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Parkinson’s disease (PD) is a neurodegenerative brain disorder associated with
dysfunction of the basal ganglia (BG) circuitry. Dopamine (DA) depletion in
experimental PD models leads to the pathological strengthening of pallido-subthalamic
synaptic connections, contributing to the emergence of abnormally synchronized neuronal
activity in the external segment of the globus pallidus (GPe) and subthalamic nucleus
(STN). Augmented GPe-STN transmission following loss of DA was attributed to
heterosynaptic plasticity mechanisms induced by cortico-subthalamic inputs. However,
synaptic plasticity may play a role in this process. Here, by employing computational
modeling we show that assuming inhibitory spike-timing-dependent plasticity (iISTDP) at
pallido-subthalamic synapses can account for pathological strengthening of pallido-
subthalamic synapses in PD by further promoting correlated neuronal activity in the
GPe-STN network. In addition, we show that GPe-STN transmission delays can shape
bistable activity-connectivity states due to iISTDP, characterized by strong connectivity and
strong synchronized activity (pathological states) as opposed to weak connectivity and
desynchronized activity (physiological states). Our results may shed light on how abnormal
reshaping of GPe-STN connectivity by synaptic plasticity during parkinsonism is related to
the PD pathophysiology and contribute to the development of therapeutic brain stimulation
techniques targeting plasticity-induced rewiring of network connectivity.

Keywords: inhibitory spike-timing-dependent plasticity, synaptic plasticity, parkinson’s disease, synchronization,
basal ganglia

INTRODUCTION

Parkinson’s disease (PD) is a movement-related disorder that is associated with widespread multi-
systemic neurodegeneration (McGregor and Nelson, 2019). Some PD symptoms are related to
neuronal loss, whereas others are associated with abnormal neuronal activity (McGregor and Nelson,
2019). Particularly, motor symptoms of PD are linked to significant degeneration of dopaminergic
(DAergic) neurons in the substantia nigra pars compacta (SNc) (Brown et al., 2001; Levy et al., 2002;
Mallet et al., 2008b). Motor impairment in PD is accompanied by the emergence of excessive
neuronal synchronization and abnormal beta band (15-30 Hz) oscillations in the external segment of
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FIGURE 1 | Schematic illustration of the recurrently connected GPe-STN network. (A) GPe receives inhibitory input from striatum via the indirect pathway and
relays it toward STN. Furthermore, STN receives excitatory input from cortex via the hyperdirect pathway. (B) Structure of the GPe-STN network where only the synaptic
connections in the pallido-subthalamic pathway (solid red) are modified according to ISTDP. Gsg (Ggs) denotes the mean GPe — STN (STN — GPe) synaptic strength,

and Igpe (IsTn) represents the external current applied to GPe (STN).

globus pallidus (GPe) and subthalamic nucleus (STN) (Kiithn
et al., 2006; Hammond et al., 2007; Mallet et al., 2008a; Neumann
etal, 2017; Asadi et al., 2022), that together may play the role of a
pacemaker in the basal ganglia (BG) circuitry (Plenz and Kital,
1999; Bevan et al, 2002; Holgado et al, 2010). Abnormal
rhythmogenesis in the recurrently connected GPe-STN
network occurs following the cascade of structural and
functional changes after dopamine (DA) loss (Day et al., 2006;
Moran et al,, 2011; Fan et al., 2012; Miguelez et al., 2012; Lemos
et al,, 2016; Chu et al,, 2017; Madadi Asl et al.,, 2022). This
ultimately leads to the dysfunction of cortico-BG-thalamo-
cortical (CBGTC) loop, as implicated in several movement
disorders (DeLong and Wichmann, 2007).

It is widely accepted that the GPe-STN network within the BG
is mediated by cortical inputs via two pathways (see Figure 1A)
(McGregor and Nelson, 2019): In the indirect pathway, striatum
receives cortical excitation and sends inhibitory inputs to STN
through GPe (i.e., cortex — striatum — GPe — STN), whereas
the cortical excitation is directly conveyed to STN via the
hyperdirect pathway (i.e., cortex — STN). The output of STN
is then transmitted towards the BG output nuclei and,
consequently, to the thalamo-cortical circuits. The findings of
experimental PD models revealed that synaptic transmission in
the indirect pathway (Fan et al., 2012; Miguelez et al., 2012; Lemos
et al,, 2016) and hyperdirect pathway (Chu et al.,, 2017, 2015) is
altered following DA loss. This can result in the imbalance of
excitation and inhibition converging towards STN, leading to
abnormally synchronized neuronal activity in the GPe-STN
network (Galvan et al, 2015). This excessive neuronal
synchronization is then propagated to the BG output nuclei,
contributing to the motor dysfunction in PD (Hammond et al,,
2007; Galvan and Wichmann, 2008).

In particular, Fan and colleagues (Fan et al., 2012) found that
the strength of pallido-subthalamic (GPe-STN) synapses are

significantly increased following the degeneration of midbrain
DAergic neurons in 6-hydroxydopamine (6-OHDA)-lesioned
rodents. This proliferation occurred due to an increase in both
the number of synaptic connections per GPe-STN axon terminal
and their strengths in lesioned rodents compared to control
condition (Fan et al., 2012). It has been hypothesized that the
STN balances cortical excitation (in the hyperdirect pathway) and
pallidal inhibition (in the indirect pathway) likely by an intrinsic
homeostatic mechanism (Chu et al., 2015). Excessive engagement
of this regulatory mechanism during parkinsonism leads to the
pathological strengthening of pallido-subthalamic synapses by
heterosynaptic long-term potentiation (hLTP), as demonstrated
in 6-OHDA-lesioned rodents (Chu et al., 2015, 2017).
However, synaptic plasticity may play a role in the
pathological strengthening of GPe-STN synapses following DA
depletion; for a comprehensive review see Madadi Asl et al.
(2022). First, altered striato-pallidal (Day et al., 2006; Lemos
et al,, 2016) and pallido-pallidal (Miguelez et al., 2012) synaptic
transmission can reduce GPe-STN activity (Magill et al., 2001;
Mallet et al., 2012), resulting in an elevated activation of STN
N-methyl-D-aspartate receptors (NMDARs) which further
promotes the strengthening of GPe-STN inputs (Chu et al,
2017, 2015). Second, abnormally correlated activity of GPe
neurons and STN neurons in PD state (Mallet et al., 2008a)
suggests that NMDAR-dependent synaptic plasticity may play
the role of classical coincidence detectors in this process where
parkinsonian GPe- STN activity would both promote and be
promoted by this form of plasticity (Chu et al., 2017, 2015). In
fact, experimental observations in parkinsonian rodents showed
that the knockdown of STN NMDARSs prevents the strengthening
of GPe-STN synapses (Chu et al, 2015). Therefore, we
hypothesized that spike-timing-dependent plasticity (STDP) at
GPe-STN synapses can explain the pathological strengthening of
GPe-STN synapses during parkinsonism. Such adaptive changes
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in synaptic connectivity can promote abnormal neuronal activity
in the GPe-STN network.

It is shown that STDP can lead to the emergence of bistable
dynamical states due to the coevolution of activity-connectivity
patterns (Aoki and Aoyagi, 2009; Gilson et al., 2009; Madadi Asl
et al, 2018a) which computationally relate to normal and
parkinsonian network dynamics (Madadi Asl et al, 2022),
i.e, physiological states (weak synchrony, weak connectivity)
as opposed to pathological states (strong synchrony, strong
connectivity) (Popovych and Tass, 2012; Lourens et al., 2015;
Madadi Asl et al., 2018c). When STDP mediates the evolution of
the network connections, the correlated neurons that causally fire
together in a synchronized manner (with small time difference
between their spikes) form stronger synapses than those
uncorrelated neuronal groups that fire with large time
differences in a desynchronized manner which is due to the
competitive nature of STDP (Song et al.,, 2000). Accordingly,
strong synapses between neurons can further synchronize their
firing activity, whereas the activity of loosely connected neurons
remains relatively desynchronized (Kozloski and Cecchi, 2010).
In this way, STDP leads to the coevolution of the activity-
connectivity patterns through a feedback loop in plastic
networks (Lubenov and Siapas, 2008; Aoki and Aoyagi, 2009;
Gilson et al., 2009; Kozloski and Cecchi, 2010; Knoblauch et al.,
2012; Madadi Asl et al., 2017).

To test our hypothesis, we considered a simple model of GPe-
STN network where the inter-population pallido-subthalamic
synapses were modified according to an inhibitory STDP
(iSTDP) rule (Woodin et al., 2003; Vogels et al., 2011). We set
the network in a normal state and a PD state by adjusting the
current applied to GPe and STN. Then, we explored how iSTDP
can reshape GPe-STN connectivity in normal and PD state based
on the uncorrelated and correlated neuronal activity in a
reciprocally  connected network model of GPe-STN.
Particularly, uncorrelated firing of the GPe and STN neurons
leads to the weakening of GPe-STN synapses due to iSTDP,
establishing a loosely connected network in normal state.
However, in PD state GPe-STN synapses are abnormally
strengthened due to the correlated GPe-STN firing, further
promoting pathologically synchronized activity in the network
which is a hallmark of PD (Hammond et al., 2007).

In addition, transmission delays critically affect the emergent
structure and dynamics in recurrent networks with plastic
synapses (Lubenov and Siapas, 2008; Madadi Asl et al., 2017),
and give rise to mutistable network dynamics (Madadi Asl et al,,
2018a), i.e., coexistence of qualitatively different stable attractor
states characterized by strong neuronal synchronization and
strong synaptic connectivity (pathological states), and weak
synchrony with weak synapses (physiological states). To
further investigate the effect of delays on the dynamics and
structure of the GPe-STN network in normal and PD state, we
introduced transmission delays between GPe and STN and
showed that inter-population delays lead to the bistability
between pathological states (strong synchrony, strong
connectivity) and more physiologically favored states (weak
synchrony, weak connectivity). This bistability emerges due to
the delay-induced shifting of spike time differences at synapses

iISTDP-Induced GPe-STN Connectivity in PD

that regulates the outcome of iSTDP (Kozloski and Cecchi, 20105
Knoblauch et al., 2012; Babadi and Abbott, 2013; Madadi Asl
et al, 2018b). Our results show that iSTDP may stabilize
physiological and pathological patterns of neuronal activity
and synaptic connectivity in the parkinsonian GPe-STN
network depending on the strength of inputs and the range of
transmission delays.

MATERIALS AND METHODS
Neuron and Network Model

We used a simple model of interconnected GPe-STN network
shown in Figure 1A. The input of striatum toward GPe (via the
indirect pathway) and the input of cortex to STN (via the
hyperdirect pathway) were simulated as a constant current.
The GPe-STN network was constructed by assuming N = 100
randomly connected neurons within GPe and STN, as
schematically shown in Figure 1B. Connection probability
within each nucleus was 20%, whereas the two populations
were sparsely connected to each other in a random manner
with a 10% probability.

The membrane potential dynamics of GPe/STN neurons is
described by a single-compartment conductance-based model
introduced by Terman and colleagues (Terman et al., 2002), as
follows:

av;
Cm? =~Ip — Ix = Ina = It = Tca = Tanp = Ign + Igpesstns (1)

where C,, = 1 pF//Am2 is the membrane capacitance, and Igpe/sTn
is the current applied to GPe/STN. The leak current (I),
potassium current (Ix), sodium current (Iy,) and high-
threshold calcium current (Ic,) are described by Hodgkin-
Huxley-type equations:

IL(V) =g (V-Vy),

Ix (V) = !]K”4 (V-Vx),

Ina (V) = gnarl, V)R(V = Vo),
Ica(V) = geas?, (V) (V = Vo),

2

that are identical for both GPe and STN neurons. The low-
threshold T-type calcium current (I) is defined differently for
GPe and STN neurons:

GPe: I (V) = gra, (V)r (V = V),

STN: It (V) = gra’ (V). (r) (V = V), @)

where gx and Vx with X € {L,K,Na,Ca} are the maximal
conductance and reversal potential of each current,
respectively. The first-order kinetics of slowly operating gating
variables (i.e., n, h, r) obeys the following differential equation:

ax (Xm W -X

o = % i >; X € {n,h,r}, (4)

where ¢x is the scaling time constant of the variable X. The
voltage-dependent time constant of the variable X can be written
as follows:
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TABLE 1 | Parameters used for maximal conductances (gx in nS/um?), neuronal and synaptic reversal potentials (Vx in mV), and calcium dynamics for GPe and STN neuron

models.
Cell gL gk 9Na gr 9ca gaHpP
GPe 0.1 30 120 0.5 0.15 30
STN 2.25 45 37.5 0.5 0.5 9
0 Tx
x (V) = 1% + Xe{nhr}, (5)

T+ exp(—(V = 05)/o%)’

where 6% denotes the voltage at which the time constant is
midway between its maximum and minimum values, and o%
represents the slope factor for the voltage dependence of the time
constant. The steady-state voltage dependence of all gating
variables is given by:

Xo(V)=[l+exp(-(V - GX)/UX)]_I; X € {n,m,h,a,r,s},

(6)
where 6Oy is the half activation/inactivation voltage and o is the

slope factor. The T-type current inactivation variable (b),
however, is described as follows:

b..(r) = [1+exp((r - 61,)/0;,)]71 - [1+exp (—Gb/ah)]fl.

The calcium-activated, voltage-independent
afterhyperpolarization (AHP) potassium current (Inpp) is
defined as follows:

@)

[Ca]

Ianp = JAHP (V- VK)<7>>

[Ca] + k1 (8)

where gapp is the maximal conductance and k; is the dissociation
constant of the calcium-dependent AHP current. The
intracellular concentration of calcium ions ([Ca]) is governed
by the following first-order differential equation:

d[Ca]
dt

= e‘(_ICa _IT _kCa[Ca])a (9)
where € is a constant that describes the effects of buffers, cell
volume and the molar charge of calcium, and kc, denotes the
calcium pump rate constant.

The synaptic current comprises two terms within and between

neuronal  populations, ie, Iyn =3I f‘}‘ +21 f‘Jl with
k,1 € {GPe, STN}. Iff; = ngff} (V; - V’S‘}lm)sff} (t — T1) represents

the intra-population synaptic current (k = I) within GPe/STN
or the inter-population synaptic current (k # I) between GPe and
STN, i.e., from the presynaptic neuron j of population [ to the
postsynaptic neuron i of population k. gf.‘} is the corresponding
synaptic strength, V; is the membrane potential of the
postsynaptic neuron and V’S‘}I,n is the corresponding synaptic
reversal potential. 7;; denotes the transmission delay between
the GPe and STN neurons perceived at the synapse. The synaptic
variable s;(t) obeys the following first-order kinetics:

Vo

-55
—60

Vk VNa Vca Vsyn € kca k4
-80 55 120 0 1x10™ 20 30
-80 55 140 -85 5x107° 225 15
TABLE 2 | Kinetic parameters used for GPe and STN neuron models.
Cell X Ox ox % 2 0% ok éx
GPe n -50 14 0.05 0.27 -40 -12 0.05
m -37 10 - - - - -
h -58 -12 0.05 0.27 -40 -12 0.05
a -57 2 - - - - -
r -70 -2 30 - - 1
s -35 2 - - - - -
b b
SR B
- 20 -57 2 2 0.08 - -
STN n -32 8 1 100 -80 -26 0.75
m -30 15 - - - - -
h -39 -3.1 500 -57 -3 0.75
a -63 7.8 - - - - -
r -67 -2 40 17.5 68 -2.2 0.2
s -39 8 - - - - -
- 6, A ot a® B° 8 %
- 30 -39 8 5 1 0.4 -0.1
2Units in ms.
PUnits in ms™.

where V; is the membrane potential of the presynaptic neuron, «
and f are the opening and closing rates of channels, respectively,
and H., is given by:

HV) = [t (V) o)

The numerical values of parameters used in our simulations
are given in Tables 1, 2.

(11)

Inhibitory Spike-Timing-Dependent
Plasticity

In the GPe-STN network model, the STN-GPe excitatory
synapses were assumed to be static (see Figure 1B), whereas
the GPe-STN inhibitory synaptic connections in the pallido-
subthalamic pathway (represented with strength gsg) were
modified based on the following symmetric iSTDP profile
(shown in Figure 3A) (Woodin et al., 2003; Vogels et al., 2011):

Agsc = 11 (exp(-|At|/T) - a), (12)

where # is the learning rate, 7 is the decay time constant of the
exponential function and « is the depression factor. At = t,o5 —
tore is the time lag between pre- and postsynaptic spikes.

The synaptic strengths were updated by an additive rule at

ds;j each step of the simulation, ie., g — g + Ag. The value of the
Y :OCHoo(Vj_Gg)(l_Sij)_,Bsij) (10) . . )
dt synaptic strengths was confined in the range [gmin> £max] € [0.0,
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FIGURE 2 | Firing properties of the GPe-STN motif with static synapses. (A1-A3) Mean firing rate [(A1), top] and burst frequency [(A1), bottom] of the GPe neuron,
mean firing rate of the STN neuron (A2), and the pairwise correlation between their spiking activity (A3) as a function of applied currents when gsg = gas = 0.25 nS/um?.
The burst frequency for the GPe neuron was calculated by considering the first spike in each burst. (B1-B3) Three examplary time courses of the membrane potential of
reciprocally connected GPe (top) and STN (bottom) neurons subjected to different applied currents: (B1) lape = —1.0 pA/LM?, Istn = 1.0 pA/UM? (B2) Iape = Istn =
0.0 pAum?. (B3) Igpe = 1.0 pALUM?, Ity = —1.0 pA/um? (C1-C3) The distribution of ISIs of the firing activity of the GPe neuron shown in (B1-B3) (top), respectively.

0.5] nS/umz. The synaptic strengths were set to gmin (max) via
hard bound saturation constraint once they crossed the lower
(upper) bound of their allowed range.

Synchronized Dynamics

Rhythmic activity of GPe and STN is reflected in well-pronounced
oscillations of their local field potential (LFP) which is an indicator
of synchronized neuronal dynamics, defined as follows:

N
LEP(t) = N7 ) s;(t),
j=1

(13)

where s(¢) is the synaptic variable introduced in Eq. 10, and N is
the number of neurons.

We also define an order parameter () for the network of GPe
and STN neurons ranging between 0 and 1 that measures the
degree to which the system is synchronized (Kuramoto, 1984):

N
r(t) =N Z e9i0, (14)

=
where N is the number of neurons and ¢(f) is the phase of

individual neurons. For the bursting neurons, the phase evolution
was considered from consecutive bursts, i.e., between the first

spike of nth burst and the first spike of the (n + 1)-th burst
evaluated by a phase change of 2.

RESULTS

Firing Properties of GPe and STN Neurons
Firing properties of the GPe-STN motif comprising an inhibitory
GPe neuron reciprocally connected to an excitatory STN neuron
are shown in Figure 2 under hyperpolarizing, zero, and
depolarizing currents applied to GPe and STN. The mean
firing rate of the GPe neuron is notably increased when the
GPe input (Igp,) is shifted from a hyperpolarizing current to zero
and, then, to a depolarizing current (Figure 2A1, top, points B1-
B3). In this case, the firing mode of the GPe neuron is
transformed from the continuous cluster firing to the episodic
firing and, then, to the continuous firing mode (Terman et al,
2002), as shown in Figures 2B1-B3 (top). This behavior is also
reflected in the unimodal and bimodal interspike interval (ISI)
distribution of the GPe firing activity shown in Figures 2C1-C3.
Furthermore, the burst frequency for the GPe neuron in
Figure 2A1 (bottom) shows the transition from the burst
firing mode (e.g., point Bl) to the continuous firing mode
(e.g., point B3) as the applied currents are changed.
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FIGURE 3 | iSTDP shapes neuronal synchrony and inter-population coupling in the GPe-STN network. (A) The iSTDP profile described by Eq. 12 with n =
0.005 nS/um?, =20 ms and a = 0.15. Blue (red) boxes show the distribution of time lags between the firing of neurons obtained from numerical simulations for control
(PD) condition marked in panel (B) (B) Steady-state mean coupling adjusted by iISTDP in the pallido-subthalamic pathway (Gsg) for different mean currents applied to
GPeand STN. Initial strength of individual synapses was picked from a normal distribution around 0.25 nS/um?. (C1,C2) Polar distribution of the phases of the GPe
(left) and STN (right) neurons in control (C1) and PD (C2) condition. The radial bar denotes the order parameter defined in Eq. 14, where its value is indicated within each
panel. (D1,D2) Examplary time course of the membrane potential of randomly chosen GPe (#68) and STN (#43) neurons in control (D1) and PD (D2) condition when
STDP was OFF. Ctrl: Igpe = =0.1 pA/um?, Isty = 0.5 pA/um? and PD: Igpe = —1.0 pAUmM?, Isty = 0.8 pA/um? (marked in panel B). (E1,E2) Same as (D1) and (D2), but
when iSTDP was turned ON.

In this way, elevated activity of the GPe neuron further inhibits
the STN neuron, resulting in the reduced mean firing rate of the
STN cell, as is shown in Figures 2B1-B3 (bottom). However,
increasing the STN input (Isty) led to an increased mean firing
rate of STN neuron as shown in Figures 2A2, 2B3-B1 (bottom).
Moreover, Figure 2A3 shows that when a hyperpolarizing
current is applied to GPe, the pairwise correlation between the
spiking activity of GPe and STN neurons is notably enhanced
compared to a depolarizing applied current. This mimics the PD
condition where the striato-pallidal inhibition is profoundly
increased, leading to abnormally correlated GPe-STN firing
activity.

The GPe-STN Network Mediated by iSTDP
To inspect how the presence of synaptic plasticity can affect
emergent structure and dynamics of the GPe-STN network, we
assumed that synapses in the GPe-STN pathway are modified

according to the iSTDP rule given by Eq. 12, as shown in
Figure 3A. This symmetric iSTDP profile is a generic form of
inhibitory synaptic plasticity observed in hippocampus (Woodin
etal., 2003) and cortex (D’amour and Froemke, 2015). Unlike the
asymmetric shape of the classical STDP rule (Gerstner et al., 1996;
Markram et al., 1997; Bi and Poo, 1998), where the order of spike
pairs (pre-post pairing or post-pre pairing) determines long-term
potentiation (LTP) vs. long-term depression (LTD.) of synapses,
modification of inhibitory synapses takes place trough a
temporally symmetric profile, i.e., when the difference between
spike timings of the two neurons (time lag) is smaller than a given
time lag, |At*| = -7 Ina in Eq. 12, the corresponding synapse is
strengthened (Figure 3A, red region), otherwise the synapse is
weakened (Figure 3A, blue region).

To construct the GPe-STN network, we considered N = 100
randomly connected neurons in each nucleus, as schematically
shown in Figure 1B. Only synaptic connections from GPe to STN
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were subjected to iSTDP and STN-GPe synapses were assumed to
be static. To avoid a biased initial setting, the value of both GPe-
STN and STN-GPe synaptic strengths were randomly chosen
from a normal distribution whose mean was set in the middle of
the allowed range, i.e., gsg (t=0) = ggs = 0.25 nS//,th. The steady-
state mean GPe-STN synaptic coupling mediated by iSTDP is
depicted in Figure 3B which shows transitions between weak
(blue) and strong (red) connectivity regimes as a function of
currents applied to GPe and STN.

The findings of experimental PD models suggest that both
striato-pallidal (Lemos et al., 2016) and cortico-subthalamic (Chu
et al,, 2017) inputs are augmented in the PD state. Therefore, we
computationally discriminated normal (control) and PD state
based on the currents applied to GPe and STN which were chosen
from a normal distribution whose mean was Ctrl: Igp. = —0.1 pA/
/,lmz, Isrn = 0.5 pA/ym2 and PD: Igpe = —1.0 pA/ymz, Igrn =
0.8 pA/um® (marked in Figure 3B).

The time difference between spike timings of the GPe-STN
pairs in the network for the marked ctrl (PD) parameters in
Figure 3B are shown in Figure 3A by blue (red) bars. In control
condition, the spiking activity of GPe and STN neurons is
relatively uncorrelated with large time lags between spike pairs
leading to the dominance of LTD. over LTP (see Figure 3A, blue
bars/blue region). This ultimately results in the weakening of
GPe-STN synaptic strengths and, the mean GPe-STN coupling,
as shown in Figure 3B (ctrl). In PD state, however, the activity of
GPe and STN neurons is more correlated leading to small lags
between spiking timings of neurons (see Figure 3A, red bars/red
region). As a result, GPe-STN synapses are potentiated as it is
reflected in the mean GPe-STN coupling shown in Figure 3B
(PD). In addition, the current conditions for control and PD
states make a system transition from non-synchronized activity
states (Figure 3C1) to more synchronized states (Figure 3C2) as
shown by the distribution of the phases of neurons within each
population and the corresponding order parameter.

Interestingly, iSTDP not only modulated the firing frequency
of GPe neurons, but also changed their firing pattern so that the
number of spikes per burst was increased. Figure 3D1, E1 (top)
shows that, on average, the number of spikes per burst in the #68
GPe neuron is increased in control condition when iSTDP is
turned ON (i.e., number of spikes/burst: 18 + 1.4, iSTDP OFF vs.
30 £ 2.1, iSTDP ON). In PD state, the number of spikes per burst
is also slightly increased due to the presence of iSTDP as shown in
Figure 3D2, E2 (i.e., number of spikes/burst: 2 + 0.8, iSTDP OFF
vs. 5 + 0.3, iSTDP ON). Unlike GPe neurons, only the firing rate
of STN neurons was affected by iSTDP. For instance, iSTDP
decreased the mean firing rate of the #43 STN neuron in control
condition (cf. Figure 3D1, E1, bottom), however, the mean firing
rate was increased in PD condition when iSTDP was turned ON
(cf. Figures 3D2, E2, bottom).

Normal and Parkinsonian Networks
Mediated by iSTDP

The dynamics and structure of the GPe-STN network subjected
to iSTDP in normal condition is shown in Figure 4. The currents
applied to GPe and STN neurons (Figure 4A), and the initial

iISTDP-Induced GPe-STN Connectivity in PD

synaptic weights within GPe and STN (Figure 4B) were chosen
from a normal distribution. Raster plots (Figure 4C) and LFPs
(Figure 4D) of GPe (top) and STN (bottom) show that the
activity of neurons is weakly synchronized. iSTDP increased
(decreased) the mean firing rate of GPe (STN) compared to
iSTDP OFF state, i.e., GPe: 91 + 2.5 Hz (iSTDP ON) vs. 80 +
2.1 Hz (iSTDP OFF), and STN: 10 + 0.5 Hz (iSTDP ON) vs. 13 +
0.7 Hz (iSTDP ON), as shown in Figure 4E (left).

iSTDP suppressed correlation between GPe and STN LFP
(Figure 4E, right), promoting normal (uncorrelated) GPe-STN
activity. Uncorrelated neuronal activity leads to the down-
regulation (depression) of the mean synaptic coupling by
iSTDP in the GPe-STN pathway (Figure 4F), as it is reflected
in the final distribution (red) of the synaptic strengths in
comparison to the initial distribution (grey) shown in
Figure 4G (left). iSTDP shapes more physiologically favored
activity-connectivity patterns (i.e., weak neuronal synchrony
and weak synaptic connectivity), where sharp beta band picks
are absent in the power spectrum density (PSD) of GPe and STN
activity (see Figure 4H).

In PD condition, only the mean value of the normal
distribution of currents applied to GPe and STN neurons
was chosen differently from normal condition (Figure 5A).
The initial distributions of synaptic weights within GPe and
STN were similar to normal condition (Figure 5B). Raster
plots (Figure 5C) and LFPs (Figure 5D) show that GPe
neurons (top) fire in a bursting manner, whereas the
activity of STN neurons (bottom) is strongly synchronized.
In this case, the mean firing rate of GPe (STN) neurons was
decreased (increased), in comparison to the control condition
(cf. Figures 4E, 5E, left). iSTDP further decreased (increased)
the mean firing rate of GPe (STN), as shown in Figure 5E
(green), ie., GPe: 58 £+ 1.9 Hz (iSTDP ON) vs. 70 + 2.3 Hz
(iSTDP OFF), and STN: 30 + 1.3 Hz (iSTDP ON) vs. 24 +
1.1 Hz (iSTDP OFF).

Notably, iSTDP increased the correlation between GPe and
STN LFP (Figure 5E, right), promoting pathologically correlated
GPe-STN activity which is a hallmark of PD (Hammond et al,,
2007). Abnormally correlated neuronal activity leads to the up-
regulation (potentiation) of the inter-population mean synaptic
coupling by iSTDP (Figure 5F), so that the final (red) synaptic
strengths saturated to their maximum allowed value compared to
the initial distribution (grey) shown in Figure 5G (left). In PD
condition, iSTDP supports pathological activity-connectivity
patterns (i.e., strong neuronal synchrony and strong synaptic
connectivity), characterized by sharp beta band picks in the PSD
of GPe and STN activity (see Figure 5H).

Delay Dependency of Emergent

Activity-Connectivity Patterns

The findings of experimental studies in rats (Fujimoto and Kita,
1993) and monkeys (Kita et al., 2005) revealed that the delay in
transmission from GPe to STN (and vice versa) can assume
values around a few milliseconds. Accordingly, computational
modeling studies considered similar values for the transmission
delays between GPe and STN (Holgado et al., 2010). Previously, it
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(G) Normal distribution of the initial GPe-STN (left; grey) and STN-GPe (right) synaptic strengths. Final distribution of the GPe-STN synaptic strengths is depicted in red

has been shown that transmission delays can shape multistable
dynamics in neuronal networks with STDP (Madadi Asl et al.,
2018a, b), i.e., qualitatively different stable states of activity and
connectivity may emerge due to the interplay between delays and
STDP. To address how the presence of transmission delays can
modulate the emergent neuronal activity and synaptic
connectivity mediated by iSTDP in normal and PD condition,
we repeated our simulations for the GPe-STN network. The
results are summed in Figure 6.

To inspect the potential role of delays in neuronal
synchronization in the GPe-STN network due to iSTDP, we
first assumed that transmission delay in the GPe-STN (7sg)
and STN-GPe (7gs) pathways are identical and then, observed
the time lag between firing of GPe and STN neurons. In control
condition, when the delays were relatively small (2 ms), neurons
fired in a desynchronized manner with large time lags between
their spike times (Figure 6A1, blue bars). However, larger delays
(6 ms) led to a more synchronized neuronal firing where neurons
fired with relatively small time lags (Figure 6Al, red bars).
Interestingly, when the distribution of time lags was overlaid
on the iSTDP profile (Figures 6A1, A2, light red/blue region), the
resultant overlap indicates that the GPe-STN synaptic
connectivity can be up-/down-regulated depending on the
time lag.

This is shown in Figure 6B where feedforward and feedback
delays were varied up to 10 ms and the emergent steady-state
mean synaptic coupling between GPe and STN was measured.
Figure 6 shows a delay-induced bistability in GPe-STN synaptic
connectivity due to iSTDP. By reasonably assuming that the
delays are positive and are confined in the range 0,10 ms,
when 75 < — 7Tgs + 10ms, weak synaptic connections are
achieved (Figure 6B, blue) that is reflective of large time lags
between the firing of neurons, as shown in Figure 6A1, where the
corresponding range of delays is marked in panel B. On the
contrary, when 7gg > — Tgs + 10 ms the synaptic strengths are up-
regulated by iSTDP to form stronger inter-population synaptic
connectivity (Figure 6B, red) due to small time lags between the
activity of GPe and STN neurons (point A2 refers to range of
delays used in Figure 6A2). This delay-induced bistability
between weak and strong connectivity regimes may be
attributed to the distribution of ISIs of neurons at a given
delay. As shown in Figures 6C1, C2, by changing the range of
delays (as used in panels Al and A2) the firing frequency of GPe
and STN neurons as well as their firing pattern is changed, leading
to changes in the inter-population synapses.

In PD condition, however, the situation is reversed. Small
delays (e.g., 1 ms) led to synchronized activity of GPe and STN
with small time lags between their spikes (Figure 6D1, red bars),
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leading to the potentiation of the synaptic strengths by iSTDP and
the emergence of strong inter-population synaptic connectivity
(Figure 6E, point D1). Greater delays (e.g., 9 ms) led to the
desynchronized activity of GPe and STN neurons characterized
by large time lags (Figure 6D2, blue bars). This ultimately led to
the depression of the synaptic strengths, shaping a loosely
connected GPe-STN network structure due to iSTDP
(Figure 6E, point D2). Accordingly, these changes in inter-
population connectivity relate to changes in the firing
frequency of GPe and STN neurons as well as their firing
pattern at different delays, as demonstrated by the distribution
of ISIs of neurons in Figures 6F1, F2. In this way, by shaping
bistable activity-connectivity states, transmission delays and
iSTDP cooperate to shift the activity-connectivity patterns
from physiological states (weak synchrony, weak connectivity)
towards pathological states (strong synchrony, strong
connectivity), and vice versa.

DISCUSSION

The GPe-STN synaptic transmission is significantly augmented
following DA depletion in experimental PD models (Fan et al.,
2012). Abnormal strengthening of GPe-STN synapses was

experimentally  attributed to  motor  cortical-driven
heterosynaptic long-term potentiation (hLTP) resulted from
interactions between the hyperdirect and indirect pathways
(Chu et al, 2015, 2017). However, findings in animal PD
models have revealed that the knockdown of STN NMDARs
prevents the strengthening of GPe-STN synapses (Chu et al.,
2015), suggesting that classical NMDAR-dependent LTP may be
involved in this process (Madadi Asl et al., 2022).

Here, we considered a simple GPe-STN network model and
computationally showed that when GPe-STN synapses are
modified by inhibitory spike-timing-dependent plasticity
(iSTDP), a set of parameters mimicking PD condition leads to
the emergence of pathological activity-connectivity states,
ie, strong neuronal synchronization and strong synaptic
connectivity between GPe and STN. On the contrary, in
normal condition iSTDP stabilized physiological activity-
connectivity  states  characterized by weak neuronal
synchronization and weak synaptic connectivity. Our model
neglects several biological and structural aspects of the BG
circuitry. For example, both the cortex-striatum-GPe-STN and
cortex-STN inputs were simply simulated as constant currents
and there was no interactions between the BG, cortex and
thalamus. Our model may not be able to capture the complex
network interactions within the cortico-BG-thalamic circuits
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leading to pathological structure and dynamics in PD (Madadi
Asl et al., 2022), but still can reproduce fundamental biophysical
mechanisms related to pathological activity-connectivity patterns
in the GPe-STN network, which is considered as the main
rhythmogenesis  center ~ within the cortico-BG-thalamic
network (Plenz and Kital, 1999; Bevan et al, 2002; Holgado
et al., 2010).

Under normal conditions, the activity of GPe and STN
neurons are poorly correlated. Therefore, the GPe-STN
synapses are more likely to be weakened by iSTDP. Down-
regulation of GPe-STN synaptic connectivity further promotes
uncorrelated GPe-STN neuronal activity in a feedback loop. In
PD condition, however, the activity of GPe and STN is strongly
correlated, leading to the abnormal strengthening of GPe-STN
synapses due to iSTDP. In this way, up-regulated GPe-STN
synaptic connectivity promotes abnormal neuronal activity
within GPe and STN. In addition, we showed that inter-
population transmission delays in the iSTDP-mediated GPe-

STN network lead to the bistablity between physiological and

pathological activity-connectivity states. Feedforward and
feedback delays in the GPe-STN network are therefore
important parameters that determine different activity-

connectivity states that emerge through iSTDP.

Synaptic plasticity is one of the mechanisms that mediates
transitions between physiological and pathological activity-
connectivity states (Lourens et al., 2015; Berner et al., 2021).
However, impaired synaptic plasticity is involved in biological
systems (Madadi Asl and Ramezani Akbarabadi, 2021) and
several neuropsychiatric disorders (Madadi Asl et al., 2019). In
PD, for instance, DA-mediated synaptic plasticity is disturbed
following DA loss (Kerr and Wickens, 2001; Pawlak and Kerr,
2008), so that the temporal asymmetry of the STDP learning
window required for the induction of LTP and LTD is
dramatically changed (Pawlak and Kerr, 2008; Shen et al,
2008; Dupuis et al., 2013). Since neuronal activity and synaptic
connectivity in plastic networks are strongly correlated, abnormal
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reshaping of synaptic connectivity due to impaired synaptic
plasticity following DA depletion can lead to the development
of pathological neuronal activity within the BG (Moran et al,
2011), further promoting pathological connectivity patterns
through STDP (Madadi Asl et al., 2022). How exactly the DA-
mediated STDP can affect activity-connectivity patterns in
normal and pathological condition deserves to be focused on
in future studies both from a computational and experimental
perspective.

Finally, STDP-induced bistability between pathological states

(i.e, strong neuronal synchronization, strong synaptic
connectivity) and more physiologically favored states
(ie, weak neuronal synchronization, weak synaptic

connectivity) could be of interest for therapeutic interventions
in PD (Lourens et al., 2015; Kromer and Tass, 2020; Schwab et al.,
2021). Computationally, by subtle tuning of the stimulation
pattern, novel deep brain stimulation (DBS) techniques such
as coordinated reset (CR) stimulation (Tass, 2003) were able
to exploit STDP-induced bistability to shift the dynamics of
pathological networks towards physiological attractor states
(Tass and Majtanik, 2006; Hauptmann and Tass, 2009;
Popovych and Tass, 2012; Kromer and Tass, 2020). This
ultimately leads to an unlearning of abnormal neuronal
synchrony and abnormal synaptic connectivity, so that an
anti-kindling is achieved (Tass and Majtanik, 2006). The pre-
clinical development and testing of CR-DBS in parkinsonian
monkeys (Tass et al., 2012; Wang et al., 2016), for instance, was
inspired by the predictions of these computational studies. More
recently, clinical studies showed that CR-DBS can successfully
induce long-lasting improvement of motor symptoms in PD
patients (Syrkin-Nikolau et al., 2018; Pfeifer et al., 2021). Our
results may shed light on the role of synaptic plasticity in
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