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Abstract—Deep brain stimulation (DBS) has been demon-
strated to effectively improve the motor symptoms of Parkin-
son’s disease. However, the underlying mechanisms are not
known. It has been reported that a period of time is required
before the full effect on motor symptoms is realized after DBS is
initiated and that suppression of symptoms persists after DBS
ends under parkinsonian conditions. A computational model
is presented to investigate the hypothesis that interconnectiv-
ity and transmission delays within the subthalamic nucleus
(STN) neurons may induce a gradual decay and recovery
of pathological oscillations at DBS onset and offset under
simulated parkinsonian conditions. Interconnectivity strength
between the STN neurons and the number of STN neurons
directly stimulated by DBS are both varied to examine the
gradual decay and recovery of oscillatory STN activity. Weaker
interconnectivity and lower numbers of STN neurons directly
receiving DBS input were found to result in longer decay and
recovery times at the onset and offset of DBS, respectively.

I. INTRODUCTION

The subthalamic nucleus (STN) is one of five nuclei
of the basal ganglia and, as the only excitatory projection
in the basal ganglia, plays a crucial role in control of
movement [1]. Under normal conditions there is robust
oscillatory activity in the STN [2], while under parkinsonian
conditions abnormal synchrony and increases in firing rates
and oscillatory activity within the frequency ranges of 3-
9 Hz (tremor band) and 15-30 Hz (beta band) have been
reported [3], [4]. These oscillatory activities have been shown
to be related to motor symptoms of Parkinson’s disease. In
particular, the strength of beta band oscillations has been
related to levels of bradykinesia, askinesia and rigidity, while
suppression of beta band power is correlated to improvement
of those symptoms [5], [6].

The STN has been identified as one of the most promising
targets for deep brain stimulation (DBS) to improve motor
symptoms both in parkinsonian monkeys [7] and in patients
[8]. However, the underlying mechanisms of DBS are not
fully known and it has been shown that improvement in
parkinsonian symptoms may occur gradually after DBS is
activated or that the effects of DBS may prolong following
cessation of DBS [9], [10]. Similar effects have been also
found with DBS applied in dystonia patients [11] and for
Tourettes syndrome [12]. As they may influence the effect
of DBS and final outcome, the mechanisms by which delays
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occur during DBS onset and offset, are of clinical interest.
However, these effects have not been investigated in detail.
Interconnectivity within STN neurons may be one of several
possible contributory factors, although the effect that this
may have on DBS application is not known. Debate exists on
whether interconnectivity is present between STN neurons.
It has been shown that axon collaterals in the rat STN
may exist and terminate within the STN itself [13] and
these axon collaterals may influence synchrony in the STN
neurons [14]. In a previous computational model it has been
shown that interconnectivity within STN neurons can cause
interconnected STN neurons to be in a uniform high state in
response to a direct cortical input to the STN and change to a
low state with inhibitory input [15]. In contrast, Wilson et al.
suggested that there is no evidence of such interconnectivity
within the STN in extracellular recordings made from rat
STN neurons and hence synchrony within the STN neuron
does not result from the network in the STN but the other
basal ganglia nuclei [16].

In this study, a computational model has been developed
to investigate the potential contribution of interconnectivity
and transmission delays between STN neurons to the gradual
effect of DBS onset and offset on pathological beta band
oscillations within the basal ganglia network. The model is
based on a previous model [17]. The model was used to
investigate the hypothesis that DBS may directly stimulate
a subset of STN neurons while remaining neurons are
stimulated through interconnectivity within the nucleus. This
may lead to gradual onset and offset of the effects of DBS
due to synchronization and desynchronization of the STN
neurons in the network of the computational model. The
effect of the number of STN neurons receiving DBS input
directly and strength of interconnectivity within the STN was
also examined.

II. METHOD

The cortico-basal ganglia network model used in this study
extended the previous model developed in [17] to include
200 STN, Globus Pallidus external (GPe), Globus Pallidus
internal (GPi), thalamus and cortical neurons with indirect
and hyperdirect pathways. Each neuron was represented by
a single-compartment conductance-based model. There was
an excitatory input to the STN from the cortex, to the
GPe and GPi from the STN, and to the cortex from the
thalamus. Inhibitory inputs were directed to the STN and GPi
from the GPe and to the thalamus from the GPi. Functional
interconnectivity and self-inhibition were present within the

7107



STN neurons and within the GPe neurons, respectively. The
model structure is detailed in Fig. 1.
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Fig. 1. Schematic diagram of the model, indicating connections between
GPe (Globus Pallidus external), GPi (Globus Pallidus internal), STN (Sub-
thalamic Nucleus), cortex and striatum. DBS is injected directly into the
STN

A. Cell Models

STN, GPe, GPi and thalamic neurons were simulated using
the previous computational model based on Hodgkin-Huxley
type equations to describe ion channel dynamics [17]. The
membrane potential for each neuron is described as follows:

AV

1
PN (Zlﬁlsyn) (1)

where C,, is membrane capacitance and V,, is membrane
potential. I; denotes the individual ionic currents required to
generate the membrane potential for each neuron and Iy,
indicates the synaptic currents. STN neurons were given 6
UA/em? of external current, 0.5 pA/um? and 1.5 pA/um?
for GPe and GPi, respectively. Details of the model are
provided in [17]. To simulate cortical neurons a simple
spiking model developed by Izhikevich [18] was used as it
can demonstrate physiological properties of cortical neurons
providing effective computational simulation. Details for the
equations and parameter values are provided in [17].

B. Synaptic Connectivity

The synaptic connection was sparsely structured as fol-
lows: each STN neuron was synaptically connected to its two
nearest neighbors, Fig. 2. Each STN neuron was connected to
2% of all STN neurons in the network. This is close to the
minimum connectivity estimated in [15]. Following Rubin
and Terman [19], the synaptic current injected by neuron
o into neuron B is given by an expression involving the
transmembrane voltage of neuron «, Vy, the synaptic reversal
potential, E,_,5 and sum of conductances over all paths
connecting other neurons to neuron f3, all multiplied by a
gain term, g, _,g. In this paper, g4, is denoted by g;—.s and

is to be interpreted as a gain term associated with each path
coupling any STN neuron to its two nearest neighbours on
either side. A 2 ms transmission delay was also incorporated.
In the modelling study by Gillies and Willshaw [15] it has
been assumed that STN neurons are proximally located. As
the delay time in transmission from STN to GPe is 6 ms [20],
the transmission delay with the STN neuron was set to 2 ms.
STN neurons also received excitatory synaptic input from
the cortex, Cortex;_3 + Cortex;_, + Cortex;_; + Cortex;1| +
Cortex;1 + Cortex; 3 — STN; and inhibitory synaptic input
from GPe, GPe;;, — STN;.

GPe neurons received excitatory synaptic input from STN,
STN; — GPe; and GPi neurons were given both inhibitory
synaptic input from GPe, GPe; — GPj; and excitatory input
from STN, STN; — GPj;.

Inhibitory synaptic input was added from the GPi to
the thalamus, GPi; + GPi;+; + GPijyo + GPij+3 + GPijq
— Thalamus; and excitatory synaptic input from thala-
mus to cortex, Thalamus; + Thalamus;; + Thalamus;, +
Thalamus;;3 + Thalamus;;4 — Cortex; were present. STN
synaptic connectivity is presented in Fig. 2.
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Fig. 2. Synaptic connection within the STN neurons. 200 STN neurons
were implemented. DBS is directly applied to neuron 1 or neuron 1 and 2.

C. DBS Application

The DBS input was simulated as a series of periodic rect-
angular current pulses and directly added to the membrane
potential of the STN neuron. The number of STN neurons
which received the excitatory DBS current and the strength
of interconnectivity among the STN neurons were varied
to examine their effect on the gradual onset and offset of
the effect of DBS under parkinsonian conditions generating
20 Hz oscillations. Five sets of computational simulations
were performed as following: two sets with different number
of STN neurons receiving DBS input, one and two STN
neurons with fixed interconnectivity strength and three sets
with different strength of interconnectivity, gs;—s 0.2, 0.25
and 0.3 with fixed number of STN neurons receiving DBS
input. The decay time was defined as the duration from the
time at which DBS was applied to the time at which the
relative beta band power was reduced to 10% of its baseline
level. The recovery time was similarly defined as the duration
from the time at which DBS was turned off to the time
at which the relative beta band power returned back to its
baseline level. The gradual decay and recovery of 20 Hz
oscillations in the STN neurons during DBS onset and offset
was examined with DBS input which had a frequency of 150
Hz, amplitude of 300 uA/cm? and pulse duration of 100 us.

7108



III. RESULTS

Beta band oscillations were generated and DBS was
directly applied to the first STN neuron. Averaged membrane
potential and relative beta band power of STN neurons are
shown in Fig. 3. A decay time of 1200 ms and recovery time
1600 ms following DBS onset and offset for suppression of
beta band oscillations were observed when DBS was applied
for 2 s.
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Fig. 3. Averaged membrane potential of 200 STN neurons under parkinso-
nian conditions is presented. Thick line indicates relative beta band power
extracted from the membrane potential. DBS applied to the first STN neuron
for 2 s is also shown.

A. Variations with STN Interconnectivity Strength

The effect of varying the strength of STN interconnectivity
is shown in Fig. 4, which presents the relative beta band
power of the averaged membrane potential of all STN
neurons. The delay at decay and recovery times decreased
as the synaptic gain for interconnectivity within the STN
neurons increased. Fig. 5 presents decay and recovery times
during DBS onset and offset depending on the synaptic gain.

1 2 3 4 5 6 7 8
Time (s)

Power of STN output (19-21 Hz)

Fig. 4. Variation in STN beta band power with strength of interconnectivity
within the STN neurons at onset and offset of DBS. The effect of DBS onset
and offset becomes more gradual as synaptic gain decreases. gy, indicates
the synaptic gain from one STN neuron to another.
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Fig. 5. Both decay time and recovery time increase as synaptic gain, gs_s
is decreased. As shown in Fig. 2, only the first neuron on the left receives
DBS input.

B. Variations with Number of STN Neurons Receiving DBS
Input

The effect of varying the number of STN neurons which
are directly stimulated by DBS input is shown in Fig. 6.
With the synaptic connectivity, g, of 0.2, longer decay
and recovery times resulted when smaller number of STN
neurons received the DBS input directly, Fig. 6(a). However,
there was little difference in decay and recovery rates with
gs—s of 0.3, Fig. 6(b).
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Fig. 6. With weaker synaptic gain the rates of decay and recovery both
become faster as number of STN neurons stimulated is increased 1 to 2.
This phenomenon is not evident when the synaptic gain is higher. g,
indicates the synaptic gain from one STN neuron to another.

7109



IV. DISCUSSION

The model presented incorporates interconnectivity and
transmission delays among STN neurons to investigate the
hypothesis that the combination of these effects may cause
a gradual decay and recovery of pathological beta band
oscillations within the STN following DBS onset and offset.
In the model, interconnectivity between the STN neurons
provides a path for the DBS input to spread across the STN
network. In this way, the DBS input gradually and indi-
rectly affects the STN neurons through the interconnectivity
with transmission delays between neurons. The simulated,
pathological beta band power therefore gradually decreased
once DBS was activated, Fig. 3. After DBS was turned
off, a similar phenomenon occurred with the high frequency
synchronization of neuronal firing remaining when DBS was
turned off and decaying gradually. The recovery rate was
observed to be slower than the decay rate.

Interconnectivity strength affected the decay and recovery
rates of the simulated beta band oscillations, Fig. 4. As the
synaptic gain increased both the decay time and recovery
time decreased, Fig. 5. The high level of interconnectivity
caused the synchronization of neuronal firing to the DBS
input to spread quickly through the network, resulting in
short duration decay and recovery.

In Fig. 6 the number of STN neurons directly receiving
DBS input was varied with a fixed level of synaptic strength.
Higher rates of decay and recovery were shown when more
STN neurons received DBS input. This may be related
to DBS strength. If DBS amplitude increases more STN
neurons will be directly stimulated and this will quickly
spread to remaining STN neurons through interconnectivity
within the STN. However, this effect is only shown when
interconnectivity is weak between STN neurons. This im-
plies that the interconnectivity strength may have stronger
influence on gradual effect of DBS onset and offset.

Experimental studies in vivo have observed therapeutic
latencies during DBS offset and onset [9], [10], concluding
that it may take minutes, hours or days for symptoms to
worsen again after DBS is turned off or improve following
activation of DBS. There are many factors which may affect
this phenomenon such as alterations in synaptic plasticity and
the underlying mechanisms have not been yet investigated.
The computational model presented here indicates that neu-
ronal activities return back to the original state within mil-
lisecond or seconds due to the effect of interconnectivity and
transmission delays within the STN neurons. It is suggested
that short duration delays in the quenching and recovery
of pathological oscillatory activity occur as a result of the
gradual synchronization and desynchronization of neurons
following direct stimulation of a relatively small number of
interconnected neurons.
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