPi model. represents
membrane noise added to the transmembrane potential of each
GPe neuron. Details of the parameters for the GPe and GPi
neurons and all additional constant current injected to each GPi
neuron are presented in Rubin and Terman (2004).

C. Thalamic Neurons

The thalamic neurons include four intrinsic currents as de-
scribed in Rubin and Terman (2004); a leak current , a sodium
current , a potassium current , a low-threshold calcium
current , and a GPi-thalamus interaction current . The
membrane voltage equation of the thalamic neuron , is
of the form

(4)
where is 1 and for the synaptic current,
(2).

D. Cortical Neurons

The primary role of the cortical neurons in the present
study is to act as a source of excitatory input to the STN
transmitted through the hyperdirect pathway, while receiving
excitatory input from the thalamus. It should, therefore, exhibit
fundamental properties of cortical neurons, while remaining
computationally efficient. The model developed by Izhikevich
[44] was, therefore, chosen as it exhibits key features of cortical
neurons whilst remaining relatively simple and effective for
computational simulation. The mathematical representation
of cortical neuron is given by a series of nonlinear ordinary
differential equations of the form

(5)

with the auxiliary after-spike resetting as follows:

(6)

Here, represents the membrane potential of cortical neuron
, and represents a membrane recovery variable which ac-
counts for the activation of ionic currents and inactivation
of ionic currents and provides negative feedback to .
The parameter describes the time scale of the recovery vari-
able , when smaller values represent slower recovery. The
parameter describes the sensitivity of the recovery variable
to the subthreshold fluctuations of the membrane potential
. represents membrane noise added to the transmem-

brane potential of each cortical neuron. The constant describes
the after-spike reset value of the membrane potential caused by
the fast high-threshold conductances and its typical value
is 65 mV. Finally, the parameter describes after-spike reset
of the recovery variable caused by slow high-threshold
and conductances.
Membrane noise was simulated as Gaussian white noise with

mean of 0 and standard deviation of 0.0001 and 0.005
and was added to the membrane potential of each GPe and cor-
tical neuron, respectively. This resulted in uncorrelated neural
firing pattern under both normal and parkinsonian state.

E. DBS

DBS was implemented by adding an intracellular current to
each STN neuron in the form of a series of periodic rectangular
current pulses, of variable amplitude, duration, and fre-
quency

(7)

F. Simulation Details

The synaptic gains to simulate normal conditions were initial-
ized using values used in previous computational models [27],
[28] and then adjusted so that the mean firing rates in each of the
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TABLE I
MODEL PARAMETERS TO SIMULATE NORMAL AND DOPAMINE

DEPLETED CONDITIONS

nuclei approximate experimentally observed in vivo firing sta-
tistics. The mean firing rates of the STN, GPe, and GPi model
neurons were 7.5 0.3, 19.9 0.6, and 110 15 Hz, respec-
tively. These compare with mean firing rates observed during in
vivo recordings of 8–11 Hz in STN neurons, 15–20 Hz in GPe
neurons in awake, resting rats, and 60–100 Hz in GPi neurons
in monkeys in the normal state [45]–[47].
To simulate parkinsonian conditions a hyperpolarizing cur-

rent was first added to the GPe to elicit bursting of GPe neurons
at approximately 5 Hz. Self-inhibition between GPe neurons
was reduced and the gain from GPe to STN and from STN to
GPe was increased resulting in synchronized bursting of the
STN and GPe neurons at 1–2 Hz similar to the bursting activity
observed in the isolated STN-GPe network in vitro by Plenz
and Kital (1999). The other synaptic gains in the closed loop
cortex-STN-GPi-thalamus-cortex network were then also in-
creased, consistent with the theory that dopamine has an overall
damping effect on the network and that dopamine depletion
leads to increased network excitability and synchronization
[48]. Previous computational models have similarly increased
connection strength between nuclei to simulate the effects
of dopamine depletion on basal ganglia network activity in
Parkinson’s disease [32], [49], [50]. The synaptic gains and
external current to the STN, GPe, and GPi are presented in
Table I. The strength of the synaptic gain from the cortex to
STN was then progressively increased from 0.0001 to 20 and
the effect on the power spectra of the cortical and STN neurons
was examined for initial cortical firing rates of 1, 10, 20, 30,
50, and 90 Hz.
The gain from cortex to STN and cortical neuron firing rates

necessary to elicit synchronous oscillations within the entire
network at the frequency of both parkinsonian tremor (4 Hz) and
beta activities (20 Hz) were then identified and the effect of the
DBS added directly to the STN neurons was considered under
both conditions. The strength of tremor or beta oscillations in
the average power spectra of the STN neurons was examined as
the frequency of the DBS was progressively increased for DBS
amplitudes of 130 and 200 , respectively, and a pulse
duration of 100 .
Simulations were performed using XPPAUT [51]. An adap-

tive-step fourth order Runge-Kutta method was used to solve

Fig. 2. Interaction of oscillations with initial frequencies of 1 Hz in the cortex
and 1.3 Hz in the STN-GPe network. The average power spectrum of the cortical
neurons is shown with a dashed line in gray and that of the STN neuron with
a solid line in black. For low synaptic gains between the cortex and STN, the
power spectra of the neurons in the cortex and STN exhibit peak frequency
components of 1.3 and 2 Hz, respectively (a). The two frequencies begin to
converge on a single frequency of 2.7 Hz as the synaptic gain from the cortex
to the STN is increased (b). As the gain is further increased, the frequency at
which the oscillations converge increases to 6 Hz (c), with further increase in
gain resulting in a strengthening of synchronous oscillations at that frequency
(d). A segment of the axis on a smaller frequency scale is shown in the insert in
each figure.

the differential equations with a time step of 0.01 ms. To ob-
tain a quantitative measure for the effect of the DBS on the cor-
tico-basal ganglia network, each condition was simulated for a
duration of 10 s in three separate simulation experiments, the
power of the membrane potential of the STN and cortical neu-
rons in the frequency band of interest was examined and the
mean and standard deviation over all results evaluated. User
developed programs using Welch’s method in Matlab (Math-
works, Natick, MA, USA) were used to calculate total power
spectral density of the membrane potentials across all neurons
in the STN to quantify the magnitude of the tremor and beta
band oscillations.

III. RESULTS

A. Interaction of Oscillations

Under simulated dopamine depletion conditions, the re-
ciprocally connected STN-GPe network exhibited oscillatory
bursting of both GPe and STN neurons at a frequency of 1.3 Hz,
with a firing frequency of approximately 60 Hz within bursts.
Inhibitory input from the GPe to the STN elicited rebound
bursting of STN neurons, which in turn resulted in excitation of
GPe neurons thus inhibiting the STN again. The power spectra
of the STN and cortical neurons were then compared as the
gain between cortex and STN, and the firing rate of the cortical
neurons were systematically increased.
In Fig. 2, the average power spectra of all STN and cortical

neurons are compared for increasing values of the gain between
the cortex and STN, for an initial cortical firing rate of 1 Hz.
The power spectra are compared as the gain was increased for
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Fig. 3. Interaction of oscillations with initial frequencies of 10 Hz (a)–(c) and 20 Hz (d)–(f) in the cortex and 1.3 Hz in STN-GPe network. The average power
spectra of the cortical neuron is shown with a dashed line in gray and that of the STN neuron with a solid line in black. For low synaptic gain between the cortex
and STN, the power spectra of the neurons in the cortex and STN exhibit peak frequency components of 10 Hz or 20 Hz and 1.3 Hz, respectively (a), (d). As the
synaptic gain is increased, the cortical and STN neurons begin to converge on a single frequency of 4.0 Hz for an initial cortical firing rate of 10 Hz (b) and 5.3 Hz
for an initial cortical firing rate of 20 Hz (e). When the strength of the coupling between the cortex and the STN is increased further, the STN and GPe network
is driven at the frequency of the cortical neuron firing (c), (f). Pulse trains representing the firing times of a representative STN and cortical neuron are shown in
each figure.

TABLE II
PEAK FREQUENCIES OF POWER SPECTRA OF STN AND CORTEX AS THE
GAIN AND INITIAL CORTICAL FIRING FREQUENCY WERE VARIED

initial cortical firing rates of 10 and 20 Hz in Fig. 3. Each power
spectrum has been normalized with respect to the total power.
Peak frequencies in the STN and cortical neuron power spectra
are presented in Table II for initial cortical firing rates of 30, 50,
and 90 Hz.
For low gains between the cortex and STN, the STN-GPe

network and cortical neurons were effectively uncoupled and
exhibited oscillatory activity at distinct frequencies, with a
peak in the power spectrum of the STN neurons at 1.3 Hz
and in the cortical neurons at the frequency of cortical firing

(Fig. 3(a) and (d), and Table II). As the gain from the cortex to
the STN was increased, the cortical firing rate and the frequency
of the STN-GPe oscillatory activity converged upon a new
single intermediate frequency of synchronization throughout
the network (Fig. 2(b)–(d), Fig. 3(b) and (e), and Table II). For
initial cortical firing rates of 1, 10, 20, 30, and 50 Hz the peak
in the power spectrum of the transmembrane potential of all
neurons within the cortico-basal ganglia network converged
on a frequency of 6.0, 4.0, 5.3, 7.3, and 8.7 Hz, respectively
(Fig. 2(d), Fig. 3(b) and (e), and Table II). The emergence of a
single dominant frequency throughout the network occurred at
progressively lower gains as the cortical firing rate increased.
The peaks in the power spectra of the cortical and STN neurons
converged upon a single frequency at cortex-STN gains of 1.00,
0.20, 0.065, 0.02, and 0.02, for cortical firing rates of 1, 10, 20,
30, and 50 Hz, respectively. At the highest cortical firing rate
examined, 90 Hz, the majority of cortical power remained at 90
Hz as the cortex-STN gain increased and convergence of the
network on a lower frequency was not observed, Table II.
When the gain between the cortex and STN was further in-

creased, a strong input from the cortex caused the STN neurons
to be “driven” by the cortex at the same frequency as the cortical
neurons. For cortical firing rates of 10, 20, 30, 50, and 90 Hz,
bursting of STN neurons was driven at the frequency of the cor-
tical input to the STN when the strength of the gain between the
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Fig. 4. Representative STN neuron oscillating at the tremor (a) and beta fre-
quencies (b) and with DBS (c), (d). Total synaptic currents to the STN neuron
from the cortex and GPe are shown on the top of each figure and the DBS input
stimulus to the STN is also presented in (c) and (d).

cortex and STN was increased beyond the value at which con-
vergence and loss of segregation throughout the network were
initially observed (Fig. 3(c) and (f) and Table II). For the highest
frequencies of cortical firing examined, 30, 50, and 90 Hz, the
STN neurons were readily driven by the cortical input at rela-
tively low levels of synaptic gains (Table II). In contrast, for the
lowest value of cortical firing rate examined, 1 Hz, the network
converged on a higher frequency of 6 Hz and driving of the net-
work at the initial cortical firing frequency was not observed for
the gains examined (Fig. 2). The oscillatory activity and neural
firing patterns observed in the GPe were similar those in the
STN.

B. Effect of DBS

To examine the effect of DBS in suppressing simulated os-
cillations at the frequency of parkinsonian tremor within the
network, a cortical firing rate of 10 Hz and cortex-STN gain
of 0.2 was chosen to generate oscillations throughout the net-
work at 4.0 Hz [Fig. 3(b)]. A cortical firing rate of 20 Hz and
cortex-STN gain of 0.9 [Fig. 3(f)] was chosen to generate os-
cillations at 20 Hz to examine the effect of DBS on simulated
beta activity. Regular and synchronous bursting activity at 4 and
20 Hz, respectively, was observed in the STN [Fig. 4(a) and (b)].
The STN neurons were driven by the stimulation current and

pathological oscillations were abolished with 150 Hz DBS with
a pulse duration of 100 and 130 amplitude for
tremor frequency oscillations and 200 amplitude for
beta frequency oscillations [Fig. 4(c) and (d)]. The effect of
varying the frequency of DBS on tremor and beta frequency
oscillations was then examined for DBS amplitudes of 130 and
200 , respectively, and pulse duration of 100 . The

Fig. 5. Effect of DBS frequency on (a) the 3–9 Hz power of the membrane
potential of a representative STN neuron and (b) the 15–45 Hz power as the
frequency of the DBS stimulus was increased in the model of tremor and beta
frequency oscillations, respectively. Data shows the mean standard deviation
of three simulations of duration 10 s each. The DBS pulse duration was 100
in each case (a) and (b). The amplitude of 130 was used in (a) and
200 for (b).

power in the 3–9 Hz range of the membrane potential of a rep-
resentative STN neuron in the tremor model is shown as the
frequency of the DBS stimulus was increased [Fig. 5(a)]. Sim-
ilarly, the power in the 15–45 Hz range for DBS applied to the
model of beta oscillations is shown in Fig. 5(b). The total power
at the frequency of the simulated pathological oscillations de-
creased as the frequency of the DBS stimulus was increased. A
slight tendency for beta band activity to increase again as the
DBS frequency increased above approximately 200 Hz was ob-
served.
To allow comparison with experimental results in which low

frequency DBS was applied to the STN, the change in 15–45
Hz STN power for DBS at 5, 10, and 20 Hz was compared to
the beta band power without DBS, Fig. 6. Two conditions with
different baseline levels of beta band activity were considered
by varying the gain to the STN neurons from the cortex. For the
lower baseline levels of beta activity, an increase in beta band
activity was observed when DBS was applied at 5, 10, and 20
Hz while a small decrease was shown under the condition with
higher baseline levels of beta activity. In both cases a decrease
in the beta band power to 1.35 and 2.85 was observed
for DBS at 160 Hz.

IV. DISCUSSION

A new computational model of the cortico-basal ganglia net-
work has been presented. The model was used to explore the
interaction of neural oscillations at different frequencies within
the cortico-basal ganglia loop as the gain between the cortex
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Fig. 6. Effect of low-frequency DBS on the 15–45 Hz power of a representa-
tive STN neuron. Two different baseline levels of the beta band activity were
considered (a) low beta activity and (b) high beta activity under conditions of
no DBS applied to the STN.

and STN was enhanced. By incorporating a closed loop cortico-
basal ganglia network and the generation of oscillatory activity
at both tremor and beta frequencies, the model provides a more
comprehensive model in which to examine the effect of DBS
parameters on pathological oscillations, than previous models
which have considered either tremor generation [28]–[31] or
beta oscillations [32], [33]. In addition, the model provides a
framework for examining the effects of DBS parameters on the
propagation of low frequency oscillatory activity throughout the
cortico-basal ganglia network.

A. Generation and Interaction of Synchronous Oscillations
within the Cortico-Basal Ganglia Network under Simulated
Dopamine Depletion

The present study has focused on the generation of syn-
chronous oscillations as a result of increased coupling between
the cortex and STN through the fast hyperdirect pathway.
Electrophysiological [20], [21], [23], [24] and recent imaging
studies [22] have provided strong evidence of increased
functional connectivity between the cortex and STN. These
studies suggest a critical role for overactivity in the hyperdirect
pathway in the generation of pathological synchronous activity,
associated with akinesia and bradykinesia [10]–[12]. Consis-
tent with this, the functional model proposed by Nambu et
al., suggests increased inhibition of expanded areas of the cor-
tico-basal ganglia-thalamus network due to increased activity
of the hyperdirect pathway in Parkinson’s disease, suppressing
the release of selected target motor programs [52].

At relatively low gains between the cortex and STN, the
reciprocal connectivity between the STN and GPe network led
to the generation of low-frequency (1.3 Hz) synchronous oscil-
latory activity within the simulated STN-GPe network. After
the GPe neurons fired, inhibitory input to the STN resulted in
rebound bursting of the STN, in turn leading to excitation of the
GPe and the initiation of low-frequency oscillatory bursting in
both nuclei. This effect was further facilitated by the reduction
in self-inhibition between GPe neurons which increased the
response of GPe neurons to excitatory inputs from the STN.
The 1–2 Hz synchronized bursting observed in the STN-GPe
network is similar to the synchronized oscillating bursts at
0.4–1.8 Hz in the isolated dopamine depleted STN-GPe net-
work observed by Plenz and Kital (1999).
In the model, as the strength of the synaptic coupling from the

cortex to STN was increased, low frequency, 1.3 Hz STN-GPe
activity interacted with excitatory inputs from the cortex re-
sulting in the emergence of synchronous oscillations throughout
the network (STN, GPe, GPi, thalamus, and cortex) at a new
intermediate frequency (Fig. 2(b)–(d), Fig. 3(b) and (e), and
Table II). For cortical neurons firing at 10, 20, 30, and 50 Hz
and low-frequency bursting of the STN-GPe network at 1.3 Hz,
the network oscillations converged to a single frequency of 4.0,
5.3, 7.3, and 8.7 Hz, respectively. At high synaptic gains, a dif-
ferent mode of interaction was observed with periodic bursting
of the STN driven at the frequency of the cortical neurons, syn-
chronizing activity throughout the network (Fig. 3(c) and (f) and
Table II).
The results are consistent with suggestions that increased

synchronization and propagation of coherent beta band activity
throughout the basal ganglia network may be due to enhanced
sensitivity of the STN to beta activity originating in the cortex
[20], [33], [53], [54]. The results presented here extend this
hypothesis to illustrate how, for simulated dopamine depletion,
oscillatory activity at the tremor and beta frequencies may arise
either due to the interaction of oscillatory activity from two
different sources, resulting in the emergence of synchronization
throughout the network at a new frequency of oscillation, or
when the gain is further increased, through driving of STN
bursting by cortical inputs. Both result similarly in neural syn-
chronization and a loss of segregation throughout the network
(Figs. 2 and 3 and Table II). The model suggests a possible
mechanism whereby oscillatory beta activity in the cortex
interacting with slow oscillations in the STN-GPe network
may lead to the emergence of oscillatory activity within the
frequency range of parkinsonian tremor. As the sensitivity of
the STN to cortical inputs is increased, the cortex may then
drive the basal-ganglia network at frequencies in the beta range.
Alternatively, it is also possible that beta activity may arise
due to the interaction of low frequency activity with higher
frequency activity originating in different neural populations.
Analysis of experimental data has suggested the presence of

coupling and cross-frequency interactions between neural oscil-
lations across different frequency bands. Nonlinear correlations
between LFP oscillations at different frequencies have been re-
ported in patients with Parkinson’s disease, leading to a loss
of segregation between rhythms [25]. Bispectral analysis has
similarly indicated that low beta activity in the GPi generates
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harmonics present in the high beta band and that these rhythms
become independent following dopamine medication [26]. In-
creased LFP activity in the gamma frequency range was found
to be associated with periods of stronger tremor in Parkinson’s
disease patients [55]. In addition, the ratio of beta to low gamma
coherence was lower during these periods and higher during
periods of weak tremor, leading to the suggestion that tremor
is associated with an altered balance between beta and gamma
activity [55]. The origin of the experimentally observed inter-
actions between frequencies is unclear, however suggested pos-
sible mechanisms include synchronization between two or more
oscillators comprised of populations of synchronized neurons
[26], as observed in the model presented here.
Although the complexity of the model precludes the appli-

cation of a theoretical analyses, the overall model behavior is
similar to that predicted by simplified mean field models of in-
teracting oscillations. The results are consistent with theoretical
analyses of a simplified model of a closed-loop coupled network
of neurons which predicts the interaction of two networks with
different oscillation frequencies to produce a single frequency
of oscillations lying between the two [56]. When the gains be-
tween two interacting networks are equal, the theoretical model
predicts a new frequency of oscillations equal to the geometric
mean of the two interacting frequencies, similar to that observed
here (Fig. 3(b) and (e) and Table II).

B. Effect of DBS

The addition of high frequency stimulation from DBS
directly affected the firing of STN neurons in this model,
preventing the propagation of pathological oscillatory activity
through the network (Fig. 4). Similar results were obtained
when DBS was applied to either the GPi or thalamus, sug-
gesting that the results are due to a cumulative network effect
rather than targeting of a specific nucleus. This is similar to
suggestions that DBS creates an “informational lesion” [57] or
“jamming” [58] within the cortico-basal ganglia network. In
terms of nonlinear control systems, the high frequency DBS
input reduces the effective gain around the feedback loops
involved, thus reducing unwanted lower frequency oscillations
[59].
Tremor-frequency oscillations showed a continuous decrease

with increasing DBS frequency, consistent with clinical record-
ings in essential tremor [60], with almost total suppression of the
power occurring at and above approximately 120 Hz [Fig. 5(a)].
Similarly, the power of the STN membrane potential in the beta
band was reduced as the DBS frequency increased. A contin-
uous decrease in STN beta power was observed as the DBS fre-
quency increased with a slight recovery at frequencies above
200 Hz [Fig. 5(b)].
In contrast to high frequency DBS low frequency stimulation

of STN neurons has been shown to exacerbate parkinsonian
symptoms. In recent studies, the effects of stimulation at low
frequencies, including those in the beta band range were ex-
plored, based on baseline levels of tapping performance or the
Unified Parkinson’s Disease Rating Scale (UPDRS) [61]–[63].
To allow comparison with these results, two different baseline
levels of beta activity were considered in the model when
low frequency stimulation was applied to the STN. For the

lower baseline levels, the beta power increased at low DBS
frequencies of 5, 10, and 20 Hz due to resonance between the
stimulus frequency and the network oscillations. In the case
where relatively high baseline levels of beta band power were
simulated, DBS at 5, 10, and 20 Hz resulted in a decrease in
STN beta band activity as levels of beta activity in the network
were already saturated prior to stimulation (Fig. 6). These
simulation results are similar to the experimental results which
showed the application of DBS at 5 and 20 Hz worsened per-
formance when baseline tapping performance was within the
normal range, but resulted in small increases in performance in
subjects with baseline tapping function below the normal range
[63]. Similar trends have been observed in UPDRS scores with
STN DBS applied at 10 Hz [61].

C. Computational Model Limitations

The model is designed to capture critical pathways through
the closed loop, cortex-STN-GPi-thalamus network. However,
simplifying assumptions have necessarily been made. The
model concentrated on the effects of the hyperdirect pathway
and hence does not incorporate the striatal neurons or related
projections, including the direct pathway. Inclusion of the di-
rect pathway would reduce excitation within the GPi. Although
it may modulate activity within the network, it would not be
expected to alter the overall model behavior. Recent studies
suggest an alternative possibility that enhanced beta frequency
oscillations may arise from the interaction between medium
spiny neuron GABAa current and intrinsic membrane currents
within striatal networks [64]. Studies suggested that an intrinsic
STN network, not considered in the present model, may also
exist [65]. It is also likely that the thalamus may play a more
complex role than a simple relay, as has been assumed [66].
The present study does not consider the volume conductor
which determines voltage and current distribution in the tissue
around electrode. Instead, the effect of DBS at the neuron is
represented through the addition of an intracellular current,
similar to the approach used in previous basal-ganglia network
models of DBS [27]–[29], [31]. It has recently been suggested
that DBS may be effective through simulation of afferent axons
to the STN, rather than direct stimulation of the STN itself
[67]. In this case, although the target would be different, the
effects of DBS on low frequency neural oscillations would be
expected to be similar to that observed here.

V. CONCLUSION

A model of the cortico-basal ganglia network has been pre-
sented to examine the interaction of oscillations at different fre-
quencies within the network under conditions of dopamine de-
pletion. The model was used to examine the effect of varying
DBS frequency on oscillations within the tremor and beta bands.
The results indicate that under conditions of enhanced sensi-
tivity of STN neurons to cortical inputs, interaction of oscilla-
tory activity within the STN-GPe network and cortex at dif-
ferent frequencies can result in the emergence of oscillatory
activity at a new intermediate frequency. Under conditions of
strong coupling between the cortex and STN, the cortex effec-
tively drives the STN, leading to oscillatory activity throughout
the network at the frequency of the cortical oscillations. When



252 IEEE TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING, VOL. 21, NO. 2, MARCH 2013

DBS was added to the model, progressively increasing the DBS
frequency reduced STN power within the frequency range of
simulated tremor or beta oscillations, suppressing the propaga-
tion of oscillations through the network. Low frequency stimu-
lation resulted in resonant effects which increased oscillations
within the beta frequency range, consistent with previous exper-
imental observations.
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