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Abstract

Interaction between sensory and motor cortices is crucial for perceptual decision-making, in which intracortical inhibition
might have an important role. We simulated a neural network model consisting of a sensory network (Ng) and a motor
network (Np) to elucidate the significance of their interaction in perceptual decision-making in association with the level
of GABA in extracellular space: extracellular GABA concentration. Extracellular GABA molecules acted on extrasynaptic
receptors embedded in membranes of pyramidal cells and suppressed them. A reduction in extracellular GABA concentration
either in Ng or Ny increased the rate of errors in perceptual decision-making, for which an increase in ongoing-spontaneous
fluctuations in subthreshold neuronal activity in Ny prior to sensory stimulation was responsible. Feedback (Ny-to-Ng)
signaling enhanced selective neuronal responses in Ng, which in turn increased stimulus-evoked neuronal activity in Ny.
We suggest that GABA in extracellular space contributes to reducing variability in motor cortex activity at a resting state
and thereby the motor cortex can respond correctly to a subsequent sensory stimulus. Feedback signaling from the motor
cortex improves the selective responsiveness of the sensory cortex, which ensures the fidelity of information transmission to
the motor cortex, leading to reliable perceptual decision-making.
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1 Introduction Sandberg and colleagues (Sandberg et al. 2014) measured

GABA levels in human early visual cortex by magnetic

Intracortical inhibition mediated by GABA is crucial for
selective neuronal responses to meaningful stimuli, which
might have a great impact on behavioral performance such
as perceptual decision-making. Orientation selectivity in
primary visual cortex (V1) and orientation discrimination
performance depended on GABAergic inhibition (Edden
et al. 2009), in which a positive correlation between
task performance and GABA concentration was indicated.
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resonance spectroscopy (MRS), and indicated a negative
correlation between GABA concentration and perceptual
error rate. MRS cannot not distinguish extracellular GABA
from that in cellular compartments but nevertheless reveals
changes in global GABA levels in the cortex (Gonzalez-
Burgos et al. 2011). It was suggested (Hasler et al.
2007; Stagg et al. 2011) that MRS-determined GABA
concentration is likely to correlate with extracellular GABA
concentration.

Human subjects with greater perceptual abilities in
a tactile judgment task showed more selective neuronal
activity in primary somatosensory cortex (S1), which was
significantly correlated with greater GABA concentration
(Kolasinski et al. 2017). The researchers suggested that
the observed S1 activity was likely composed of both
ascending somatosensory afferents from the hand as well as
efferent information from the primary motor cortex (M1).
Interestingly, M1 is considered to be a dynamic modulator
of S1 during not only movement but also non-movement
(Zagha et al. 2013). Reciprocal connections between the
sensory and motor cortices were evidenced (Matyas et al.
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2010; Mao et al. 2011), inferring intimate interaction
between the sensory and motor cortices.

Several experimental studies suggested that GABA
concentration in the motor cortex might be correlated
with task performance. Puts and colleagues (Puts et al.
2011) demonstrated that tactile discrimination performance
was significantly correlated with GABA concentration in
the motor cortex but less in the visual cortex. Sumner
and colleagues (Sumner et al. 2010) demonstrated that
competitive action decisions such as shifting gaze to one
stimulus rather than another could be predicted by GABA
concentration in the frontal cortex, which was relevant to
eye movements, but less in the visual cortex. Then, several
important questions arise: what roles does GABA play in
perceptual decision-making? How does the motor cortex
modulate the selective neuronal activity in the sensory
cortex, and how does it in turn affect the motor cortex
activity?

To answer these questions, we simulate a neural network
model that consists of a sensory network (Ng) and a
motor network (Npp). Extracellular GABA molecules act
on extrasynaptic receptors embedded in pyramidal cell
membranes. Here we show that a reduction in extracellular
GABA concentration either in Ng or Ny; deteriorates
perceptual performance (detection of a sensory stimulus),
for which an increase in ongoing-spontaneous fluctuations
in subthreshold neuronal activity in Ny prior to sensory
stimulation is responsible. Feedback (Ny-to-Ng) signaling
enhances selective neuronal responses in Ng, which in
turn increases stimulus-evoked neuronal activity in Ny;. We
conclude that GABA in extracellular space contributes to
reducing variability in motor cortex activity at a resting state
and thereby the motor cortex can respond correctly to a
subsequent sensory stimulus. Feedback signaling from the
motor cortex improves the selective responsiveness of the
sensory cortex, which ensures the fidelity of information
transmission to the motor cortex, leading to reliable
perceptual decision-making.

2 Methods
2.1 Model structure

Based on a previous study (Hoshino et al. 2018), we
constructed a neural network model shown in Fig. 1. A
sensory network (Ng) receives sensory input and a motor
network (Np) generates motor output. The Ng and Ny
contain cell assemblies, with each comprising pyramidal
cells (P) and basket cells (B). Within the same cell assembly
(n), each P cell receives excitatory inputs from other P cells
and inhibitory inputs from B cells. Each B cell receives
excitatory inputs from P cells belonging to different cell
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Fig. 1 Neuronal architecture. The neural network model consists of a
sensory network (Ng) and a motor network (Ny), with each containing
a set of cell assemblies (1 < n < 8). Each cell assembly comprises
pyramidal (P) and basket (B) cells. The open and filled triangles
denote excitatory and inhibitory synapses, respectively. An excitatory

29

current is provided to Ng P cells belonging to cell assembly “n
when presented with feature stimulus “Feature n” as a sensory input.
Inset: A schematic illustration of tonic inhibition. GABA molecules
in extracellular space are accepted by extrasynaptic GABA receptors
and tonically inhibit a P cell

assemblies (n’ # n). P cells are connected in an all-to-all
fashion. Within Ng and Ny, different cell assemblies are
only coupled through P-to-B synapses. Ng and Ny P cells
are recurrently connected between corresponding (n) cell
assemblies in an all-to-all fashion with a delay of 50 ms
(Sachidhanandam et al. 2013; Manita et al. 2015).

The columnar organization of Ng and Ny is a
widely accepted principle of structure observed in sen-
sory (somatosensory, visual, auditory) and motor cortices
(Mountcastle 1997). Pyramidal cells and non-pyramidal
cells (interneurons) are clustered into columnar aggregates.
Axon collaterals of pyramidal cells project to neighbor-
ing pyramidal cells, thereby providing recurrent excitation
within neuronal columns. Lateral inhibition between neu-
ronal columns is mediated by inhibitory interneurons to
which pyramidal cell axon collaterals project. The lateral
inhibitory mechanism allows pyramidal cells to be acti-
vated selectively to a certain feature stimulus in the primary
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sensory cortex and to the planed direction of reaching move-
ments in the primary motor cortex (deCharms and Zador
2000). To simply achieve such recurrent excitation and lat-
eral inhibition respectively within and between neuronal
columns or cell assemblies, we let the B cells receive inputs
from P cells belonging to different cell assemblies but not
from those belonging to the same cell assembly.

Table 1 List of parameters and their values

Gamma-aminobutyric acid (GABA) is the major
inhibitory neurotransmitter, which mediates phasic inhibi-
tion by activating intrasynaptic GABA receptors and tonic
inhibition by activating extrasynaptic GABA receptors
(Semyanov et al. 2004; Farrant and Nusser 2005; Ortinski
et al. 2006). Extrasynaptic GABA4 receptors have been
found in the cortex (Drasbek and Jensen 2006; Scimemi

Symbol Description Value Unit

c Membrane capacitance for cell type cﬁf = cm = 500, cm = cm =115 pF
a(a = Pg, Pm, Bs, Bm)

J 4 Membrane conductance for cell type gII:,S = gm =25, gm = gm =8.2 nS
a(a = Pg, Py, Bs, Bm)

Vo Resting potential for cell type ol =P = _e5,rBs = BM = 70 mV
a(a =Ps,Py,Bs, Buy)

gz Maximal conductance for receptor type gampa = 0.5, ggaBa = 0.7 nS
Z (Z = AMPA, GABA)

vz, Reversal potential for receptor type vampa = 0, vgaa = —80 mV
Z (Z = AMPA, GABA)

N Number of cell-units within cell assemblies 20 *

M Number of cell assemblies 8 *

Efil;s, 5}‘;’})“ Synaptic weight (strength) from j to 5?};5 = w:f‘fJPM =1 *

ith P cell in cell assembly n

w}:?i?s, wff\;'JBM Synaptic weight from jth B to ith P wfi‘?s = w:f‘fJBM =6 *
cell in cell assembly n

w’]:?i];M , wa‘;'JPS Synaptic weight from jth Ny P cell Efil;M = Sf‘fjl.bs =4.6 &
to ith Ng P cell and vise versa
between corresponding (n) cell assemblies

wf’sil,.)s, wf"‘i‘jPM Synaptic weight from ith P to B cell wf,sifs = wf"‘{'jp"" =12 *

' between different (n’ # n) cell assemblies

Sa Amount of extrasynaptic GABAA dpg = dpy;, = 200 *
receptors on cell type a(e = Ps, Pm)

apg Sensory input current 600 PA

pg Input broadness 14 *

o Channel opening rate for receptor type aampa = 1.1 x 10°, OGABA = 5 X 100 M1
Z (Z = AMPA, GABA)

Bz Channel closing rate for receptor type Bamra = 190, BgaBa = 180 s7!
Z (Z = AMPA, GABA)

Glu‘;‘yn Maximal intrasynaptic glutamate Gl u;yn = GluSyn = mM
concentration released from cell type
a(a = Ps, Pm)

GAB A‘Zyn Maximal intrasynaptic GABA GABAgSn = GABASyn =1 mM
concentration released from cell type
o (¢ = Bs, Bm)

No Steepness of sigmoid function for nps = npy = 240, ngg = nBy = 300 mV~!
cell type a(a = Ps, Py, Bs, By)

O Threshold of sigmoid function for Ops = Opy = —33, 05 = Oy, = —31 mV
cell type a(¢ = Ps, Pym, Bs, Bm)

[GABA]ext Basal extracellular GABA [GABA]ext = [GABA]ex[ = uM
concentration in network type Nx (X =S, M)

* unitless
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et al. 2006). As illustrated in the inset of Fig. 1, extrasynap-
tic GABA receptors are embedded in P cell membranes.
GABA molecules in extracellular space act on extrasynaptic
GABA, receptors and provide P cells with tonic inhibitory
current.

Inhibition through B cells suppresses P cells in a
phasic manner, where spike generation in B cells is vital.
In contrast, inhibition mediated by extracellular GABA
suppresses P cells in a tonic manner, where spiking activity
is unnecessary; namely, it persistently suppresses P cells
during both ongoing-spontaneous and stimulus-presented
periods. We did not introduce extracellular GABA-mediated
inhibition of B cells, because it is unlikely to play any
significant role in this study. The extracellular GABA-
mediated inhibition will suppress B cells and presumably
impair lateral inhibition of P cells, which, however, can
be compensated by strengthening the P-to-B synaptic
connection weight and thus we will reach the same
conclusion.

Intrasynaptic GABA rises to a millimolar level triggered
by a presynaptic action potential (Maconochie et al. 1994;
Jones and Westbrook 1995), while extracellular GABA is
maintained within a range of submicromolar to several
micromolar levels (Lerma et al. 1986; Tossman et al. 1986;

Scimemi et al. 2005). Extracellular GABA could originate
from various sources such as spillover from synaptic clefts
and non-synaptic release from neurons and glia (Semyanov
et al. 2004). The lower extracellular GABA level is
sufficient to activate extrasynaptic but not intrasynaptic
GABA, receptors. Extrasynaptic GABA, receptors which
contain the § subunit (Somogyi et al. 1989; Nusser et al.
1995; Brickley et al. 1996; Soltesz and Nusser 2001) have
high affinity for GABA (Saxena and Macdonald 1996;
Brown et al. 2002) and little desensitization to continuous
activation by GABA (Bianchim et al. 2001, 2002), leading
to tonic inhibition of neurons even at lower extracellular
GABA levels.

In numerical simulations, we used the Euler method
to integrate model equations, which will be defined
in Sections 2.1 and 2.2. C-language was used for
programming. Time step size for numerical calculation was
100 microseconds. Parameter values are given in Table 1.

2.2 Sensory cortex

In the Ng, dynamic evolution of membrane potentials of the
ith P and B cells that belong to cell assembly 7 is defined by

d P P P P<P P<B PP E
Cisavn,si(f) = —gRS WS () — v) + L3S () + L3P (1) + 1SN @) + 13 (0) + 15 (1), M
d B B B BsP
cﬁsavnj.(t) —gBs WS () — o) + 1P (1), o
N
PSP P PsPs P
L5 (0 = —gampa(v, (1) = vamea) D w,3°r, 5 (0), 3)
et
N
PsB P PsBs B
155 (1) = —gGaBa (v, (1) — vGaBa) ) w, 557, S (1), @
j=1
N
IO = s O30 = ) L 0. o
j=1
If? ) = _gGABA(”rI:,S} (1) — UGABA)rSpSr,]iSi @), ©
I5(t) = apgexp(— |”T; S'), (&e{1,2,3,..,n,..,M}) D
S
M
L3P (0) = —gampa(v,5 () — vampa) Y w,s 3r,% (0). ®
n'=1
n'#n

. PgPg . . .
In these equations, /,, % > (¢) is an excitatory synaptic current

from other P cells, 173Bs

» 1,77 (1) an inhibitory synaptic current

from B cells, If Sl.PM (#) an excitatory synaptic current from

Ny P cells, 158

, 1, ; (¢) an inhibitory nonsynaptic current medi-
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are P-to-P, B-to-P, P(N\)-to-P(Ng) and P-to-B synaptic
connection weights, respectively. rf’sj (t) and r,f}‘; (t) are the
fractions of AMPA receptors in the open state triggered
by presynaptic action potentials of the jth Ng and Ny P
cells, respectively. rﬁ Sj (t) is the fraction of intrasynaptic
GABA4 receptors in the open state triggered by presynap-

tic action potentials of the jth B cell. r, % (r) is the fraction

of extrasynaptic GABA, receptors, located on the ith P

cell, in the open state provoked by extracellular GABA. §pq

expresses the amount of extrasynaptic GABA4 receptors

embedded in P cell membrane (Hoshino 2009, 2012, 2014).
Ps Bs Ps Bs Pg Bs

Cm > Cm > 8m > &m » Vrests Vrest» SAMPA s §GABA; VAMPA,

VUGABA, 0pg and Tpg are constants defined in Table 1.

Receptor dynamics in current equations are defined by

d
T () = aaveAlGIul,; (0(1 = 1% (0) = Banear, (1. ©)
d
() = aGaBA [GABALS, (0(1 = 1,5 = fanpar, 5 ®). (10)
d
T () = aGaBA [GABAR (1= 7,%,(1) = Bosar, (1), an

where [Glu]i?j(t) and [GABA]Sfj (t) denote glutamate
and GABA concentrations released from the jth P and
B cells into synaptic clefts, respectively. [GABA]Sxt
denotes the basal extracellular GABA concentration.
OAMPA, ¥GABA, Bampa and Bgapa are constants defined in
Table 1.

Probability of neuronal firing is defied by

PF,) ;= 1 ! = .

+exp(—11a (V% (1) — Oa))
When a cell generates an action potential, its membrane
potential is depolarized to vy (10 mV), kept for 1 ms, and
then reset to the resting potential. n, and 6, are constants
defined in Table 1.

(¢ =Ps,Bs) (12)

An action potential triggers a release of glutamate or
GABA into the synaptic cleft. Intrasynaptic neurotransmit-
ter concentrations are defined by

[GIu1,S; (1) = GluS$,H (v, (t) — vac0), (13)
[GABALS, (t) = GABABS H(upS(1) — vact). (14)

where Gl usysn and GAB Alsaysn are quantal discharges of
neurotransmitters. H is a Heaviside function that is nonzero
only during the brief window of an action potential: 1 ms.

2.3 Motor cortex

In the Njj, dynamic evolution of membrane potentials of the
ith P and B cells that belong to cell assembly 7 is defined by

d p p p PmP) PmB PuP -
e’ 2Vt (0 = =m0, () = el + L0 + LN O 1T 0 + 4,710, "
d B B B BmP
Crl?lMavn,l\iA @) = _grliM (vn};‘d (1) — vrelg/{) + In,l;/[ M(t)’ (e
N
PuP P PyvPMm P
In,I;‘A M) = —gAMPA(vnf\?(t) — VAMPA) an%[ern}\;(l), (17)
=1
§?3i
N
PuB P PvBMm B
LMt = —geaBa (v, (1) — vGaBA) anyj M @, o
j:1
N
PP PmPs P
In,l;/l S(z‘) = —gAMpA(vrlii(l‘) — UAMPA) Z wnf\;’lj Srn,sj ), >
j=1
E P E
1,57 (1) = —gGaBa (v, (1) — vGABA)Spy T, ; (1), )
M
BuP B BmPMm P
LM () = —gampa(U, (1) — vamea) D wot MM (1), b
n’=1
n'#n

. PmPum . . .
In these equations, I, 3" (r) is an excitatory synaptic

current from other P cells, I: "i"BM (#) an inhibitory synaptic

PumPs o .
current from B cells, [, ;" () an inhibitory synaptic

current from Ng P cells, If Y (¢) an inhibitory nonsynaptic
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current mediated by extracellular GABA via extrasynaptic
receptors, and [, BMPM (t) an excitatory synaptic current from
P cells. wPMPM wSI‘fJBM w,l:“f})s and wfyle are P-to-P, B-to-
P, P(Ng)- to- P(Ny) and P- to-B synaptic connection weights,
respectively. cf; , c,?]M, g,iM, gﬁM, vfel‘:t, vrBeI;’{ and dp,, are
constants deflned in Table 1.

M(t) and r, M(t) were similarly defined as in Ng, and
,]i ™ (t) is defined by

d
—riM(1) = agasa [GABAR, (1 —

prars Py (D) = Baasar, ¥ (1).(22)

where [GABAI, denotes the basal extracellular GABA
concentration. Probability of neuronal firing and neuro-

transmitter concentrations were similarly defined as in Ng.

3 Results

3.1 Influence of extracellular GABA on perceptual
decision-making

To assess how the level of extracellular GABA affects
perceptual decision-making that takes place in Nyj, we
ran three simulations: the control condition, the level of
extracellular GABA in Ng ([GA BA]ext, see Eq. 11) or Ny
(IGABA,; see Eq. 22) was decreased from 2 uM to
0 uM. As shown in Fig. 2a (bottom), stimulus-sensitive
(n = 4) Ny P cells can respond correctly to a feature
stimulus: Feature 4 (§ = 4; see Eq. 7). This corresponds
to a successful perceptual decision. However, as shown
in Fig. 2b, stimulus-insensitive (n = 3) P cells happen to
respond wrongly to the stimulus if the level of extracellular
GABA is decreased in the Ng (left) or Ny (right). These
perceptual errors arise largely from a large tpg value (14;
see Table 1 and Eq. 7) and indicate that intracortical tonic
inhibition is crucial for reliable perceptual decision-making.

To investigate in more detail how the level of extra-
cellular GABA affects the perceptual decision-making, we
measured the rate of perceptual errors. As shown in Fig. 3a,
the reduction of extracellular GABA concentration in Nyg
(IGABA,) fatally increases the error rate, almost irre-
spective of the GABA level in Ns ((GABALS,). Decreasmg
[GABA] ¢ increases the error rate if [GABA] <t 1 less
than 1.5 uM (e.g., see the circled 1 to 3). Interestlngly, the
increase of the error rate by decreasing [GABA] ¢ 1S not
so significant if [GABA]ext is greater than 1.5 uM. This
result may explain why tactile discrimination performance
was significantly correlated with GABA concentration in
the motor cortex but less in the visual cortex (Puts et al.
2011).

To elucidate possible roles of extracellular GABA in
perceptual decision-making, we investigated whether and
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how the level of extracellular GABA affects the variabil-
ity of neuronal activity. This was motivated by a study
(Fox et al. 2007) that demonstrated that blood oxygen level-
dependent (BOLD) responses in the somatomotor cortex
were correlated with perception and behavior in human sub-
jects and suggested that ongoing-spontaneous fluctuations
in neuronal activity might account for variability in human
behavior, e.g., the force of button press. Figure 3b shows
ongoing-spontaneous membrane potentials recorded from
Nwm P cells under the three extracellular GABA level con-
ditions (circled 1, 2 and 3 which correspond to those in
panel a). Their means and variances are shown in Fig. 3c,
indicating that a reduction in extracellular GABA concen-
tration depolarizes the membrane potentials and increases
their fluctuations (see the solid traces) from those of the ini-
tial condition (see the dashed traces which correspond to the
circled 1).

Figure 4a shows their dependence (time-averaged for
Fig. 3c) on extracellular GABA level, from which we
derived the relation between the mean and the variance
as shown in Fig. 4b (left). This result indicates that the
membrane hyperpolarization by increasing the level of
extracellular GABA contributes to reducing the variability
in subthreshold neuronal activity in Ny at the resting state
(see the squares). Interestingly, we found a clear positive
correlation between the variance and the error rate as shown
in Fig. 4b (right). This result supports the conclusion:
ongoing-spontaneous fluctuation in motor cortex neuronal
activity accounts for variability in human behavior (Fox
et al. 2007).

3.2 Feedback influence of motor cortex on selective
neuronal responses in sensory cortex

As has been addressed in Section 1, the primary motor cor-
tex (M1) is considered to be a dynamic modulator of the
somatosensory cortex (S1) during not only movement but
also non-movement (Zagha et al. 2013). Reciprocal con-
nections between the sensory and motor cortices (Matyas
et al. 2010; Mao et al. 2011) infer intimate interaction
between them. To see how the feedback signaling from Ny
affects the selective responsiveness of Ng, we increased
the synaptic connection weight from Ny; to Ng P cells
(w,l:?iiM, see Eq. 5). As shown in Fig. 5a, an increase
in feedback signaling by strengthening the weight from
3 (left) to 5 (right) enhances the selective responsive-
ness of Ng P cells (top-right, n = 4) and the stimulus-
evoked responses of Ny P cells (bottom-right, n = 4).
In Fig. 5b, the top-left (open circles, triangles, squares,
asterisks) and top-right panels show the dependence of fir-
ing rate of Ng P cells on the synaptic connection weight,
indicating that the increase of feedback signaling sharpens
the sensory tuning of the Ng to the applied feature stimulus.
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Fig.2 Network behavior. a
Responses (action potentials) of
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To evaluate the selective responsiveness (i.e., the tuning
performance) of the Ng, we measured “feature bias”, which
is defined by

8
| 2 R(k)exp(i2m(k — 1)/8)]

k=1 . (23)

FB:
%}R(k)

R(k) is the firing rate of a P cell when presented with
a sensory stimulus (Feature k) (1 < k < 8). FBis a
measure similar to orientation bias (OB) that is used for
visual systems such as lateral geniculate nucleus (Xu
et al. 2002) and primary visual cortex (Leventhal et al.
1995). We summarize how to measure OB. Responses of
a cell to different orientations (angles) of a bar-stimulus
{e.g.,0,7/8,27/8,3n /8,47 /8,57 /8, 67 /8, Tm/8} are
stored as a series of vectors. The vectors are added and
divided by the sum of the absolute values of the vectors.

The angle and the length of the resultant vector provide,
respectively, the preferred direction and the degree of ori-
entation preference of that cell. The degree of orientation
preference is termed “orientation bias (OB)”. Since the
periodicity of orientation is 7, these angles are multiplied
by a factor of two. As a consequence, OB ranges from 0 to
1.0, with O being completely insensitive to any orientation
and 1.0 responding to only one orientation.

Figure 5b (bottom-left) indicates that the feedback
signaling from the Ny contributes to sharpening the sensory
tuning of the Ng. It may be noted that to ensure the selective
responsiveness (FB > 0.5; see the open arrow), minimal
Nwm P cell activity as feedback signaling is required (see the
open arrow in the top-left panel). Based on these results, we
derived the relation between the FB score and the firing rate
of stimulus-sensitive Np; P cells as shown in the bottom-
right panel, indicating a positive correlation between them.
This result suggests that the feedback signaling from the Ny
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Fig.3 Influence of extracellular
GABA on perceptual
decision-making. a Dependence
of perceptual error rate on
extracellular GABA
concentrations in Ng

(IGABA1S,,) and Ny

ext
(IGABATM). b
Ongoing-spontaneous
membrane potentials recorded
from Ny P cells under the three
extracellular GABA level
conditions; see the circled 1, 2
and 3 in panel a. ¢ Modulation
of ongoing-spontaneous
membrane activity by
extracellular GABA. The solid
traces denote the means (fop)
and variances (bottom) of
ongoing-spontaneous Ny P cell
membrane potentials where
(IGABAIM,) (left) or
[GABALS,, (right) was
decreased to O uM. The dashed
traces denote those obtained c
under the initial condition:

(IGABAM,, [GABALS,) =(1 < -65
uM, 2 uM) [
c 67
©
0}
€ 68
D
>
é 4
®
o 2
c
©
g 0

contributes to enhancing the selective responsiveness of the
Ns.

To elucidate how the feedback signaling affects the
perceptual decision-making performance, we investigated
the dependence of the error rate on the intensity of feedback
signaling; i.e., on wzfiI;M. As shown in Fig. 5¢ (leff), too
intense feedback signaling increases errors in decision-
making (wgi.?M > 6). Figure 5¢ (right) shows the relation
between the error rate and the firing rate of stimulus-
sensitive Ny P cells. This result indicates that too strong Ny
activation (>~50 Hz) deteriorates the perceptual decision-
making performance and suggests that the connection
weight (w,$7™) should be limited up to 5 (see the filled up-
arrow in the top-left panel of Fig. 5b) for the improvement
of sensory tuning performance (see the bottom-left panel of
Fig. 5b).
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As has been address in Section 1, inhibitory tone
correlates with the tuning performance of the sensory
cortex. So we investigated how the level of extracellular
GABA affects the FB score. Figure 6a (fop) shows
FBs, indicating that an increase in extracellular GABA
concentration in Ng ([GABA]gxt) leads to an increase
in selective responsiveness, which is remarkable if the
intensity of feedback signaling is sufficient (squares). The
middle panel shows the firing rate of stimulus-sensitive
Nwm P cells, based on which we derived its relation to the
FB score shown in the bottom panel, indicating a positive
correlation between them.

Then, we investigated how the level of extracellular
GABA in Ny affects the FB score. As shown in Fig. 6b
(top), we found that the ability of sensory tuning could
be ensured if [GABALY, is less than ~2 uM. This result
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Fig. 4 Correlation between neuronal variability and perceptual
performance. a Dependence of the mean (fop) and variance
(bottom) of ongoing-spontaneous Ny P cell membrane potentials
on extracellular GABA level. The means and variances were time-
averaged representations of those in Fig. 3c. b Relations between the
mean and the variance (/eft) and between the error rate and the variance

(right)

suggests that although the higher the GABA level in Ny,
the lower the error rate (see Fig. 3a), it should be limited
(up to ~2 uM). Otherwise, the tuning performance of the
N is to be deteriorated. The bottom panel indicates a clear
positive correlation between the FB score and the firing rate
of stimulus-sensitive Ny P cells. These results suggest that
cortical extracellular GABA has crucial roles in tuning to
sensory stimuli.

3.3 Significance of reduction of variability
in ongoing-spontaneous motor cortex activity
by tonic inhibition

In Section 3.1, we showed that the tonic inhibition of Nys P
cells by extracellular GABA was beneficial for the reduction
of variability in ongoing-spontaneous neuronal activity,
thereby decreasing errors in perceptual decision-making. In
this section, we examined whether the intracortical phasic
inhibition mediated by GABAergic interneurons (B cells)
could reduce the neuronal variability and therefore decrease

the error rate. As shown in Fig. 7a (top-left), strengthening
B-to-P connection weights (wgf‘ffM, circles) hyperpolarizes
Nwm P cells, whose tendency is similar to that obtained by
the tonic inhibitory scheme (triangles). However, as shown
in the right panel the variability in ongoing-spontaneous
neuronal activity differs: the phasic inhibitory scheme
(circles) can not reduce but rather increases the neuronal
variability. Nevertheless, these (tonic and phasic) inhibitory
schemes show similar ongoing-spontaneous firing activity,
as shown in the bottom-left panel of Fig. 7a. The bottom-
right panel of Fig. 7a indicates that an increase in phasic
inhibitory tone results in an increase in perceptual error rate
(circles).

As shown in Fig. 7b (left), we derived from these results
the relation between the mean membrane potential and
the neuronal variance, indicating that the hyperpolarization
induced by tonic (triangles) but not by phasic (circles)
inhibition can reduce the ongoing-spontaneous neuronal
variability. The right panel of Fig. 7b indicates a positive
correlation between the neuronal variance and the error
rate for the tonic (triangles) and phasic (circles) inhibitory
schemes. These results suggest that the tonic inhibitory
scheme is beneficial for the reduction of variability in Ny
activity at a resting state and thus for the reduction of
perceptual errors (see the triangles).

To understand what accounts for the difference in
ongoing-spontaneous neuronal variability between the tonic
and phasic inhibitory schemes, we recorded membrane
potentials and analyzed them. Figure 7c shows histograms
of ongoing-spontaneous membrane potentials, where Ny
P cells at an initial condition (thick solid trace) are
hyperpolarized by tonic inhibition (dashed trace) or by
phasic inhibition (thin solid trace). The narrow distribution
around the mean (~-67 mV) indicates that the tonic
inhibitory scheme can hyperpolarize Ny P cells with
less membrane potential fluctuations. Whereas, the wide
distribution around the mean (~-67 mV) indicates that
the phasic inhibitory scheme results in greater membrane
potential fluctuations. This results in an increase in neuronal
variability at the resting state.

4 Discussion

Interaction between sensory and motor cortices is crucial
for perceptual decision-making, in which intracortical
inhibition might have an important role (Edden et al.
2009; Sandberg et al. 2014). We simulated a neural
network model to elucidate the significance of interaction
between sensory (Ng) and motor (Nyr) cortices in perceptual
decision-making in association with the level of GABA in
extracellular space. Extracellular GABA molecules acted
on extrasynaptic receptors embedded in membranes of
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pyramidal (P) cells and suppressed them. A reduction
in extracellular GABA concentration either in Ng or
Ny increased the rate of errors in perceptual decision-
making, for which an increase in ongoing-spontaneous
fluctuations in subthreshold neuronal activity in Ny prior
to sensory stimulation was responsible. Feedback (Ny-to-
Ns) signaling enhanced selective neuronal responses in Ng,
which in turn increased stimulus-evoked neuronal activity
in N. We suggest that GABA in extracellular space
contributes to reducing variability in motor cortex activity
at a resting state and thereby the motor cortex can respond
correctly to a subsequent sensory stimulus. Feedback
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signaling from the motor cortex improves the selective
responsiveness of the sensory cortex, which ensures the
fidelity of information transmission to the motor cortex,
leading to reliable perceptual decision-making.

The primary motor cortex is known to control voluntary
movement; however, it also exhibits responses to various
sensory stimuli: vision and somatosensation (Hatsopoulos
and Suminski 2011). An experimental study (Sachidhanan-
dam et al. 2013) investigated the link between membrane
potential and perceptual judgment. A mouse was trained to
detect single brief whisker stimuli and to report perceived
stimuli by licking to obtain a reward. Whole-cell recordings
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Fig. 6 Influence of extracellular GABA level on sensory tuning
performance. a Dependence of FB (top) and Ny P cell firing rate
(middle) on extracellular GABA level in Ng, and the relation between
the FB score and the firing rate (bottom). The intensity of feedback
signaling was changed by varying the synaptic connection weight
(w’l:fil;M): 5 (circles), 6 (triangles), 8 (squares). b Dependence of FB
(top) and Ny P cell firing rate (middle) on extracellular GABA level in
Nwm, and the relation between the FB score and the firing rate (bottom)

from barrel cortex neurons revealed that membrane poten-
tial correlated with perceptual judgments. Whisker deflec-
tion evoked an early (less than 50 ms) and a late (50-400 ms)
depolarization. The researchers found that the late depolar-
ization component was enhanced on hit trials but not on
miss trials. They concluded that the late membrane activity
contributes to driving perceptual judgments, and suggested
that internal command from the motor cortex could provide
a top-down source for the late membrane response in the
sensory cortex. Manita and colleagues (Manita et al. 2015)
identified a neural circuit consisted of long-range recipro-
cal projections between motor and somatosensory cortices,
and demonstrated that the recurrent input to the sensory cor-
tex was essential for accurate perceptual judgments. The
flattening of sensory tuning in V1 observed in old animals
was considered responsible for their poor detection perfor-
mance (Schmolesky et al. 2000). Our study indicates the
importance of the motor to sensory cortex feedback sig-
naling for tuning to external stimuli, leading to reliable
decision-making.

Makino and colleagues (Makino et al. 2016) pro-
posed a circuit model of sensorimotor associative learn-
ing. In their model, sensorimotor association is initially
executed by dopamine-dependent plasticity to strengthen
corticostriatal synapses in the basal ganglia carry-
ing specific sensory information. This pathway drives
specific motor responses via prefrontal cortex (PFC).
The basal ganglia output to PFC also strengthens sensory
input synapses in PFC, which subsequently forms a pathway
from sensory cortex to PFC and to motor cortex, bypass-
ing the basal ganglia. Further training can create the direct
sensory-motor cortical pathway via coincidental activation-
dependent synaptic plasticity. Zach and colleagues (Zach
et al. 2008) demonstrated that primary motor cortex neu-
rons of macaques became sensitive to the visual features
of stimuli such as colors after learning to associate differ-
ent colors with different reaching movements. In our neural
network model, the coordinated wiring between Ng and Ny
P cells was assumed as a result of sensorimotor associative
learning.

We showed that a reduction of variability in ongoing-
spontaneous membrane potential in the motor cortex
decreased the perceptual error rate. A study (Fox et al.
2007) indicated a close correlation between blood oxygen
level-dependent (BOLD) response in the somatomotor cor-
tex and perception and behavior in human subjects, and
suggested that fluctuation in ongoing-spontaneous mem-
brane potential might account for variability in human
behavior. Our study points to a possible strategy employed
by the brain for the reduction of neuronal variability
in the motor cortex so as to improve behavioral perfor-
mance: tonic inhibition of motor cortex by extracellular
GABA.

To reduce the neuronal variability in the motor cortex,
we employed the extracellular GABA-mediated inhibitory
mechanism. Homeostatic scaling may be another possible
mechanism. Homeostatic scaling operates as a compen-
satory negative feedback mechanism to maintain neural
network stability. It normalizes all synaptic connections by
decreasing the strength of each synapse by the same factor
(Turrigiano and Nelson 2000; Siddoway et al. 2014). Home-
ostatic scaling of P cells may work to reduce the neuronal
variability in the motor cortex.

Sandberg and colleagues (Sandberg et al. 2014) mea-
sured GABA levels in human early visual cortex by mag-
netic resonance spectroscopy (MRS), and indicated a neg-
ative correlation between GABA concentration and percep-
tual error rate. Another study (Puts et al. 2011) demon-
strated that tactile discrimination performance was signif-
icantly correlated with GABA concentration in the motor
cortex but less in the visual cortex. These contradictory
results could be explained by our study. Namely, a reduc-
tion of extracellular GABA concentration in Ng increases
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the error rate if the extracellular GABA level in Ny is insuf-
ficient (see Fig. 3a,[GABA]2§{t < 1.5uM). In contrast, a
reduction of extracellular GABA concentration in Ng does
not significantly increase the error rate if the extracellular
GABA level in Ny is sufficient (see Fig. 3a,[GAB A]g’,{t >
1.5uM). Notably, the reduction of extracellular GABA lev-
els in Ny fatally increases the error rate, almost irrespective
of extracellular GABA levels in Ng (see Fig. 3a,0uM <

@ Springer

[GABA]eSXt < 2uM). Our previous study (Hoshino et al.
2018) demonstrated that transient reduction of extracel-
lular GABA concentration in the sensory cortex, which
was mediated by gliotransmission, accelerated the reaction
speed of the motor cortex to sensory stimulation. These
studies may provide insights into possible roles of extra-
cellular GABA-mediated inhibition of sensory and motor
cortices in perceptual decision-making.
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