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Abstract Recordings from the basal ganglia’s subthalamic
nucleus are acquired via microelectrodes immediately prior
to the application of Deep Brain Stimulation (DBS) treat-
ment for Parkinson’s Disease (PD) to assist in the selection
of the final point for the implantation of the DBS electrode.
The acquired recordings reveal a persistent characteristic beta
band peak in the power spectral density function of the Local
Field Potential (LFP) signals. This peak is considered to lie
at the core of the causality–effect relationships of the par-
kinsonian pathophysiology. Based on LFPs acquired from
human subjects during DBS for PD, we constructed a com-
putational model of the basal ganglia on the population level
that generates LFPs to identify the critical pathophysiolog-
ical alterations that lead to the expression of the beta band
peak. To this end, we used experimental data reporting that
the strengths of the synaptic connections are modified under
dopamine depletion. The hypothesis that the altered dopa-
minergic modulation may affect both the amplitude and the
time course of the postsynaptic potentials is validated by the
model. The results suggest a pivotal role of both of these
parameters to the pathophysiology of PD.
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1 Introduction

The basal ganglia are a subcortical group of nuclei involved
in motor and mental tasks (Haber 2008; Smith and Wich-
mann 2008). The group comprises six nuclei: the stria-
tum, which is considered to be functionally separated into
the D1 and D2 segments (Bolam et al. 2000), the globus
pallidus external segment (GPe), the globus pallidus inter-
nal segment (GPi), the subthalamic nucleus (STN), and the
substantia nigra, which is separated in the pars compacta
(SNc) and pars reticulate (SNr) segments (Smith et al. 1998;
Pollack 2001). It is established that the basal ganglia play a
pivotal role in movement disorders and psychiatric diseases
(Utter and Basso 2008). That, together with the success of
deep brain stimulation (DBS) treatment for Parkinson’s dis-
ease (PD) (Limousin et al. 1995), has drawn particular focus
to their pathophysiology. During typical operations of this
kind, microelectrode recordings (MERs) are acquired from
the subthalamic nucleus (STN) to assist in the selection of
the final point for the fixation of the implanted electrode
(Benazzouz et al. 2002; Priori et al. 2003). These record-
ings have revealed a characteristic persistent feature of PD,
namely, a prominent peak in the beta band of frequencies
of the power spectral density (PSD) function of the STN’s
local field potential (LFP) signals. This peak is considered
to emerge as the projection of widespread synchronized
beta band oscillations of the underlying neuronal elements
(Boraud et al. 2005; Brown and Williams 2005; Weinberger
et al. 2006). The peak is currently thought to be a significant
expression of the pathophysiology of the basal ganglia in PD,
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associated with the impairment of movement (Brown 2003;
Dostrovsky and Bergman 2004; Chen et al. 2006).

The exact pathophysiological causes for the appearance
of the beta synchronized oscillations remain obscure. Exper-
imental studies have assigned their root cause to chronic
dopamine depletion (Sharott et al. 2005; Mallet et al. 2008).
Weinberger et al. (2006) have unveiled a relation between the
degree of beta oscillatory activity and the magnitude of the
response of the basal ganglia to dopaminergic agents. More-
over, some studies have shown a reduction in the height of
the peak by dopaminergic therapy or DBS (Kuhn et al. 2006;
Wingeier et al. 2006). In a computational modeling study,
Terman et al. (2002) have simulated a small network of the
GPe and STN to explain the emergence of oscillatory activity.
Oscillations were found in the output of these nuclei when
the striatal input to the GPe was increased and the intra-
GPe inhibition was weakened. More detailed considerations
have been presented in Bevan et al. (2002). There, the impor-
tance of special neuronal properties of the STN and the GPe
for the prevalence of oscillatory activity has been stressed.
Particular focus has been given to the after-hyperpolariza-
tion rebound burst response noted in STN. Bevan et al. have
also discussed two alternative explanations for the source of
the synchronized oscillatory activity. That is supposed to be
either generated within the STN–GPe network, or imposed
on the basal ganglia by external sources, such as the cortex.

This study aims to shed light on the critical pathophysi-
ological alterations that lead to the emergence of the char-
acteristic parkinsonian beta band peak in the PSD function
of the STN’s LFPs. To this end, we constructed and used a
computational model of the basal ganglia, which generates
artificial LFPs from the STN and reproduces a putative par-
kinsonian condition by proper modification of its parametric
configuration.

The modeling formalism of the proposed computational
model of the basal ganglia follows the population level par-
adigm. That has originally been described by Lopes da Silva
et al. (1974, 1976) for the study of the mechanisms that gen-
erate alpha rhythm in the cortex. Population level models of
this kind are based on the idea that the functioning of a large
number of similar neighboring neurons belonging to the same
nucleus or region can be summarized by the characteristics
of one single homogenized structure. That is why these mod-
els are also called lumped parameter models. Apart from the
studies of Lopes da Silva et al., Freeman has also used them
for the study of the olfactory system’s reaction to external
cues (Freeman 1978). Other similar population level-based
approaches include the studies of Jansen et al., who have uti-
lized a population level model of the cortex to produce visual
evoked potentials by a single cortical column (Jansen et al.
1993) or by two coupled columns (Jansen and Rit 1995).
Also, Wendling et al. (2000) have established the relevance
of lumped-parameter models in the analysis of depth-EEG

signals from epileptic patients. Further, they have presented
such a model (Wendling et al. 2002) to explain the generation
of epileptic activity by impaired GABAergic dendritic inhi-
bition. Finally, an approach that represents LFPs generated
by coupled neuronal populations distributed over a patch of
the neocortex has been published (Cosandier-Rimele et al.
2007).

In our approach, first, we defined the architecture of a
population level model of the basal ganglia. The outputs
of the model are the LFP signal of the STN and the mean
firing rates of all the nuclei. Next, we selected putatively
normal values for its parameters, according to reports on
them in the literature. After evaluating the model’s out-
puts with the baseline configuration, which is thought to
correspond to a normal rest state condition, we properly
altered the configuration to reproduce the parkinsonian con-
dition.

The latter was defined by the expected increase in the fir-
ing rates of the D2 segment of the striatum, the GPi, and the
STN, relative to the mean normal levels. In contrast, the D1
segment of the striatum and the GPe are expected to fire less
in PD (Bergman and Deuschl 2002; Wichmann and DeLong
2006). Moreover, as already described, LFP recordings from
the STN have revealed the expression of a significant promi-
nent beta band peak in their PSD function. The combination
of the presence of the beta band peak and the plausibility of
the firing rate modifications define the targeted parkinsonian
behavior of the model.

The types of alterations that were assumed to form the
modified parkinsonian parametric configuration of the model
were extracted by experimental studies that have revealed the
role of the lack of dopamine in the modulation of the strength
of the PSPs. The cortical projection to the striatum is thought
to be modified in PD, toward weakened and enhanced influ-
ences to the D1 and the D2 segments, respectively (West
and Grace 2002). In the STN, both inhibitory and excitatory
projections seem to be enhanced under dopamine-depleted
states (Shen and Johnson 2000; Shen et al. 2003; Floran et al.
2004). Finally, in the GPe, it has been found that the inhibi-
tory connection from the striatum is enhanced in such states
(Cooper and Stanford 2001), and the input from the STN is
hyperactive (Johnson and Napier 1997). Since the parkin-
sonian condition comes up as a consequence of the lack of
dopamine, we modified the synaptic parameters of the model,
reflecting that altered modulation of the PSP strength, to sim-
ulate the pathophysiological state.

Although the synaptic strength modulation by dopamine
depletion is mainly attributed to the amplitudes of the PSPs,
we assumed that the time course of the PSPs might also be
altered. The idea of the significance of the PSP time courses
in neural system functionality has been examined in other
modeling studies as well. Rinzel et al. (1998) have studied
the influence of PSP time courses on the activity patterns
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of neuronal networks. Choe and Miikkulainen (2003) have
modeled the synchronizing effects of the PSP time courses.
Also, experimental data have disclosed the synchronizing
properties of the synaptic time course on networks of burst-
ing neurons (Elson et al. 2002). Through the proposed model,
we validated the hypothesis that the time courses of the PSPs
in the basal ganglia may be significant for the pathophysio-
logical synchronization expressed by the presence of the beta
band peak in PD.

In the following, we first describe the type of the actual
recorded signals from parkinsonian subjects that have been
used to assess the value of the proposed model. Then,
the population level modeling paradigm followed by the
model is outlined, and the selection of the baseline values
of the parameters is explained. Before presenting and dis-
cussing the results, the methodology of altering the con-
figuration of the model toward the parkinsonian state is
addressed.

2 Material

In order to design and evaluate the simulations of the pro-
posed model, we used LFP signals derived from MERs
recorded from the STN of four human subjects during typ-
ical DBS intervention for PD. The recordings are routinely
performed to aid the selection of the final electrode fixation
point (Benazzouz et al. 2002). The acquisition took place
prior to the final implantation of the stimulating electrode
and after overnight withdrawal of anti-parkinsonian drugs.
The recording session consisted of moving a microelectrode
along a predefined line grid of points that included the the-
oretical target. The latter was the Posterior part of the STN
and was approximately defined on the patients’ Magnetic
Resonance Imaging (MRI) data prior to the DBS proce-
dure.

The signals were acquired by means of an array of five
microelectrodes in cross formation, known as Ben Gun
(Benabid et al. 1991), entering in parallel into the brain
tissue. The different electrodes are referenced by an ana-
tomical term indicating position, namely, Central, Ante-
rior, Posterior, Lateral, and Medial. The distance between
the tips of the peripheral electrodes and the central one
is 2 mm. Each MER was acquired for a 10-s period using
a sampling frequency of 24 KHz. MERs obtained in this
way are information rich, containing both LFPs and spik-
ing activity. These types of activity are considered to be
contained in the low and high range of the frequency spec-
trum, respectively (Trottenberg et al. 2007). That is due to
the low-pass filtering properties of the brain tissue (Bedard
et al. 2006), which allow low frequencies to travel rela-
tively far from the source via volume conduction. In contrast,
high frequencies attenuate rapidly with distance. Logothetis

et al. (2007) have suggested an alternative explanation for
the ability of the low frequencies to travel further, namely,
that the high amplitude of the low frequencies allows them
to attenuate less with distance. However, their suggestion
points to the same result. Thus, low frequencies arise from
wider neighboring regions, whereas high frequencies stem
from only a few neurons around the electrode’s tip (Nunez
and Srinivasan 2006). All these together explain why LFPs
mainly reflect regional synaptic activity and are extracted
from MERs as their low frequency content (Liu 2003). Usu-
ally, the cut-off frequency used for separating these two
kinds of activity via low-pass filtering is around 100 Hz
(Brown et al. 2002; Walters et al. 2006; Chen et al. 2006).
Similarly, the LFP signals used in this study are obtained
from the recorded MERs by applying a low-pass filter with
100 Hz cut-off frequency, followed by a down-sampling at
1 KHz.

The line grid of points in the brain where MERs are
acquired varies for each patient, but there is a general pattern
that dictates a range between −4 and +2 mm, with 0.5 mm
steps (the reference 0 mm is the pre-determined target inside
the STN as defined on MRI scans). The probability of a
recording to originate from the STN gets higher when it
corresponds to points closer to the 0 mm point. Thus, since
in this study we are interested in recordings from the STN
that exhibit a beta peak in their PSD function, we only con-
sidered recordings from the Central electrode in the range
from −2 to +2 mm points. After evaluating their PSD func-
tion (using the Welch’s modified periodogram method) and
extracting the ratio of the total energy content of the beta
peak versus the total energy content in the range 0–100 Hz,
we selected representative LFP signals that expressed a beta
peak for positions of the Central electrode between −1
and 1 mm. The representative signals exhibited the higher
ratios.

All the available recordings were acquired from four sub-
jects with PD (S1–S4), who had undergone unilateral elec-
trode implantation for DBS. The gender, age, disease time,
and off drugs UPDRS score details of the subjects are pre-
sented in Table 1. All the subjects were predominantly aki-
netic and were kept awake and without medication during
surgery. Table’s 1 last column also reports the specific point
in frequency that the beta peak is found for each subject. The
PSD functions of the representative S1–S4 LFP recordings
are depicted in Fig. 1.

Despite the fact that the beta band is mainly considered to
lie in the 12–30 Hz range, our recordings revealed that two
of the subjects expressed the beta band at frequencies above
30 Hz (S1: 32 Hz, S4: 38 Hz). In the following, we will retain
the 12–30 Hz consideration for the beta band, but we will also
show how the model can express peaks at frequencies out-
side that range, in the alpha (8–12 Hz) and gamma (>30 Hz)
bands.
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Table 1 Age and disease details of the four subjects with PD (S1–S4), from whom the STN’s LFP recordings were acquired during the DBS
electrode implantation procedure

Subject identifier Gender Year of birth Disease start year UPDRS (off drugs) Beta band peak
frequency (Hz)

S1 Male 1946 1993 38 32

S2 Male 1935 1987 54 24

S3 Male 1957 1994 32 28

S4 Male 1940 1994 37 38

Fig. 1 Representative PSD functions of the LFP signals from the four
subjects (S1–S4), with a prominent peak in the beta band. The peaks are
expressed in different points in the beta band of frequencies. In general,

for all of each subject’s LFP signals that express a spectral beta band
peak, that prominent peak appears at the same point in frequencies (see
Sect. 4)

3 Methods

3.1 Population level architecture

The mathematical basis of the population level formulation
used in this study has originally been described by Lopes da
Silva et al. (1974, 1976). In those studies, as well as in the
more recent ones that adopted the population level formu-
lation (Jansen et al. 1993; Jansen and Rit 1995; Wendling
et al. 2002), the models included no transmission delays.
Recently, several studies have addressed the role of the delays
in the synchronization of brain activity (Vibert et al. 1994;
Gopalsamy and Leung 1996; Vibert et al. 1998; Freeman
2000). That is why, in this study, the original population level

formulation was slightly altered, to also incorporate transmis-
sion delays in the synaptic connections.

The general architectural block diagram of the formulation
is schematically depicted in Fig. 2, for an exemplary popu-
lation that receives one excitatory and one inhibitory input.
Each input (x+ is the excitatory and x− the inhibitory one)
represents the mean firing rate of the corresponding presyn-
aptic population and is measured in spikes/s. Before reach-
ing the postsynaptic population, the inputs are multiplied
by scalar values, C+ and C−, respectively, representing the
number of physical synaptic contacts between two connected
populations. The resulting x+C+ and x−C− products reflect
the excitatory and inhibitory influences, respectively, of
the corresponding presynaptic populations. These influences
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Fig. 2 Example of a general population according to the population
level paradigm. Input firing rates (x+, x−), measured in spikes/s, come
from presynaptic populations and are weighted by the corresponding
C parameters (pictured as circles: C+, C−), representing the mean
number of physical synaptic contacts. The input activities reach the H
modules (diamonds) after the respective transmission delays (τ+, τ−).

The H modules generate PSPs, measured in mV, from the input activi-
ties, according to AMPA, NMDA, and GABA receptor properties. The
total PSP of the population is derived as the sum of the outputs of the
H modules and drives the S module (rectangle). The latter applies a
sigmoid function to calculate the output firing rate of the population,
measured in spikes/s

Fig. 3 The alpha PSP form
derived by (2), to which the
responses of the H module are
equivalent. The A and D
parameters of (1) are,
respectively, proportional and
inversely proportional to the
amplitude and the time constant
of the PSP, (e denotes the
exponential constant)

reach the postsynaptic population after the respective τ+ and
τ− time delays, imposed by the time needed for the transmis-
sion of the activities via the neuronal axons, from the source
population to the target (axonal delays). There, they are trans-
formed to mean postsynaptic potentials by the H modules,
which concentrate all the actual presynaptic and postsynap-
tic modulations of the synaptic activities. For the purposes
of this study, we considered only glutamatergic excitatory
connections, mediated by AMPA and NMDA receptors and
GABAergic inhibitory connections, mediated by GABAA

receptors (Gotz et al. 1997; Ravenscroft and Brotchie 2000).
Therefore, the H modules can be of three types, according

to which type of receptor mediates the generation of the post-
synaptic potential: HAMPA, HNMDA and HGABA. The gen-
eral equation used for the H transformation, regardless of the

particular receptor type, is the following second-order dif-
ferential equation:

Ḧ(t) = ADCx(t − τ) − 2DḢ(t) − D2 H(t) (1)

In (1), x , C , and τ represent the presynaptic populations’
mean firing rate, the synaptic contact parameter, and the
axonal delay, respectively.

The form of the PSP generated by (1) is equivalent to the
alpha function originally proposed by Van Rotterdam et al.
(1982):

v(t) = ADte−Dt (2)

In (2), v(t) is the PSP elicited by a single presynaptic spike
at time t = 0. As Fig. 3 depicts, the amplitude (maximum
height) of the PSP is equal to A · e, and the time constant is
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equal to e/D, where e is the exponential constant. Thus, A is
proportional to the amplitude, and D is inversely proportional
to the time constant of the PSP. The A and D parameters are
characteristics of the receptor function and may take distinct
values for AMPA, NMDA, and GABA receptors. Based on
(1), the HAMPA, HNMDA, and HGABA modules are described
by the following equations:

ḦAMPA(t) = AAMPA DAMPAC+x+(t − τ+)

−2DAMPA ḢAMPA(t)

−DAMPA
2 HAMPA(t) (3a)

ḦNMDA(t) = ANMDA DNMDAC+x+(t − τ+)

−2DNMDA ḢNMDA(t)

−DNMDA
2 HNMDA(t) (3b)

ḦGABA(t) = AGABA DGABAC−x−(t − τ−)

−2DGABA ḢGABA(t)

−DGABA
2 HGABA(t) (3c)

Equation 1 can be rewritten for simplicity as two first-order
differential equations, using the intermediate variable z(t):{

Ḣ(t) = z(t)
ż(t) = ADCx(t − τ) − 2Dz(t) − D2 H(t)

(4)

Accordingly, the Eqs. 3a–c can be rewritten in the form of
(4), which will result in the description of the model as a
set of first-order differential equations that can be solved by
standard numerical algorithms.

In order to obtain the total PSP elicited to each population,
the outputs of the H modules are summed. The summation
preserves a + sign for the excitatory connections and a – sign
for the inhibitory ones. With regard to the general population
of Fig. 2, it is

v = HAMPA + HNMDA − HGABA (5)

The total PSP v is measured in mV and is thought to repre-
sent the LFP signal that would be recorded from the popu-
lation. That is because the LFPs are considered as the result
of the summated synaptic activity of a relatively large num-
ber of neighboring neurons (Bullock 1997; Liu 2003). The
biological plausibility of that is justified by the anatomical
arrangement of the cells within the STN, which usually have
their dendritic fields parallel to the long axis of the nucleus
(Hamani et al. 2004; Brown and Williams 2005). Because
of this open-field canonical organization, the generation of
the extracellular field is summated over the whole of the
population and not mutually canceled, as it would be in a
random orientation (Johnston and Wu 1995). Therefore, the
STN is considered to be a proper target for acquisition and
model-based generation of LFPs.

As a final processing stage within a population, the uti-
lized architecture assumes that the total PSP drives the mean
output firing rate of the population (measured in spikes/s), via

a sigmoid transformation. In Fig. 2, an S module is embedded
to represent that transformation. The corresponding equation
is

S(v) = Smax

1 + exp(k(vh − v))
(6)

where Smax is the asymptotic maximum firing rate that can be
achieved by the population, k is the sensitivity of the popula-
tion to changes in the received PSP, and vh is the PSP value
needed for reaching the half of the maximum firing rate.

3.2 Basal ganglia model design and normal parametric
configuration

In this study, the above described population level architec-
ture has been adapted to model basal ganglia. Four out of the
six nuclei of the basal ganglia have been explicitly included in
the developed population level model, namely, the striatum,
the GPe, the GPi and the STN. Each nucleus in the model
was regarded as one single population, with the exception of
striatum, for which each segment constitutes a population.
The GPi is the output nucleus of the basal ganglia and does
not project to the other nuclei, but it has been included to pro-
vide evidence for the functional state of the model, through
the assessment of its mean firing rate output. The SNr, the
other output structure of the basal ganglia, has been omitted
since it is considered homologous to the GPi (Parent 1986).
The SNc is thought to affect the physiology of the whole sys-
tem through the dopamine produced by it (Smith and Kieval
2000). Thus, its effect is regarded to be modulatory, and it
has been omitted by the explicit architectural structure of the
model, playing a rather shadowed role.

The properties of each population were lumped into the
sigmoid transformation of the S module (Fig. 2), as described
above. The selection of the values of the parameters for the
sigmoid functions of the form (6) was based on experimental
studies that reported the active membrane properties of the
main type of neurons constituting each nucleus. The infor-
mation of interest is conveyed by standard firing frequency–
input current ( f –I ) and input current–membrane voltage
(I –V ) curves. Such curves illustrate the maximum firing rate
that can be achieved by a neuron type [the Smax parameter of
(6)], as well as the membrane potential needed to drive the
neuron to the half of the maximum firing rate [the vh parame-
ter of (6)]. The k parameter of (6) is an approximation of the
slope of an assumed firing frequency – membrane potential
( f –V ) curve and can be calculated by the combination of the
f –I and I –V curves.

In particular, both striatal segments express the same
properties (Cepeda et al. 2008), and their values are calcu-
lated by the f –I and I –V curves as reported in Kita et al.
(1985): Sstriatum

max = 300 spikes/s, kstriatum = 0.3 mV−1, and
vstriatum

h = 27 mV. The spontaneous firing rate of the striatal

123



Biol Cybern (2010) 102:155–176 161

neurons is reported to be close to zero, explaining the usual
quiescence of those neurons under the normal rest states,
in which the cortical input is not strong enough to make
them sustain the firing. The total PSP needed to drive the
population to firing rates greater than zero is around 8 mV
(Kita et al. 1985), and this fact is satisfied by the particu-
lar selection of the parameters. For the STN, we used the
published data of Nakanishi et al. (1987), which have been
previously used by Gillies and Willshaw (2004) to con-
strain a similar sigmoid function as per (6), which repro-
duces the firing properties of the STN neurons. The authors
of the latter provide the ranges for the k and vh parameters
in 0.1–0.3 mV−1 and 15–22 mV, respectively. In their study,
they finally performed the simulations with k = 0.3 mV−1

and vh = 15 mV. Here, we selected the middle values,
i.e., kSTN = 0.2 mV−1 and vSTN

h = 18.5 mV. The maxi-
mum firing frequency SSTN

max is thought to be 500 spikes/s,
and this value is retained in this study. In Gillies and Will-
shaw (2004), the GPe’s firing properties have also been
lumped into a sigmoid function with Smax = 100 spikes/s,
k = 0.2 mV−1, and vh = 10 mV, as retrieved from stud-
ies in guinea pigs (Nambu and Llinas 1994). The authors
of Gillies and Willshaw (2004) have probably considered
the type I neurons of GPe, according to the categorization
of Nambu and Llinas (1994). However, the corresponding
type I neurons in the Cooper and Stanford (2000) study
of the rat’s globus pallidus are reported to exhibit higher
firing rate responses, at 350 spikes/s at maximum. In addi-
tion, type II neurons in the GPe are almost half as many
as the type I neurons, meaning that they may also play
a significant role in GPe’s responses. Type II neurons are
reported to be able to reach 200 spikes/s firing in guinea pigs
(Nambu and Llinas 1994) and 440 spikes/s in rats (Cooper
and Stanford 2000). The previously mentioned published
data that have been selected to constrain the parameters
of the sigmoid functions of the striatal D1, D2, and STN
populations came from studies in rats. That is why we
finally selected to use the data published in Cooper and
Stanford (2000), which also originated from rat subjects,
to constrain the SGPe

max parameter. Thus, we finally selected
SGPe

max = 400 spikes/s, kGPe = 0.2 mV−1 and vGPe
h = 10 mV.

The GPi’s maximum firing rate SGPi
max was constrained by

the report of Nakanishi et al. (1990) on the electrical mem-
brane properties of the rat entopeduncular nucleus neurons
[structure that is homologous to the GPi of the primates
(Parent and Hazrati 1995)] in which study the type I neu-
rons identified were the most prominent in numbers and
could exhibit a maximum firing rate of 300 Hz. Owing to
the lack of data in the literature about the kGPi and vGPi

h
parameters, we used the same values as for GPe, based
on the homologous cytoarchitecture of the two structures
(Carpenter et al. 1981). As described in Sect. 4, after the
initial simulations and the calibration of the model, the

Fig. 4 a Box-and-arrow diagram of the classic direct–indirect pathway
model of the basal ganglia. The various nuclei are depicted with boxes
and their interconnections with arrows (circle headed and arrow headed
for inhibitory and excitatory projections, respectively). The direct path-
way is on the left (striatum D1→GPi) and the indirect one on the right
of the diagram (striatum D2→GPe→STN→GPi). b Analogous box-
and-arrow diagram of the population level model of the basal ganglia
proposed in this study. Totally, there are five more connections than
in the classic model: the loop-closing connection from the STN to the
GPe, the two intranuclear connections within the GPe and the STN, the
projection from the GPe to the GPi and the hyperdirect pathway from
the cortex to the STN

vGPe
h and vGPi

h parameters are finally set to 14 and 12 mV,
respectively.

With regard to the connectivity scheme of the model, apart
from the classic direct–indirect model’s pathways (Penney
and Young 1983; Albin et al. 1989) and the cortical projection
to both segments of the striatum, we have also incorporated
the cortical projection to the STN (the so-called hyperdirect
pathway; Nambu et al. 2002; Nambu 2005), the loop-closing
connections between the GPe and the STN (Terman et al.
2002; Gillies and Willshaw 2004), the projection from the
GPe to the GPi (Kita and Kitai 1991), and, finally, two inter-
nal projections within the GPe and the STN, respectively
(Charara et al. 2003; Gillies and Willshaw 2004). A compar-
ative diagram of the classic direct–indirect pathway model
and the anatomical organization of the proposed model is
shown in Fig. 4.

For simplicity, the values of the AAMPA–DAMPA, ANMDA–
DNMDA and AGABA–DGABA parameters were the same for
all the AMPA, NMDA, and GABA receptor H modules,
respectively. Adapted to the equivalent PSP form of the pop-
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Table 2 The parameters of the
model and their normal baseline
values

Parameters of the S modules (sigmoid functions of the populations)
SD1

max = 300 spikes/s kD1 = 0.3 mV−1 vD1
h = 27 mV

SD2
max = 300 spikes/s kD2 = 0.3 mV−1 vD2

h = 27 mV

SGPe
max = 400 spikes/s kGPe = 0.2 mV−1 vGPe

h = 14 mV

SGPi
max = 300 spikes/s kGPi = 0.2 mV−1 vGPi

h = 12 mV

SSTN
max = 500 spikes/s kSTN = 0.2 mV−1 vSTN

h = 18.5 mV
Parameters of the H modules (PSP forms elicited by synaptic receptor function)

AAMPA = 2 e mV

DAMPA = 4−1 e ms−1

ANMDA = 0.1 e mV

DNMDA = 100−1 e ms−1

AGABA = 2 e mV

DGABA = 6−1 e ms−1

Number of synaptic contacts in each connection (C parameters)
CCTX → STR = 50 CCTX → STN = 2 CD1 → GPi = 22

CD2 → GPe = 33 CGPe → STN = 10 CSTN → GPe = 3

CGPe → GPe = 1 CSTN → STN = 2 CGPe → GPi = 5

CSTN → GPi = 3

Transmission delays

τ 4 = τCTX → STR = 4 ms τ 3 = τSTR → GP = 3 ms τ 1 = τ other connections = 1 ms

Cortical firing parameters (Gaussian random process)

Mean firing rate = 3 Hz Variance = 1 Hz

ulation level architecture (Eqs. 2, 3, and Fig. 3), the values
used for the putative normal condition of the PSP parameters
were AAMPA = 2 e mV, DAMPA = 4−1 e ms−1, ANMDA =
0.1 e mV, DNMDA = 100−1 e ms−1, AGABA = 2 e mV, and
DGABA = 6−1 e ms−1. These values are generally thought
to be representative of the mean normal receptor function-
ing, providing a good baseline approximation (Czubayko
and Plenz 2002; Gerstner and Kistler 2002; Humphries et al.
2006).

For the selection of the values of the C parameters of
the synaptic connections, we based our approach on the
schematic drawings of the pattern of innervation of neurons
of the GPe, the GPi and the STN originally presented in Shink
and Smith (1995) and later modified in Charara et al. (2003).
Those drawings incorporate the mean relative proportions of
each type of synaptic contact to each neuron, as obtained by
tracing studies in monkeys. For the GPe, there are 33 termi-
nals from the striatal D2 segment (indirect pathway), three
terminals from the STN (loop-closing connections between
GPe and STN) and one terminal from intranuclear efferents.
The GPi accepts 22 terminals from the D1 segment of the stri-
atum (direct pathway), five terminals from the GPe, and three
from the STN (indirect pathway). Finally, the STN receives
input from 10 GPe-sourced contacts and two contacts by
each of itself (intranuclear connectivity), cortex (hyperdirect
pathway), thalamus, and pendunculopontine nucleus (which
are excluded from the present model). All those observed
numbers were the ones used in the model as the C parame-

ters of the corresponding connections. For the cortical pro-
jection to striatum, we used—for either of the D1 and the
D2 segments—a value of 50 synaptic contacts. This value
is justified from reports about the location of corticostriatal
buttons, found predominantly on the dendritic spines of the
medium spiny neurons of striatum, and their number (Kin-
caid et al. 1998), compared to the respective numbers of the
GPe targeting projections (Falls et al. 1983).

The values of the axonal delays of the connections were
selected so as to satisfy the experimentally found prop-
agation times through the pathways of the basal ganglia
(van Albada and Robinson 2009). These are reported to
be in the range of 8–11 ms for the early GPe excitation
(cortex→STN→GPe), 15–19 ms for the GPe inhibition
(cortex→D2→GPe), and 26–32 ms for the late GPe excita-
tion (cortex→D2→GPe→STN→GPe). According to the
analysis performed in van Albada and Robinson (2009), the
propagation delays are given by the sum of all the axonal
propagation delays in the considered pathway and all the
dendritic and synaptic latencies of the populations that are
found in the pathway. In our model, because of the nature
of the population level formulation used, the dendritic and
synaptic latencies are lumped into the synaptic time con-
stants D (Table 2). Thus, the total propagation times can
be found as the summation of all the axonal delays and
the time constants D in the respective pathway. The val-
ues of the axonal delays used in van Albada and Robin-
son (2009) are 2 ms for the two cortex–striatum connections
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and 1 ms for all the rest. For these axonal delay values and
the synaptic time constants of Table 2, the cortex–STN–GPe
pathway induces a delay of 1 + 4 +1 + 4 ms [cortex–STN
axonal delay + cortex–STN synaptic time constant(=AMPA
time constant) + STN–GPe axonal delay + STN–GPe syn-
aptic time constant(=AMPA time constant)] = 10 ms for the
onset of the early GPe excitation. That lies within the
expected range of 8–11 ms. Similarly, the inhibitory response
of the GPe, induced by the cortex–striatum D2–GPe pathway,
is delayed by 2 + 4 + 1 + 6 = 13 ms, while the expected range
is 15–19 ms. In order to comply with the expected range,
we selected increased values, in respect of the values used
in van Albada and Robinson (2009), for the axonal delays
between the cortex and the D2 striatal segment (=4 ms), on
the one hand, and between the D2 striatal segment and the
GPe (=3 ms), on the other hand. With these modifications,
the propagation delay in the cortex–D2–GPe pathway of our
model is 17 ms. For the second GPe excitation, induced by
the striatum cortex–D2–GPe–STN–GPe pathway, consider-
ing the previously mentioned new delay values, the simi-
lar summation of axonal delays and synaptic time constants
gives a delay of 4 + 4 + 3 + 6 + 1 + 6 + 1 + 4 = 29 ms, which is
also in the middle of the expected range of 26–32 ms. There-
fore, with our final selection of values for the axonal delays
(summarized in Table 2), all the propagation delay times are
in the middle of the expected ranges.

For the modeling of the cortical activity, a Gaussian ran-
dom process was used. In this model, the cortex, i.e., the ran-
dom process, provides input to both striatal segments and the
STN. The mean cortical firing rate is reported to be around
3 Hz in normal rest states (Bauswein et al. 1989), and that
is used as a mean for the Gaussian process, together with a
variance of 1 Hz.

The proposed model is schematically depicted in detail
in Fig. 5. Each excitatory connection affects its postsynaptic
population by AMPA and NMDA receptor H modules and
each inhibitory by GABA receptor modules. From the 17 H
modules of the proposed model, 34 first-order differential
equations of the type of (4) are derived.

According to the model’s architecture (Fig. 5) and (5), the
LFP of the STN was obtained by the equation:

vSTN = HAMPA
CTX + HNMDA

CTX

+HAMPA
STN + HNMDA

STN

−HGABA
GPe

(7)

where the superscript of each H module denotes the source
population.

The model’s set of equations was solved using the 4th
order Runge–Kutta method for a 10-s period with 3-kHz sam-
pling rate. Every simulation was also performed by solv-
ing the equations with other numerical algorithms, such as
the Bogacki–Sampine and the Dormand–Prince, and differ-

ent sampling rates (3–10 kHz), to support the validity of the
results.

The normal rest state operating condition of the model was
replicated by using the values for the parameters of the pop-
ulations and their synaptic connectivity, which have already
been presented so far and are summarized in Table 2. The
evaluation of the normal behavior of the model was based
on the definition of the target expressions of such a con-
dition, as reported in the literature. In terms of the firing
rate activity of the nuclei, we defined as target firing rates
those used in Humphries et al. (2006): SSTN

normal = 9.3 ±
0.8 spikes/s, SGPe

normal = 31.2 ± 2.2 spikes/s, and SGPi
normal =

28.1 ± 2.27 spikes/s. For both striatal segments, the firing
rates in normal rest state condition are expected to be very
low, near zero, reflecting the quiescent nature of the striatum
in the absence of strong, synchronized cortical input. In addi-
tion to the firing rates, the PSD function of the STN’s LFP
in the normal rest state condition is expected to be similar to
the experimentally recorded ones, reported in Brown et al.
(2002) and Sharott et al. (2005).

3.3 Parkinsonian behavior of the model

As briefly discussed in Sect. 1, the alterations that take place
in the parkinsonian condition as a consequence of the lack of
dopamine are related to the strengths of the synaptic connec-
tions between the nuclei. In the proposed model, the strengths
can be adjusted either by the modification of the number of
physical synaptic contacts between populations (C parame-
ters) or by the modification of the PSPs elicited by synaptic
activity. According to the presently known facts about PD,
the former is not a plausible possibility, and, hence, it is not
considered here. On the contrary, the latter is well supported
by experimental studies of dopamine-depleted states, as men-
tioned in the introduction. Also, the transmission delays of
the synaptic connections are considered to be defined by the
signal conduction characteristics of the axons, and no change
to them is expected by dopamine depletion. All the other time
dependencies in the synaptic pathways are concentrated in
the time constants of the PSPs.

In general, the PSPs are differently modulated by the
two main dopamine receptor classes, the D1 and D2 fami-
lies. Although the functioning of dopamine receptors is quite
complicated (Missale et al. 1998), we can generally consider
that D1-/D2-class receptors enhance/decrease PSPs in high
dopamine concentrations (Seamans and Durstewitz 2008).
In cases of dopamine depletion, such as in PD, D1 receptor’s
activation is decreased, and so the enhancement is lower; D2
receptor’s activation is also decreased, and so the reduction
is also lower. Their effects oppose—with D1 class pointing
to dampened PSPs, and D2 class to strengthened ones. Apart
from a clear distinction between the D1 and D2 regions of
striatum where only one type of receptor is thought to be

123



164 Biol Cybern (2010) 102:155–176

Fig. 5 The proposed model of
the basal ganglia constructed
according to the population level
architectural scheme presented
in Fig. 2 and following the
box-and-arrow diagram of
Fig. 4b. Each square box (S
module) encapsulates a sigmoid
function with three parameters,
apart from the cortex which is
modeled as a Gaussian random
process. Each diamond (H
module) represents the PSP
contribution of one particular
type of neurotransmitter. AMPA
and NMDA are used for
excitatory connections, and
GABA is used for inhibitory
ones. Each H module
corresponds to a set of two
first-order differential equations
of the form of equation (4), with
two parameters. Each circle
describes the mean number of
physical synaptic contacts
between populations. The
transmission delays τ 1, τ 3, and
τ 4 correspond to the respective
parameters presented in Table 2

expressed in each, all the other nuclei of the basal ganglia
co-express the two classes (Beckstead et al. 1988; Kreiss
et al. 1997; Baufreton et al. 2005). Thus, the PSPs elicited
to the populations of the model by each connection might
be either strengthened or weakened in abnormal conditions,
depending on the particular type of dopamine receptor that
controls the modulation.

However, published experimental studies have provided
specific data about the actual modulations, indicating that in
dopamine- depleted states, the connections to the STN from
itself, the cortex, and the GPe are strengthened (Shen and

Johnson 2000; Shen et al. 2003; Floran et al. 2004), as are
also the projections of the striatal D2 segment and the STN
to the GPe (Johnson and Napier 1997; Cooper and Stanford
2001). All these connections are, therefore, thought to be
modulated by D2 dopamine receptors. The cortical input to
the striatum is mediated not only by D2 receptors in the D2
segment, but also by D1 receptors in the D1 segment. Thus,
these connections are enhanced and weakened, respectively,
in PD (West and Grace 2002). On the contrary, the intra-
GPe connections are expected to remain unaltered (Cooper
and Stanford 2001). Finally, the striatal afferent to the GPi is
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modulated by the D1 receptor type, whereas the GPe→GPi
and STN→GPi connections are most likely mediated by
the D2 receptor type (Johnson and Napier 1997; Lange et al.
1997).

Far from the synaptic connections, specific quantitative
trends for the alterations of the intrinsic firing properties of
the nuclei of the basal ganglia under dopamine depletion
have not been established, and they are, therefore, not con-
sidered in the present modeling study. Although some studies
have reported changes in the functionality of neurons elic-
ited by altered dopaminergic modulation (Yasumoto et al.
2002), dopamine is mainly considered a synaptic modulator
that does not induce immediate changes to neuronal activi-
ties, but rather affects them through its influence to the action
of other neurotransmitters (Barchas et al. 1978).

Based on all the above facts about the expected alterations
of the basal ganglia in PD and the hypothesis that the time
course of the PSPs may play a role in the pathophysiologi-
cal synchronization of the system, we replicated the parkin-
sonian condition by modifying the A and D parameters of
the H receptor modules of all connections, i.e., the AAMPA,
DAMPA, ANMDA, DNMDA, AGABA, and DGABA parameters.
The actual percentage of modification of these parameters is
not precisely known. Several experimental studies have pre-
sented data about the amount of modification of the ampli-
tude of PSPs within minutes or hours of the initiation of the
dopamine depletion (Calabresi et al. 2000; Bamford et al.
2004). However, in chronic dopamine depletion, where the
pathogenic condition lasts for years, the modifications may
be different. Also, owing to the lack of specific quantitative
data about the exerted alterations of dopamine depletion to
each and every connection in the basal ganglia, we treated
them all the same, by inserting two universal variables that
control the percentage of the modification of the PSPs of all
the synaptic connections. The amplitudes of the PSPs are
modified by a factor α, and the time constants by a factor δ.
If a connection is mediated by D2 dopamine receptors, and
is, therefore, strengthened in PD, then both factors are used
to multiply the normal amplitudes and time constants. Alter-
natively, if a connection is D1-mediated, being weakened in
PD, then the same factors are used to divide the normal val-
ues. The minimum value for α and δ is 1 and corresponds to
the normal condition.

In order to reach conclusions about the critical pathophys-
iological alterations that lead to the appearance of the PD
signs, we explored the behavior of the model for all the com-
binations of values for the α and δ parameters, in the 1–
6 range for each, with a step of 0.02. The exploration was
performed without taking a priori into account the available
knowledge about the alterations of the synaptic connections
in dopamine-depleted states. For each connection, we consid-
ered three possibilities in PD: enhancement (modulation con-
trolled by D2 dopamine receptors), weakening (modulation

controlled by D1 dopamine receptors) or no change. These
are described by inserting for each connection a p parameter
that can be independently set to 1, −1 or 0, respectively.
Therefore, the pathological amplitudes and time constants
are given in relation to the normal ones (Table 2) by the fol-
lowing equations:

As→t
R,path. = AR,normal · α ps→t

(8a)

Ds→t
R,path. = DR,normal · δ ps→t

(8b)

where R: {AMPA, GABA, or NMDA}. The s→ t (source→
target) notation represents all the synaptic connections
included in the model, i.e., CTX→D1, CTX→D2, CTX→
STN, D1→GPi, D2→GPe, GPe→STN, STN→GPe,
GPe→GPe, STN→STN, GPe→GPi, and STN→GPi.

In the exploration, the parkinsonian behavior of the model
was identified by the emergence of a beta band spectral peak
in the PSD function of the STN’s LFPs. Since the connections
targeting the GPi, i.e., the direct pathway (CTX→ striatal D1
and D1→GPi), the STN→GPi, and the GPe→GPi, only
affect the GPi’s firing rate and not the STN’s LFPs, we elim-
inated them from the exploration, to reduce the number of
cases that needed to be explored (from 311 to 37).

After the end of the exploration and having gathered the
cases and the {α, δ} values that produced a beta band peak,
we evaluated the plausibility of the putative parkinsonian
condition of the model by checking the mean firing rates
of the nuclei. The expected values cannot be precisely con-
strained (there are plenty of contradicting reports in the lit-
erature), but rather qualitatively assessed by their relations
to the corresponding normal rates. Thus, based on known
facts about PD pathophysiology, we expected increased fir-
ing for the striatal D2 segment, the STN, and the GPi,
and decreased firing for the D1 striatal segment and the
GPe.

Far from the beta band, it has been reported recently that
synchronizations in other frequency bands may be present
in LFP recordings from parkinsonian subjects (Priori et al.
2004; Kühn et al. 2008). Such an observation is also sup-
ported in part by our recordings (as mentioned in the Mate-
rial section): The characteristic peaks in the PSD functions
of the LFP recordings of two subjects were above the theo-
retical boundaries of the beta band. Although the boundaries
of the bands cannot be strictly defined, the establishment of
the significance of frequencies outside the beta band in PD
would be very interesting. In this study, after having deter-
mined the necessary alterations for the model generation of
the beta band, we investigated whether the same types of
alterations could lead to synchronization in other frequency
bands, as well. The investigation was performed by a similar
exploration as for the beta band, but with a wider range of
frequencies within which we searched for spectral peaks or
increased energies.
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4 Results

The initial simulation of the model with the baseline nor-
mal configuration of parameters (Table 2) yielded the fol-
lowing mean firing rates for the populations: SD1

mean =
0.2 spikes/s, SD2

mean = 0.2 spikes/s, SSTN
mean = 4.4 spikes/s,

SGPe
mean = 44.6 spikes/s, and SGPi

mean = 22.8 spikes/s. All the
standard deviations were very small. The deviation of these
initial simulation results from the targets for the STN, GPe,
and GPi populations is expected because the model is not
properly calibrated. In order to approach the targets, we
adjusted the vh parameters of GPe and GPi. That is actu-
ally similar to the calibrations performed in the modeling
study of Humphries et al. (2006), where the intrinsic cur-
rents of the neurons are properly selected. There is one con-
straint, though, since the adjustment of the vh parameters
affects the intrinsically invoked firing rates of the popula-
tions [the S(0) value of (6)]. The plausible range is 2–30 Hz
for the GPi (Nakanishi et al. 1990) and 2–40 Hz for the
GPe (Kita and Kitai 1991). The final selection of the val-
ues of the vh parameters was such that it did not violate
these ranges: vGPe

h = 14 mV (S(0)GPe = 22.5 spikes/s), and
vGPi

h = 12 mV (S(0)GPi = 24.5 spikes/s).
After the adjustments, the simulated normal rest state

yields mean firing rates: SD1
mean = 0.2 spikes/s, SD2

mean =
0.2 spikes/s, SSTN

mean = 7.5 spikes/s, SGPe
mean = 23.1 spikes/s,

and SGPi
mean = 20.6 spikes/s, all with small standard deviations.

Some deviation from the target rates remains, but we con-
sider the achieved rates acceptable. Subsequently, we kept the
selected values for the vGPe

h and vGPi
h parameters unchanged

for the simulation of the parkinsonian condition.
The model-derived LFP of the STN in the normal rest state

condition is depicted in Fig. 6, in both time and frequency
domains. The exhibited patterns of the traces in both domains
are consistent with the experimentally recorded ones (Brown
et al. 2002; Sharott et al. 2005). In particular, the character-
istic elevation of the PSD function in the low frequencies is
reproduced by the model as a result of the contribution of the
NMDA currents.

After having established the validity of the model’s behav-
ior in the normal condition, we proceeded in the exploration
of the pathophysiological behavior of the model. Through
the exploration, we searched for configurations that resulted
in the expression of a beta band peak in the PSD function
of the STN’s LFP and in PD-plausible firing rates of all the
nuclei. The exploration was performed once, combining the
p, α, and δ parameters: for each set of p parameter values,
the output of the model for all the combinations of values
for α and δ in the range 1–6 with step 0.02 was evaluated.
A peak was detected based on the relative concentration of
energy in the beta band.

Regarding the point of the spectral peak in the beta band,
it has been observed from the available real recordings that,

for each subject, all the recordings that include a dominant
beta band peak in their PSDs have that peak at the same fre-
quency point. Thus, there is one specific frequency point of
the beta band for each subject. That may be distinct across
subjects. This observation, if established, may lead to the
consideration of the frequency point of the beta peak as an
individualized characteristic. Such a property of the beta peak
would indicate that it may carry specific information about
the pathophysiological hallmarks of PD, such as personalized
or disease’s stage characteristics.

In the discussion hereafter, we will not strictly use the
actual LFP signals either in time or frequency domains, but
we will try to capture the above described property of the
beta peak by the model and assign its root cause to specific
functional parameters. For this purpose, the design and the
analysis of the results of the simulations were largely based
on the above property.

The exploration of the pathophysiological behavior of the
model showed that out of the 37 cases explored (the number
of the different sets of p parameter values) the model exhib-
ited a beta band peak only for the following two general sets
of p values for the synaptic connections:

PD-case I: pCTX→D2 = 1, pCTX→STN =∗,
pD2→GPe = 0, pGPe→STN = 1, pSTN→GPe = 1,

pGPe→GPe =∗, pSTN→STN = 1

PD-case II: pCTX→D2 = 1, pCTX→STN =∗,
pD2→GPe = 1, pGPe→STN = 1, pSTN→GPe = 1,

pGPe→GPe = ∗, pSTN→STN = 1

The ‘*’ symbol for the pCTX→STN and pGPe→GPe parame-
ters denotes that all the possible combinations of their values
appear in the set of PD-cases I and II.

The behavior of the model regarding the presence and the
specific point in the beta range of frequencies of the beta band
peak was similar in all the combinations of possible values for
the pCTX→STN and pGPe→GPe parameters for both PD-cases
I and II. This suggests that the beta synchronization is inde-
pendent of the CTX→STN and GPe→GPe connections.
Thus, we are now going to present the exhibited behavior
of the model only for the representative PD-cases I and II.
Pathophysiologically, the difference between them lies only
in the state of the D2→GPe connection, being unaltered
and enhanced, respectively, as a result of the dopamine deple-
tion. Figure 7 shows the beta band peak maps obtained by the
exploration, which summarize the dependence of the point
of the beta band peak in frequencies on the {α, δ} couples in
each of the two cases.

The firing rates of the nuclei in both cases depend on
the pCTX → STN and pGPe→GPe parameters. Also, GPi’s fir-
ing rate is affected by the state of the four connections that
we did not consider in the explorations, i.e., the parameters
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Fig. 6 The model generated STN’s LFP signal in the normal condition. Above: the temporal form of the LFP signal for a sample 1 s is shown.
Below: the PSD function of the LFP signal is presented in the 0–100 Hz range

pCTX→D1, pD1→GPi, pGPe→GPi and pSTN→GPi. According
to the available experimental data (West and Grace 2002;
Shen and Johnson 2000; Shen et al. 2003; Floran et al. 2004;
Cooper and Stanford 2001; Johnson and Napier 1997), it is
expected that pCTX→STN = 1, pGPe→G Pe = 0, pCTX→D1 =
−1, pD1→GPi = −1, pGPe→GPi = 1 and pSTN→GPi = 1, and
so, these are the values that we finally used for the extraction
of the firing rates.

The couples of mean {α, δ} values, for which a beta peak
emerged, and the firing rates were PD-plausible (according
to the rules referred in Sect. 3), versus the specific point of the
peak in the beta band are plotted in Fig. 8. Figure 9 presents
the percentage of change of the PSP integrals, while Fig. 10
presents the mean firing rates of all the populations for these
{α, δ} couples. Also, Table 3 contains overall the mean firing
rates of the populations in the parkinsonian condition, for
each of the two PD-cases.

Finally, Fig. 11 presents an example of the temporal evo-
lution of the output firing rates of the GPe and the STN,
along with the exhibited beta band peak. As revealed by the
plot, this characteristic beta band peak is a consequence of
the intense, synchronized oscillations of the GPe–STN net-
work. The beta frequency was produced by the specific time
period of transitions between intense and quiescent activity.
The emergence of the oscillations itself is the result of the
enhancement of the inhibitory input to the GPe along with the
enhancement of the excitatory input to the STN. The closed

GPe–STN loop would not have been driven to oscillations if
a certain amount of inhibition to the GPe and excitation to
the STN would not have been reached. These amounts are
determined by the integrals of the PSPs (Fig. 9).

The model suggests that the cascade of events leading to
the initiation and the sustentation of the oscillatory activity
is as follows:

(1) Owing to the enhanced cortical input to the striatum, its
D2 segment turns hyperactive.

(2) The increased inhibition of the D2 segment to the GPe
forces the latter nucleus to fire less on average.

(3) The shutting of GPe unlooses STN, which goes to a fast
firing pace.

(4) Since STN is excitatory to GPe, and as the influence of
the former on the latter is greatly strengthened due to
the parkinsonian synaptic alterations, GPe starts to fire
more and reaches a high level of firing activity.

(5) Since GPe is inhibitory to STN, and as the influence of
the former on the latter is also greatly strengthened due
to the parkinsonian synaptic alterations, GPe strongly
inhibits STN, which falls to low firing rates.

(6) The tight interplay between GPe and STN, along with
their constant external driving from the striatal D2 seg-
ment and the cortex, respectively, results in the pres-
ervation of the iterations of the steps (4) and (5).
The specific period of these iterations produce the
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Fig. 7 The beta band peak
appearance maps obtained from
the explorations of the model’s
behavior for all the
combinations of {α, δ} values in
the range 1–6 for each, with a
step of 0.02, for both PD-cases,
a I and b II. For both cases, high
beta peaks are obtained by low δ

values and the reverse

characteristic peak and its point in frequencies is deter-
mined by the values of the synaptic time constants in
association with the axonal delays, in the GPe–STN
network.

Figures 10 and 11 also suggest that the intensity of the fir-
ing of the nuclei does not affect the presence of the peak
and its point in the beta band. That is why the firing rates of
the nuclei produced for some {α, δ} couples are implausible,
despite the emergence of a beta peak for those couples.

The exploration for dominant rhythms in other frequency
bands, outside the beta, resulted in a wide range of exhibited
energy distributions in the PSD function of the STN’s LFPs
generated by the model. Out of them, four main patterns
emerged, which are presented in Fig. 12. The different pat-
terns were a result of changes in the values of the parameters
α and δ. Thus, it is suggested that solely the dopaminergic
modulation of both the amplitude and the time course of the

PSPs may lead not only to the emergence of the characteris-
tic beta band, but also to other forms of dynamical behavior
of the basal ganglia, as well.

5 Discussion

The proposed population level computational model of the
basal ganglia suggests that it is the dopamine-depletion-trig-
gered modification of both the amplitude and the time course
of the PSPs, which leads to the appearance of the main par-
kinsonian expression, the characteristic beta band peak in
the PSD function of the STN’s LFP signals. Thus, not only
is it indicated that the dual synaptic modulation is of pivotal
importance in the physiology of the system, but it is also
shown that the time course of the PSPs does, in fact, play a
significant role in its physiology. Experimentally, the depen-
dence of the PSP time course on dopamine concentration
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Fig. 8 The sets of mean {α, δ}
couple values for the expression
of the beta band peak in the
various frequency points in the
beta range (12–30 Hz). For both
cases, the emerging patterns
dictate the inverse relation of α

and δ to the beta band peak
point

has not been demonstrated yet. However, most of the exper-
imental studies that examined the alterations induced by the
altered dopaminergic concentration only dealt with an iso-
lated tissue within hours from the initiation of the depletion.
In PD, the dopamine depletion lasts for years before giving
actual symptoms. Therefore, we think that the current experi-
mental limitations in space and time might obscure the exact
effects of dopamine depletion. In this study, we anticipate
specific dominant long-term effects of dopamine depletion
related only to the amplitude and time course of the PSPs.
The simulation results indicate that those alterations are suf-
ficient for leading to the main expressions of PD. The estab-
lishment of the validity of this hypothesis for basal ganglia
may lead to new insights, since the time course factor has not

received much attention so far. This observation could be of
importance for other brain systems, as well.

Through the simulations of the model, it is shown that the
beta band peak reflects an abnormal oscillatory synchroniza-
tion. That is in agreement with other studies (Boraud et al.
2005; Hammond et al. 2007). In particular, the model exhib-
its this peak when both the amplitude and the time course
of the PSPs are driven to the putative pathophysiological
range of values, leading to severe modification of the synap-
tic influences to the postsynaptic targets. In that condition,
the model reveals that the GPe and the STN are mutually
locked in intense synchronized oscillations. Then, both go
from short periods of quiescent activity to short periods of
intense activity and back. The beta band peak of the STN’s
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Fig. 9 The percentage of the
synaptic strength change in
PD-cases I and II, as a function
of the frequency of the beta
peak, calculated as the integral
of the PSPs in the parkinsonian
condition in relation to the
normal PSPs. For the formation
of the Parkinsonian PSPs, the
respective values of α and δ

from Fig. 8 were used. The
inverse dopaminergic
modulation of the amplitudes
and time courses, as revealed in
Fig. 8, results in an almost
constant synaptic strength for
both cases in all the beta
frequencies

LFPs is then produced by the specific period of the oscilla-
tions. The latter is actually determined by the time constants
of the synaptic connections and the transmission delays. In
general, the emergence of the oscillations is a consequence
of the combined enhancement of the total inhibitory afferent
activity to the GPe and the total excitatory afferent activity
to the STN. These results indicate that the beta synchroniza-
tion is not transferred to the basal ganglia and the STN, in
particular, from the cortex. Rather, it is implied that the path-
ological synchronization is produced within the basal ganglia
as a result of the tight interplay of the GPe and the STN, in
their characteristic closed loop. That is also consistent with
previous modeling results (Bevan et al. 2002; Terman et al.
2002).

The exploration of the model’s behavior for all the com-
binations of {α, δ} values revealed that the characteristic par-
kinsonian beta band peak is reproduced if and only if both
the loop closing connections between the STN and the GPe
are mediated by D2 dopamine receptors, being enhanced
under dopamine depletion. The same must be also the case
for the cortical projection to the striatum’s D2 neurons. The
inhibitory projection of the latter to the GPe is shown to be
either unaltered (PD-case I) or enhanced (PD-case II) for
the model to exhibit a beta peak. However, the overall mean
firing rates of the populations support better the latter case,
mostly because the mean rate of the D2 striatal population
turns out to be rather implausibly high in PD-case I. The
model also predicts that the emergence and the specific point
in frequency of the beta band peak are independent from
the intranuclear GPe connection and the cortical projection
to the STN. All these results are consistent with published
data about the state of the synaptic connections under dopa-
mine depletion, as presented in the introduction (West and
Grace 2002; Shen and Johnson 2000; Shen et al. 2003; Floran

et al. 2004; Cooper and Stanford 2001; Johnson and Napier
1997). More importantly, all these plausible synaptic altera-
tions were finally captured by the model after performing an
exploration through all the possible cases, without a priori
assumptions.

In addition, the model predicted that the STN’s intranu-
clear connection has to be enhanced for the emergence of
the beta band peak. Through such a state for this connection,
the STN receives increased excitation, which is necessary to
sustain the synchronization of the STN–GPe loop. It must be
noted that the existence of such a connection is a controver-
sial feature of the network of the basal ganglia. Many experi-
mental studies have not reported evidence about its presence
(Sato et al. 2000), whereas several modeling studies have not
considered it in their anatomical arrangements (Gurney et al.
2001; Terman et al. 2002). Other studies, however, argue for
its existence (Charara et al. 2003; Gillies and Willshaw 2004;
Shen and Johnson 2006). In any case, the point made by the
model is that the STN must receive enhanced excitation in
the parkinsonian condition to sustain the intense interplay
with the GPe. The source of the excitation may not be neces-
sarily the STN itself. Since also the cortical input may not be
adequate to provide the needed amount of excitation, other
sources may be possible, such as the thalamus or the pendun-
culopontine nucleus (Orieux et al. 2000). Both these nuclei
are certain to excitatorily affect the STN. Thus, the existence
or not of the STN intranuclear connections is not expected
to affect the main conclusions of the present study.

Far from the beta band, the model holds the ability to
produce LFP signals from the STN with dominant rhythmic
activities in the alpha and gamma bands, as well. Depending
on the values of the α and δ parameters of the dopaminergic
modulation of the synaptic activity, either clear, sharp peaks
or multiple rhythms may emerge. The transitions between
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Fig. 10 The mean firing rates
of all the populations of the
model, as derived by using the
sets of mean {α, δ} values
(shown in Fig. 8) for the
expression of the beta band peak
in the various frequency points
in the range of 12–30 Hz, for
PD-case a I, b II. The rates
fluctuate around the same mean
values for all the points of the
beta band peak, indicating that
the latter do not affect the mean
firing levels of the nuclei

Table 3 The overall mean firing
rates of the nuclei in each of the
two PD-cases for which the beta
band peak is reproduced

All the numbers have units of
spikes/s

PD-case I PD-case II

Striatum D1 0.1 ± 0.01 0.1 ± 0.001

Striatum D2 55.5 ± 2.7 10.5 ± 0.3

STN 32.7 ± 2.7 54±2.8

GPe 8.9 ± 1.9 8.8 ± 1.5

GPi 129.4 ± 8.7 175.9 ± 5.3

the different bands and rhythmic patterns depend solely on
the α and δ parameters, indicating that these are the critical
universal rhythmogenic factors in the basal ganglia.

In what concerns the relative amount of modification of
the synaptic parameters, the results greatly depend on the

selection of their normal baseline values. These cannot be in
any terms unequivocally constrained, since there is actually
a wide normal range of values. Though, the parametric cali-
bration of this particular model leads to normal-like activities
when the synaptic parameters take the values defined in the
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Fig. 11 A snapshot of the temporal firing rate outputs of the GPe and
the STN populations during a sample 1 s (similar for all the simulated
10 s), for the two PD-cases that exhibited a beta band peak, a I and b: II.
The two nuclei exhibit sharp transitions in their output firing rates, mov-

ing from short periods of intense-to-short periods of quiescent activity
(plots on the left). The frequency of the oscillatory synchronization falls
in the beta band, causing the characteristic peak to emerge (plots on the
right)

reported used normal configuration (Table 2). That uniquely
defines the comparative reference for the parkinsonian
condition. From the explorations, the prediction that the mod-
ifications of the amplitudes and the time courses are, respec-
tively, proportional and inversely proportional to the point
of the peak in the beta frequencies turns out. In the future,
this prediction may lead to indications toward the establish-
ment of the specific effects of the dopaminergic modulation
on the synaptic parameters. The results also reveal that, in
the parkinsonian condition, the integrals of the PSPs were
almost constant for all the frequency points of the beta peak.
That indicates, on the one hand, that a specific amount of
PSP strength is needed for the parkinsonian condition. On
the other hand, it makes evident that the pathophysiological
expressions in PD cannot be explained just by a simple mod-
ification of the synaptic strength; the qualitative and quanti-
tative roles of both the amplitude and the time course of the
PSPs are necessary.

Small perturbations of the values of the C and the sigmoid
parameters do not affect the sets of {α, δ} points for which

the beta peaks emerge at specific points in frequency. On the
contrary, the dependence of the mean firing rates of the nuclei
on those parameters is inevitably strong, as their evaluation is
determined by the basic assumptions of the population level
architecture itself.

Considering further the simplifications and limitations
of the presented approach, first and foremost, the pop-
ulation level architecture used by the model is itself a
simplified paradigm. The representation of complex phys-
iological interactions by simple mathematical functions with
a few parameters can only provide a crude abstraction of
the reality. Despite that, such simplifications are to a cer-
tain point inevitable when dealing with systems such as the
basal ganglia, with so many nuclei, network interactions,
and neuronal types. Along with the above, the goals of this
study were thought to be adequately served by the popu-
lation level approach. Far from the architectural simplifica-
tions, the selection of the values of the model’s parameters
suffers from the disparity of published data sources and
the heterogeneity of the experimental conditions. The above
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Fig. 12 Apart from the prominent beta band peak, the model can also
generate LFP signals that are dominated by alpha or gamma rhythms.
Here, the four main identified patterns for such rhythms are shown,
only for PD-case II, for the parametric values: a α = 1.22, δ = 4.82; b
α = 4.26, δ = 1.96; c α = 5.82, δ = 1.2; and d α = 5.9, δ = 1.4. In

PD-case I, similar results are obtained, with the exception of the inabil-
ity of the model to reach gamma frequencies above 33 Hz. The plots
indicate that solely the changes of the PSP parameters are adequate for
the generation of rhythmic activities in all the frequency bands

step can cause problems because the selected values might
not be well calibrated, even if they are biophysically
plausible.

For example, all the selected numbers for the C param-
eters are proportions, and not the actual physical numbers
of terminals that each neuron accepts. Further, the propor-
tions themselves are approximations of the reality, and are
expected to vary from subject to subject. Also, by using these
numbers, we exclude the role of the distribution of terminals
in somatic, proximal or distal areas, as well as important func-
tional details of the effects of synaptic mechanisms, such as
the shunting inhibition. On the contrary, these simplifications
can be accepted as being consistent with the level of abstrac-
tion of the population modeling paradigm. Moreover, they
provide a plausible relative picture of the sizes of the connec-
tions that should be considered in the modeling approaches
of the basal ganglia.

Regarding the normal and parkinsonian firing rate activity
of the model, there is no unique answer about what should
be the target mean rates that should be captured. In the liter-
ature, many diverse reports about the levels of activation of
the nuclei can be found, derived by a multitude of recording

procedures in various species. That, together with the inevi-
table use of quantitative data from disparate sources for the
parameters of the model, makes the effort to find a perfectly
fitted and undisputable configuration unlikely. Therefore, we
mostly think of the firing rate outputs of the populations as
more qualitative rather than strict quantitative exhibitions of
the simulated conditions.

Also, in the parkinsonian condition, the unified treatment
of all the connections and all the receptor modules removed
most of the many degrees of freedom that the model could
possess if each connection was treated independently. Such
an option, though, would lead in a huge number of possible
cases and parametric configurations, and would obscure the
core conclusions that can be drawn by the simulations.

Another simplification of the approach was the omission
of the thalamus and other brain regions that interact with the
basal ganglia, such as the pendunculopontine nucleus. An
extension of the model that would include even more rele-
vant structures and connections would be interesting, and we
will consider it for future study.

We believe that all the conclusions drawn by the proposed
model can provide valuable help for the identification of
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the critical alterations of the physiology of the basal gan-
glia that lead to the parkinsonian condition. In addition, the
understanding of the way that the DBS acts to ameliorate the
symptoms may also be chased more effectively. According
to Brown and Williams (2005), there are two possibilities to
record LFPs from the basal ganglia, either through micro-
electrodes or directly from the DBS electrode. In the same
review, it is stated that the basal ganglia’s LFPs acquired
by microelectrodes or bipolarly configured DBS macroelec-
trodes are focally generated, reflecting physiological activity
of the same nature. Therefore, after the implantation of the
stimulating DBS macroelectrode, LFP signals obtained by
bipolar recordings can be compared to the model’s output
and give insights in a condition probably resembling the nor-
mal or drug-treated states.

Finally, the presented approach suggests that alternative
therapeutic strategies for PD might be interesting to evalu-
ate. For example, considering the notable success of the STN
targeting DBS, inspired in essence by the classic direct–indi-
rect pathway model, the proposed model seems to indicate
another possible target; it points to a possibility toward the
effectiveness of the DBS of the GPe, since this nucleus is also
involved in the pathogenic oscillations dominating the basal
ganglia, through the GPe–STN loop. The establishment of
the reality of such a claim, though, may be pursued in paral-
lel with targeted clinical and experimental studies about the
mechanisms of DBS functioning, probably along with mod-
eling studies of the basal ganglia and the DBS. Through such
a clinical test, the model’s validity could be also checked: If
the DBS on the GPe turns out to an amelioration of the main
kinetic symptoms, then this would be a first line of evidence
in favor of the conclusions of the proposed model. Toward
the trial clinical application of DBS on GPe, the development
of DBS models that could work together with the proposed
model might be very revealing, forming a very interesting
perspective for future study.
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