Hindawi

Neural Plasticity

Volume 2021, Article ID 6640105, 16 pages
https://doi.org/10.1155/2021/6640105

Research Article

Interaction of Indirect and Hyperdirect Pathways on Synchrony
and Tremor-Related Oscillation in the Basal Ganglia

Xia Shi®,' Danwen Du,' and Yuan Wang”

ISchool of Science, Beijing University of Posts and Telecommunications, Beijing 100876, China
“State Key Laboratory of Networking and Switching Technology, Beijing University of Posts and Telecommunications,

Beijing 100876, China

Correspondence should be addressed to Xia Shi; shixiabupt@163.com

Received 30 November 2020; Revised 2 February 2021; Accepted 1 March 2021; Published 15 March 2021

Academic Editor: Jianzhong Su

Copyright © 2021 Xia Shi et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Low-frequency oscillatory activity (3-9 Hz) and increased synchrony in the basal ganglia (BG) are recognized to be crucial for
Parkinsonian tremor. However, the dynamical mechanism underlying the tremor-related oscillations still remains unknown. In
this paper, the roles of the indirect and hyperdirect pathways on synchronization and tremor-related oscillations are considered
based on a modified Hodgkin-Huxley model. Firstly, the effects of indirect and hyperdirect pathways are analysed individually,
which show that increased striatal activity to the globus pallidus external (GPe) or strong cortical gamma input to the
subthalamic nucleus (STN) is sufficient to promote synchrony and tremor-related oscillations in the BG network. Then, the
mutual effects of both pathways are analysed by adjusting the related currents simultaneously. Our results suggest that
synchrony and tremor-related oscillations would be strengthened if the current of these two paths are in relative imbalance. And
the network tends to be less synchronized and less tremulous when the frequency of cortical input is in the theta band. These
findings may provide novel treatments in the cortex and striatum to alleviate symptoms of tremor in Parkinson’s disease.

1. Introduction

Parkinson’s disease (PD) is a neurodegenetative disorder
resulting from a loss of dopaminergic neurons, which leads
to alterations of neural activity in the basal ganglia (BG), thal-
amus (TH), and cortex [1-3]. The BG is the main pathologic
area of PD, which is known to be implicated in choice selec-
tion, timing, working memory, and motor sequencing [4-6].
Parkinsonian tremor is a well-recognized cardinal symptom
affecting ~70% of PD patients, which is primarily a rest
tremor with the frequency in 3-9 Hz range. “Tremor-related
activity” is defined as neural activity at a frequency in the
range of Parkinsonian tremor [7, 8]. Intracranial recordings
of local field potentials (LFPs) and electromyography
(EMG) signals recorded synchronised tremor-related activity
in the subthalamic nucleus (STN) [9-11], TH [12], and the
internal globus pallidus (GPi) [13]. Tremor-related activity

also has been detected directly from the cortical surface as
well as by electroencephalogram (EEG) and EMG [14-17].
And the pathophysiology of tremor is believed to be distinct
from that of rigidity and akinesia in imaging studies [18].

A few controversial hypotheses of tremor generation
have been proposed previously. One of them was STN and
globus pallidus external (GPe) pacemaker hypothesis based
on an experiment [19], which showed that STN and GPe
interacted by their mutual connections to exhibit low fre-
quency oscillation (0.4-1.8 Hz). Some argued that the fre-
quency of these oscillations was below that of tremor [20].
Others suggested that the BG may be a tremor-generating
oscillator on its own [21]. However, this is also debatable
since lesions outside the BG (such as lesions in TH [12]
and cortex [15, 17]) can suppress Parkinsonian tremor. Thus,
the mechanism underlying Parkinsonian tremor has not
been clearly understood.
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Importantly, electrophysiological study [22] has
reported increased striatal input to GPe from the indirect
pathway after dopamine depletion. Recently, experimental
studies [23-25] have reported that the striatum can play
a key role in generating and controlling oscillations in
the BG. In addition, clinical research [26] clearly demon-
strated a cortical correlation with Parkinsonian tremor.
And a neuroimage study [27] showed increased functional
connectivity between STN and cortical areas mediated via
the hyperdirect pathway in patients with tremor. In animal
PD models, the hyperdirect pathway is overactive in Par-
kinsonian state [15]. Thus, it is possible that the mutual
effect of cortical activity transmitted to the BG in a fast
hyperdirect loop and the activity in the striatum from
the indirect pathway is the cause of the PD tremor symp-
toms. However, the role of these two paths in the develop-
ment of Parkinsonian tremor was rarely concerned.
Although computational studies [28-33] have explored
the origins of excessive oscillations in the BG, the oscilla-
tory activities in the beta band has been paid attention
on rather than tremor-related oscillations. And the role
of cortical input was not considered before either. For
example, Hu et al. [28] built a class of STN-GPe networks
to explore beta oscillation conditions and found that the
delays and coupling weights required for generating oscil-
lations may decrease as the number of nuclei increases.
Ahn et al. [31] found that Parkinsonian synchronized beta
oscillations may be promoted by the simultaneous action
of both cortical (or some other) and STN-GPe network
mechanisms by a conductance-based models of the STN-
GPe network and two types of input signals. Furthermore,
Dovzhenok and Rubchinsky [34] showed that the
strengthening of the basal ganglia-thalamo-cortical loop
leads to tremor oscillations, while the weakening or dis-
connection of the loop suppresses them. However, they
did not investigate the role of input from different path-
ways, and the model network included only single STN
and GPe neurons.

In addition, previous researches mainly focused on the
direct and indirect pathway [35], and the results by
Leblois et al. [36] suggested that pathological synchronous
oscillations in the BG can stem from a dynamical imbal-
ance between the direct and hyperdirect pathways after
dopamine depletion. In this paper, we explored the role
of indirect and hyperdirect pathways on the synchrony
and tremor-related oscillations in the BG network. Due
to the complexity of multiple loops crossed with each
other in the BG, the influences of these two pathways on
shaping BG activity in PD state are analysed individually
at first. Then, to investigate the mutual effect of them, cor-
tical excitatory and striatal inhibitory inputs are modified
simultaneously. Our study will allow for a deeper under-
standing of the mechanism of tremor-generating and
may open a new treatment of the Parkinsonian tremor
symptoms.

The content of this paper is organized as follows. The
neuron model and the BG network are introduced in Section
2. Analyses of the effects of the indirect and hyperdirect path-
ways on synchrony and tremor-related oscillations are pre-
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sented in Section 3. Finally, a brief conclusion is drawn in
Section 4.

2. Models and Methods

2.1. The Basal Ganglia Network Model. The model used in
this paper is based on So et al. [37], which was modified from
the basal ganglia network model originally proposed by
Rubin and Terman [38, 39]. In contrast to Rubin and Ter-
man’s model [38, 39], some changes were made to match
more closely experimental data on neuron firing properties.
And the BG network exhibited characteristics consistent with
published experimental recordings, both on the level of single
cells and on the network level [37]. The specific structure and
connections of the network are illustrated in Figure 1. The
network consists of four populations of 10 STN cells, 10
GPe cells, and 10 GPi cells each, connected to each other
via synaptic connections. In the model, each STN cell
receives inhibitory input from two GPe cells. Each GPe neu-
ron receives inhibitory input from two other GPe cells and
excitatory input from two STN neurons. Every GPi cell
receives inhibitory input from two GPe neurons and excit-
atory input from two STN neurons. These projections are
selected to match the physiological organization of synaptic
connectivity within the basal ganglia more closely. And all
connections are randomly chosen.

In addition to these detailed connections of internu-
clear or intranuclear, there are also some external current
inputs from different pathways as depicted in Figure 1.
All STN neurons receive excitatory input from the cortex
through the hyperdirect pathway. Similarly, all GPe and
GPi neurons receive striatal inputs via indirect and direct
pathways.

2.2. The Single-Neuron Model in the BG Network. Models
of STN, GPe, and GPi are represented by a single-
compartment conductance-based model. The dynamics of
the individual neuron for each part in the network is
described by a set of differential equations as follows:

d VSTN
™o dt

Ton_stn = ~Igpemsstn = Lcormstn + Lapp_sTns

C =_IL_INa_IK_IT_ICa_Iahp+Isyn_STN’

(1)
dVGPe
™o dt

Iiyn_cpe = ~Igpe—cpe T Istnogpe * Ls—ape + Lapp_gpes

(2)

C

=-Ip - INa —Ix—1Ir - ICa - Iahp + Isyn_GPe’

dVGP‘
m gt : :_IL_INa_IK_IT_ICa_Iahp+Isyn_GPi’

Ioyn_cpi = ~Igpe—cpi + Istnoari + Isi—api + Lapp_cpio

C

(3)

where C,, is the membrane capacitance, I; is the leak cur-
rent, Iy is the potassium current, Iy, is the sodium



Neural Plasticity 3

- Indirect

Y pathway
GPe < _ Striatum

A
_ Direct
- + "~ pathway
v A

STN LN GPi

Y
+ Hyperdirect

pathway

Cortex

«, »

FIGURk 1: The structure and connections of the BG network model. Excitatory connections and inputs are represented with “+,” while

inhibitory connections and inputs are represented with “-.”

current, and I is the low-threshold T-type calcium cur-
rent. Ic, is the high-threshold calcium current, and I,
is the after-hyperpolarization potassium current.

As in Rubin and Terman ([39], the synaptic current
from the presynaptic cell « to the postsynaptic cell 8 is
modeled as

Ioc—»ﬁ =g(x—>ﬁ(vﬁ _Eaeﬁ)zs{;ﬂ (4)
]

where g,_ 5 is the maximal synaptic conductance between
structure o and structure f and E, ; is the reversal

potential of the synaptic current. The summation is taken
over all presynaptic neurons connected to the postsynaptic
neuron.

For STN and GPi efferents, the synaptic variables are gov-
erned by a second-order alpha synapse to acquire an acute
sense of synaptic effect as follows [37]:

where H_ is a smooth approximation of the Heaviside
step function and A, B, control the synaptic time course.
Details of the parameter values are given in [37].

2.3. Description of the Input from Different Pathways. There
are three pathways within the basal ganglia: the direct path-
way: Striatum — GPj, the indirect pathway: Striatum —
GPe — STN — GPi, and the hyperdirect pathway:
Cortex —> STN — GPi [40]. In our simulations, the role
of the direct and indirect striatal input applied to GPi and
GPe is represented by the constant inhibitory current
I cpi and Ig,_ p.> respectively.

Furthermore, the primary role of the cortical neurons in
the present study is to act as a source of excitatory input to
STN transmitted through the hyperdirect pathway. In Kang
and Lowery’s computational study [40], the cortical input
to STN is just modeled by a simple sine function. Here, to
be more closer to reflect the biological properties, the excita-
tion to STN from the cortex is modeled by an ungated chan-
nel with current referred to [40] as follows:

as),
T z, IcorsN = Gex (Vs = Vear)s
K (5) ntf )

- =0.0234u(t) 0.4z - 0.048/.

Here, u(t) = 1 if the presynaptic cell crosses a threshold
of —10mV at time ¢, indicating the presence of an action
potential in the presynaptic cell. Otherwise, u(t) =0.

For all other synaptic connections, the synaptic vari-
ables are reserved as the following first-order differential
equation [39]:

ds) | ,
S = A (1= S Heo(Ve = 0,) ~ ByS

1 (6)

8 exp (—(V—O?)/a?y

V)=

ool

. (2
Gex = Imin +0.01 sin (m> )

where Vg is the membrane voltage of the STN neuron and
V .t 18 @ cation reversal potential of 0 mV. In particular, g, is
a sinusoidal conductance [41]. g, . can be tuned to produce
experimentally observed firing rates, which can be viewed as
the maximal synaptic conductance from cortex to the STN
neuron. Additionally, f is the frequency of the cortical input
in Hz.

2.4. Measurement of the Network Activity. Consistent with
what is observed in humans with PD, the PD state in our
model is characterized by synchronization and low-
frequency oscillatory activity. To quantify the level of net-
work synchrony and the proportion of low-frequency



oscillations, as well as to identify how they are affected by
network parameters in the BG network, several quantitative
measures are introduced as follows:

2.4.1. Synchrony Index

(1) Voltage Synchrony Index. The degree of synchrony in
the network is calculated according to the method devel-
oped by [42-45]. The population averaged voltage V()
is defined as V(t) = (V,(#)+:--+Vy(¢))/N, where N is the
number of cells, and then the voltage synchrony index
SV is computed as follows:

_ V), — (V)

- : 8
UNTE ((Vi(0)?), = (Vi(0))7) o

The synchronization measure SV is normalized
between 0 and 1, and the larger value of SV implies the
higher degree of synchrony in the network.

(2) Spike Synchrony Index. Another synchrony measure,
Spike synchrony (SS), was computed by modifying the
voltage synchrony metric presented by Golomb and Rinzel
[46], using counts of spikes binned into 5ms bins. With
a,(t) being defined as the binned spike count over time
period for cell i, we computed the within cell variance o?

and population variance alzmp as follows:

ot = (@(0)°), = (@ (1)} 0y = (a(0)%), ~ (@(0)}, (%)

where a(t)=(a,(t)+--+ay(t))/Nfor a population of N
neurons and the brackets denote averaging over total sim-
ulation time. The synchrony measure SS was defined as:

0.2

§S= % 10
UNYY o 1o

Obviously, the larger the value of SS is, the higher the
level of synchrony in the network becomes.

2.4.2. Oscillation Index. It is well known that oscillations
introduce peaks in the power spectral density of the popula-
tion activity. Mean field potentials (MFPs) from a population
were calculated to assess the degree of oscillations associated
with tremor in the BG network. We estimated the spectrum
S(f)pop of the population activity by computing the Fast Fou-
rier Transform of the MFP. Thus, the tremor oscillation
index is defined as the relative power (referred to [47]) in
the frequency band of 2-10 Hz as follows:

2 SF)popf
138U popf

Oltremor =

(11)
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TaBLE 1: Model parameters under healthy and Parkinsonian
conditions.

Conditions IappfSTN IapprPe IapprPi
(uA/cm?) (uA/cm?) (uA/cm?)

Healthy 33 20 23

Parkinsonian 23 7 17

Experimentally, Parkinsonian tremor may present with
frequencies of 3-9 Hz according to [7], and 2-10 Hz oscil-
lation chosen in our computation was sufficient to reflect
the oscillatory firing associated with tremor in the BG
network.

Besides, the peak power in the tremor frequency band
is acquired by computing the maximal power within the
range of 2-10Hz, and it is denoted by peak tremor power
as follows:

Peak tremor power = Jmax {P(w)}, (12)

where P(w) is the power spectrum. And each power spec-
trum has been normalized with respect to the total power.

Similarly, the larger the value of tremor oscillation index
Oltremor is, the stronger of tremor-related oscillations in the
network become.

2.5. Simulation Details. The state of the BG network can be
changed by regulating the value of the external current
applied to STN, GPe, and GPi. The switch from healthy con-
dition to Parkinsonian condition in the model can be
achieved by decreasing the constant bias currents I, ;(i €
{ STN, GPe, GPi }), whose values for two different states are
presented in Table 1. For the direct pathway of the BG, the
value of I, cp; is set to —2uA/cm?.

Simulations were implemented in Matlab 2018a. The
numerical method used was the forward Euler method with
a time step of 0.01 ms. And the initial conditions are ran-
domly chosen. Our numerical results were estimated after
excluding the first 500 ms of initial network transients.

3. Results and Discussion

We mainly discussed the effects of indirect and hyperdir-
ect pathway on synchrony and low frequency oscillations
of the BG system. In the following simulations, the net-
work initially remains PD state. Experimental studies have
suggested that STN and GPe neurons play critical roles in
the transmission of abnormal synchronized oscillatory
activity throughout the entire BG in PD [48-50]. There-
fore, the dynamics of these two nuclei are particularly con-
cerned in the following discussions.

3.1. Effect of the Indirect Pathway on Synchrony and Tremor-
Related Oscillations in the BG Network. To investigate the
effect of the indirect pathway on the BG network, the hyper-
direct pathway was blocked by removing cortical excitatory
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FIGURE 5: Power spectral density of (a) GPe and (b) STN populations under Parkinsonian state.

current input to STN, that is, the value of I, ¢ Was tuned

to 0 pA/cm?.

Experimental studies have shown that the firing activity
of Str-GPe projection greatly increased in PD state [51-55],

possibly due to the altered synaptic activity in the striatum
under the dopamine- (DA-) depleted condition [56, 57]. Spe-
cifically, striatal medium spiny neurons have been demon-
strated to be more active after DA-depletion [58].
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Therefore, the dynamics of the BG network under the influ-
ence of increased inhibitory input from the indirect striatum
was studied in this part. In the simulation, we gradually
increased the value of I p.-

3.1.1. Indirect Striatal Activity Promotes Synchrony in the
BG Network. When the value of Ig, _ p. is less than -14
pA/ecm?, GPe cells cannot fire since the input from stria-
tum is strong enough to restrain GPe nucleus, as shown
in Figure 2(b) with I, p. being chosen as -16 pA/cm?.
Therefore, the value of Ig, ,;p.is controlled in the range
of -14 to 0 in what follows.

Figure 3 shows how the level of synchrony in GPe and
STN changes by modifying the striatal indirect current.
Observe that synchrony for both populations was strength-
ened with the increase of I, p.. Both the spike and volt-
age synchrony of GPe neurons changed near linearly as
the input increases (as shown in Figures 3(a) and 3(b)).

However, the evolution of SS and SV of STN slightly
increased firstly and then sharply increased from Ig,_:p.
=-12pyA/cm? as shown in Figures 3(c) and 3(d). This is
possibly due to the fact that the striatal current directly
acts on GPe and then on STN through the mutual cou-
pling between STN and GPe. Furthermore, the network
is sparsely connected and the current of the indirect path-
way imposed on GPe needs to exceed a certain level to
change the dynamical properties of STN [59].

To further illustrate the effect unambiguously, the spike
timings for different STN neurons were connected as shown
in Figure 4. Evidently, the straighter the line is, the stronger
the synchrony becomes. In Figure 4(a), the activity for STN
cells display irregular firing, which is only a little correlated
when Ig, p. =-2uA/cm?. As the strength of the input
increases to -8 yA/cm?, there is rather more relevant firing
among STN neurons, exhibiting higher correlated pattern
as illustrated in Figure 4(b). Significantly, when the value of
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the case with f = 60 Hz.

Ig,_.Gpe reaches -14 yA/cm?, the lines in Figure 4(c) are
almost flat, meaning that STN neurons achieve spike
synchronization.

Our results suggest that increased striatal input from the
indirect pathways can significantly promote synchrony in the
BG network, which is in full accordance with the recent
experimental evidences [60, 61].

3.1.2. Indirect Striatal Activity Enhances Tremor-Related
Oscillations in the BG Network. Under simulated dopamine
depletion states, the oscillatory activities of both GPe and
STN neurons at tremor and beta frequencies have been
revealed in our model, as shown in Figure 5, which is in
accordance with the physiological experiments [7, 9, 10].
The present available data strongly support that Parkinso-
nian tremor is related to the nigrostriatal dopaminergic defi-
cit and other unexplained changes of firing characteristics
within the basal ganglia loop [62]. In the BG network, the
main afferent input comes through the striatum along the
indirect pathway. Thus, we mainly focus on how the oscilla-
tions associated with tremor are affected by increased striatal
activity after the reduction of dopaminergic terminals in the
striatum.

To identify the change of tremor-related oscillations in
the model, two quantities, Oltremor and peak tremor power,
are calculated. Indeed, a progressive increase in inhibitory

current to GPe promoted tremor-related oscillations in
STN and GPe neurons. From Figures 6(b) and 6(d), we can
see that the Peak tremor power increased moderately for
both GPe and STN neurons firstly and then abruptly
increased to more than 0.1 around Ig, gp. =—11 pA/cm?.
Noteworthy, GPe neurons tend to yield more tremulous
oscillatory activity than STN neurons (as shown in
Figures 6(a) and 6(b)).

Anyhow, valuable results were obtained that increased
striatal activities are sufficient to enhance tremor dynamics
in the BG network. Compensatorily, the convincing argu-
ments undertaken in [63] emphasized that the striatum
might make important impacts in the development of the
specific form of tremor. Our results provided additional ver-
ification for these findings.

3.2. Effect of Hyperdirect Pathway on Synchrony and Tremor-
Related Oscillations in the BG Network. Similar to the previ-
ous investigation, to analyse the function of the hyperdirect
pathway, the indirect pathway was blocked by removing
striatal inhibitory current input to GPe, that is, I, ,gp. =0
pA/cm?.

Electrophysiological studies have provided strong find-
ings of a critical role for overactivity in the hyperdirect
pathway contributing to the generation of abnormal syn-
chronous activity following dopamine depletion [64, 65].
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Analyses of functional connectivity in PD patients have
further revealed that increased coupling between STN
and cortical motor areas being associated with PD rigor
and tremor symptoms [27, 66]. These indications suggest
that the intensive cortex-BG connection may be pathophy-
siologically relevant and the dynamical properties of the
BG network may be dependent on it. Based on the above
results, the dynamics of the BG network under the influ-
ence of increased excitatory cortical input with different
frequencies from the hyperdirect pathway is discussed in
this section.

3.2.1. Strong and High-Frequency Cortical Inputs
Synchronized the BG Network. As mentioned in Section 2.3,
the current transmitted by the hyperdirect pathway from
the cortex to STN is modeled by (7). When the value of
Jmin 18 adjusted to exceed 1.2 yA/cm?, the firing patterns of
neurons in the basal ganglia are abnormal as shown in
Figure 7. Thus, the value of g, is controlled within
1.2 uA/cm? to ensure the normal patterns of the BG network.
As can be seen from Figure 8, the firing of STN and GPe is
normal when g, =0.8 yA/cm?.

Figure 9 illustrates how the degree of synchrony in BG
depends on the input from the cortex to STN for three
specific frequencies in different frequency bands (6, 3, y).
Note that the BG network becomes more synchronized

when the intensity of the gain between the cortex and
STN is increased. The degrees of synchronization for
STN and GPe neurons are dramatically strengthened when
Jin is increased to 1.0 yA/cm?®. When an even more pow-
erful input from the cortex to STN is applied, the abnor-
mal synchrony is extremely enhanced in both nuclei.
These results indicate that a pathologic cortical-STN cou-
pling might be a crucial mediator in the pathophysiology
of PD, which is consistent with experimental analysis
[27]. Furthermore, as can be seen from Figures 9(a)-9(c),
the value of SS for STN population is greater than that
for GPe population for all three different frequencies. This
means that STN is a key node in the basal ganglia of PD
patients. In addition, the values of SS and SV for STN and
GPe cells are larger when the frequency of cortical input is
as high as in the gamma band, which shows that the syn-
chronization of BG network is strongly enhanced with
high-frequency input from cortex. These results quite sup-
port that interference of the motor cortex could lead to
widespread restoration of movement dysfunction, and it
could be a potentially therapeutic approach.

3.2.2. Strong and High-Frequency Cortical Input Facilitates
Tremor Oscillations in the BG Network. Cortical tremor-
related oscillations has been found by magnetoencephalog-
raphy [16] and electroencephalography [17] in patients



10

0.5

0.4

0.3

SS

X

0.2

0.2 0.4 0.6 0.8 1 1.2

()

0.5

0.4 3

0.3

SS

0.2

0.1 4 T T T T
0.2 0.4 0.6 0.8 1 1.2

&min
—— f:SHZ
—— f=25Hz
—— f=60Hz
()

Neural Plasticity

0.3
0.25
2 027
3
3
0.15 |
0.1 + T T T T
0.2 0.4 0.6 0.8 1 1.2
&min
—— f= 5Hz
—— f=25Hz
—— f=60Hz
(b)
0.3 1
k
0.25 f
A
0.2
0.15 4
0.1 T T T T
0.2 0.4 0.6 0.8 1 1.2
&min
—— f=5Hz
—— f=25Hz
—— f=60Hz

(d)

FIGURE 9: Evolutions of the synchrony index for different strengths of the synaptic gain from the cortex to STN in different frequency bands
(6 =5Hz, f=25Hz, y=60Hz). (a) and (c) are the spike synchrony index (SS) with the variation of g, for GPe and STN. (b) and (d) are the
voltage synchrony index (SV) with the variation of g, for GPe and STN.

with PD. Therefore, we predict that those observed low-
frequency tremor oscillations in the BG network in the
experiments may come from the input from the cortex.
And a deeper explanation of this mechanism is presented
in the following.

The role of increased input from the cortex to STN for
three frequencies in different frequency bands (6, 5,y) on
tremor-related oscillations in BG network is presented in
Figure 10. It is obvious that the tremor-related oscillations
in STN and GPe populations are strengthened as the value
of g, is increased. And tremor-related oscillations in GPe

neurons increase dramatically when the value of g, ..
increases from 0.9 uA/cm? as shown in Figures 10(a) and
10(b). This means that oscillations in tremor frequencies in
GPe population can be explosively increased when STN cells
become sufficiently active. In contrast, as Figures 10(c) and
10(d) shows, tremor-related oscillations in STN population
increased linearly for all three frequencies of cortical inputs.
These results match well with earlier experimental reports
[67] that cortical activity can lead to low-frequency oscilla-
tory activity in the STN-GPe network in the dopamine-
depleted state.
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F1cure 10: Evolutions of tremor-related oscillations for different strengths of the synaptic gain from the Cortex to STN in different frequency
bands (0 = 5Hz, 3=25Hz, y=60Hz) of cortical input. (a) and (c) are the Oscillation index (OItremor) with the variation of g, ; for GPe
and STN. (b) and (d) are the peak tremor power with the variation of g, for GPe and STN.

In addition, tremor-related oscillations in both STN
and GPe populations are stronger with high-frequency
inputs than low-frequency ones. This finding suggests that
high-frequency gamma activity in the cortex is interacting
with slow oscillations in the STN-GPe network, which
may lead to the aggravation of tremor-related oscillations.
Correspondingly, various strands of experimental analysis
[68, 69] have disclosed the important role of cross-
frequency interactions across multiple neural structures.

3.3. The Mutual Effect of Indirect and Hyperdirect Pathways
on Synchrony and Tremor-Related Oscillations in BG
Network. The individual influences of indirect and hyperdir-
ect pathways on the basal ganglia following dopamine deple-
tion were revealed in the previous sections. To examine the

mutual effect of them, the cortical excitatory current to
STN and striatal inhibitory current to GPe are introduced
simultaneously. For simplicity, the SS index and peak tremor
power index mentioned above are selected to evaluate the
degree of synchronous activity and tremor-related oscilla-
tions in the BG network.

Figures 11 and 12 show how the level of neuronal syn-
chrony and tremor-related oscillations in STN and GPe
change under three different frequencies of cortical input. It
is obvious that the degree of synchronization and tremor-
related oscillations for STN and GPe populations are much
stronger in the regions of higher g _. and lower Iy, _;p.
(upper right) or lower g, . and higher Ig,._,qp. (bottom left).
This means that the network would become highly synchro-
nized and tremulous if the strength between striatal
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GPe and STN.

inhibition to GPe and cortical excitation to STN is greatly
imbalanced. And these abnormal dynamics are suppressed
by tuning the network into less synchronized and less trem-
ulous oscillations as these two parameters are modulated to
be relatively balanced.

In addition, compared to low theta input from cortex,
the areas of synchronization and tremor-related oscilla-
tions are increased for cortical beta or gamma inputs (as
can be seen in Figures 11 and 12). And in this situation,
the degree of synchrony and oscillatory activity in the
tremor frequency are much stronger at higher g _. and
lower I _,gp. regions.

These results suggest that the balance between striatal
inhibition from the indirect pathway and cortical excitation
from the hyperdirect pathway is significant for maintaining
the normal dynamics of the basal ganglia. It provides an
effective way to prevent Parkinson’s disease by measuring
the strength of currents from these two paths and intervening
with medication. Furthermore, the symptoms of tremor may
be alleviated by controlling the frequency of the current from
the cortex to STN within the theta band in the clinical
treatment.

4. Conclusion

In this paper, we studied how the synchronization and
tremor-related oscillations in the BG network are affected
by the indirect and hyperdirect pathways after dopamine
depletion. A modified Hodgkin-Huxley type model of the
BG network was used to mimic the four structures of BG.
To allow a more complete framework to investigate the role
of these two paths, a representation of cortical inputs and
the inhibitory striatal input are introduced in this model.
The extended model presented here can provide more com-
prehensive insight into the possible origins of tremor-
related dynamics than previous models, which have consid-
ered only the role of the single BG network in the generation
of Parkinson.

Here, due to the complex nature of multiple loops in
the basal ganglia, the influences of these two pathways
are analysed individually at first. To explore the function
of the indirect pathway, the inhibitory current from the
striatum to GPe was adjusted. And our results demon-
strated that increased inhibitory activity from the striatum
to GPe can be effective to enhance synchronized activity
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and tremor-related oscillations in the basal ganglia. And
Kumar et al. [47] showed that the strength of inhibitory
inputs from striatum to GPe is a key parameter control-
ling beta oscillations in the BG by a large-scale spiking
neural network model of the STN-GPe loop. To analyse
the role of the hyperdirect pathway, the applied cortical
current was regulated. And our results suggested that
strong and high gamma cortical input can significantly
synchronize the BG network and enhance the tremor-
related oscillations. This indicates that the interaction of
high-frequency gamma input from the cortex and low fre-
quency oscillations in the STN-GPe network can lead to
the presence of tremor-related oscillations. This may
explain the significant role of cross-frequency interactions
between neural structures. Meanwhile, Shouno et al. [70]
showed that cortical excitatory input to the STN can influ-
ence pathological STN oscillations by a spiking neuron
model of the STN-GPe circuit, which predicts the impor-
tant role of cortical inputs to the STN.

Then, to obtain the mutual effect of these two pathways,
the cortical excitatory and striatal inhibitory currents were
modified simultaneously. Our results suggested that the net-
work would be in a highly synchronized and tremulous state
if the role between the indirect pathway and the hyperdirect
pathway is greatly imbalanced. Conversely, the network
may move to a less synchronized and less tremulous state
when the strengths between these two paths are relatively
balanced. These findings support that an imbalanced role of
these two pathways in the basal ganglia is important for the
generation of abnormal activities. Holgado et al. [71] found
that the excitatory input from the cortex to STN needs to
be high relative to the inhibition from striatum to GPe is a
necessary condition for generation of oscillations, which
can support our results in a way.

Taken together the above findings, it can be concluded
that an imbalance among the pathways may be the origin
of the synchrony and tremor-related oscillations in the BG
network. And our study may provide a novel treatment in
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the cortex and striatum to alleviate the symptom of tremor in
Parkinson’s disease.
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