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Abstract
The basal ganglia (BG) in the brain exhibit diverse functions for motor, cognition, and emotion. Such BG functions could

be made via competitive harmony between the two competing pathways, direct pathway (DP) (facilitating movement) and

indirect pathway (IP) (suppressing movement). As a result of break-up of harmony between DP and IP, there appear

pathological states with disorder for movement, cognition, and psychiatry. In this paper, we are concerned about the

Huntington’s disease (HD), which is a genetic neurodegenerative disorder causing involuntary movement and severe

cognitive and psychiatric symptoms. For the HD, the number of D2 SPNs (ND2) is decreased due to degenerative loss, and

hence, by decreasing xD2 (fraction of ND2), we investigate break-up of harmony between DP and IP in terms of their

competition degree Cd, given by the ratio of strength of DP (SDP) to strength of IP (SIP) (i.e., Cd ¼ SDP=SIP). In the case of

HD, the IP is under-active, in contrast to the case of Parkinson’s disease with over-active IP, which results in increase in Cd

(from the normal value). Thus, hyperkinetic dyskinesia such as chorea (involuntary jerky movement) occurs. We also

investigate treatment of HD, based on optogenetics and GP ablation, by increasing strength of IP, resulting in recovery of

harmony between DP and IP. Finally, we study effect of loss of healthy synapses of all the BG cells on HD. Due to loss of

healthy synapses, disharmony between DP and IP increases, leading to worsen symptoms of the HD.

Keywords Basal ganglia � Huntington’s disease � Direct pathway (DP) � Indirect pathways(IP) � Harmony between DP and

IP � Competition degree � Optogenetics

Introduction

The basal ganglia (BG) (called the dark basement of the

brain) are a group of subcortical deep-lying nuclei,

receiving excitatory cortical input from most areas of

cortex, and they provide inhibitory output to the thalamus

and brainstem (Kandel et al. 1991; Squire et al. 2003; Bear

et al. 2007; Luo 2016). The BG exhibit a variety of func-

tions for motor control and regulation of cognitive and

emotional processes (Kandel et al. 1991; Gurney et al.

2001a, b; Squire et al. 2003; Humphries et al. 2006; Bear

et al. 2007; Humphries 2014; Mandali et al. 2015; Luo

2016; Humphries and Gurney 2021). Dysfunction in the

BG is related to movement disorder [e.g., Parkinson’s

disease (PD) and Huntington’s disease (HD)] and cognitive

and psychiatric disorders (Kandel et al. 1991; Squire et al.

2003; Bear et al. 2007; Luo 2016).

In this paper, we are concerned about the HD. It is a rare

hereditary neurodegenerative disease with severe symp-

toms for motor, cognition, and emotion (MacDonald et al.

1993; Bates 2005; Walker 2007; Ross and Tabrizi 2011;

Paulsen et al. 2014; Bates et al. 2015; Rojas et al. 2022).

As is well known, patients with HD show hyperkinetic

dyskinesia such as chorea (involuntary jerky dance-like

movement) as well as cognitive (e.g., dementia) and psy-

chiatric (e.g,, depression and anxiety) disorders. In con-

trast, patients with PD show hypokinetic disorder such as

slowed movement (bradykinesia) (Obeso et al. 2004, 2008;

Guridi et al. 2012; Humphries et al. 2018; Armstrong and

Okun 2020; Marino et al. 2020). Thus, if PD lies at one end

of the spectrum of movement disorders in the BG, HD lies

at the other end. We note that HD is caused by a mutated
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huntingtin (HTT) gene on chromosome 4 (Gusella et al.

1983; MacDonald et al. 1993). As a result of mutation in

HTT gene, the defective HTT gene has abnormal excessive

repeats of a three-base (CAG) DNA sequence; in the

mutant gene, the repeat occurs over and over again, from

40 times to more than 80. The greater the number of CAG

repeats, the earlier the onset and severity of HD. This kind

of trinucleotide repeat expansion results in production of

abnormal HTT protein that accumulates, resulting in cre-

ation of toxic HTT protein aggregates damaging neurons

(e.g., death of striatal cells in the BG). Thus, the primary

pathological feature of HD is appearance of toxic HTT

protein aggregates, causing the characteristic neurodegen-

eration seen in HD, in contrast to the case of PD where

dopamine (DA) deficiency is a major cause.

In our recent work for the PD in the BG (Kim and Lim

2023), we made refinements on the spiking neural network

(SNN) for the BG, based on the SNNs for the BG devel-

oped in previous works (Humphries et al. 2009a; Tomkins

et al. 2014; Fountas and Shanahan 2017a); details on the

SNN are given in Sec. II and Appendices in (Kim and Lim

2023). This SNN for the BG is based on anatomical and

physiological data derived from rat-based works as fol-

lows. For the architecture of the BG SNN (e.g., number of

BG cells and synaptic connection probabilities), we refer to

the anatomical works (Oorschot 1996; Bar-Gad et al. 2003;

Mailly et al. 2003; Sadek et al. 2007). For the intrinsic

parameter values of single BG neurons, refer to the phys-

iological properties of the BG neurons (Góngora-Alfaro

et al. 1997; Richards et al. 1997; Bevan and Wilson 1999;

Bevan et al. 2000, 2002; Hallworth et al. 2003; Wolf et al.

2005; Moyer et al. 2007; Gertler et al. 2008; Bugaysen

et al. 2010; Liu et al. 2022). For the synaptic parameters

(related to synaptic currents), we also refer to the physio-

logical works (Park et al. 1982; Nakanishi et al. 1990;

Fujimoto and Kita 1993; Götz et al. 1997; Dayan and

Abbott 2001; Baufreton et al. 2005; Shen and Johnson

2006; Connelly et al. 2010; Ammari et al. 2011). Here, we

use the rat-brain terminology throughout. The BG receive

excitatory cortical input from most regions of cortex via the

input nuclei [striatum and subthalamic nucleus (STN)] and

project inhibitory output via the output nucleus [substantia

nigra pars reticulata (SNr)], through the thalamus to the

motor area of the cortex (Humphries et al. 2006; Mandali

et al. 2015). We also note that, the principal input nucleus,

striatum, is the primary recipient of DA, arising from the

substantia nigra pars compacta (SNc). Within the striatum,

spine projection neurons (SPNs), comprising up to 95 % of

the whole striatal population, are the only primary output

neurons (Bolam et al. 2006; Humphries et al. 2009b).

There are two types of SPNs with D1 and D2 receptors for

the DA. The DA modulates firing activity of the D1 and D2

SPNs in a different way (Humphries et al. 2009a; Tomkins

et al. 2014; Fountas and Shanahan 2017a). In the early

stage of HD, degenerative loss of D2 SPNs occurs due to

mutation in the HTT gene, while DA level in the striatum is

nearly normal (Reiner et al. 1988; Albin et al. 1992;

Richfield et al. 1995; Han et al. 2010).

There are two competing pathways, direct pathway (DP)

and indirect pathway (IP), in the BG (Albin et al. 1989;

Alexander and Crutcher 1990; DeLong 1990; Kravitz et al.

2010). D1 SPNs in the striatum make direct inhibitory

projection to the output nucleus, SNr, through DP, and then

the thalamus becomes disinhibited. Consequently, move-

ment facilitation occurs. In contrast, D2 SPNs are con-

nected to the SNr through IP, crossing the intermediate

control nucleus, GP (globus pallidus), and the STN. In the

case of IP, the firing activity of the SNr becomes enhanced

mainly because of excitatory input from the STN. As a

result, firing activity of the thalamus becomes decreased,

resulting in movement suppression.

Diverse functions of the BG could be made via ‘‘bal-

ance’’ of DP and IP. So far, a variety of subjects for the BG

have been investigated in many computational works.

Diverse neuron models were employed in the computa-

tional works; (a) artificial neurons of the leaky-integrator

type (Gurney et al. 2001a, b; Humphries and Gurney

2021), (b) point neuron function using rate-coded output

activation (Frank et al. 2001, 2004; Frank 2005), (c) leaky

integrate-and-fire model (Humphries et al. 2006; Humph-

ries 2014), (d) adaptive exponential integrate and fire

model (Lindahl et al. 2013; Lindahl and Kotaleski 2016),

(e) oscillatory model for local field potentials (Andres and

Darbin 2018), (f) dendrite model (Mark et al. 2010),

(g) firing rate model (Mulcahy et al. 2020), (h) multiple

compartments model (Goodliffe et al. 2018), (i) Hodgkin-

Huxley type neuron model (Rubin 2017; Wang et al. 2022;

Yin et al. 2023), and (j) Izhikevich neuron model

(Humphries et al. 2009a, b; Michmizos and Nikita 2011;

Thibeault and Srinivasa 2013; Fountas and Shanahan

2014a, b; Tomkins et al. 2014; Mandali et al. 2015;

Navarro-López et al. 2016; Celikok et al. 2016; Celikok

and Sengör 2016; Fountas 2016; Kumaravelu et al. 2016;

Fountas and Shanahan 2017a, b; Humphries et al. 2018;

Sen-Bhattacharya et al. 2018; Cakir 2019; González-

Redondo et al. 2020; Maith et al. 2021; Navarro-López

et al. 2021; Yu et al. 2022).

But, no quantitative analysis for balance between DP

and IP was made. As a first time, in our recent work (Kim

and Lim 2023), we made quantitative analysis for com-

petitive harmony (i.e., competition and cooperative inter-

play) between DP and IP by introducing their competition

degree Cd , given by the ratio of strength of DP (SDP) to

strength of IP (SIP) (i.e., Cd ¼ SDP=SIP); SDP ðSIPÞ is

given by the magnitude of the total time-averaged synaptic

current into the output nucleus, SNr, through DP (IP).
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In this paper, we take into consideration of degenerative

loss of D2 SPNs for the HD; ND2 (number of D2 SPNs) =

N�
D2 (normal value) xD2 [1[ xD2 (fraction of number of D2

SPNs) � 0] (Crossman 1987; Crossman et al. 1988; Reiner

et al. 1988; Albin et al. 1992; Richfield et al. 1995; Han

et al. 2010). By decreasing xD2 from 1, we investigate

break-up of harmony between DP and IP for the HD by

employing the competition degree Cd in the case of normal

DA level (/ ¼ 0:3). Due to degenerative loss of D2 SPNs,

IP becomes under-active (i.e., weakened), leading to

increase in Cd from normal value. Thus, hyperkinetic

dyskinesia such as chorea occurs, which is in contrast to the

case of PD with reduced Cd, causing hypokinetic disorder.

Next, based on optogenetics (Kravitz et al. 2010; Tecua-

petla et al. 2014), treatment of HD is also studied via

recovery of harmony between DP and IP. Through acti-

vation of D2 SPN (STN) and deactivation of GP, IP

becomes strengthened and thus harmony between DP and

IP may be recovered. Finally, we investigate effect of loss

of healthy synapses of all the BG cells on HD (Reiner et al.

1988; Klapstein et al. 2001; Cepeda et al. 2007; Milner-

wood and Raymond 2010; Milnerwood et al. 2010; Plot-

kin, and Surmeier 2015).

This paper is organized as follows. In the main Sect. 2,

in the SNN for the BG (Kim and Lim 2023), we make

quantitative analysis of break-up and recovery of harmony

between DP and IP for the HD. In the Supplementary

Information (SI), brief description on the SNN for the BG

is given. Finally, we give summary and discussion in

Sect. 3.

Quantitative analysis of break-up
and recovery of harmony between DP and IP
for the HD

In this section, in the SNN for the BG considered in our

prior work (Kim and Lim 2023), we quantitatively analyze

competitive harmony (i.e., competition and cooperative

interplay) between DP and IP for the HD in terms of the

competition degree Cd between them, introduced in our

previous work (Kim and Lim 2023). Cd is given by the ratio

of strength of DP (SDP) to strength of IP (SIP) (i.e.,

Cd ¼ SDP=SIP).

As explained in the section of Introduction, we consider

the SNN for the BG, based on anatomical and physiolog-

ical data derived from rat-based studies. We note that, in

the rat brain, the SNr is the only output nucleus of the BG,

in contrast to the higher animals such as humans where

both GPi (internal globus pallidus) and SNr are output

nuclei. Figure 1 shows a box diagram for the SNN for the

BG, consisting of D1/D2 SPNs, STN cells, GP cells, and

SNr cells. As the single neuron model of the BG cells, we

use the Izhikevich spiking neuron model (which is not only

biologically plausible, but also computationally efficient)

(Izhikevich 2003, 2004, 2007a, b). Blue colored cells and

lines denote BG cells and synaptic connections affected by

the DA. Both striatum and STN receive cortical inputs

from most areas of the cortex. We model cortical inputs in

terms of 1,000 independent Poisson spike trains with the

same firing rate f. There are two pathways, DP (green) and

IP (red). Inhibitory projection from the D1 SPNs to the

output nucleus SNr is provided through the DP. In contrast,

D2 SPNs are indirectly connected to the SNr through the

IP, crossing the GP and the STN. Inhibitory output from

the SNr to the thalamus/brainstem is controlled through

competitive harmony between DP and IP (Kim and Lim

2023). In the SI, brief description on the SNN for the BG is

given; for more details, refer to Sec. II in (Kim and Lim

2023).

Here, we consider the early stage of HD where neu-

rodegerative loss of D2 SPNs occurs; ND2 (number of D2

SPNs) = N�
D2 (=1325; normal value) xD2 [1[ xD2 (fraction

of number of D2 SPNs) � 0] (Crossman 1987; Crossman

et al. 1988; Reiner et al. 1988; Albin et al. 1992; Richfield

et al. 1995; Han et al. 2010). By decreasing xD2 from 1, we

investigate break-up of harmony between DP and IP in

both cases of tonic cortical input (3 Hz) in the resting state

and phasic cortical input (10 Hz) in the phasically active

state. In these cases, the IP becomes weakened, and thus Cd

Fig. 1 Box diagram of our spiking neural network for the basal

ganglia (BG). Excitatory and inhibitory connections are denoted by

lines with triangles and circles, respectively, and dopamine-modu-

lated cells and connections are represented in blue color. Striatum and

STN (subthalamic nucleus), receiving the excitatory cortical input,

are two input nuclei to the BG. In the striatum, there are two kinds of

inhibitory spine projection neurons (SPNs); SPNs with the D1

receptors (D1 SPNs) and SPNs with D2 receptors (D2 SPNs). The D1

SPNs make direct inhibitory projection to the output nuclei SNr

(substantia nigra pars reticulate) through the direct pathway (DP;

green color). In contrast, the D2 SPNs are connected to the SNr

through the indirect pathway (IP; red color) crossing the GP (globus

pallidus) and the STN. The inhibitory output from the SNr to the

thalamus/brainstem is controlled through competition between the DP

and IP
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becomes larger than normal ones. Consequently, involun-

tary jerky movement and abnormal hyperkinetic movement

occur in the tonic and phasic cases, respectively. Next, we

study treatment of HD through recovery of harmony

between DP and IP. We strengthen the IP via activation of

D2 SPNs and STN neurons and deactivation of GP neu-

rons, based on optogenetics (Kravitz et al. 2010; Tecua-

petla et al. 2014). Consequently, harmony between DP and

IP becomes recovered, leading to normal movement.

Finally, we also investigate the effect of loss of healthy

synapses in the BG neurons on the HD.

Break-up of harmony between DP and IP
for the HD

In the early stage of HD, we consider the case of normal

DA level of /1 ¼ /2 ¼ / ¼ 0:3 for the D1 and D2 SPNs.

As explained above, cortical inputs are modeled in terms of

1,000 independent Poisson spike trains with firing rate f.

We first consider the case of tonic cortical input with f ¼ 3

Hz in the resting state (Bauswein et al. 1989; Turner and

DeLong 2000; Zheng and Wilson 2002; Humphries et al.

2006, 2009b; Belforte et al. 2010; Reed et al. 2010; Lin-

dahl et al. 2013; Fountas and Shanahan 2017a).

Population firing behavior of BG neurons could be well

visualized in the raster plot of spikes, corresponding to a

collection of spike trains of individual BG neurons. Fig-

ure 2a shows the raster plot of spikes for D1 SPNs, asso-

ciated with DP (green color). In contrast to the case of D1

SPNs, degenerative loss of D2 SPNs occurs. With

decreasing xD2 (i.e., fraction of number of D2 SPNs) from

1, we also get the raster plots of spikes of D2 SPNs

[Fig. 2b1–b4], the STN neurons [Fig. 2d1–d4], and the GP

neurons [Fig. 2e1–e4], related to the IP (red color) for

xD2 ¼ 1.0, 0.8, 0.5, and 0.2.

As a collective quantity showing population behaviors,

we employ an IPSR (instantaneous population spike rate)

which may be obtained from the raster plot of spikes

(Brunel and Wang 2003; Geisler et al. 2005; Brunel and

Hakim 2008; Wang 2010; Kim and Lim 2014). Each spike

in the raster plot is convoluted with a kernel function KhðtÞ
to get a smooth estimate of IPSR RXðtÞ (Shimazaki and

Shinomoto 2010):

RXðtÞ ¼
1

NX

XNX

i¼1

Xn
ðXÞ
i

s¼1

Khðt � t
ðXÞ
s;i Þ: ð1Þ

Here, NX is the number of the neurons in the X population,

and t
ðXÞ
s;i and n

ðXÞ
i are the sth spiking time and the total

number of spikes for the ith neuron, respectively. We use a

Gaussian kernel function of band width h:

KhðtÞ ¼
1ffiffiffiffiffiffi
2p

p
h
e�t2=2h2

; �1\t\1; ð2Þ

where the band width h of KhðtÞ is 20 msec. The IPSRs

RXðtÞ for X ¼ D1 (SPN), D2 (SPN), STN, GP, and SNr are

also shown below their respective raster plots of spikes.

Here, the case of xD2 ¼ 1 corresponds to the normal one

without degenerative loss of D2 SPNs. With decreasing xD2

from 1, the population firing activities of the D2 SPNs, the

STN neurons, and the GP neurons, associated with IP (red),

are changed, while that of the D1 SPN, related to DP

(green), is unchanged.

We also study the population-averaged mean firing rate

(MFR) of the neurons hf ðXÞi i in the X population [X ¼ D1

(SPN), D2 (SPN), STN, and GP]; f
ðXÞ
i is the MFR of the ith

neuron in the X population, and h� � �i represents a popu-

lation average over all the neurons. For the D1 and D2

SPNs, hf ðD1Þ
i i ¼ 1:03 Hz and hf ðD2Þ

i i ¼ 0:97 Hz, indepen-

dently of xD2, because there is no change in cortical inputs

to the D1/D2 SPNs; see Fig. 2c for the D2 SPNs. As xD2 is

decreased from 1, hf ðGPÞ
i i of the GP neurons is increased

from 29.9 to 38.8 Hz, due to decrease in inhibitory pro-

jection from the D2 SPNs, as shown in Fig. 2g. In contrast,

because of increased inhibitory projection from the GP,

hf ðSTNÞ
i i of the STN neurons is decreased from 9.9 to 6.5 Hz

[see Fig. 2f].

We note that, there are two types of synaptic currents

into the (output) SNr neurons, IDP and IIP, via DP (green)

and IP (red) in Fig. 1, respectively. The DP current, IDPðtÞ;
is just the (inhibitory) synaptic current from the D1 SPNs

to the SNr neurons:

IDPðtÞ ¼ �IðSNr;D1Þ
syn ðtÞ: ð3Þ

There is no change in IDPðtÞ; independently of xD2.

The IP current, IIPðtÞ; is composed of the excitatory

component, I
ðEÞ
IP ðtÞ; and the inhibitory component, I

ðIÞ
IP ðtÞ :

IIPðtÞ ¼ I
ðEÞ
IP ðtÞ þ I

ðIÞ
IP ðtÞ: ð4Þ

Here, I
ðEÞ
IP ðtÞ [I

ðIÞ
IP ðtÞ] is just the synaptic current from the

STN (GP) to the SNr:

I
ðEÞ
IP ðtÞ ¼ �IðSNr;STNÞ

syn ðtÞ and

I
ðIÞ
IP ðtÞ ¼ �IðSNr;GPÞ

syn ðtÞ:
ð5Þ

Unlike the case of IDPðtÞ; with decreasing xD2 from 1, IIPðtÞ
becomes decreased due to decrease in I

ðEÞ
IP ðtÞ and increase

in jIðIÞIP ðtÞj (j � � � j: absolute magnitude).

Firing activity of the (output) SNr neurons is determined

through competition between IDPðtÞ (DP current) and IIPðtÞ
(IP current) into the SNr. The strengths of DP and IP, SDP
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and SIP, are given by the magnitudes of their respective

time-averaged synaptic currents:

SDP ¼ jIDPðtÞj and SIP ¼ jIIPðtÞj; ð6Þ

where the overline denotes the time averaging and j � � � j
represents the absolute magnitude. Then, the competition

degree Cd between DP and IP (given by the ratio of SDP to

SIP) was introduced in (Kim and Lim 2023):

Cd ¼
SDP

SIP
: ð7Þ

For xD2 ¼ 1 (without degenerative loss of D2 SPNs), SDP =

23.1 and SIP = 23.4, and hence DP and IP become nearly

balanced (i.e., Cd ¼ 0:99). In this non-degenerative case,

the SNr neurons fire very actively with hf ðSNrÞ
i i ¼ 25:5 Hz.

Due to strong inhibitory projection from the SNr, the tha-

lamic cells become silent, resulting in no movement (i.e.,

the BG door to the thalamus is locked in the normal tonic

default state).

But, with decreasing xD2 from 1 (degenerative case), as

shown in Fig. 2h, SIP is rapidly decreased from 23.4 to 1.4,

while there is no change in SDP (= 23.1). In this way, IP for

the HD becomes weakened. Thus, as xD2 is decreased from

1, the competition degree Cd between DP and IP is found to

increase from 0.99 to 16.5 [see Fig. 2i]. Thus, balance

between DP and IP becomes broken up in the degenerative

tonic case.

Figure 2j1–j4 show raster plots of spikes and IPSRs

RSNrðtÞ of the (output) SNr neurons for xD2 = 1.0, 0.8, 0.5,

and 0.2, respectively. We note that, firing activity of the

SNr neurons becomes reduced with decreasing xD2 because

of weakened IP. As a result of decrease in SIP (strength of

IP), the population-averaged MFR hf ðSNrÞ
i i is found to

decrease from 25.5 to 6.9 Hz with decreasing xD2 from 1,

as shown in Fig. 2k. Thus, the BG gate to the thalamus

becomes opened even in the case of tonic cortical input (3

Hz) in the resting state via break-up of balance between DP

and IP. Consequently, a tonic pathological state with

Fig. 2 Involuntary jerky movement due to degenerative loss of D2

SPNs in the tonic pathological state for the tonic cortical input (3 Hz)

in the resting state. Colors: parts, related to DP (green), while parts,

associated with IP (red). a Raster plot of spikes and IPSR

(instantaneous population spike rate) RD1ðtÞ of D1 SPNs. Raster

plots of spikes and IPSRs RD2ðtÞ of D2 SPNs for b1 xD2 = 1.0, b2 0.8,

b3 0.5, and b4 0.2. c Plot of population-averaged MFR (mean firing

rate) hf ðD2Þ
i i of D2 SPNs versus xD2. Raster plots of spikes and IPSRs

RSTNðtÞ of STN neurons for d1 xD2 = 1.0, d2 0.8, d3 0.5, and d4 0.2.

Raster plots of spikes and IPSRs RGPðtÞ of GP neurons for e1 xD2 =

1.0, e2 0.8, e3 0.5, and e4 0.2. Plots of population-averaged MFRs of

(f) STN neurons hf ðSTNÞ
i i and g GP neurons hf ðGPÞ

i i versus xD2. h Plots

of strengths of DP SDP and IP SIP versus xD2. i Plot of the competition

degree Cd versus xD2. Raster plot of spikes and IPSR RSNrðtÞ of SNr

neurons for j1 xD2 =1, j2 0.8, j3 0.5, and j4 0.2. k Plot of population-

averaged MFR hf ðSNrÞ
i i of SNr neurons versus xD2
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involuntary jerky movement occurs, in contrast to the tonic

default state without movement.

Next, we consider the case of phasic cortical input (10

Hz) in the phasically active state (Bauswein et al. 1989;

Turner and DeLong 2000; Zheng and Wilson 2002;

Humphries et al. 2006, 2009b; Belforte et al. 2010; Reed

et al. 2010; Lindahl et al. 2013; Fountas and Shanahan

2017a), which is shown in Fig. 3. Population firing

behavior of D1 SPNs, associated with DP (green color), is

shown in their raster plot of spikes and the IPSR RD1(t) in

Fig. 3a. In comparison to the tonic case with the popula-

tion-averaged MFR hf ðD1Þ
i i = 1.03 Hz in Fig. 2a, firing

activity of the D1 SPNs become very active with hf ðD1Þ
i i =

30.7 Hz, independently of xD2.

But, due to degenerative loss of D2 SPNs, population

firing activities of the D2 SPNs, the STN neurons, and the

GP neurons [related to the IP (red color)] are changed with

decreasing xD2, as shown in their raster plots of spikes and

IPSRs in Fig. 3. The population-averaged MFRs of the D2

SPNs, the STN neurons, and the GP neurons are also

shown in Fig. 3c, f, and g, respectively. For the D2 SPNs,

hf ðD2Þ
i i = 24.1 Hz [much larger than that (0.97 Hz) in the

tonic case], independently of xD2, because there is no

change in cortical input to the D2 SPNs. As a result of

decreased inhibitory projection from the D2 SPNs, hf ðGPÞ
i i

of the GP neurons is rapidly increased from 7.3 to 66.1 Hz

with decreasing xD2 from 1; the increasing rate is higher

than the tonic case. On the other hand, due to increase in

inhibitory projection from the GP, hf ðSTNÞ
i i of the STN

neurons decreases from 39.8 to 17.6 Hz; the decreasing rate

is also larger than that in the tonic case.

We consider the case of xD2 ¼ 1 without degeneration.

In this non-degenerative case, SDP = 2309.7 and SIP =

815.6. Thus, the competition degree becomes Cd ¼ 2:82

[i.e., SDP (strength of DP) is 2.82 times larger than SIP

(strength of IP)]. In this case, hf ðSNrÞ
i i of the (output) SNr

neurons are decreased to 5.5 Hz (cf., in the tonic case, 25.5

Hz). Consequently, the BG door to the thalamus becomes

Fig. 3 Abnormal hyperkinetic movement due to degenerative loss of

D2 SPNs in the phasic pathological state for the phasic cortical input

(10 Hz) in the phasically-active state. Colors: parts, related to DP

(green), while parts, associated with IP (red). a Raster plot of spikes

and IPSR (instantaneous population spike rate) RD1ðtÞ of D1 SPNs.

Raster plots of spikes and IPSRs RD2ðtÞ of D2 SPNs for b1 xD2 = 1.0,

b2 0.8, b3 0.5, and b4 0.2. c Plot of population-averaged MFR (mean

firing rate) hf ðD2Þ
i i of D2 SPNs versus xD2. Raster plots of spikes and

IPSRs RSTNðtÞ of STN neurons for d1 xD2 = 1.0, d2 0.8, d3 0.5, and

d4 0.2. Raster plots of spikes and IPSRs RGPðtÞ of GP neurons for e1
xD2 = 1.0, e2 0.8, e3 0.5, and e4 0.2. Plots of population-averaged

MFRs of f STN neurons hf ðSTNÞ
i i and g GP neurons hf ðGPÞ

i i versus xD2.

h Plots of strengths of DP SDP and IP SIP versus xD2. i Plot of the

competition degree Cd versus xD2. Raster plot of spikes and IPSR

RSNrðtÞ of SNr neurons for j1 xD2 =1, j2 0.8, j3 0.5, and j4 0.2. k Plot

of population-averaged MFR hf ðSNrÞ
i i of SNr neurons versus xD2
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opened, leading to normal movement. This phasic healthy

state with Cd ¼ 2:82 is in contrast to the tonic healthy state

with Cd ’ 1:0 resulting in no movement.

However, as xD2 is decreased from 1 (degenerative

case), SIP is rapidly decreased from 815.6 to 92.3, while

there is no change in SDP (= 2309.7) [see Fig. 3h]. Thus, IP

becomes rapidly weakened. Due to such under-activity of

IP, the competition degree Cd increases from 2.82 (healthy

state) to 25.0, as shown in Fig. 3i. Consequently, harmony

between DP and IP becomes broken up in the degenerative

case with xD2\1, and then a phasic pathological state with

abnormal hyperkinetic movement appears, in contrast to

the phasic healthy state with normal movement.

Raster plots of spikes and IPSRs RSNrðtÞ of the (output)

SNr neurons for xD2 = 1.0, 0.8, 0.5, and 0.2 are shown in

Fig. 3j1–j4, respectively. Due to under-activity of IP, firing

activity of the SNr neurons becomes decreased with

decreasing xD2 from 1. Due to decreased SIP (strength of

IP), the population-averaged MFR hf ðSNrÞ
i i decreases from

5.5 (healthy state) to 0.7 Hz with decreasing xD2 from 1

[see Fig. 3k]. In this phasic pathological state with

Cd [ 2:82 (where harmony between DP and IP is broken

up), abnormal hyperkinetic movement disorder occurs, in

contrast to the normal movement for the phasic healthy

state with Cd ¼ 2:82 (where there is harmony between DP

and IP).

To sum up the above results briefly, it is shown that, for

the HD, pathological states (where harmony between DP

and IP is broken up) appear due to degenerative loss of D2

SPNs in the cases of both tonic and phasic cortical inputs.

On the other hand, for the PD, pathological states appear

because of DA deficiency (Obeso et al. 2004, 2008; Guridi

et al. 2012; Humphries et al. 2018; Armstrong and Okun

2020; Marino et al. 2020; Kim and Lim 2023). In the case

of HD, IP is under-active, in contrast to the case of PD with

over-active IP. Thus, patients with HD exhibit abnormal

hyperkinetic movement disorder, while patients with PD

show abnormal hypokinetic movement disorder. Conse-

quently, HD lies at one end of the spectrum of movement

disorders in the BG, while PD lies at the other end.

Treatment of HD via recovery of harmony
between DP and IP

For the pathological state in the HD, IP is under-active due

to degenerative loss of D2 SPNs, in comparison to the

healthy state. Thus, harmony between DP and IP is broken

up (i.e. occurrence of disharmony between DP and IP),

leading to abnormal hyperkinetic movement disorder.

Here, based on optogenetics (Kravitz et al. 2010; Tecua-

petla et al. 2014), we investigate treatment of the patho-

logical state with enhanced competition degree Cd (than the

normal one for the healthy state) in both cases of tonic and

phasic cortical inputs via recovery of harmony between DP

and IP.

Optogenetics is a control technique for the activity of

target cells in living organisms by combining optics and

genetics. The target cells are genetically modified to

express opsins (light-sensitive proteins) (i.e., fusion of the

opsins into the target cells). When the opsins are activated

by the light stimulation with specific wavelengths, varia-

tion in the intrinsic ionic currents of the cells in the target

population X, DIðXÞion , takes place (Kravitz et al. 2010;

Tecuapetla et al. 2014). If DIðXÞion is positive (negative), fir-

ing activity of the target cells is increased (decreased),

resulting in their activation (deactivation). Such activation

and deactivation of the target cells was studied in our

recent work (Kim and Lim 2023). As discussed in (Kim

and Lim 2023), we simulate the effect of optogenetics by

adding DIðXÞion in Eq. (A1) in Appendix A in (Kim and Lim

2023), in addition to the current, I
ðXÞ
i , into the target X

population. With increasing the intensity of light stimula-

tion, the magnitude of DIðXÞion also increases.

We first consider tonic pathological states with

enhanced competition degree Cd [larger than that (1) for the

tonic healthy state (with balanced DP and IP)], occurring

due to degenerative loss of D2 SPNs, in the case of tonic

cortical input (3 Hz) (see Fig. 2). As an example, we

consider the tonic pathological case of xD2 ¼ 0:5 with

Cd ¼ 1:53. In this pathological case, IP is under-active in

comparison to the tonic healthy case (with balanced DP

and IP); firing activity of D2 SPNs is under-active, leading

to over-activity of GP neurons, which then results in under-

activity of the STN neurons. Hence, for recovery of bal-

ance between DP and IP, we try to strengthen the IP via

activation of D2 SPNs and STN neurons and deactivation

of GP neurons.

We first strengthen the IP through activation of the

target (under-active) D2 SPNs. Figure 4a1 shows plots of

SIP (strength of IP) and SDP (strength of DP) versus DIðD2Þ
ion .

As DIðD2Þ
ion is increased from 0, SIP (red) increases from

15.1, while SDP (green) remains unchanged (i.e., 23.1). As

a result of increase in SIP, the competition degree Cd

between DP and IP is found to decrease from 1.53

[Fig. 4a2]. Also, the population-averaged MFR of the

output SNr neurons, hf ðSNrÞ
i i, is found to increase from 16.1

Hz [Fig. 4a3].

We note that, as DIðD2Þ
ion passes a threshold DIðD2Þ�

ion (= 262

pA), Cd ¼ C�
d ð¼ 1:0Þ and hf ðSNrÞ

i i ¼ hf ðSNrÞ�
i i (= 25.5

Hz); C�
d and hf ðSNrÞ�

i i are those for the tonic healthy state,

and they are represented by the horizontal dashed lines in

Fig. 4a2 and a3. Thus, for xD2 ¼ 0:5, the pathological state
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with Cd ¼ 1:53 may have Cd (= 1.0) via activation of D2

SPNs for the threshold, DIðD2Þ�
ion (= 262 pA); DP and IP

becomes balanced, as in the case of tonic healthy state. In

this way, balance between DP and IP is recovered for

DIðD1Þ�
ion = 262 pA. Figure 4b shows the plot of DIðD2Þ�

ion

versus xD2. As xD2 is decreased from 1, the threshold

DIðD2Þ�
ion is increased; with decreasing xD2, more DIðD2Þ�

ion is

necessary for recovery of balance between DP and IP.

We also strengthen the IP via activation of the target

(under-active) STN neurons, which is shown in Fig. 4c1–

c3 for xD2 ¼ 0:5. All the behaviors are qualitatively the

same as those in the case of activation of D2 SPNs. With

increasing DIðSTNÞ
ion from 0, SIP (strength of IP) increases,

leading to decrease in the competition degree Cd, and the

population-averaged MFR of the output SNr neurons,

hf ðSNrÞ
i i, also increases. But, the threshold DIðSTNÞ�

ion (= 14

pA), where balance between DP and IP is recovered (i.e.,

Cd = 1 and hf ðSNrÞ
i i = 25.5 Hz, as in the case of tonic healthy

state), is smaller than that (262 pA) in the case of activation

of D2 SPNs. The mono-synaptic effect of STN neurons on

the output SNr neurons is more direct than the bi- or tri-

synaptic effect of D2 SPNs, which could result in the

smaller threshold DIðSTNÞ�
ion in the case of STN neurons.

Figure 4d shows the plot of DIðSTNÞ�
ion versus xD2. With

decreasing xD2 from 1, the threshold DIðSTNÞ�
ion increases, as

shown in Fig. 4d; As xD2 is decreased, more DIðSTNÞ�
ion is

necessary for recovery of balance between DP and IP.

Unlike the cases of activation of (under-active) D2 SPNs

and STN neurons, IP may be strengthened via deactivation

of (over-active) GP neurons; in the case of deactivation,

DIðGPÞion is negative, in contrast to the case of activation with

Fig. 4 Treatment of tonic pathological state by strengthening IP for

the tonic cortical input (3 Hz). Colors: parts, related to DP (green),

while parts, associated with IP (red). (1) Activation of D2 SPN: Plots

of (a1) SDP (green circles) and SIP (red crosses), (a2) Cd , and (a3)

hf ðSNrÞ
i i versus DIðD2Þ

ion for xD2 ¼ 0:5. (b) Plot of threshold DIðD2Þ�
ion

versus xD2. (2) Activation of STN: Plots of (c1) SDP and SIP, (c2) Cd ,

and (c3) hf ðSNrÞ
i i versus DIðSTNÞ

ion for xD2 ¼ 0:5. (d) Plot of threshold

DIðD2Þ�
ion versus xD2. (3) Deactivation of GP: Plots of (e1) SDP and SIP,

(e2) Cd , and (e3) hf ðSNrÞ
i i versus DIðGPÞ

ion for xD2 ¼ 0:5. (f) Plot of

threshold DIðGPÞ�
ion versus xD2. (4) Ablation of GP: Plots of (g1) SDP

and SIP, (g2) Cd , and (g3) hf ðSNrÞ
i i versus xGP for xD2 ¼ 0:5. (h) Plot of

threshold x�GP versus xD2. Horizontal dashed lines in (a2), (c2), (e2),

and (g2) represent C�d (= 1.0) for the default healthy tonic state when

xD2 ¼ 1. Horizontal dashed lines in (a3), (c3), (e3), and (g3) represent

hf ðSNrÞ
i i (=25.5 Hz) for the default healthy tonic state when xD2 ¼ 1
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DIðXÞion [ 0 [X = D2 (SPN) and STN]. Figure 4e1–e3 and f

show the case of deactivation of GP neurons. As the

magnitude of DIðGPÞ
ion is increased (i.e., more negative),

strength of IP, SIP (red), is found to increase from 15.1,

while SDP (green) remains constant (= 23.1). Thus, when

passing a threshold DIðGPÞ�
ion ¼ �28 pA, balance between

DP and IP becomes recovered (i.e., the competition degree

Cd becomes 1 and the population-averaged MFR of output

SNr neurons hf ðSNrÞ
i i becomes 25.5 Hz) [see Fig. 4e2–e3].

As shown in Fig. 4f, with decreasing xD2 from 1, the

threshold DIðGPÞ�
ion is decreased (i.e., its magnitude increa-

ses); as xD2 is decreased from 1, more negative DIðGPÞ�
ion is

required for recovery of balance between DP and IP.

Instead of the above deactivation of GP neurons via

optogenetics, we also consider ablation of (over-active) GP

neurons in the pathological state for xD2 ¼ 0:5 to reduce

the over-activity of GP neurons. In the case of ablation, the

number of GP neurons, NGP, is reduced to N
ðnÞ
GP xGP

(1[ xGP [ 0Þ, where N
ðnÞ
GP (= 46) is the normal number of

GP neurons and xGP is the fraction of number of GP neu-

rons. As shown in Fig. 4g1–g3 and h, the effect of

decreasing xGP via ablation is similar to that of deactivation

of GP neurons via optogenetics. As xGP is decreased from

1, strength of IP, SIP (red), is found to increase from 15.1

(i.e., IP becomes strengthened) [see Fig. 4g1]. When

passing a threshold, x�GP ð’ 0:78Þ, balance between DP and

IP becomes recovered (i.e., Cd = 1.0 and hf ðSNrÞ
i i = 25.5

Hz), as shown in Fig. 4g2–g3. Figure 4h shows the plot of

x�GP versus xD2. With decreasing xD2 from 1, x�GP decreases;

more ablation (i.e., smaller xGP) is necessary for balance

between DP and IP.

Next, we consider phasic pathological states with

enhanced competition degree Cd [larger than that (2.82) for

the phasic healthy state (with harmony between DP and

IP)], occurring due to degenerative loss of D2 SPNs, in the

case of phasic cortical input (10 Hz) (see Fig. 3). As an

example, we consider the pathological case of xD2 ¼ 0:5

with Cd ¼ 7:19. In this phasic pathological case, IP is

under-active in comparison to the case of phasic healthy

state. For the phasic healthy state with C�
d = 2.82 (i.e.,

harmony between DP and IP), the population-averaged

MFR of output STr neurons, hf ðSNrÞ�
i i; is much reduced to

5.5 Hz, leading to normal movement, in contrast to the case

of tonic healthy state with Cd ’ 1:0 and hf ðSNrÞ
i i = 25.5 Hz

without movement. As in the above tonic pathological

state, firing activity of D2 SPNs is under-active, resulting

in over-activity of GP neurons, which then leads to under-

activity of the STN neurons. Hence, for recovery of har-

mony between DP and IP, we strengthen the IP through

activation of D2 SPNs and STN neurons and deactivation

of GP neurons by employing optogenetic technique and via

ablation of GP neurons.

Figure 5 shows treatment of phasic pathological state

for xD2 ¼ 0:5 with Cd ¼ 7:19; (1) activation of D2 SPNs,

(2) activation of STN neurons, (3) deactivation of GP

neurons, and (4) ablation of GP neurons. The overall

results of these treatments are qualitatively the same as

those in the above case of tonic pathological state in Fig. 4.

Only the corresponding thresholds are quantitatively dif-

ferent; (1) DIðD2Þ�
ion = 1,636 pA, (2) DIðSTNÞ�

ion = 405 pA, (3)

DIðGPÞ�
ion ¼ �540 pA, and (4) x�GP ð’ 0:52Þ. When passing a

threshold for each treatment, harmony between DP and IP

becomes recovered (i.e., Cd = 2.82 and hf ðSNrÞ
i i = 5.5 Hz),

resulting in normal movement. Finally, we note that, with

decreasing xD2, the thresholds, DIðD2Þ�
ion and DIðSTNÞ�

ion , for

activations of D2 SPNs and STN neurons are increased

(i.e., more positive), and the threshold, DIðGPÞ�
ion for deacti-

vation of GP neurons becomes more negative, as shown in

Fig. 5b, d, and f. Thus, as xD2 is decreased, more light

stimulation for activation and deactivation is necessary for

recovery of harmony between DP and IP. Also, in the case

of ablation of GP neurons, with decreasing xD2, more

ablation is required to get harmony between DP and IP.

Effect of loss of healthy synapses on the HD

In the HD, loss of healthy synapses occurs not only in the

striatum, but also in other regions of the BG, including

STN, GP, and SNr (Reiner et al. 1988; Klapstein et al.

2001; Cepeda et al. 2007; Milnerwood and Raymond 2010;

Milnerwood et al. 2010; Plotkin, and Surmeier 2015). Such

loss of synapses in the BG neurons is an important feature

of HD, and it is thought to contribute to the motor and

cognitive symptoms of the disease. Here, we study effect of

loss of healthy synapses of all the BG neurons on HD.

As examples, we consider pathological states for xD2 =

0.5 in both cases of tonic (3 Hz) and phasic (10 Hz) cortical

inputs. Loss of synapses in the BG neurons is modeled in

terms of decreased synaptic connection probability,

pc ¼ p
ðnÞ
c xc; p

ðnÞ
c is the normal synaptic connection prob-

ability (depending on the type of BG neurons and given in

Table II in (Kim and Lim 2023)) and xc represents the

fraction in pc (1[ xc [ 0).

We first consider a tonic pathological state in Fig. 6a–c.

As a result of loss of synapses, decreased cortical inputs

into D1 SPNs leads to reduction in their firing activity

hf ðD1Þ
i i. Then, strength of DP, SDP, becomes decreased. As

shown in Fig. 6a, SDP (green color) is found to monoton-

ically decrease from 23.1 with decreasing xc from 1. Also,

due to reduced cortical synaptic inputs into D2 SPNs, firing

activity of D2 SPNs, hf ðD2Þ
i i, becomes decreased, leading to
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Fig. 5 Treatment of phasic pathological state by strengthening IP for

the phasic cortical input (10 Hz). Colors: parts, related to DP (green),

while parts, associated with IP (red). (1) Activation of D2 SPN: Plots

of a1 SDP and SIP, a2 Cd , and a3 hf ðSNrÞ
i i versus DIðD2Þ

ion for xD2 ¼ 0:5.

b Plot of threshold DIðD2Þ�
ion versus xD2. (2) Activation of STN: Plots of

c1 SDP and SIP, c2 Cd , and c3 hf ðSNrÞ
i i versus DIðSTNÞ

ion for xD2 ¼ 0:5. d

Plot of threshold DIðSTNÞ�
ion versus xD2. (3) Deactivation of GP: Plots of

e1 SDP and SIP, e2 Cd , and e3 hf ðSNrÞ
i i versus DIðGPÞ

ion for xD2 ¼ 0:5. f

Plot of threshold DIðGPÞ�
ion versus xD2. (4) Ablation of GP: Plots of g1

SDP and SIP, g2 Cd , and g3 hf ðSNrÞ
i i versus xGP for xD2 ¼ 0:5. h Plot of

threshold x�GP versus xD2. Horizontal dashed lines in (a2), (c2), (e2),

and (g2) represent C�d (= 2.82) for the healthy phasic state when

xD2 ¼ 1. Horizontal dashed lines in (a3), (c3), (e3), and (g3) represent

hf ðSNrÞ
i i (= 5.5 Hz) for the healthy phasic state when xD2 ¼ 1

Fig. 6 Effect of loss of healthy

synapses in all the BG neurons

on the HD for xD2 ¼ 0:5.

Colors: parts, related to DP

(green), while parts, associated

with IP (red). (1) Tonic

pathological state: Plots of a

SDP and SIP, b Cd , and c hf ðSNrÞ
i i

versus xc. (2) Phasic

pathological state: Plots of d

SDP and SIP, e Cd , and f hf ðSNrÞ
i i

versus xc

Cognitive Neurodynamics

123



increased firing activity of GP neurons (hf ðGPÞ
i i), which

then results in decrease in the firing activity of STN neu-

rons (hf ðSTNÞ
i i). Consequently, strength of IP, SIP, becomes

decreased. In this case of IP, with decreasing xc from 1, SIP

(red color) is found to more rapidly decrease from 15.1

than the case of DP. Then, the competition Cd between DP

and IP increases rapidly from 1.53 with decreasing xc from

1 [see Fig. 6b]. Thus, as xc is decreased from 1, population-

averaged MFR of the output SNr neurons (hf ðSNrÞ
i i)

decreases from 16.1 Hz. In this way, with decreasing xc, the

degree of disharmony between DP and IP becomes

increased, resulting in more severe involuntary jerky

movement in the tonic pathological case.

Next, we consider a phasic pathological state in Fig. 6d–

f. With decreasing xc, tendency in the phasic pathological

case is qualitatively the same as that in the above tonic

pathological case. Based on the same reasoning given in

the tonic pathological case, as xc is decreased from 1,

strength of IP (SIP; red color) is found to decreases much

more rapidly than strength of DP (SDP; green color), as

shown in Fig. 5d. Then, the competition degree Cd

increases from 7.19 with decreasing xc from 1 [see

Fig. 5e]. Consequently, firing activity of the output SNr

neurons (hf ðSNrÞ
i i) decreases from 2.7 Hz with xc, as shown

in Fig. 5f. In this way, as xc is decreased from 1, the bro-

ken-up degree of harmony between DP and IP becomes

increased, leading to more severe abnormal hyperkinetic

movement disorder in the phasic pathological case.

Overall, in both tonic and phasic pathological cases, as a

result of loss of healthy synapses in the BG neurons,

symptoms of the HD become more severe with decreasing

xc, because the disharmony degree between DP and IP

becomes increased.

Summary and discussion

The BG exhibit a variety of functions for motor, cognition,

and emotion. Dysfunction in the BG is associated with

movement disorder (e.g., HD and PD) and cognitive and

psychiatric disorders. There are two competing pathways in

the BG, DP (facilitating movement) and IP (suppressing

movement) (Albin et al. 1989; Alexander and Crutcher

1990; DeLong 1990; Kravitz et al. 2010). In our recent

work (Kim and Lim 2023), as a first time, we made

quantitative analysis of competitive harmony between DP

and IP in the default tonic state and the phasic healthy and

pathological states by introducing their competition degree,

Cd; between DP and IP, given by the ratio of strength of DP

(SDPÞ to strength of IP (SIPÞ (i.e., Cd ¼ SDP=SIP).

In our prior work (Kim and Lim 2023), we studied PD

which was found to occur for lower DA level. In the case

of PD with reduced competition degree, IP is over-active,

while DP is under-active, leading to abnormal hypokinetic

movement.

In this paper, we are concerned in the HD which is a

genetic neurodegenerative disease. We considered the early

stage of HD where the DA level is normal. As a result of

mutant HTT gene, toxic HTT protein aggregates appear,

causing the characteristic neurodegeneration seen in HD.

We considered degenerative loss of D2 SPNs in the case of

normal DA level. By decreasing xD2 (i.e. fraction of

number of D2 SPNs) from 1, we quantitatively analyzed

break-up of harmony between DP and IP. IP was found to

be under-active (i.e., weakened), in contrast to the case of

PD with over-active IP. Thus, the competition degree Cd

becomes increased than normal one. Consequently,

abnormal hyperkinetic movement such as chorea occurs, in

contrast to the case of PD with hypokinetic disorder.

Unfortunately, at present there is no cure for HD. The

available treatments for HD primarily aim to control and

alleviate its symptoms, resulting from weakened IP: med-

ication treatment (Hayden et al. 2009; Bashir and Jakovic

2018; Luis-Ravelo et al. 2018; Bachoud-Lévi et al. 2019),

reducing symptoms, deep brain stimulation in research and

clinical trials (Nagel et al. 2015; Sharma and Deogaonkar

2015; Wojtecki et al. 2016; Yin et al. 2023), and experi-

mental surgery (Demeestere and Vandenberghe 2011).

Here, we studied treatment of HD via recovery of harmony

between DP and IP by activating D2 SPNs and STN neu-

rons and deactivating GP neurons, based on optogenetics

(Kravitz et al. 2010; Tecuapetla et al. 2014). Through the

treatment process, the IP becomes strengthened, and thus

harmony between DP and IP may be regained. The results

for the 3 optogenetic targets (D2 SPN, STN, GP) are well

shown in Figs. 4 and 5. We note that in the case of STN,

the magnitude of threshold DIðSTNÞ�
ion where harmony

between DP and IP is recovered is the lowest, because the

mono-synaptic effect of STN neurons on the output nucleus

SNr is more direct than the bi- and tri-synaptic effect of D2

SPNs and GP cells. Hence, the STN could be the most

effective target for optogenetic treatment. We also studied

effects of loss of healthy synapses of the BG cells on the

HD. As healthy synapses are lost in the BG, strength of the

IP is found to decrease more rapidly than the case of the

DP, resulting in increase in disharmony between DP and IP

increases. Consequently, symptoms of the HD become

worse. In this case of synapse loss, optogenetics and GP

ablation are also expected to be effectively used for treat-

ment. But, the threshold values of treatment could increase

in comparison to the case without loss of healthy synapses,

because the symptoms of HD are worse in the case of

synapse loss.
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We also make overall summary of our basic underlying

approach for study of the BG function. The SNr is the

output nucleus of the BG, providing inhibitory projection

to the thalamus. Firing activity of the SNr is well charac-

terized in terms of their population-averaged MFR hf ðSNrÞ
i i.

When hf ðSNrÞ
i i is high (low), the BG gate to the thalamus

becomes locked (opened), leading to inhibition (disinhi-

tion) of the thalamus. In this way, the population-averaged

MFR of the SNr, hf ðSNrÞ
i i, is a good indicator for the

functional activity of the BG. So, in Figs. 2, 3, 4 and 5, we

examined variation in hf ðSNrÞ
i i with respect to change in xD2

(fraction of the number of D2 SPNs) and in variation in

intrinsic ionic current DIðXÞion due to optogenetics.

We note that firing activity (i.e. MFR) of the SNr is

determined via competition between the DP synaptic cur-

rent and the IP synaptic current into the SNr. Their com-

petition may be well characterized in terms of our recently-

introduced competition degree Cd, given by the ratio of the

strength of DP to the strength of IP (Kim and Lim 2023).

Thus, Cd plays a good role of indicator for the synaptic

inputs into the SNr, in contrast to the output indicator,

hf ðSNrÞ
i i. Hence, relationship between Cd and hf ðSNrÞ

i i may

be regarded as the cause-and-effect. The larger Cd is, the

lower hf ðSNrÞ
i i. We obtained Cd and hf ðSNrÞ

i i in our BG SNN,

well shown in Figs. 2, 3, 4 and 5. In this sense, we

emphasize that Cd and hf ðSNrÞ
i i are basic quantities char-

acterizing the BG functional activity. In future, it would be

interesting to try to get Cd and hf ðSNrÞ
i i in the mean field

model for comparison (Tesler et al. 2022). For such com-

parison, mean-field approach must be developed to obtain

not only the population-averaged output hf ðSNrÞ
i i of the SNr,

but also the population-averaged DP and IP synaptic input

currents into the SNr.

Finally, we discuss limitations of our present work and

future works. In the present work, we considered early

stage of HD where degenerative loss of D2 SPNs occurs in

the nearly normal DA level. But, in the late stage of HD,

degenerative loss of D1 SPN also occurs along with

decrease in DA level, leading to hypokinetic disorder (e.g.,

rigidity and bradykinesia) due to weakened DP, as in the

case of PD (Berardelli et al. 1999). Moreover, in addition

to deaths of D1/D2 SPNs, degeneration of cortical pyra-

midal cells occurs (Cudkowicz and Kowall 1990; Hedreen

et al. 1991). Hence, as a future work, it would be inter-

esting to investigate consequences of degeneration of D1

SPNs and cortical pyramidal cells, in addition to degen-

erative loss of D2 SPNs.

Next, we would like to consider more realistic striatal

circuit in the BG. In our present striatal circuit, we con-

sidered only the D1/D2 SPNs (95 % major population).

But, the minor population of fast interneurons (FSIs) in the

striatum are known to exert strong effects on firing activ-

ities of the D1/D2 SPNs (Koós and Tepper 1999;

Humphries et al. 2009b). Hence, in future, it would be

worth while to contain the FSIs in our BG SNN. In addi-

tion, lateral connections between D1 SPNs and D2 SPNs

also exists in the striatum (Mark et al. 2010; Tomkins et al.

2014). Thus, it would be worth while to contain lateral

connections between D1 SPNs and D2 SPNs in our BG

SNN and investigate the HD state and treatment. In our

present BG SNN, cortical inputs were modelled by Poisson

spike trains. Such SNN could be extended to the cortico-

BG-thalamo-cortical (CBGTC) loop by including the cor-

tical and the thalamic neurons for more complete compu-

tational work (Narayanan 2003; Navarro-López et al.

2021).

We also make discussion on application of the optoge-

netics to human patients for treatment of a pathological

state (Gittis and Yttri 2018; Shen et al. 2020). In the case of

HD, harmony between DP and IP is broken up due to

under-active IP. As shown in Sec. 2.2, harmony between

DP and IP could be recovered by strengthening IP. To this

end, optogenetic techniques may be employed. Activation

of D2 SPNs and STN neurons via optogenetics results in

strengthening IP. We hope that, in near future, safe clinical

applications of optogenetics to human patients with HD

could be successfully available via collaboration of

researchers and clinicians. Then, it would take a substantial

step forward for treatment of HD.

We note that the optogenetic treatment could have

benefits in comparison to the traditional deep-brain-stim-

ulation (DBS) treatment. The DBS has the following dis-

advantages (Gittis and Yttri 2018; Shen et al. 2020); (a) it

is difficult to accurately determine the target cells, leading

to cause many side effects and (b) a process with many trial

and errors is necessary to each patient for optimal control.

On the other hand, the target cells can be accurately located

by optogenetic stimulation. Hence, side effects and trial-

and-error process may be decreased in spite of limitations

for application to the human patients (Gittis and Yttri

2018).
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Guridi J, González-Redondo R, Obeso JA (2012) Clinical features,

pathophysiology, and treatment of levodopa-induced dyskinesias

in Parkinson’s disease. Parkinsons Dis 2012:943159

Gurney K, Prescott TJ, Redgrave P (2001a) A computational model of

action selection in the basal ganglia. I A new functional

anatomy. Biol Cybern 84:401–410

Gurney K, Prescott TJ, Redgrave P (2001b) A computational model

of action selection in the basal ganglia. II. Analysis and

simulation of behavior. Biol Cybern 84:411–423

Gusella JF, Wexler NS, Conneally PM, Naylor SL, Anderson MA,

Tanzi RE, Watkins PC, Ottina K, Wallace MR, Sakaguchi AY,

Young AB, Shoulson I, Bonilla E, Martin JB (1983) A

polymorphic DNA marker genetically linked to Huntington’s

disease. Nature 306:234–238

Hallworth NE, Wilson CJ, Bevan MD (2003) Apamin-sensitive small

conductance calcium-activated potassium channels, through

their selective coupling to voltage-gated calcium channels, are

critical determinants of the precision, pace, and pattern of action

potential generation in rat subthalamic nucleus neurons in vitro.

J Neurosci 23:7525–7542

Han I, You YM, Kordower JH, Brady ST, Morfini GA (2010)

Differential vulnerability of neurons in Huntington’s disease: the

role of cell type-specific features. J Neurochem 113:1073–1091

Hayden MR, Leavitt BR, Yasothan U, Kirkpatrick P (2009)

Tetrabenazine. Nat Rev Drug Discov 8:17–18

Hedreen JC, Peyser CE, Folstein SE, Ross CA (1991) Neuronal loss

in layers V and VI of cerebral cortex in Huntington’s disease.

Neurosci Lett 133:257–261

Humphries MD (2014) Basal ganglia: Mechanisms for action

selection. In: Encyclopedia of Computation Neuroscience.

Springer, New York

Humphries MD, Gurney K (2021) Making decisions in the dark

basement of the brain: a look back at the GPR model of action

selection and the basal ganglia. Biol Cybern 115:323–329

Humphries MD, Stewart RD, Gurney KN (2006) A physiologically

plausible model of action selection and oscillatory activity in the

basal ganglia. J Neurosci 26:12921–12942

Humphries MD, Lepora N, Wood R, Gurney K (2009a) Capturing

dopaminergic modulation and bimodal membrane behaviour of

striatal medium spiny neurons in accurate, reduced models.

Front Comput Neurosci 3:26

Humphries MD, Wood R, Gurney K (2009b) Dopamine-modulated

dynamic cell assemblies generated by the GABAergic striatal

microcircuit. Neural Netw 22:1174–1188

Humphries MD, Obeso JA, Dreyer JA (2018) Insights into Parkin-

son’s disease from computational model of the basal ganglia.

J Neurol Neurosurg Psychiatry 89:1181–1188

Izhikevich EM (2003) Simple model of spiking neurons. IEEE Trans

Neural Netw 14:1569–1572

Izhikevich EM (2004) Which model to use for cortical spiking

neurons? IEEE Trans Neural Netw 15:1063–1070

Izhikevich EM (2007a) Solving the distal reward problem through

linkage of STDP and dopamine signaling. Cereb Cortex

17:2443–2452

Izhikevich EM (2007b) Dynamical Systems in Neuroscience: The

Geometry of Excitability and Bursting. MIT Press, Cambridge

Kandel ER, Schwartz JH, Jessell TM (1991) Principles of Neural

Science. McGraw-Hill, New York

Kim SY, Lim W (2014) Realistic thermodynamic and statistical-

mechanical measures for neural synchronization. J Neurosci

Meth 226:161–170

Kim SY, Lim W (2023) Quantifying harmony between direct and

indirect pathways in the basal ganglia; healthy and Parkinsonian

states. bioRxiv https://doi.org/10.1101/2023.09.19.558549

Klapstein GJ, Fisher RS, Zanjani H, Cepeda C, Jokel ES, Chesselet

MF, Levine MS (2001) Electrophysiological and morphological

changes in striatal spiny neurons in R6/2 Huntington’s disease

transgenic mice. J Neurophysiol 86:2667–2677

Koós T, Tepper JM (1999) Inhibitory control of nestriatal projection

neurons by GABAergic interneurons. Nature Neurosci

2:467–472

Kravitz AV, Freeze BS, Parker PRL, Kay K, Thwin MT, Deisseroth

K, Kreitzer AC (2010) Regulation of Parkinsonian motor

behaviours by optogenetic control of basal ganglia circuitry.

Nature 466:622–626

Kumaravelu K, Brocker DT, Grill WM (2016) A biophysical model

of the cortex-basal ganglia-thalamus network in the 6-OHDA

lesioned rat model of Parkinson’s disease. J Comput Neurosci

40:207–229

Lindahl M, Kotaleski JH (2016) Untangling basal ganglia network

dynamics and function: role of dopamine depletion and inhibi-

tion investigated in a spiking network model. eNeuro 3:e0156

Lindahl M, Sarvestani IK, Ekeberg O, Kotaleski JH (2013) Signal

enhancement in the output stage of the basal ganglia by synaptic

short-term plasticity in the direct, indirect, and hyperdirect

pathways. Front Comput Neurosci 7:76

Liu X, Zhang Q, Wang Y, Chen F (2022) Electrophysiological

characterization of substantia nigra pars reticulata an anes-

thetized rats. J Shanghai Jiaotong Univ (Sci) 27:505–511
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