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We are concerned about action selection in the basal ganglia (BG). We quantitatively analyze
functions of direct pathway (DP) and indirect pathway (IP) for action selection in a spiking neural
network with 3 competing channels. For such quantitative analysis, in each channel, we obtain the
competition degree Cq4, given by the ratio of strength of DP (Spp) to strength of IP (Sip) (i-e.,
Ca = Spp/Sip). Then, a desired action is selected in the channel with the largest Cq4. Desired
action selection is made mainly due to strong focused inhibitory projection to the output nucleus,
SNr (substantia nigra pars reticulata) via the DP in the corresponding channel. Unlike the case of
DP, there are two types of IPs; intra-channel IP and inter-channel IP, due to widespread diffusive
excitation from the STN (subthalamic nucleus). The intra-channel IP serves a function of brake to
suppress the desired action selection. In contrast, the inter-channel IP to the SNr in the neighboring
channels suppresses competing actions, leading to highlight the desired action selection. In this way,
function of the inter-channel IP is opposite to that of the intra-channel IP. However, to the best of our
knowledge, no quantitative analysis for such functions of the DP and the two IPs was made. Here,
through direct calculations of the DP and the intra- and the inter-channel IP presynaptic currents
into the SNr in each channel, we obtain the competition degree of each channel to determine a
desired action, and then functions of the DP and the intra- and inter-channel IPs are quantitatively
made clear.
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I. INTRODUCTION

put from most areas of cortex through the input nu-

The basal ganglia (BG) (i.e., a group of subcortical
deep-lying nuclei) in the brain receive cortical inputs
from most areas of cortex, and provide inhibitory out-
put projection to the thalamus/brainstem [1-4]. The BG
show diverse functions for motor (e.g., initiation and exe-
cution of movement) [1-4] and cognition (e.g., action se-
lection) [5-12]. Dysfunction in the BG is associated with
movement disorder (e.g., Parkinson’s disease and Hunt-
ington’s disease) and cognitive disorder such as dementia
[1-4].

Diverse subjects in the BG were investigated in com-
putational works by employing a variety of neuron mod-
els. We take some examples of BG neuron models; (i)
artificial neuron model of leaky-integrator type [5, 6, 9],
(ii) leaky integrate-and-fire model [7, 8], (iii) Izhikevich
neuron model [10, 11, 13-28], (iv) adaptive exponential
integrate-and-fire model [29-31], and (v) point neuron
function using the rate-coded output activation [32-34].
In this paper, we pay attention to action selection per-
formed by the BG in a spiking neural network (SNN)
of the BG with 3 laterally interconnected channels; each
channel represents an action. We employ the same SNN
with the single channel as that considered in our prior
works [35, 36]. Each single channel takes excitatory in-
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clei [striatum and subthalamic nucleus (STN)] and pro-
vide inhibitory output via the output nucleus [substantia
nigra pars reticulata (SNr)] to the thalamus/brainstem
[7, 10, 11]. The striatum (corresponding to the principal
input nucleus) is also the primary recipient of dopamine
(DA), coming from the substantia nigra pars compacta
(SNc). The only primary output neurons in the stria-
tum are just spine projection neurons (SPNs) which com-
prise up to 95 % of the whole striatal population [13, 37].
There exist two kinds of SPNs with D1 and D2 receptors
for the DA. Firing behaviors of the D1 and D2 SPNs are
modulated in a different way by the DA [14-16].

In the SNN with a single channel, there are direct path-
way (DP) and indirect pathway (IP) [38-41]. Through
the DP, focused inhibition from the D1 SPNs is provided
onto the output nucleus, SNr, which leads to decrease in
the firing activity of the SNr. Thus, the thalamus be-
comes disinhibited, resulting in a desired action selection
(i.e., “Go” behavior). On the other hand, D2 SPNs are
indirectly connected to the SNr through the IP, crossing
the intermediate GP (globus pallidus) and the STN. In
this case, the IP serves a function of brake to suppress the
desired action selection (i.e., “No-Go” behavior), because
the firing activity of the SNr becomes increased mainly
due to excitation from the STN. In the above sense, the
DP and the IP are also called the “Go” and “No-Go”
pathways, respectively [32, 33, 42, 43]. A variety of func-
tions of the BG may be done via harmony between the
“Go” DP and the “No-Go” IP, and such harmony is reg-
ulated by the DA level [1-4]. Recently, we introduced
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the competition degree C4 between DP and IP, given by
the ratio of strength of DP (Spp) to strength of IP (S;p)
(i.e., C4 = Spp/Srp) [35, 36], and quantified their har-
mony.

In contrast to the case of single channel, in the SNN
with 3 competing channels, diffusive excitation from the
STN is given to the SNr and the GP in all the 3 chan-
nels [44-46], which results in increase in the spiking ac-
tivity of the SNr in all the channels. Through these
widespread diffusive divergent excitation from the STN,
inter-channel connections are made. Thus, there appear
two kinds of IPs, intra-channel IP and inter-channel IP.
As in the case of single channel, a desired action is se-
lected through focused inhibition from the D1 SPNs via
the Go DP in a channel (off-center effect). Also, the
intra-channel TP is just the above No-Go IP, serving
a function of brake to suppress the desired action se-
lection in the corresponding channel. In contrast, the
inter-channel IP to the SNr in the neighboring chan-
nels serves a function of suppressing competing actions,
which results in highlighting the desired action selection
(on-surround effect, causing contrast enhancement) [5—
9, 12, 47-49]. Due to the function of the inter-channel
IP, no interference between the desired action and the
competing actions occurs. In this way, functions of the
intra-channel and the inter-channel IPs are opposite.

But, to the best of our knowledge, no quantitative
analysis for the functions of the DP and the two intra-
and inter-channel IPs was made. In this paper, we make
quantitative analysis of functions of DP and IP for ac-
tion selection, based on the recently-introduced compe-
tition degree Cy4 (making characterization of competitive
harmony between DP and IP) [35, 36]. Through com-
putations of the DP and the intra- and inter-channel IP
synaptic currents into the SNr in each channel, we obtain
the competition degree Cy of each channel to determine a
desired action. Thus, functions of the DP and the intra-
and inter-channel IPs (causing the off-center and the on-
surround effect) are quantitatively made clear.

This paper is organized as follows. In Sec. II, we
make brief description of the SNN with 3 laterally inter-
connected channels. In the Supplementary Information
(SI), brief description on the SNN with a single channel
is given. Then, in the main Sec. III, we quantify the
functions of the DP and the intra- and inter-channel IPs
for action selection, based on the competition degree, by
calculating the DP and the intra- and inter-channel 1P
synaptic currents into the SNr in each channel. Finally,
summary and discussion are given in Sec. IV.

II. SPIKING NEURAL NETWORK WITH
THREE COMPETING CHANNELS

We consider an SNN with 3 laterally interconnected
channels for action selection in the BG [7, 11]. Here,
each single channel is the same as that considered in our
prior works [35, 36]. The SNN with a single channel is
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FIG. 1: Spiking neural network (SNN) for the basal ganglia
(BG). (a) Box diagram for the SNN with a single channel.
Lines with triangles and circles represent the excitatory and
inhibitory connections, respectively. Blue colored cells and
lines denote BG cells and synaptic connections affected by
the dopamine. Striatum and subthalamic nucleus (STN) re-
ceive the cortical input. In the striatum, there are two types
of inhibitory spine projection neurons (SPNs); D1 (D2) SPNs
with the D1 (D2) receptors. Inhibitory projection from the
D1 SPNs to the substantia nigra pars reticulata (SNr) via
the direct pathway (DP) is denoted by green line. D2 SPNs
are indirectly linked to the SNr via the indirect pathway (IP)
represented by red lines; the IP crosses the globus pallidus
(GP) and the STN. These DP and IP compete and control in-
hibitory output from the SNr to the thalamus/brainstem. (b)
Box diagram for the SNN with three laterally interconnected
channels. The channels 1, 2, and 3 are denoted in orange,
purple, and gray color, respectively. There are inter-channel
connections from neighboring channels. Diagrams for (c1) the
intra-channel projection from STN to SNr TENBSTN) 5hd GP

IP,intra
}gfnstg\l ) in the same self-channel and (c2) the inter-channel

projections from STN in the two neighboring channels (de-

noted in yellow color) to SNr I;iliifﬁTTN) and GP I}giftg\l).

founded on anatomical and physiological data obtained
in rat-based works. The framework (e.g., number of BG
neurons and synaptic connection probabilities) is based
on the anatomical works [50-53]. The intrinsic parameter
values of single BG neurons are based on the physiological
properties of the BG neurons [54-64], and the synaptic
parameters (related to synaptic currents) are also based
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on the physiological works [65-73]. Here, we employ rat-
brain terminology.

Figure 1(a) shows a box diagram for the SNN with
a single channel, composed of D1/D2 SPNs, STN neu-
rons, GP neurons, and SNr neurons. Blue colored cells
and lines represent BG cells and synaptic connections, af-
fected by the DA, respectively. Both striatum and STN
receive cortical inputs from most regions of the cortex.
We model cortical inputs in terms of 1,000 independent
Poisson spike trains with the same firing rate fcix. There
are two pathways, DP (green) and IP (red). Inhibitory
projection from the D1 SPNs to the output nucleus SNr
is provided via the DP. On the other hand, D2 SPNs are
indirectly linked to the SNr via the IP, crossing the GP
and the STN. Inhibitory output from the SNr to the tha-
lamus/brainstem is controlled via competitive harmony
between DP and IP [35]. In the SI, brief description on
the SNN with a single channel is given; for details, refer
to Sec. IT in [35].

Figure 1(b) shows a box diagram of the SNN with
3 competing channels; channels 1, 2, and 3 are repre-
sented in orange, purple, and gray color, respectively.
Here, each channel represents an action [5, 7]. We note
that inter-channel connections are made via widespread
diffusive excitation from the STN in a channel to the
target nuclei, SNr and GP, in all the 3 channels [44-
46]. Thus, there appear one intra-channel interaction
in the same self-channel and two inter-channel interac-
tions from different neighboring channels. Figure 1(cl)
shows the intra-channel IP synaptic currents from STN
to SNr and GP in the same self-channel, I}SNY’STN) nd

Pjintra
I}ﬁ}jﬁfﬁ ), respectively. In contrast, the inter-channel IP

synaptic currents from STN neurons in the two neigh-

boring channels (represented in yellow color) to SNr and

GP, Ig{iﬁ;tssm and Iﬁ,zstzrm, are shown in Fig. 1(c2).

Thus, to the target neurons, SNr and GP, in a channel,
there are one intra-channel IP synaptic current from the
source STN in the self-channel and two inter-channel IP
synaptic currents from the source STN in the two neigh-
boring channels. For example, we can consider the target
nuclei, SNr and GP, in the channel 1. In this case, the
intra-channel TP synaptic currents into the target nuclei
come from the source STN in the same channel 1, while
the two inter-channel IP synaptic currents into the target
nuclei in the channel 1 come from the source STN in the
neighboring channels 2 and 3. The multi-channel (MCh)

connection probability pECTEEIZ)) from the source STN to

the target (SNr, GP) in both cases of intra- and inter-

channel interactions is given by pgﬂigz)) = pET’STN) /N¢;

pgT’STN) is the connection probability for the case of sin-

gle channel and N¢ is the number of channels [7]. Then,
the number of afferent synapses into the target neurons
becomes constant, independently of N¢o. In the present
work, N¢o = 3.

A desired action may be selected via focused inhibition
from the D1 SPNs through the DP in a channel (off-

Chl

Ch2

(O]

(Ch)
SNr

Ch3

) R

(Ch)

8 £ N

0 2500 5000
t (msec)

FIG. 2: Population and individual firing behaviors of SNr
neurons in each channel. (a) Raster plots of spikes of SNr
neurons, IPSRs (instantaneous population spike rates) R(SCN}E)
(t) of SNr neurons, and frequencies féff) (t) of cortical inputs
in the three channels [channel 1 (Chl: orange); channel 2
(Ch2: purple); channel 3 (Ch3: gray)]. (b) Histograms of
population-averaged mean firing rates ( S(CNjf )1) of SNr neurons
in the 3 channels for each time intervals I, I, and Is.

center effect). In this case, the intra-channel IP serves a
function of brake to suppress the desired action selection
in the corresponding self-channel. On the other hand, the
inter-channel IP to the SNr in the neighboring channels
serves a function of suppressing competing actions [5-
9, 12, 47-49]. Because of the function of the inter-channel
IP, the on-surround effect, causing contrast enhancement,
occurs, leading to spotlight the desired action selection.
Consequently, there occurs no interference between the
desired action and the competing actions.

III. QUANTITATIVE ANALYSIS OF
FUNCTIONS OF THE DP AND THE INTRA-
AND INTER-CHANNEL IP FOR ACTION
SELECTION

In this section, we consider the SNN with 3 laterally
interconnected channels for action selection in Fig. 1(b).
Here, we also consider a healthy state for a normal DA
level (¢ = 0.3), and make quantitative analysis of func-
tions of the DP and the two intra- and inter-channel
IPs by employing the competition degree C4 (character-
izing competitive harmony between DP and IP) [35, 36].
Through calculations of the DP and the intra- and inter-
channel IP synaptic currents into the SNr in each chan-
nel, we get the competition degree C4 of each channel to
determine a desired action. Through such process, we
quantitatively make clear functions of the DP and the
intra- and inter-channel IPs [causing focused selection
(off-center effect) and diffusive inhibition of competing
actions (on-surround effect)].
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A. Population and Individual Firing Behaviors in
The Output Nucleus, SNr

Figure 2 shows population and individual firing behav-
iors in the 3 channels; channel 1 (Chl; orange), channel
2 (Ch2: purple), and channel 3 (Ch3: gray). In the 1st
time interval I; (= [0, 1,000] msec), tonic cortical inputs

of frequency fé(t’;? ) = 3 Hz are provided to all the 3 chan-
nels. From ¢ = 1,000 msec, the channel 1 receives a

cortical input of frequency féltz( = 15 Hz, while the chan-
nel 2 receives more salient cortical input of frequency

((32& = 23 Hz from t = 2,500 sec. Thus, in the 2nd time
interval I (= [1,000, 2,500] msec), the channel 1 is in
the phasically-active state receiving 15 Hz cortical input,
while the other channels 2 and 3 are in the resting default
state receiving tonic cortical input (3 Hz). In the last 3rd
time interval Is (= [2,500, 5,000] msec), the channels 1
and 2 receive cortical inputs of frequencies féltl =15 and

g& = 23 Hz, respectively, while the channel 3 contin-
ues to receive tonic cortical input (3 Hz). The frequen-

cies fé?: ) (t) of cortical inputs in the 3 channels are well
shown in the bottom row of Fig. 2(a).

The SNr is the output nucleus of the BG, providing
inhibitory projection to the thalamus. Population firing
activity of the SNr neurons may be well visualized in the
raster plot of spikes which is a collection of spike trains
of individual SNr neurons. The top 3 rows of Fig. 2(a)
show the raster plots of spikes for the 26 SNr neurons in
the 3 channels. In the case of channel 1, spikes appear
very sparsely in the time interval Iy (where the channel

1 receives cortical input with féltz( = 15 Hz), while in
the case of channel 2, spikes occur in a relatively sparse
way in the time interval I3 (where the channel 2 receives

cortical input with féQtL = 23 Hz). Unlike the cases of
channels 1 and 2, in the case of channel 3, spikes tend to
appear a little more densely with increasing the time in-
terval due to increased inter-channel IP synaptic currents
from the channels 1 and 2.

As a collective quantity showing population behaviors,
we use an IPSR (instantaneous population spike rate)
which may be obtained from the raster plot of spikes
[74-79]. To get the smooth TIPSR, we employ the kernel
density estimation (kernel smoother) [80]. Each spike in
the raster plot is convoluted (or blurred) with a kernel

function K} (¢) to get a smooth estimate of IPSR R(S%};) (t)
(Ch =1, 2, and 3):

Nsnr ni
Ch 1
R () = g 2o 2Kt =t (M)
=1 s=1

where Ngny (= 26) is the number of the SNr neurons, 5 ;
is the sth spiking time of the ith SNr neuron, n; is the
total number of spikes for the ith SNr neuron, and we
use a Gaussian kernel function of band width h:

1 42 /9p2
e t/2h,

Knlt) = o=

—00 < t < 00, (2)

where the band width h of K}, (t) is 20 msec.

The IPSRs Rélc\}};) (t) in the 3 channels are also shown
in Fig. 2(a). In the case of channel 1 (receiving cortical
inputs of féltz( = 15 Hz in the time intervals Iy and I3),
Réll\%r(t) drops very rapidly in the time interval I, and
then it increases a little in the time interval I3 (due to
the inter-channel IP synaptic current from the channel
2). On the other hand, in the channel 2 (receiving cor-

(2)

tical input of f&, = 23 Hz during the time interval I3),

R(S2l\)1r(t) decreases rapidly in the time interval I3. For
the channel 3 (receiving tonic cortical inputs of féil =3

Hz), R(S?I’\}r (t) tends to increase slowly with increasing the
time interval (because of increase in the inter-channel IP
synaptic currents from the channels 1 and 2).

We also study the (interval-averaged) mean firing rates
(MFRs) fi0) (i =1,2,-- ,Nsne; Ch =1, 2, and 3) of
individual SNr neurons. For each individual SNr neuron,
we get its interval-averaged MFR in a time interval I by
dividing the number of spikes Ny occurring during I with
the time interval I;

N,
fosn =7

3)

Then, we obtain their population-averaged MFR ( fégf 1},

(Ch) 1 NZSNY (Ch)
. pr— .. 4
< SNr,7,> NSNr gt fSNr,z ( )

Firing activity of the SNr (i.e., output nucleus of the
BG) is well characterized in terms of their population-

averaged MFR (™). When (&) is high (low), the

BG gate to the thalamus becomes locked (opened), lead-
ing to inhibition (disinhition) of the thalamus. In this
way, the population-averaged MFR of the SNr, ( fi(SNr)>,
is a good indicator for the output activity of the BG, and
hence it could also be used to determine a desired action
selection [7, 11]. Figure 2(b) shows population-averaged
MFR <f§§f1> in each time interval Iy, Is, and I3 for the
channel 1 (Chl; orange), channel 2 (Ch2: purple), and
channel 3 (Ch3: gray). We also note that the population-

averaged MFR <fS(§f)7,> in each time interval I; (j = 1,

2, and 3) is just the same as the interval-averaged TIPSR,

R(S%}rl) (t) (averaged one in each interval); the overline rep-

resents the time-averaging.
In the 1st time interval I;, the population-averaged
MFRs of the SNr neurons in the 3 channels (receiving

the cortical inputs with fé?f) = 3 Hz) are the same (i.e.,

(fiNei) = (&) = ([ i) = 25.8 Hz). Due to strong
firing activity of the SNt neurons, the thalamus is inhib-
ited (i.e., the BG gate to the thalamus becomes locked),
leading to no action selection. But, in the 2nd time in-

terval I, ( fé%\l)nﬁ in the 1st channel (receiving cortical

input with féltz( = 15 Hz) becomes so much decreased to
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FIG. 3: Action selection and switching. Diagrams of change
in the DP and the intra- and inter-channel IP synaptic cur-
rents in the time intervals (al) I, (a2) I2, and (a3) Is. DP
and IP are represented in green and red colors, respectively;
cortical inputs are denoted in black color. The width of a line
denotes strength of synaptic current. No action selection in
I. Action selection of the channel 1 in I> (off-center effect
due to focused strong DP synaptic current). Action switching
to the channel 2 from the channel 1 in Is. Chl (channel 1:
orange), Ch2 (channel 2: purple), and Ch3 (channel 3: gray).
Action-selected channels are shaded in yellow color. (b) Dia-
gram for action deselection of the channel 1 in the time inter-
val I3 (on-surround effect due to strong inter-channel synaptic
current from the channel 2).

0.06 Hz due to focused inhibition from D1 SPNs via DP,
leading to disinhibition of the thalamus (causing action
selection). On the other hand, ( S(Sf )z> in the channels
2 and 3 becomes increased a little to 27.3 and 28.4 Hz,
respectively, because of increased inter-channel IP synap-
tic current from the channel 1, resulting in suppressing
competing actions in the channels 2 and 3. In the last

3rd time interval I, ( fs(12\1)”> in the 2nd channel (receiv-

ing cortical input with fgtl = 23 Hz) becomes reduced
to 2.4 Hz, leading to action selection in the channel 2.
In contrast, ( égf )Z) in the channels 1 and 3 becomes in-
creased to 6.9 and 29.8 Hz, respectively, due to increase
in the inter-channel IP synaptic current from the chan-

nel 2. Thus, action deselection in the channel 1 occurs,

resulting in action switching from the channel 1 to chan-
nel 2. Also, no action selection in the channel 3 occurs
repeatedly.

B. Action Selection and Switching

Figure 3 shows diagrams for action selection and
switching through change in the DP synaptic current
Il()cph) (t) and the IP synaptic current I}gh)(t) into the
SNr (output nucleus) in a channel in the time intervals,
Iy, I, and I3. D1 SPNs in the channel provide focused
inhibition to the SNr directly via the DP synaptic cur-
rent, Ié)cph)(t). On the other hand, D2 SPNs are linked
indirectly to the SNr via IP, crossing the STN and the

GP. Thus, intra-channel IP synaptic currents I §gzzm,a(t)
from the source nuclei, STN and GP, are given to the

SNr in the same channel;

Ch STN,Ch GP,Ch
§P,i21tra (t) = I;P,intra )(t) + II(P,intra) (t) (5)

We also note that, inter-channel connections are made
through diffusive excitation from the STN in a channel to
the target nuclei, SNr and GP, in all the 3 channels [44—

46]. Thus, inter-channel IP synaptic currents I}gz;ter(t)
from the STN in the two neighboring channels are pro-

vided to the SNr in a channel (Ch);

Ch Ch,Ch' Ch,Ch"
I(P,ither(t) = I§P,inter) (t) + II(P,'mter )(t)7 (6)

where Ch’/ and Ch” are neighboring channels. In this
way, the (total) IP synaptic current is composed of the
intra- and inter-channel IP currents;

Ch Ch Ch
I§P )(t) = I§P,i2usm(t) + I§P,i2ner (t). (7)

Firing activity (i.e., population-averaged MFRs,
( fi(SNr)>) of the output nucleus, SNr, is determined via
competition between the DP synaptic current II(DCPh ) (t)
and the IP synaptic current I}gh)(t). Their competition

may be well characterized in terms of recently-introduced

competition degree CC(lCh) in our prior work [35]. CC(lCh)

is given by the ratio of strength [SI(DC;)(: |Ig¥”(t)\)] of
Ch Ch Ch Ch
1M (1) to strength [S'S™ (= [1IS7 (#)])] of IS (1):

Ch
C(Ch) _ SE)P) (8)
d o S(Ch) ’
P

Thus, CéCh) plays a good role of indicator for the synap-
tic inputs into the SNr, in contrast to the output indi-

cator, ( S(gf )1> Hence, relationship between C((iCh) and
( S(gil 1) may be regarded as the cause-and-effect. The

larger CéCh) is, the lower ( S(gf)) of the SNr neurons

becomes. In the channel with the lowest ( S(lc(;f )1>, the
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FIG. 4: Quantitative analysis for action selection in the channel 1 via DP (green) and IP (red) synaptic currents into the
channel 1. Time series of (al) DP synaptic current I(Dll)D (t) and (a2) IP synaptic current I}g (t) versus t. Interval-averaged (bl)

DP synaptic current 11(311)3 and (b2) IP synaptic current ISD) in the time intervals I1, I, and I3. (c)-(d) Decomposition of Ig(t)
into the intra- and inter-channel IP synaptic currents. Time series of (c1) intra-channel IP synaptic current IED),mtm(t) and

1)

P,inter

1

P,inter

(c2) inter-channel IP synaptic current I}

and (d2) inter-channel IP synaptic current I}

(t) versus t. Interval-averaged (dl) intra-channel IP synaptic current I;},{ intra

in the time intervals I1, I, and Is. (e)-(f) Decomposition of [g,),intm(t)

into the intra-channel IP synaptic currents from STN and GP. Time series of intra-channel IP synaptic current from (el) STN

15T (1) and (e2) GP 11651

IP,intra

(2)

IP.inira(t) Vversus t. Interval-averaged intra-channel IP synaptic current from (f1)

STN 78TND - and

IP,intra

GP I;gi’;r,];‘,)ra in the time intervals I, I2, and Is. (g)-(h) Decomposition of I;g’mt”(t) into the inter-channel IP synaptic

currents from the channels 2 and 3 into the channel 1. Time series of inter-channel IP synaptic current from STN in (gl) the

1,2
I}P,i)nter(t) and (g2)

STN in (hl) the channel 2 1452

IP,inter
population-averaged mean firing rates (

channel 2

(1)

the channel 3 Iﬁ;i)yma(t) versus t. Interval-averaged inter-channel IP synaptic current from

and (h2) the channel 3 Iﬁ;i)ntm in the time intervals Iy, I, and Is. (i) Histograms of

SN, ;) of SNr neurons in the channel 1 for each time intervals I1, I2, and I3. Histograms

of interval-averaged strengths of (j1) DP (S(Dl}),) and (j2) IP (SS))) and (k) competition degree Cc(ll) in each time intervals I,
I, and I3. Units of currents and MFRs are pA and Hz, respectively.

BG gate to the thalamus is open (i.e., the thalamus be-
comes disinhibited). Consequently, a desired action may

be selected in the channel with the largest CC(lCh) where

( S(flf )l) of the SNr neurons is the lowest. Hereafter, we

employ the competition degree CC(lCh) (input indicator)
to determine a desired action selection, instead of the
population-averaged MFR of the SNr neurons ( S(ﬁf )z>
(output indicator).

Figure 3(al) shows the case of the time interval Iy;
tonic cortical inputs of 3 Hz are provided to all the 3
channels. The channel 1 is at the center, while the other
neighboring channels 2 and 3 are on the right and the
left sides, respectively. We focus on the (center) channel
1. Focused inhibition from D1 SPNs is directly provided
to the SNr via the DP synaptic current (green), Ij(jl).
On the other hand, D2 SPNs are indirectly linked to
the SNr via IP, crossing the intermediate nuclei, STN

and GP. There are two kinds of IP synaptic currents

(1)
IIPJntra)

) from
the neighboring channels. In the case of I} P)’intm, there

are two sources, STN and GP, in the same channel;

(1) _ ;(STN,1) (GP,1) (1) .
IIP,intrg - IIPJnt’ra + IIPJ’IItT‘fI' AISO’ IIP,inter consists
of two inter-channel IP synaptic currents from the chan-

nels 2 and 3; I}}D)ﬂ-mer = Iﬁ;i)mer + Iﬁ;i%ter. Strengths
of all these 5 synaptic currents are denoted by widths of

their lines. In this case of time interval Iy, strength of
the DP current (i.e., |Ij(311)3|) is nearly the same as that

(red), Iﬁ?; intra-channel TP synaptic current (

and inter-channel IP synaptic currents (Ig,@)’mm,

1

of the IP current (i.e., |I§}3)|) Due to balance between

DP and IP in each channel (i.e., CéCh) ~ 1), the SNr
fires very actively, leading to inhibition of the thalamus.
Consequently, no action selection is made in the case of
tonic cortical inputs to the 3 channels.
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Next, we consider the case of the 2nd time interval I
in Fig. 3(a2); cortical input with the frequency félt)x =15
Hz is provided to the channel 1, while the other channels
2 and 3 receive tonic cortical inputs of 3 Hz. The total IP
synaptic current into the channel 1, IED), is given by the
sum of the intra- and inter-channel IP synaptic currents
(i.e., Iﬁp) = ]ﬁg)’imm + Igg)’mter). Due to the salient cor-
tical input to the channel 1, strength of the DP current,
|Ig})>|, becomes larger than that of the IP current, |IE)) .

Due to strong focused inhibition via Igl)p, the competi-

tion degree Ct(il) of the channel 1 increases much more

than that (Cu(ll) ~ 1) in the case of I} where the channel
1 receives the tonic cortical input. Consequently, firing
activity of the SNr becomes so much reduced (off-center
effect). Thus, the thalamus becomes disinhibited, leading
to action selection in the channel 1. The action-selected
channel 1 is shaded in yellow color.

But, in the 3rd time interval I3, action switching from
the channel 1 to the channel 2 occurs, as shown in in
Fig. 3(a3). In this case, the channel 2 receives more

salient cortical input with frequency fgtl = 23 Hz than

that ( éltl = 15 Hz) in the case of the channel 1; the
channel 3 continues to receive the tonic cortical input of
3 Hz. In this case, due to the strong DP synaptic cur-
rent Ig}:, the competition degree C((f) of the channel 2

becomes increased much more than that (Cf) ~ 1) in
the case of Iy where the channel 2 receives the tonic cor-
tical input. On the other hand, the competition degree

Cfil) of the channel 1 becomes decreased much in com-
parison to that in I5, because of the strong inter-channel

IP synaptic current, I}};izlter(t), from the channel 2 to

the channel 1 [see Fig. 3(b)]. Thus, the competition de-

gree C((iz) of the channel 2 becomes larger than Cc(ll) of the
channel 1, resulting in action selection in the channel 2
(shaded in yellow).

Figure 3(b) shows action deselection in the channel 1
in the time interval Is. We note that, due to strong inter-

Iﬁ)ﬁin o (t) from the channel

channel IP synaptic current
2, the competition degree Cc(ll) of the channel 1 becomes
reduced, leading to suppress the competing action in the
channel 1 (on-surround effect causing contrast enhance-
ment). As a result, action deselection occurs in the chan-
nel 1, and the action selection in the channel 2 becomes

highlighted due to contrast enhancement.

C. Quantitative Analysis for Action Selection in
The Channel 1

From now on, we make quantitative analysis of func-
tions of the DP and the two intra- and inter-channel IPs
for action selection explicitly. Figure 4 shows quantita-
tive analysis for action selection in the channel 1 via DP
(green) and IP (red) synaptic currents into the channel 1.
Detailed data, associated with the DP and the IP synap-

tic currents, are given in Figs. 4(al)-4(h2). (Units of DP
and IP synaptic currents are pA; for simplicity, we omit
the unit when presenting values of currents.)

Time series of the DP synaptic current Il(:,l})p(t) [see
Fig. 4(al); green color] and the IP synaptic current II(})) (t)
[see Fig. 4(a2); red color| are shown in the time inter-
val of 0 < t < 5,000 msec; Ij(jll)p(t) (green) and IE,) (t)
(red) are also shown in Figs. 3(al) and 3(a2). Their

interval-averaged DP and IP synaptic currents, I](Dll)p(t)

and I}}D) (t), in each time interval, Iy, I5, and I3, are also
given in Figs. 4(b1) and 4(b2), respectively; the overline
denotes time averaging.

More details on Iﬁg)(t) are also provided. We first de-
compose II(}D) (t) into its components, the intra- and inter-

channel IP synaptic currents, Il(}j)’imm (t) and Iﬁ%mmr (t).
Their time series and interval averaged ones are shown
in Figs. 4(cl)-4(c2) and Figs. 4(d1)-4(d2), respectively.
We also make one more decomposition for I )

IP,intra(t)
and Iﬁg)ymter(t). In the case of Iﬁ%imm(t), there are
two sources in the same channel 1, STN and GP. Fig-

ures 4(el)-4(e2) and Figures 4(f1)-4(f2) show the time
series of I\SN-D (t) and 11GeL (t) [see Figs. 3(al)

IPintra IPintra
and 3(a2); red color] and their interval-averaged ones,

I}iﬁitil(t) and I}gi’ga(t), respectively. For the case of

I}gmtm, (t), there are two inter-channel IP synaptic cur-

rents, Iﬁ;izﬁer(t) and Iﬁ;i)mer(t) from the neighboring

channels 2 and 3 [see Figs. 3(al) and 3(a2); red color].
Their time series and interval-averaged ones are given in
Figs. 4(g1)-4(g2) and Figs. 4(h1)-4(h2), respectively.

At t = 1,000 msec, cortical input with féltz( = 15 Hz
starts to be provided to the channel 1 [see Fig. 2(a)].
Thus, in the time intervals I and I3, strong focused in-

hibition from D1 SPNs is given to the SNr via the DP

synaptic current Ig},(t) (green), as shown in Figs. 4(al)

and 4(bl). We note that, the interval-averaged DP
synaptic current Igl)g(t) in I and I3 is -4,421.4, in con-
trast to that (=-23.4) in I; for the tonic cortical input of
3 Hz. Thus, the (inhibitory) DP synaptic current Ig;)(t)
suppresses strongly the firing activity of the SNr in I
[see the population-averaged MFR of the SNr neurons
(f$3:2) (= 0.06 Hz) in I in Fig. 2(b)], leading to disin-
hibition of the thalamus, which is in contrast to the case
of I (tonic cortical input of 3 Hz) with ( S(11\1)”> = 25.8
Hz, resulting in inhibition of the SNr.

In addition to Ij(:)l])g(t), the IP synaptic current Iﬁg) (t)
(red) is also provided to the SNr. Its time series and

interval-averaged one (Iﬁg)(t)) are given in Figs. 4(a2)
and 4(b2), respectively. Its interval-averaged value jumps
from 23.6 in Iy to 777.9 in I due to cortical input of 15
Hz in the channel 1. Since Iﬁ;) (t) is an excitatory cur-
rent, it enhances the firing activity of the SNr, in contrast

to the case of Ig},(t), resulting in inhibition of the tha-
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lamus. But, we note that Iﬁ,) (t) is much less than the

magnitude of I4),(¢). Hence, the net firing activity of the
SNr neurons becomes so much reduced to 0.06 Hz in Iy,
as shown in Fig. 2(b).

We also decompose I;}D) (t) into its components. In

the case of I, the (excitatory) interval-averaged intra-
channel TP synaptic current from STN (receiving the

cortical input of 15 Hz), Iﬁ;ﬁitil(t), increases to 753.6

[see Fig. 4(f1)]. On the other hand, the magnitude of
(inhibitory) interval-averaged intra-channel IP synaptic

current from GP, |I§1€57’11t)m(t)|, decreases to 278.1 in I
[see Fig. 4(f2)] because D2 SPN (receiving the cortical
input of 15 Hz) inhibits the GP more in Iy than in
I,. Thus, the (total) interval-averaged intra-channel IP

synaptic current Iﬁo),mtm

in I [see Fig. 4(d1)]. b

IPintra

(t) becomes increased to 475.5
(t) is a major contribution
to increase in I}}D) (t) in Io.

In contrast to I(l)

I1P.intra(t); the interval-averaged inter-

channel IP synaptic current Iﬁg) inter(t) I Io is found

to decrease to 302.4 than that (= 354.3) in I; [see
Fig. 4(d2)], because the interval-averaged inter-channel
IP synaptic current from the neighboring channels 2 and

3, I}};i)nte,,(t) and Iﬁ;i)ntw(t), are decreased to 151.2 in
I, [see Figs. 4(hl) and 4(h2)]. In I, the STN in the
channel 1 (receiving cortical input of 15 Hz) makes dif-
fusive projections to the GP and the SNr in the channels
2 and 3. Thus, the firing activity of the GP in the chan-
nels 2 and 3 becomes increased, leading to decrease in

the firing activity of the STN in the channels 2 and 3.

Consequently, both Igs?nter(t) and Iﬁ;i)mer(t) becomes

decreased, resulting in decrease in I§2,i7Lter(t) to 302.4
in I, and Iﬁp),mter(t) becomes a minor contribution to
increase in Iﬁz (t) in Io.

We now consider the next time interval I3 (2,500 <
t < 5,000 msec). The interval-averaged DP synaptic

current Ij(jll)p(t) in I3 is the same as that (= -4,421.4) in
1>, because the same cortical input of 15 Hz is given to
the channel 1 in I3. But, the interval-averaged IP synap-

tic current I}B (t) is found to increase to 1,883.4 more

than that (= 777.9) in Iy [see Fig. 4(b2)], mainly due
to increase in the inter-channel IP synaptic current from

the channel 2, I'%2) (). We note that, at ¢ = 2,500

IP,inter
msec, cortical input with frequency fgtzc = 23 Hz begins
to be provided to the channel 2. Then, the STN (receiv-
ing this cortical input of 23 Hz) in the channel 2 makes
diffusive excitatory projection to the SNr and the GP in
the neighboring channels 1 and 3. Thus, the interval-

averaged inter-channel IP synaptic current I}gmtw(t) in

I3 becomes increased to 1632.3 in I3, due to increase in
the inter-channel IP synaptic current from the channel

2, Iﬁ;,zi)nter(t) [see Figs. 4 (h1) and 4 (d2)]. Because of

increase in Iﬁ,) (t) in I3, the net firing activity of the SNr
(« é§r7i> = 6.9 Hz) in I3 becomes more enhanced than
that ({f$x,;) = 0.06 Hz) in I [see Fig. 2(b)].

Firing activity of the SNr (output nucleus) is deter-
mined through competition between the above DP and IP
synaptic currents into the SNr, and it may be well char-
acterized in terms of their population-averaged MFRs
( S(ll\l)r’) of Eq. (4). Thus, ( S(ll\l)r’) becomes a good indi-
cator of the output activity of the BG. Figure 4(i) shows
population-averaged MFRs ( S(Hl\l)r) of the SNr neurons in
the channel 1 for the time intervals Iy, Is, and I3. In I3
(where the channel 1 receives the tonic cortical input of
3 Hz), strengths of the DP and IP synaptic currents are
nearly the same, and the SNr neurons fire very actively
with ( S(ll\T)rz> = 25.8 Hz. Then, the BG gate to the tha-
lamus becomes locked, leading to inhibition of the thala-
mus. But, in I5 (where the channel 1 receives the cortical
input of 15 Hz), the (inhibitory) DP synaptic current is
stronger than the (excitatory) IP synaptic current, and
hence éll\?r ;) becomes so much reduced to 0.06 Hz. In
this case, the BG gate to the thalamus becomes opened,
resulting in disinhibition of the thalamus. In I3, strength
of the IP synaptic current becomes larger than that in

I5, and hence (félN)”> becomes increased to 6.9 Hz.

The above population-averaged MFR ( fs(11\1)”> of the
SNr neurons is determined via competition between the

DP synaptic current I(Dll)g(t) and the IP synaptic current
II(}D)(t) into the SNr in the channel 1. Their competi-
tion may be well characterized in terms of their competi-
tion degree Cc(ll) of Eq. (8), given by the ratio of strength
S](Dl})) (= |I,(31;3(t)\) of the DP synaptic current to strength
S}},) (= |I§}Q) (t)|) of the IP synaptic current. Thus, Cc(ll)
becomes a good indicator for synaptic inputs into the
SNr, in contrast to the output indicator, (félN)”> Conse-
quently, relationship between C((il) and ( s(11\1)m> could be
regarded as the cause-and-effect. The larger C((il) is, the
(1)

lower (fgy, ;) becomes.

Figures 4(j1) and 4(j2) show S(DII)D and S}})) in each time
interval, I, I, and I3, respectively. In I; (tonic cortical
input of 3 Hz), 81(31}, and Sﬁp) are nearly the same. But,
in Iy (cortical input of 15 Hz) S(Dll)3 is much larger than

SSD), mainly due to focused inhibition from D1 SPNs to
the SNr via DP. In I3 (where the channel 2 receives cor-
tical input of 23 Hz), 8}2 increases because of increased

inter-channel IP synaptic current ;;’ilter

nel 2. Then, the competition degree Cc(ll) of the channel 1
is given in Fig. 4(k). In I; (where the channel 1 receives
tonic cortical input of 3 Hz), Ct(ll) =0.99 (i.e., DP and IP
are nearly balanced), leading to no action selection (i.e.,
BG gate to the thalamus is locked); refer to Fig. 3(al).
But, in Iy (where the channel 1 receives cortical input

from the chan-
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FIG. 5: Quantitative analysis for action selection in the channel 2 through DP (green) and IP (red) synaptic currents into the

channel 2. Interval-averaged (al) DP synaptic current I(DQI)D and (a2) IP synaptic current I} I

2) in the time intervals I, I>, and

Is. (b) Decomposition of I§2P) (t) into the intra- and inter-channel IP synaptic currents. Interval-averaged (bl) intra-channel

IP synaptic current Iﬁ{imm
2

Decomposition of I} ,.1q

and (b2) inter-channel IP synaptic current I}

2)
P,inter

()

in the time intervals I1, Iz, and I3.

(t) into the intra-channel IP synaptic currents from STN and GP. Interval-averaged intra-channel

GP 1'S"? " in the time intervals I, I, and Is. (d) Decomposition of

IP synaptic current from (c1) STN I}fj;itil and (c2) IPintra
(2)
[IP,inte'r

channel IP synaptic current from STN in (d1) the channel 3

I, I, and Is. (e) Histograms of population-averaged mean firing rates (

133 and (d2)

IP,inter

(t) into the inter-channel IP synaptic currents from the channel 3 and 1 into the channel 2. Interval-averaged inter-

the channel 1 Iﬁ;}iz“m in the time intervals

S(12\1>r7,> of SNr neurons in the channel 2 for each time

intervals I, I, and I3. Histograms of interval-averaged strengths of (f1) DP (S<D23>) and (f2) IP (S§2P)) and (g) competition
degree ng) in each time intervals I, I2, and I3. Units of currents and MFRs are pA and Hz, respectively.

of 15 Hz), Cc(ll) = 5.68 (i.e., DP is 5.68 times stronger
than IP), and hence, as a result of the focused inhibi-
tion from D1 SPNs to the SNr via DP (off-center effect),
the BG gate to the thalamus becomes open, leading to
action selection; refer to Fig. 3(a2). In I3 (where the

channel 2 receives cortical input of 23 Hz), C((il) becomes
decreased to 2.34 due to the increased inter-channel IP
current I}};i)ntw from the channel 2 [see Fig. 4(h1)]. In
this case, action deselection of the channel 1 occurs, as

shown in Fig. 3(b), because the increased inter-channel

IP current I}};:‘?ﬂter from the channel 2 suppresses the
competing action in the channel 1 (on-surround effect,
causing contrast enhancement to highlight action selec-
tion in the channel 2). Consequently, action switching

takes place in I3 from the channel 1 to the channel 2
with larger Cc(lz) (= 3.54).

D. Quantitative Analysis for Action Selection in
The Channel 2

We now make quantitative analysis for action selection
in the channel 2 which receives the cortical input of 23
Hz in I5. Figure 5 shows quantitative analysis for action
selection in the channel 2 via DP (green) and IP (red)
synaptic currents into the channel 2. Detailed data, re-
lated to the DP [see Fig. 3(a3); green] and the IP [see

Fig. 3(a3); red] synaptic currents, Igl)g(t) and I§2P) (t), are

given in Figs. 5(al)-5(d2). Interval-averaged DP and IP

synaptic currents, I ](321)3(1?) and Iﬁ) (t), in each time inter-
val, I1, Is, and I3, are shown in Figs. 5(al) and 5(a2),
respectively.

We also decompose Iﬁ) (t) into its components, the

intra- and inter-channel IP synaptic currents, Iﬁ) intra(£)

and I§2P),inter

and I}?mtw(t), are shown in Figs. 5(b1)-5(b2). One
more decompositions of I;Q) (t) and Iﬁ.@)’mter(t) are

P,intra
made. For Iﬁ.) intra(t), there are two intra-channel IP

synaptic currents from the STN and the GP in the same
STN.2) (t) and Iﬁiﬁla(t) [see Fig. 3(a3);

Pintra

(t). Their interval-averaged ones, Iﬁ)’mtm(t)

channel 2, I}

red]. Figures 5(c1)-5(c2) show their interval-averaged
ones, Ig{itil(t) and I}giﬁ)m(t), respectively. In the
case of Iﬁ.%mt or(t), there are two inter-channel IP synap-
tic currents, I}%i)nt”(t) and Iﬁ;’lizlter (t) from the neigh-

Their

interval-averaged ones, Iﬁ;i;tar (t) and Iﬁ;’lizlter (t) are
given in Figs. 5(d1)-5(d2), respectively.

At t = 2,500 msec, cortical input with féztz( = 23 Hz
begins to be given to the channel 2 [see Fig. 2(a)]. Thus,
in the time interval I3, strong focused inhibition from D1
SPNs is provided to the SNr via the DP synaptic current

Igl)p (t) (green), as shown in Fig. 5(al). We note that, the

boring channels 3 and 1 [see Fig. 3(a3); red].
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IP,intra
73

IP,inter

IPintra
(t) into the inter-channel IP synaptic currents from the channel 1 and 2 into the channel 3. Interval-averaged inter-

channel IP synaptic current from STN in (d1) the channel 1 I}‘D};,lizqt” and (d2) the channel 2 I}:;;i»z“m in the time intervals

(3)
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intervals I, I, and I3. Histograms of interval-averaged strengths of (f1) DP (Sg%) and (f2) IP (Sg;)) and (g) competition

degree C;a) in each time intervals I, I2, and I3. Units of currents and MFRs are pA and Hz, respectively.

interval-averaged DP synaptic current Ij(jzl)g(t) in I3 are -

7,562.5, in contrast to those [=-23.4 (I;) and -23.5 (I2)]
in the case of tonic cortical inputs of 3 Hz. Thus, the (in-

hibitory) DP synaptic current [ ](321)3 (t) suppresses strongly
the firing activity of the SNr in I5 [see the population-
averaged MFR of the SNt neurons ( S(IQ\I)r,i> (= 2.4 Hz) in
I3 in Fig. 2(b)], resulting in disinhibition of the thala-
mus, which is in contrast to the cases of I; and I (tonic
cortical inputs of 3 Hz) with ( S(11\1)m> = 25.8 Hz and 27.3
Hz, leading to inhibition of the SNr.

Along with Igl)g(t), the IP synaptic current I}?D)(t)

(red) is also provided to the SNr. Its interval-averaged
value jumps to 2139.1 in I3 mainly due to strong cortical
input of 23 Hz in the channel 2. The major contribution

to Iﬁ.@) (t) in I3 is the intra-channel IP synaptic current

(149 ira(t) = 1,485.9 in Fig. 5(b1)]; contribution from
the inter-channel IP synaptic current [1 ﬁ)’inter(t) =653.2

in Fig. 5(b2)] is smaller than that of I}?}mtm(t). Due to

the cortical input of 23 Hz, the intra-channel IP synaptic

current from the STN becomes dominant [I}?ﬁgtil(t) =

1,538.0 in Fig. 5(cl)]. For the inter-channel IP synaptic
current, the inter-channel IP synaptic current from the
channel 1 (which receives 15 Hz cortical input) is domi-

nant [Iﬁ;lizner(t) = 558.9 in Fig. 5(d2)]. Because I}?D) (t)
is an excftatory current, it enhances the firing activity of
the SNr, leading to inhibition of the thalamus, in contrast
to the case of Igl)g(t). But, we note that IﬁD) (t) is much
less than the magnitude of Ig}), (t). Accordingly, the net
firing activity of the SNr neurons becomes much reduced
to 2.4 Hz in I3, as shown in Fig. 2(b).

Figure 5(e) shows population-averaged MFRs ( S(IQ\I)T )

of the SNr neurons in the channel 2 for the time inter-
vals Iy, Is, and I3. In I; with tonic cortical input of 3
Hz, strengths of the DP and the IP synaptic currents
are nearly the same, and hence the SNr neurons fire very
actively with ( S(;:f\l)r) = 25.8 Hz, resulting in inhibition

of the thalamus. In the next I5, (where the channel 2
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FIG. 7: Off-center and on-surround effect via DP (green) and IP (red) synaptic currents. Off-center and on-surround effect in
I>. (a) Box diagram for the off-center effect in the channel 1 (receiving cortical input of 15 Hz) via the DP synaptic current
(green) from the D1 SPNs to the SNr and the on-surround effect in the neighboring channels 2 and 3 via the inter-channel
IP synaptic current from the STN neurons in the channel 1 with selected action in the time interval I». (b) Competition
degree C;Ch) for the previous time interval I; (gray) and the current time interval I» (black) of the selected channel 1 and
the neighboring channels 2 and 3. Increase in Cél) from 0.99 to 5.68 (off-center effect). Decrease in C§2> and C;g) from 1.0 to
0.85 (channel 1) and 0.86 (channel 3). Off-center and on-surround effect in I3. (c) Box diagram for the off-center effect in
the channel 2 (receiving cortical input of 23 Hz) via the DP synaptic current (green) from the D1 SPNs to the SNr and the
on-surround effect in the neighboring channels 3 and 1 via the inter-channel IP synaptic current from the STN neurons in the
channel 2 with selected action in 5. (d) Competition degree CC(lCh) for the previous time interval I (gray) and the current time
interval Is (black) of the selected channel 2 and the neighboring channels 3 and 1. Increase in Cc(l2> from 0.86 to 3.54 (off-center
effect). Decrease in Cés) [Cél)] from 5.68 (0.85) to 2.34 (0.65).

receives the same tonic cortical input of 3 Hz), ( S(IZ\I)”>

increases a little to 27.3 Hz, due to the increased inter-
channel IP synaptic current from the channel 1 (with the
cortical input of 15 Hz), I}i,lizner(t). But, in I3 (where
the channel 2 receives the cortical input of 23 Hz), the
(inhibitory) DP synaptic current is stronger than the (ex-

citatory) IP synaptic current, and hence ( fézN)r ;) becomes
much reduced to 2.4 Hz, leading to disinhibition of the
thalamus.

Figures 5(f1) and 5(f2) show S,(:,zl)p (strength of the DP

synaptic current) and S}?D) (strength of the IP synaptic
current) for the channel 2 in each time interval, I1, I, and

I3, respectively. In I; (tonic cortical input of 3 Hz), 81(32},

and SEQP) are nearly the same (~ 23.4). In 5 (same tonic
cortical input of 3 Hz), S}?D) becomes a little increased to
27.4 due to the inter-channel IP synaptic current from
the channel 1 (with cortical input of 15 Hz). But, in I3
(where the channel 2 receives the cortical input of 23 Hz),
S2) (= 7,562.5) is much larger than S\%) (= 2,139.1),
mainly due to focused inhibition from D1 SPNs to the
SNr via DP.

Then, the competition degree CC(IQ) of the channel 2 be-

tween DP and IP (given by the ratio of Sgl)g to SI%)) is
shown in Fig. 5(g). In I; (with the tonic cortical input of

3 Hz), C[f) = 1.00 (i.e., DP and IP are balanced), result-
ing in no action selection (i.e., BG gate to the thalamus

is locked). In I (where the channel 2 receives the same
tonic cortical input of 3 Hz), 01(12) becomes decreased a lit-
tle to 0.86, because of increased inter-channel IP synaptic
current Iﬁ;’li)nter(t) from the channel 1 (receiving the 15
Hz cortical input). Finally, in I3 (with the cortical input

of 23 Hz), Cc(l2) = 3.54 (i.e., DP is 3.54 times stronger
than IP). In this case, due to the strong focused inhibi-
tion from the D1 SPNs to the SNr through DP (off-center
effect), the BG gate to the thalamus becomes open, re-
sulting in action selection; refer to Fig. 3(a3). In this
time interval I3, action deselection of the channel 1 takes
place [see Fig. 3(b)], because the increased inter-channel
IP current Iﬁ;i%ter from the channel 2 suppresses the
competing action in the channel 1 (on-surround effect,
causing contrast enhancement to spotlight action selec-
tion in the channel 2). As a result, action switching oc-
curs in I3 from the channel 1 to the channel 2 with larger
c? (= 3.54).

E. Quantitative Analysis for Action Selection in
The Channel 3

Finally, we consider the case of the channel 3 with tonic
cortical inputs of 3 Hz in all the time intervals, I1, 15, and
I3, and make quantitative analysis for action selection.
Figure 6 shows quantitative analysis for action selection
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in the channel 3 through DP (green) and IP (red) synap-
tic currents into the channel 3. Detailed data, associated
with the DP and IP synaptic currents, Igl)g (t) and IS'D) (1),
are given in Figs. 6(al)-6(d2). Interval-averaged DP and

IP synaptic currents, I gl)g (t) and I}?D) (t), in each time in-
terval, Iy, Is, and I3, are shown in Figs. 6(al) and 6(a2),
respectively.

Due to the tonic cortical inputs of 3 Hz, interval-
averaged DP synaptic currents Ig}),(t) (green) are very
small (-23.4) in all the 3 time intervals, I, I, and I3, in
contrast to the above cases of the channels 1 and 2. In

I, the interval-averaged IP synaptic current I}?D) t) (=

23.5; red) is nearly the same as the magnitude of Ig}, (t).

But, with increasing time interval, I}‘;’D) (t) becomes in-
creased to 27.6 in I and 36.0 in I3, due to the increased
inter-channel synaptic currents in Figs. 6 (d1) and 6 (d2),

I;:j;)lizmr (= 754.0) from the channel 1 for Iy and Iﬁ’,’iltar

(= 1,538.1) from the channel 2 for Is.

Figure 6(e) shows population-averaged MFRs ( é?\?rz>
of the SNr neurons in the channel 3 in I, I, and I3.
In I; with tonic cortical input of 3 Hz, strengths of the
DP and IP synaptic currents are nearly the same, and
the SNr neurons fire actively with <fS(11\T)rz> = 25.8 Hz,
leading to inhibition of the thalamus. With increasing
the time intervals, Iy and I3, (fé?111)”> increase to 28.4 Hz

and 29.8 Hz, respectively, due to increase in the inter-
channel IP synaptic currents, 1 }‘;}izlt o in Iz and I S’,’ilt or
in I3. Thus, the thalamus becomes more inhibited in I

and I3.

Figures 6(f1) and 6(f2) show S\, (strength of the DP
synaptic current) and SSJ) (strength of the IP synaptic
current) for the channel 3 in Iy, I, and I3. In I, 81(33%,
and 51(31'3) are nearly the same (~ 23.4). With increasing
the time intervals, Iy and I3, S}‘;’)) increases to 27.6 in
I; and 36.0 in I3, due to the increased inter-channel IP

139 in I and 1152

IPinter P,inter
. . . 3
there is no essential change in Sgl)g. Thus, the compe-

synaptic currents in I3, while

tition degree Cc(l3) of the channel 3 in Fig. 6(g) becomes
decreased from 1.0 (I7) to 0.85 (I3) to 0.65 (0.65). Con-
sequently, in the case of the channel 3 receiving the tonic
cortical inputs of 3 Hz in all the time intervals, no action
selection occurs.

F. Summary on The Off-center and On-surround
Effect

We summarize our main results for the functions of
DP and IP in terms of the competition degree, which is
well shown in Fig. 7. Figures 7(a)-7(b) show well the
off-center and on-surround effect for action selection in
I, (where the channel 1 receives cortical input of 15 Hz).
Strong focused inhibition from the D1 SPNs is provided
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to the SNr via the DP synaptic current Igl)g(t) (green),

leading to suppress firing activity of the SNr (off-center
effect). Consequently, the BG gate to the thalamus be-
comes opened, resulting in disinhibition of the thalamus.
Hence, the major function of the DP is to suppress the
population-averaged MFR ( S(IN)”> of the SNr, leading
to action selection in the channel 1. In this case, the
intra-channel TP synaptic current (red), Ig;;gﬁl, from
the STN in the channel 1 is also given to the SNr in

the same channel. I}?}Etil enhances ( fs(ll\?r ;) of the SN,
suppressing the desired action selection in the channel 1
(braking function). But, the effect of DP on the SNr is
much larger than that of the intra-channel IP, resulting

in the action selection in the channel 1.

We note diffusive excitation from the STN in the chan-
nel 1 to the SNr in the neighboring channels 2 and 3.
These inter-channel IP synaptic currents (red) from the

STN in the channel 1, Iﬁ;}iiltw and I}i’;}i)ntew are pro-
vided to the SNr in the channel 2 and to the SNr in the
channel 3, respectively. The inter-channel IP synaptic
currents suppress competing actions in the channels 2
and 3 (on-surround effect), resulting in highlighting the
desired action selection in the channel 1 via contrast en-
hancement. In this way, the function of the inter-channel
IP (suppressing the competing actions in the neighboring
channels and spotlighting the desired action selection) is
different from the braking function of the intra-channel
IP to suppress the desired action selection in the same
self-channel.

Figure 7(b) shows well quantitatively the off-center and
on-surround effect in Iy in terms of the competition de-
grees C[(iCh). In the previous time interval I; (gray), the
competition degrees of all the 3 channels are nearly 1 (i.e.,
DP and IP are nearly balanced), leading to no action se-

lection. But, in I (black), Cfil) jumps to 5.68 (off-center
effect) due to strong focused DP synaptic current to the

SNr. On the other hand, C((f) and Cég) decrease to 0.86
and 0.85 (on-surround effect) due to the inter-channel IP
synaptic currents from the STN in the channel 1 to the
SNr in the channels 2 and 3, respectively. As a result of
the on-surround effect, action selection in the channel 1
becomes highlighted due to contrast enhancement.

Next, we consider the case of the final time interval
I3 (where the channel 2 receives the cortical input of 23
Hz). We note that, in I3, action switching occurs from
the channel 1 in I to the channel 2. Due to the strong
focused inhibitory DP synaptic current Igl)g(t) (green)
to the SNr in the channel 2 (off-center effect), action se-
lection is made. In this case, as explained above, the
intra-channel IP synaptic current IS,TZZ;L serves a func-
tion of brake to suppress the desire action selection in
the channel 2.

Because of the strong inter-channel IP synaptic cur-
rent I}};i%tw from the STN in the channel 2 to the SNr
in the channel 1 (on-surround effect), action deselection is
made in the channel 1, resulting in action switching from
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the channel 1 to the channel 2. Likewise, another inter-

channel IP synaptic current Iﬁ’g’iltw to the SNr in the
channel 3 suppresses the competing action in the channel
3. In this way, the inter-channel IPs serve the function of
suppressing competing actions in the neighboring chan-
nels. Consequently, no interference occurs between the
desired action in the channel 2 and the competing actions
in the channels 3 and 1.

The off-center and on-surround effect in I3 is well
shown quantitatively in terms of the competition degrees
¢\ in Fig. 7(d). We note that, in I3, C\” jumps to
3.54 (black) from 0.86 (I; gray) due to strong focused
inhibitory DP synaptic current Igl)p(t) to the SNr in the
channel 2 (off-center effect). Hence, action selection is

made in the channel 2. On the other hand, Cfll) de-
creases from 5.68 (I3) to 2.34 (I3), due to the strong

inter-channel IP synaptic current Iﬁ;?mer to the SNr in
the channel 1 (on-surround effect), and hence action de-
selection is made in the channel 1. In this way, action
switching occurs from the channel 1 (I3) to the channel
2 (I3). In the case of the channel 3 (receiving only the
tonic cortical input of 3 Hz), no action selection is also

made in I3. Due to the inter-channel IP synaptic current

(3,2)
IIP,inter

Cé:a) decrease to 0.65 (I3) from 0.85 (I3).
In the above way, action selection is made in the chan-

to the SNt in the channel 3 (on-surround effect),

nel with the largest competition degree CC(lCh) (where

the population-averaged MFR ( S(ﬁf )Z> of the SNr is the

lowest) (off-center effect). Due to strong inter-channel
IP synaptic currents to the neighboring channels, their
competition degrees become decreased, leading to sup-
press competing actions in the neighboring channels (on-
surround effect, causing contrast enhancement). Con-
sequently, the on-surround effect leads to highlight the
desired action selection, and no interference between de-
sired action and competing actions occurs. In this way,
functions of DP and IP for action selection (causing the
off-center and on-surround effect) could be quantitatively

made clear in terms of competition degrees CL(iCh).

IV. SUMMARY AND DISCUSSION

In this paper, we are concerned about action selection
performed by the BG in the SNN with 3 laterally inter-
connected channels. A desired action is selected through
strong focused inhibition from the D1 SPNs via the DP
in a channel (off-center effect). There are two types of
IPs because of diffusive excitation from the STN [44-46].
The intra-channel IP serves a function of brake to sup-
press the desired action in the corresponding channel. In
contrast, the inter-channel IP to the SNr in the neighbor-
ing channels serves a function to suppress the competing
actions, causing contrast enhancement (on-surround ef-
fect) [5-9, 12, 47-49]. But, to the best of our knowledge,
no quantitative analysis for the functions of the DP and
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the two intra- and inter-channel IPs was made.

Firing activity of the SNr (i.e., output nucleus of the

BG) is well characterized in terms of their population-

averaged MFR (fégfb When (fég?l) is high (low), the

BG gate to the thalamus becomes locked (opened), lead-
ing to inhibition (disinhition) of the thalamus. In this
way, ( fs(lif )Z) is a good indicator for the output activity
of the BG, and hence it could also be used to determine a
desired action selection [7, 11]. We note that firing activ-
ity (i-e. ( S(gf )1>) of the SNr is determined via competition
between the DP synaptic current and the IP synaptic cur-
rent into the SNr. Their competition may be well charac-
terized in terms of our recently-introduced competition

degree CC(lCh), given by the ratio of the strength of DP to

the strength of IP [35]. In this way, C’(gCh) plays a good
role of indicator for the synaptic inputs into the SNr, in

contrast to the output indicator, ( S(ﬁf )1> Thus, relation-

ship between CC(lCh) and ( fs(gf )z> could be regarded as the

cause-and-effect. The larger C’C(lCh) is, the lower ( S(gf )Z>

becomes. In the channel with the lowest ( S(gfb, the BG
gate to the thalamus is open (i.e., the thalamus becomes
disinhibited, resulting in an action deselection). Conse-
quently, a desired action may be selected in the channel
with the largest Ct(iCh) where ( égfi} of the SNr neu-
rons is the lowest. In the present work, we employed the
competition degree C(gCh) (input indicator) to determine
a desired action selection, instead of the MFRs ( S(ﬁl}} )Z>

(output indicator).

Here, for a normal DA level (¢ = 0.3), we made quanti-
tative analysis of functions of DP and IP for action selec-
tion by employing the competition degree C4 (character-
izing competitive harmony between DP and IP) [35, 36].
We considered 3 competing channels. For the channels
1 and 2, cortical inputs of 15 Hz and 23 Hz were ap-
plied from ¢t = 1,000 and 2,500 msec, respectively; for
the channel 3, tonic cortical input of 3 Hz was applied.
Desired action is selected in the channel with the largest
C4q. We have calculated the DP and the intra- and inter-
channel IP synaptic currents into the SNr in each chan-
nel, and thus got the competition degree CC(ICh) of each
channel to determine desired action. In the 1st time in-
terval I; (0 <t < 1,000 msec), no action selection was
made, because the competition degrees of the 3 chan-
nels (receiving tonic cortical inputs) were nearly the same
(~ 1.0; DP and IP are balanced in each channel).

In the 2nd time interval I (1,000 < t < 2,500 msec),
desired action was selected in the channel 1 with the
largest competition degree C((jl) (= 5.68; i.e., DP is 5.68
times stronger than IP), due to the focused inhibitory DP
synaptic current to the SNr in the channel 1 (off-center ef-
fect). But, in the 3rd time interval I3 (2,500 < t < 5,000
msec), action switching has been found to occur. The

channel 2 had the largest competition degree Cc(l2) (=
3.54), and hence action selection was made in the chan-
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nel 2. In I3, the competition degree of the channel 1 was

decreased to C((il) = 2.34, due to strong inter-channel IP
synaptic current from the channel 2 (on-surround effect),
and hence action deselection was made. In contrast to the
function of the inter-channel IP synaptic currents to sup-
press the competing action selections in the neighboring
channels, in both I and I35 the intra-channel IP synap-
tic currents serve the function of brake to suppress the
desired action selection in the corresponding channels.
Through direct calculations of the DP and the intra- and
inter-channel IP synaptic currents into the SNr in the
3 channels, functions of the DP and the intra- and the
inter-channel IPs (causing the off-center and on-surround
effect) have been quantitatively made clear in terms of

the competition degree CéCh). Particularly, Fig. 7 has
shown well the off-center and on-surround effect via the
DP and the IP.

Finally, we discuss limitations of our present work and
future works. In the present work, we investigated ac-
tion selection in the healthy state with harmony between
DP and IP for the normal DA level (¢ = 0.3). But,
through break-up of their harmony, pathological states
such as Parkinson’s disease (PD) and Huntington’s dis-
ease (HD) occur [35, 36]. Due to deficiency in DA (i.e.
low DA level), the IP becomes stronger (i.e., it becomes
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over-active), leading to occurrence of PD (showing hy-
pokinetic movement disorder). On the other hand, be-
cause of degenerative genetic loss of D2 SPNs, the IP
becomes weaker (i.e., it becomes under-active), resulting
in occurrence of HD (exhibiting hyperkinetic movement
disorder). Dysfunction in the BG circuitry (i.e., over-
and under-active IP) was found to disrupt normal action
selection process, which results in slower action switch-
ing, less efficiency at interference control of competing
actions, difficulty in inhibiting inappropriate responses,
slower and inaccurate responses, and random switching
between choices [81-85]. As a future work, it would also
be interesting to investigate quantitative analysis of ac-
tion selection in the pathological states by employing our
present approach for the normal state, based on the com-
petition degree.
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