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Abstract

Motor symptoms of Parkinson’s Disease (PD) are associated with dopamine deficits and
pathological oscillation of basal ganglia (BG) neurons in the B range ([12-30] Hz). However,
how dopamine depletion affects the oscillation dynamics of BG nuclei is still unclear. With a
spiking neurons model, we here capture the features of BG nuclei interactions leading to
oscillations in dopamine-depleted condition. We highlight that both the loop between sub-
thalamic nucleus (STN) and Globus Pallidus pars externa (GPe) and the loop between stria-
tal fast spiking and medium spiny neurons and GPe display resonances in the 8 range, and
synchronize to a common g frequency through interaction. Crucially, the synchronization
depends on dopamine depletion: the two loops are largely independent for high levels of
dopamine, but progressively synchronize as dopamine is depleted due to the increased
strength of the striatal loop. The model is validated against recent experimental reports on
the role of cortical inputs, STN and GPe activity in the generation of 8 oscillations. Our
results highlight the role of the interplay between the GPe-STN and the GPe-striatum loop in
generating sustained S oscillations in PD subjects, and explain how this interplay depends
on the level of dopamine. This paves the way to the design of therapies specifically address-
ing the onset of pathological B8 oscillations.

Author summary

PD is associated with the death of neurons generating a particular neurotransmitter: the
dopamine. Motor symptoms of PD, on the other hand, are known to be due to dysfunc-
tions in a particular subcortical area of the brain: the BG network. In particular, the BG
network develops pathological oscillations in the § ([12-30] Hz) frequency range. What is
unclear is the mechanism through which dopamine depletion leads to these oscillations.
In this work we developed a BG network model and we found that the actual reason for
these abnormal oscillations is the synchronization of two loops within the network that
are individually oscillating in the 3 range. For high levels of dopamine the two loops are
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decoupled and the oscillation power is low. Conversely. when dopamine is depleted (as in
PD) the two loops synchronize and originate the pathological oscillations associated with
motor symptoms.

Introduction

The basic architecture of the BG network (see Fig 1) consists of the striatum (STR), the globus
pallidus, divided into pars interna (GPi) and pars esterna (GPe), the substantia nigra (reticulata
SNr and compacta SNc) and the STN [, 2]. In the STR there are several interacting cell types
such as dopamine-excited D1 neurons, dopamine-inhibited D2 neurons and Fast Spiking
Neurons (FSN).

PD is a common neurodegenerative disease affecting about 0.3% of the world’s population
[3]. Etiologically, PD follows the progressive death of dopaminergic neurons in the SNc. The
consequent condition of dopamine depletion leads to an alteration of the balance between D1
excitation and D2 inhibition [4] and this reverberates over the whole network. The main
motor symptoms of PD (akinesia [5], bradykinesia [6], tremor [7], freezing of gait [8, 9]) corre-
late with this dopamine deficiency. Following the condition of dopamine depletion and the
consequent alteration of the striatal activity (higher spiking rate in D2 and lower in D1 [10,
11]), pathological 8 oscillations [12 — 30] Hz emerge in the STR [12-15], in GPi and GPe [16,
17], and in the STN [18, 19]. Experimental recordings [20-22] highlighted that such pathologi-
cal activity is not characterized by constant intensity, but consists of phasic bursts. The pres-
ence of § oscillations in correspondence with dopamine deficiency is common in the human
species, but has been observed also in monkeys [23] and rats [24, 25]. Of note, in mice, dopa-
mine depletion is associated instead with & (0.5-4 Hz) oscillations [26].

Despite the wealth of studies in the subject, the origin of these S activities is still debated.

Some hypotheses argue that the oscillations depend on the interaction between GPe and
STN [27]. In support of this hypothesis, it is known that the architecture of the STN-GPe cir-
cuit is prone to generate oscillatory behaviors [28]: STN is a glutamatergic nucleus projecting
substantially to GPe and GPe is a gabaergic nucleus projecting feedback to STN [29]. More-
over, in PD, these nuclei present prominent and coherent oscillations in the firing rates [24,
28] and are effective targets of Deep Brain Stimulation (DBS) therapy [30-32]. However,
whether f band activity can be produced in the STN-GPe circuit is still debated [33]. Several
computational models investigated the STN-GPe f band loop: first, Gillies at al [34]
highlighted that f oscillations could emerge from the interaction between GPe and STN
through neural mass models; later, Kumar et al [35] showed that pathological § activity could
emerge from the same loop as a consequence of increased inhibitory input from the D2 popu-
lation through a spiking neurons model. Further explorations of this hypothesis can also be
found in [36-39].

Alternative explanations for the experimental observations are that the cortex [40, 41] or
the striatum [42] might be a source of 3 oscillations. In accordance with the former hypothesis,
Van Albada et al. [43] suggested a cortico-thalamic loop source of § oscillations, which spread
into the BG. Conversely, the latter hypotheses is supported by evidences of altered striatal
interaction associated with f3 oscillations following dopamine depletion [44].

The fourth hypothesis is the one of a prominent role of the interaction between GPe and
STR: experimental recordings in rats [45-49] and mice [50-53] suggest that the GPe nucleus
and the pallido-striatal pathway could play a major role. In vivo observations of pauses in FSN
support this hypothesis as transient drop in the activity might arise from interactions with GPe

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1010645  April 27, 2023 2/31


https://doi.org/10.1371/journal.pcbi.1010645

PLOS COMPUTATIONAL BIOLOGY Onset of pathological beta oscillations in basal ganglia

Striatum
(\. I
o FSN
ext (\.D‘I D2/><— ext
,’Q / N
/
/

/ ext

/ }KSTN I

F N\ NI

|
| el GPe- TA GPe- TI
| \_/.
! C/
\
Y External Globus Pallidus / I
/
\\ / /I
\ / /
AN P — d_______ -~ /
AN |/ \ y /
h N ! : -
e GP e == 77
. | SNr n
|
| ,'

Output Nuclei

Fig 1. Architecture of the adopted Complete Model of the BG. FSN, D1 and D2: striatal Fast Spike Neurons, and medium spiny
neurons with D1 and D2 dopamine receptors; GPe-TA and GPe-TI: globus pallidus externa type A and type I; STN: subthalamic
nucleus; GPi: globus pallidus interna; SNr: substantia nigra pars reticulata; ext: external poissonian input. By convention red/green
arrows are inhibitory/excitatory projections. Dashed elements have not been included in our model.

https://doi.org/10.1371/journal.pcbi.1010645.g001

[54] (seealso [55, 56] for an extended review). From a computational point of view, a model of
the GPe-striatal circuit has been developed by Corbit et al [57], who investigated the onset of
pathological § oscillations in a subnetwork consisting of the closed loop set up by the inhibi-
tory synapses FSN — D2-MSN — GPe — FSN.

A recent work by Mallet and colleagues [49] provides, through optogenetic perturbations, a
convenient summary of the role of cortical inputs, GPe and STN activity in modulating abnor-
mal S oscillations in PD. The authors show that opto-inhibition of cortical inputs or STN did
not suppress such oscillations, that were instead suppressed by GPe inhibition: to date, no
computational model is able to comprehensively explain the observed dynamics.
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To reach this goal, we propose a comprehensive model including all the loops, starting
from the network developed by Lindahl and Kotaleski [58] which includes all major nuclei
and connections of the BG. In this context, we identify the major sources of § activity, investi-
gate the role of their interaction and highlight the effects of dopamine depletion.

Materials and methods

1.1 Basal ganglia network model
Our model of the BG (Fig 1) includes:

o three striatal populations: D1-type dopamine receptor Medium Spiny Neurons (D1-MSN);
D2-type dopamine receptor Medium Spiny Neurons (D2-MSN) and a population of Fast
Spiking (inter-)Neurons (FSN);

« the Globus Pallidus external part (GPe) divided into two populations that will be labelled as
GPe-TA (characterized by a lower discharge rate and by a negligible input from striatal pop-
ulations) and GPe-TI (with a higher activity and receiving input from D2);

« the subthalamic nucleus (STN).

Each population presents specific size (see Table 1) and neuron model (see Section 1.2).
Population sizes were adapted from the work of Lindahl and Kotaleski [58], based on rodents
data [46, 59-61]: the ranking of populations among nuclei is the same, but we rescaled all of
them for computational time reasons. Single neurons within connected populations are ran-
domly associated according to specific connection probabilities (see Section 1.2). Each neuron
receives inputs from within the network and from other brain regions (mainly the cortex)
which have not been explicitly included in our model. These external inputs have been mod-
eled as independent poissonian trains of pulses. The mean rates v,,, of these signals have been
adjusted for each population in order to ensure realistic population firing rates: FSN [1020] Hz
([55, 62]), D1 and D2 (MSN) [0.5-2.5] Hz ([63]), GPe-TI [40-60] Hz ([45]), GPe-TA [5-15]
Hz ([45]) and STN [12-20] Hz ([24]).

Note that the GPi and the SNr nuclei have not been included in the simulated model since
they do not present direct feedback to the other populations in the BG and hence cannot con-
tribute to the generation of oscillations.

1.2 Neuron models

All neurons in the adopted network are adaptive, conductance based, point neurons [64-67].
The STN, GPe-TI and GPe-TA populations are modelled as adaptive exponential neurons
(aeif cond exp model in the code implementation) [68] and the dynamics of their

Table 1. Reference size and neuron model of each population. Note that sizes have been modulated in a subset of the
analysis through the n parameter.

SubNetwork N model

D1 (MSN) 6000 agif cond exp
D2 (MSN) 6000 agif cond exp
FSN 420 agqif2 cond exp
GPe-TA 264 aeif cond exp
GPe-TI 780 aeif cond exp
STN 408 aeif cond exp

https://doi.org/10.1371/journal.pcbi.1010645.t001
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membrane potential is governed by:

v V-V
Cma =—-g(V—-E)—-g . (V—E, )—g,(V—E,) +gATexp <T”‘) —wHL

The striatal populations are modelled as adaptive quadratic neurons (agif cond exp or
aqif2 cond_ exp model) [69] and their membrane potential evolves according to:

dv
Cma = _gex(v - Eex) - gin(v - Ein) + k(V - EL)(V - Vth) - w + Ie
In both cases, the membrane potential is reset to V. after each postsynaptic spike and excit-
atory and inhibitory conductances present exponential decays:

dg..
Tex dt = _gex + Tex Z gzé(t N ti - tr)

ex. input ¢;

dgin
Tin dt 4 _gin + ‘Ein Z gté(t - ti - tr)

in. input ¢;

The evolution of the variable w, accounting for neural adaptation phenomena [70, 71] is gov-
erned by:

dw
L —w+a(V—E)+br, Z o(t—t,)

spikes t;
intheaeif cond expandaqgif cond exp model, while by:

dw —wta(V-V,) ifV<V,
G = b > oot —t)+

spikes t; —w otherwise

in the case of the agi £2 cond_exp model.

To introduce variations in each neural population, the synaptic weight of the external pois-
sonian input is not equal in all neurons. Rather, it is assumed to be uniformly distributed
around its central value with an amplitude equal to the dev-ext-weight parameter. The
adopted values of the parameters of each neuronal population are summarized in Table 2. The
connectivity properties (delays, connection probabilities and synaptic weights) are reported in
Table 3. These values have been adapted from the work of Lindahl and Kotaleski [45, 58, 72],
here simplified by neglecting synaptic plasticity, spatial restrictions on the connected popula-
tions and dopamine effects different from the ones described in Section 1.5.

Hereinafter, we will refer to the described network of the BG as the Complete Model. Note
that the results of the model are not critically dependent on the exact values of the network
parameters (see Section 6 in S1 Text).

1.3 Selection of relevant B oscillators

In order to identify the more relevant structures generating f oscillations, the following strat-
egy has been pursued. Starting from the Complete Model (Fig 1), the relevance of each connec-
tion in generating oscillations in the 3 regime has been quantified referring to the decrease in
the mean intensity of § oscillations following its elimination. In particular, for each connection
Source — Target (S — T) in the adopted model, a simulation has been performed with the fol-
lowing properties:

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1010645  April 27, 2023 5/31


https://doi.org/10.1371/journal.pcbi.1010645

PLOS COMPUTATIONAL BIOLOGY Onset of pathological beta oscillations in basal ganglia

Table 2. Adopted values of the parameters of each neuronal population. (*): for the FSN population the units of a is

n$
mv2"

Parameter Unit D1 D2 ESN GPTI GPTA STN
Cn pF 15.2 15.2 80.0 40.0 60.0 60.0
E; mV -78.2 -80.0 -80.0 -55.1 -55.1 -80.2
E,. mV 0.0 0.0 0.0 0.0 0.0 0.0
E;, mV -74 -74 -74 -65 -65 -84
Tex ms 12.0 12.0 12.0 10.0 10.0 4.0
Tin ms 10.0 10.0 10.0 5.5 5.5 8.0
Vin mV -29.7 -29.7 -50.0 -54.7 -54.7 -64.0
1, PA 0.0 0.0 0.0 12.0 1.0 5.0
tref ms 0.0 0.0 0.0 0.0 0.0 0.0
Vyeset mV -60 -60 -60 -60 -60 -70
a nS -20 -20 0.025* 2.5 2.5 0.0
b PA 67.0 91.0 0.0 70.0 105.0 0.05
Ty ms 100.0 100.0 5.0 20.0 20.0 333.0
Vpeak mV 40.0 40.0 25.0 15.0 15.0 15.0
AT mV 1.7 2.55 16.2
g nS 1.0 1.0 10.0
k o~ 1.0 1.0 1.0

Vi mV -55

Vext kHz 1.12 1.083 0.944 1.53 0.17 0.5
dev-ext-weight nS 0.05 0.05 0.05 0.05 0.05 0.05

https://doi.org/10.1371/journal.pcbi.1010645.1002

o an auxiliary subnetwork S* has been introduced with the same neuron model and size of S
but with no input sources other than the external one;

o the parameter I, of the §* subnetwork has been adjusted so that the mean spiking-rate of $*
neurons was close to the one of the S population;

o the probability of connection between S and T neurons is set to 0;
o the S — T connections are replaced by S* — T connections with the same probability and
synaptic weight.

The relevance of the S — T connection has been thereby quantified by means of the ratio R
(S — T) between the mean PSD (see below Section 1.7 for details) with or without the (S — T)
connection:

ris A >, Mean  PSD of p in the simulation with the §* — T conn. .
=T = >_, Mean  PSD of p in the simulation with the S — T conn. (v

where p indicates the different neuronal populations. The connections whose ratio was lower
were considered as more relevant in the generation of f oscillations. The major oscillators in
the B regime have been identified on the basis of the selected connections. Self-inhibition con-
nections have not been considered in this analysis since they generate oscillations at much
higher frequencies [73].
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Table 3. Connectivity properties of the adopted model of the BG. Type I represents inhibitory connections while type E represents excitatory connections.

Source Target Probability Delay [ms] Type synaptic weight [n$]
D1 D1 0.0607 1.7 I 0.12
D2 0.0140 1.7 I 0.30
D2 D1 0.0653 1.7 1 0.36
D2 0.0840 1.7 I 0.20
GPTI 0.0833 7. I 1.28
FSN D1 0.0381 1.7 I 6.60
FSN 0.0238 1.0 I 0.50
D2 0.0262 1.7 I 4.80
GPTI GPTI 0.0321 1.0 I 1.20
GPTA 0.0321 1.0 I 0.35
FSN 0.0128 7.0 1 1.60
STN 0.0385 1.0 1 0.08
GPTA D1 0.0379 7.0 I 0.35
D2 0.0379 7.0 I 0.61
FSN 0.0379 7.0 I 1.85
GPTA 0.0189 1.0 I 0.35
GPTI 0.0189 1.0 ! 1.20
STN GPTA 0.0735 2.0 E 0.13
GPTI 0.0735 2.0 E 0.42
ext D1 1.0 0.0 E 0.45
D2 1.0 0.0 E 0.45
FSN 1.0 0.0 12} 0.50
GPTI 1.0 0.0 E 0.25
GPTA 1.0 0.0 E 0.15
STN 1.0 0.0 E 0.25

https://doi.org/10.1371/journal.pcbi.1010645.1003

1.4 Simplified Model of the Basal Ganglia and role of the coupling
parameter £

As from our analysis emerged that two oscillators are mainly responsible for the onset of the
pathological activity, we developed an ad hoc network to analyze the properties and the conse-
quences of their interaction (see Section 2.3 and figures therein).

The GPe-TI nucleus is present in both oscillators, hence its neurons have been equally
divided in two populations (GPTI-A and GPTI-B) belonging to the two different loops: neu-
rons in GPTI-A are reciprocally connected to STN, while those in GPTI-B receive inputs from
D2 and send outputs to FSN. These connections present connection probabilities that are
equal to the ones in the Complete Model (see Table 3).

In contrast, in order to modulate the coupling between the two oscillators, inter-loop con-
nections present connection probabilities which are modulated by a coupling parameter &.
Particularly, for each pair (S,T), the connection probability of each S neuron with each T neu-
ron is set equal to:

p(e,S—T)= ED1 st (2)

where p; s is the probability characterizing the corresponding connection in the Complete
Model (Table 3).
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For every connection, synaptic weights are the same as in the Complete Model (and are not
affected by €). As a result, for £ = 0 the two loops are completely independent, while for e = 1
the network presents realistic connectivity properties. Further, in order to ensure that the over-
all inputs to each nucleus remain the same when £ is changed, the auxiliary populations
GPTT*, D2* e STN™ have been introduced. Neurons in these nuclei receive constant and inde-
pendent external input such that their mean spiking rates are equal to the mean spiking rates
of the corresponding non-auxiliary populations. While the synaptic weights of the auxiliary
connections are the same as the corresponding real ones in the original network, the connec-
tion probabilities $* — T are set equal to:

P(S) = (1 - S)Pl,S—;T

Hence, for € = 1 the auxiliary nuclei do not play any role; otherwise, they become external
drives meant to compensate for the input that is not received from the real presynaptic popula-
tions. The neuron models and the parameters of the auxiliary populations are the same of the
corresponding real populations (Table 2), except for v,,, and the size N, which is halved. As a
consequence, the connection probabilities D2*—GPTI-A and STN*—GPTI-B are doubled.

Since most nuclei in this simplified network receive less inhibition in comparison to the
Complete Model, some adaptations in the external current I, and the external poissonian
input v,,, have been introduced in order to keep the mean activity of the populations in the
correct regime. Further, since all the non-/ oscillators have been eliminated, 8 activity with the
original connection weights is dominant for all &; to study the process of synchronization in
these conditions, it has been necessary to modulate the intensities of the connections constitut-
ing the two loops. The complete list of the introduced adaptations are listed in Table A in S1
Text.

In the following, and in contrast to the original Complete Model (see Section 1.1), the net-
work obtained after the listed assumptions and simplifications will be labelled Simplified
Model.

1.5 Modeling of the condition of Dopamine depletion

We aimed at modeling the effects of dopamine depletion on the firing rate of D1 and D2 popu-
lations [10, 11]. To achieve an increase of the D2 population and a complementary decrease of
the D1 population it was sufficient to modulate the intensity of the external input rate towards
the D2 population (and the corresponding auxiliary population D2*) according to:

vext(Dd) = Dd vext,l (3)

where Ve is the reference value of the input rate (see Table 2) and D, is the parameter regu-
lating the severity of the condition of dopamine depletion (the higher is D, the more severe is
the condition). Throughout the analysis, D, varies in an interval such that the activities of D1
and D2 range in the [~ 0.5 Hz— ~ 2.5 Hz] interval (see Fig 2). The effects of dopamine deple-
tion will be studied in both the Complete and Simplified Model.

With this assumption, we neglect the effects of dopamine depletion on the connectivity
properties of the network [57, 74-76]: the consequences of including these latter alterations
are addressed in Section 5 in S1 Text.

1.6 Modeling of optogenetic-driven activity modulations

To reproduce the conditions described in [49] we needed to introduce in our model an analo-
gous of the activity modulations induced by the experimenters through optogenetic stimula-
tion in a Parkinsonian mouse model. In particular, the authors focused on 7) opto-inhibition
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Fig 2. D1 and D2 firing rates as a function of dopamine depletion. Alterations in the mean firing rates of D1 and D2 neurons as a
result of the adopted modelization of dopamine depletion for different values of population size # (see Section 1.8).

https://doi.org/10.1371/journal.pchi.1010645.9002

of motor cortex input, ii) both opto-inhibition and opto-excitation of STN activity, iii) opto-
inhibition of GPe activity. Coherently, we analyzed the behavior of our model in pathological
conditions (D, = 1.03) in response to the following activity perturbations.

First, we modeled the motor cortex opto-inhibition (point i) as a reduction in the mean of
the poissonian external input to the STN and a portion of the striatal populations. Since the
dendritic domain of individual subthalamic neurons covers large parts of the whole nucleus
[77], we modulated the external input of the whole STN according to:

/ p—
Vogstn = 075 Vext,STN

Since the striatum receives inputs from all major cortical areas and these inputs are topograph-
ically arranged [78, 79], we partitioned each striatal population into a 20% of the neurons
mainly innervated by the motor cortex (D1,,, D2,, FSN,)) and the remaining 80% of the neu-
rons mainly innervated by other cortical areas (D1,,,, D2,,,,, FSN,,,,,). Hence, we modulated
their external input rate according to:

/ _ . / _
vext,Dlm N 025 VexL,Dl vext,Dlnm - vext.Dl
/ _ . 1 _
vext,Dzm =025 vexL,DZ vext,Dzm - vext,D2
/ — / —
VextEsN, 0.25 Vext BSN VextESN,,  — VextFSN

Then, we modeled the STN opto-inhibition and opto-excitation (point i) modulating the
mean of the poissonian external input according to:

/ —
vexL,STN =K vext,STN

with x € [0.65, 1.7] so that the activity of STN varies in the range [ ~ 8, ~30] Hz, coherently
with the conditions considered in [49].
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Finally, we modeled the GPe opto-inhibition (point 7ii) modulating the external current I,
to both GPe-TA and GPe-TI populations according to:

IZ&GPE—TA = Ie,GPE—TA — 480 pA
L =1 — 120 pA

e,GPE—TI e,GPE—TI

so that the activities of the two pallidal populations were coherent with those analysed in [49].

1.7 Spectral analysis

We measured the activity of each population as the time series of its firing rate computed over
time bins of one millisecond. For each nucleus we performed a constant detrend and com-
puted the Power Spectral Density (PSD) of the activity. In order to reduce the effects of noise,
the Welch method has been applied (we employed the signal. spectrogram function
from scipy withN parseg=2000,N overlap = 1000 and Tukey window: alpha =
0.25); further, for each case studied, 4 simulations have been performed in order to estimate
the standard deviation of each computed quantity.

Starting from the PSD of the activity of each population i within the network, we defined:

« its mean frequency of oscillation:

1 M
Mean f, _m/m f P(f) df (4)

« its mean value in the ff regime:

1 M
Mean PSD1 = M——}’n/m Pz(f) df (5)

where Pj(f) is the PSD of the nucleus activity. The values of m and M have been fixed to 8 and
24 Hz respectively, within the § regime and coherently with the natural frequencies of the two
oscillators.

The Mean PSD; is a measure of the intensity of 8 oscillations within each considered nuclei.
We highlight that this measure is biased: in the presence of constant activity (no f3 oscillations),
fluctuations around the mean are present and the related spectrum is affected by noise. In
order to eliminate this bias we considered the corrected quantity:

pSDTi = Mean PSD, — Q(v,;, N,)

where Q(vy; N;) is the Mean PSD of the activity of a population of N; neurons with constant
mean activity v(¢) = vo,;. The value of Q(v,;, N;) has been estimated computing the PSD of a fic-
titious activity in which the number {n}, of spiking neurons in each bin is given by indepen-

dent extractions from a binomial distribution:
. . N N
P(”;, VU,HN:') = B(”}? VO.NNi) = (n,)vo].i(l - V(D,i) b
j

Throughout this paper, we highlight the spectral properties of the system of the STN and
STR oscillators (the two loops mainly responsible for § activity) by the analysis of the spectral
properties of the STN and D2 populations respectively. The choice of these nuclei is due to the
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fact that they set up one (and only one) of the two loops, hence determining a benefit in the
interpretability of the results.

1.8 Analysis of the limit of large populations

In order to verify whether the properties that we obtained persist in the limit of large popula-
tions (the realistic size of each population is approximately 10° times the adopted sizes [59,
80]) we repeated all the analysis with each population size multiplied by a factor n € [1, 2, 4, 8]:

N,(n) =n N,
where p indicates the different neural populations and N, is the size of population p listed in
Table 1. In order to have comparable results for different values of n, the PSDs have been com-
puted over N,,(1) neurons also in the case of n # 1. Further, in case of n # 1, all connection
probabilities were scaled in such a way that the mean number of presynaptic neurons per tar-
get neuron was constant for each connection.

1.9 Numerical methods

The code for the simulations has been developed in C++. In combination with this code, a
python3 module has been implemented in order to import and preliminarily analyse the
results of the simulations. The implemented code is available on GitLab (https://gitlab.com/
andrea.ortone/basal_ganglia_model) and the documentation is published on readthedocs.org
(https://basal-ganglia-model.readthedocs.io/en/latest). The numerical integration of the equa-
tions describing the evolution of each neuron in the simulated network are performed with a
fixed time step & = 0.1 ms and applying the 4™ order Runge-Kutta procedure [81]. In order to
generate random numbers the PCG library [82] has been employed. The duration of each sim-
ulation has been fixed to 10 000 ms plus a warm-up interval of 500 ms which has been elimi-
nated from the analysis.

Results

With the aim of untangling the dynamics leading to the onset of pathological j oscillations, we
first identified the main structures generating f3 resonances (Section 2.1). Following we studied
the effects of dopamine depletion on the two independent j oscillators (Section 2.2). Then, we
focused on the consequences of their interplay (Section 2.3) and investigated the role of dopa-
mine depletion in shaping the spectral dynamics of the system (Section 2.4). Finally, in Section
2.5 we validated our model against recent experimental reports on the role of cortical inputs,
STN and GPe activity in the generation of pathological S oscillations.

2.1 Identification and characterization of 8 oscillators

In order to identify the connections mostly contributing to the generation of 3 oscillations, we
considered the Complete Model of the BG (see Fig 1 and Methods Section 1.1) and computed
the residual B power R(c) associated with the removal of each connection ¢ from the network
(see 1.3 for details). According to the definition in Eq (1), the more relevant connections are
expected to be associated with lower values of the ratio R, hence we fixed a threshold R= i
and focused on the connections with R < R. As a result, five connections were identified as
main responsible for the onset of § activity (Fig 3A): FSN—D2, D2—GPe-TI, GPE-TI—FSN,
STN—GPe-TI and GPe-TI—STN. These connections set up two distinct oscillators, one
involving FSN, D2 and GPe-TI nuclei (STR loop, Fig 3B) and the other involving STN and
GPe-TI nuclei (STN loop, Fig 3C). The spectral analyses of the activity of the two oscillators
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Fig 3. Identification of most relevant oscillators and investigation of their spectral properties. (A) Rationale about
the selection of salient nodes in the BG network for a single simulation run. The nodes, taken together, define the STR
and the STN loops (in blue and red shadow respectively). (B) STR loop with FSN, GPe-TI and D2 nuclei, connected
with feedforward inhibitory projections (in red) and with their natural mode. (C) STN loop with STN and GPe-TI
nuclei, connected with excitatory feedforward (in green) and inhibitory feedback projections (in red) and their natural
mode.

https://doi.org/10.1371/journal.pcbi.1010645.9003

(isolated from the other nuclei by setting £ = 0, see Methods) showed that:

£, = (13.1+0.2) Hz

foon = (189 £0.3) Hz
Sapert B = (13.6 £0.3) Hz (6)
Jopet () = (19.1 £ 0.2) Hz

fuy = (13.3+0.2) Hz

hence the STR loop has a proper frequency fsrr ~ 13 Hz while STN naturally oscillates at forn
~ 19 Hz.

2.2 Effect of dopamine depletion on the independent two main f oscillators

In this section we analyse the effects of dopamine depletion on the two separate, independent
B oscillators. In order to do so, we employ the Simplified Model (see Methods Section 1.4 and
Fig 4A), fix the value of £ = 0.00 and study the behaviour of the system as a function of the D,
parameter, which regulates the severity of dopamine depletion. Varying D, led to different
spectral modulations in the two oscillators (Fig 4B): the mean frequency of the STN nucleus
remains close to ~ 19 Hz, while that of the D2 population moves from ~ 16 Hz, that is the
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https://doi.org/10.1371/journal.pcbi.1010645.9004
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mean value between 8 and 24 (see Methods and Eq (4)), to the natural frequency of the D2
oscillator at ~ 13 Hz (Fig 4C); since the two oscillators do not interact, the system does not
undergo any process of synchronization.

The intensity of 8 activity in the STN loop, measured through the STN nucleus, is only
slightly affected by the variation of D4 conversely, the intensity of § activity in the STR oscilla-
tor, measured through the D2 nucleus, strongly increases with D, (Fig 4C). Crucially, however,
the intensity of these oscillations does not persist in the STN (Fig 4D) loop nor in the STR one
in the limit of large populations (Fig 4E). This suggests that the increase of f activity in the iso-
lated loops is not sufficient to account for the emergence of the pathological oscillations in
realistic conditions.

2.3 Loops interplay

The results in the previous sections showed that as the value of D, is increased, the STR oscilla-
tor increases its power. As a consequence, both the STN and STR loops may contribute to the
generation of § oscillations in this condition. Moreover, since both loops contain the GPe-TI
population, the two oscillators may interact with one another: the objective of this section is
the analysis of the consequences of this interplay.

We now consider the Simplified Model, fix the value of D;=1.00 and analyse the effects of
increasing the value of the £ parameter which regulates the intensity of the connections
between the two oscillators (see Methods Section 1.4).

Interplay variability resulted in fundamental changes in the spectral dynamics of the system
(Fig 5): for very low values of the coupling € the STR and STN loops (measured through the
D2 and STN nuclei respectively) exhibit a power spectrum which is not dissimilar from the
case of the independent oscillators (¢ = 0, D; = 1.00) (Fig 3B and 3C). As the value of the cou-
pling ¢ is increased, the PSDs of both populations become affected by the presence of the other
resonance and present a broader peak which increasingly include the intermediate region
between the natural frequencies of the two independent oscillators. Finally, for high values of &
~ 0.85, the oscillators complete their process of synchronization: the two separate resonances
disappear and a single prominent peak emerges at an intermediate frequency.

In order to highlight this behaviour, we computed the average frequency of the STR and
STN loops (with specific measurements respectively at the D2 and STN nuclei) as a function of
€. As expected, the two frequencies start from the natural frequencies of the two oscillators ( ~
13 Hz and ~ 19 Hz in the region of € = 0) and, as the interplay between the two loops
increases, converges to an intermediate common frequency f ~ 16 Hz (& = 1, see Fig 6B).
Even more interestingly, the process of synchronization is associated with a strong increase in
the intensity of the activity in the f§ regime (Fig 6C).

In order to verify whether the properties highlighted above persist in the limit of large pop-
ulations, we repeated the analysis with the size of each population multiplied by a factor n € [2,
4, 8] (see Methods sec 1.8). The results of this analysis highlight two different regimes (see Figs
6D and A in S1 Text):

o in case of low synchronization (e ~ 0) the intensity of  oscillations goes to zero in the large
n limit;
« in case of high synchronization (¢ ~ 1) the intensity of § activity is preserved.
On the one hand, these results confirm that the establishment of a state of complete syn-

chronization and the consequent onset of prominent f activity in the model are stable for vari-
ations in populations size; on the other hand, in accordance with the results in the previous
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Fig 5. Evolution of the PSD of the STN and D2 populations for increasing values of the coupling strength £. (A) PSD of STN and D2 nuclei related
to a low level of coupling (¢ ~ 0.05) showing asynchronous states. (B) PSD of both STN and D2 nuclei in relation with an intermediate level of
coupling (¢ ~ 0.45) showing larger peaks increasingly including the intermediate region. (C) PSD of STN and D2 nuclei related to a high level of
coupling (¢ ~ 0.85) showing the emergence of a common oscillatory mode.

https://doi.org/10.1371/journal.pcbi.1010645.9005

section, they suggest that single loop models are not capable of explaining strong f activity in
the limit of large populations.

A further insight on the process of synchronization is finally captured by the value of
PSDgrn(sTr) (i€., the power spectral density of the STN population computed at the natural
frequency of the STR loop; Fig 6E). Particularly, for low coupling, this value is low as STN
uniquely oscillates at the natural frequency of the STN loop (Fig 5A). In the intermediate
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remarkable growth of the intensity in the synchronous regime. (D) Unbiased measure of the intensity of the STN
activity as a function of & for different values of the population size n: the intensity of 3 activity is preserved only in the
synchronous regime. (E) Value of the STN-PSD nuclei computed at the natural frequency of the STR oscillator as a
function of the coupling strength. These results are associated with the analogous shown in Fig A in S1 Text.

https://doi.org/10.1371/journal.pchi.1010645.9006
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regime (¢ ~ 0.5) higher values are registered since the activity of the STN nucleus becomes
more affected by the STR oscillator (Fig 5B). Finally, for € ~ 1, the value of PSDgn(fstr)
decreases again as the two oscillators synchronize to a novel frequency which is different from
both the natural ones (Fig 5C). A very similar trend is shown by the power spectral density of
the D2 population computed at the natural frequency of the STN loop (see Fig A in S1 Text).

2.4 Role of dopamine in f# synchronization dynamics

In the previous section, we described the effects of synchronization as a result of increasing the
value of the coupling € between the two f5 oscillators. In the real network, however, the value of
€ is fixed. This fact implies that there must be something else, within the network, which is
responsible for the increase of the interaction between the two oscillators and hence drives the
system towards higher degrees of synchronization. Similarly to Section 2.2 we now focus on
the effects of increasing the severity of the condition of dopamine depletion by regulating the
value of Dj; however, differently from there, we now study the effects of the variation of D,
when interplay between the two oscillators is present.

Role of dopamine in the Simplified Model. We start considering the Simplified Model
and introduce the coupling between the two oscillators by setting the value of £ = 0.75. Simi-
larly to the case in Section 2.2, the increase of D, determines the increase of the intensity of §
activity in the STR loop. Crucially however, in this case, the increase in the intensity of the STR
Loop leads the two oscillators to undergo a process of synchronization: for low values of D, the
two loops interact poorly (the STR oscillator is almost absent and only the STN resonance at
~ 19 Hz characterizes the status of the system; see Fig 7A); as the value of D, is increased, the
enhancement in the intensity of the STR oscillator implies higher degrees of interaction
between the two loops and consequently leads to the emergence of a single resonance at an
intermediate frequency (~ 16 Hz; see Fig 7B and 7C).

Similarly to the increase of & (Section 2.3), the increase of D; determines the convergence
of the mean frequencies of oscillation of the STN and D2 populations (Fig 8B) and a remark-
able increase in the intensity of the pathological oscillations (Fig 8C).

Further, the analysis of the limit of large populations shows that:

« ife =0.75 and D; ~ 1.1 (synchronized oscillators), the intensity of § activity is preserved
(Figs 8D and B in S1 Text);

o ife=0.75and D; ~ 0.9 (non-synchronized oscillators), the intensity of # activity decreases
(Figs 8D and B in S1 Text);

« if £ = 0.00, for any value of D, (non-synchronized oscillators), the intensity of § activity
decreases (Figs 8E and B in S1 Text).

In accordance with previous results, this proves that the intensity of 8 activity in the large n
limit is only preserved when the two oscillators are in the synchronous state (¢ = 0.75 and D,
~ 1.1).

Beside that, the comparison between the uncoupled (& = 0.00) and coupled (€ = 0.75) cases
highlights that the increase in the intensity of 3 activity is stronger in the latter case (Fig 8E).

The results proposed in this section concerning the role of dopamine in the case of the Sim-
plified Model showed interesting changes in the functional and spectral dynamics of the two
loops. For low values of D,;, we observed a weak synchronisation between the STR and STN
loops, which then oscillate around their natural resonance. Conversely, the more severe is the
condition of dopamine depletion, the stronger the state of synchronisation of the two loops,
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Fig 7. Evolution of the PSD of the STN and D2 populations for increasing values of Dopamine Depletion D PSD of
both STN and D2 nuclei related to low (A), intermediate (B) and high (C) levels of dopamine depletion (D, = 0.9, 0.97 and
1.05 respectively): for low values of D, the system is characterized by the only STN-loop resonance; the increase of D, leads
to higher degrees of interaction and to the emergence of a unique resonance at an intermediate frequency.

https://doi.org/10.1371/journal.pchi:1010645.9007

and the more the activity of the network is characterized by a single, prominent oscillatory
mode in the S regime.

Role of dopamine in the Complete Model. In all previous analyses we focused on the
properties of the emergent 3 activity in the context of the Simplified Model. In that case, we
showed that the effects of dopamine depletion and the consequent process of synchronization
of the two oscillators set up by the STR and STN loops play a major role in the onset of patho-
logical, prominent f activity. In line with those results, in this section we will show that all the
highlighted properties are preserved in the Complete Model of the BG (see Fig 9A). Particu-
larly, even in this model, as the value of D, is increased, the mean frequencies of the D2 and
STN populations converge (Fig 9B) and the intensity of § oscillations increases and presents
the characteristic speed up due to completion of the synchronization process (Fig 9C). Note
that these behaviours and the onset of synchronization associated with dopamine depletion,
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interacting (¢ = 0.75, continuous lines) and non-interacting condition (& = 0.00, dashed lines): the intensity of B activity is
preserved if and only if the two oscillators are synchronized. These results are associated with the analogous shown in Fig
Bin S1 Text.

https://doi.org/10.1371/journal.pcbi.1010645.g008
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Fig 9. Effects of Dopamine Depletion D, on the Complete Model. (A) Schematic representation of the Complete
Model: the targets of Dopamine modulation are highlighted. (B) Mean frequencies of STN (blue) and D2 (red) nuclei
as function of dopamine modulation D,;: the two mean frequencies converge due to the increase of D,. (C) Unbiased
measure of the intensity of 8 activity as a function of D: note the remarkable growth of the intensity in the
synchronous regime. (D) Unbiased measure of the intensity of the D2 f activity as a function of D, for different values
of the population size n: the intensity of § activity is preserved only in the synchronous regime. Analogous results
about STN S activity are shown in Fig C in S1 Text.

https://doi.org/10.1371/journal.pchi.1010645.9009

which represent the key result of our work, are robust to alterations in network and single neu-
rons parameters (see Fig E in S1 Text).

Finally, in accordance with previous results, the size analysis confirms that our model is
capable of capturing prominent f activity also in the limit of large populations (see Figs 9D
and C in S1 Text).

Please note that in all the studies regarding the effects of dopamine depletion (Figs 4, 7, 8B,
8C, 9B and 9C) we showed the results related to the case n = 8. This has been necessary to cap-
ture the relevant properties of the system in a clearer way (for example, the reader can compare
the speed up in the increase of f activity in case of n = 1 and n = 8 shown in Fig 8E). This
choice does not affect the results of the large # limit analysis.
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Fig 10. Bursting dynamics for intermediate values of dopamine (D = 0.90) in the case of the Complete Model of
the BG. (A) Periodogram of the STN population activity highlighting the bursting characterization along a period of
20 seconds. (B) Difference between the instantaneous mean frequency of STN and D2 nuclei. (C) Instantaneous values
of PSD for the STN nucleus. The dashed lines in the inferior subplots represent the median values of Afand f STN
Mean PSD respectively.

https://doicorg/10.1371/journal.pcbi.1010645.9010

p bursting activity. The presented results have been obtained by mediating over different
time intervals and different simulations (see Methods Section 1.7). Performing this operation
denied us the possibility of investigating the transient properties of the network.

One of the most important feature of pathological § activity in the BG is that it presents a
strongly phasic characterization [20, 21]. As shown in Fig 10, our model is capable of capturing
this characterization. In particular, for intermediate values of D; (D, = 0.90), the system gains
temporary access to the synchronous condition and the two oscillators continuously switch
between the synchronous and asynchronous states. Moreover, when the value of Af(f) = forn(?)
— fpa(t) decreases (meaning that the system spends more time in the synchronous status), the
intensity of the 8 oscillations increases (see the red-green and green-red matching of points
related to the same time intervals in the two inferior subplots of Fig 10). Analyzing the distri-
bution of high S power intervals in 10 s long simulations for different levels of D,; we found
strong differences in the skewness between values between high and low levels of D,; (see Fig F
in S1 Text). For low values of D, the § power distribution displays a long right tail (skewness
between 0.85 and 1.5), indicating the presence of transient bursting. Therefore S bursts,
although uncommon, are possible, even for low levels of dopamine depletion. On the other
hand, when the synchronization occurs, the intensity of B activity increases and the distribu-

tion does not show any tail (skewness between -0.29 and 0.29). In this condition, high § power
intensity is stable and not transient anymore. These results are in accordance with the previous
considerations and indicate once again that the more the two oscillators interact, the more the
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system spends time in the synchronous state and the higher is the intensity of  activity within
the network.

2.5 Comparison with relevant experimental results on the role of specific
nuclei in pathological f oscillations

The results in the previous sections support the hypothesis that pathological § oscillations orig-
inate from the synchronization of a striatopallidal loop and a subthalamic-pallidal loop medi-
ated by the GPe. The relevance of GPe in the generation of 3 oscillations was recently proved
by a work of Mallet group [49]. We wondered then to which extent our model was able to
account for the experimental results found in this work. First, in [49] the cortical origin of
oscillations is ruled out by observing that optogenic cortical silencing led to a decrease of STN
activity but did not significantly affect 8 power. To test whether our model was coherent with
these results, we simulated the partial suppression of cortical inputs as described in Methods
Section 1.6. Introducing this perturbation in our model, we found that the inhibition of inputs
from motor cortex did entail a decrease (~ —15%) in the firing rate of STN (Fig 11A); but did
not suppress pathological § activity (Fig 11A) in line with the results in [49] (see their Fig 1i-j
and 1k-1 respectively). Interestingly, the same study showed that both suppression (see Fig 2 in
[49]) and amplification (see Fig 5 in [49]) of STN activity have a small effect on f intensity,
suggesting that STN might only have, in the words of the authors, “a supportive role” in the
generation of pathological 3 oscillations. In order to simulate these STN activity manipula-
tions, we induced a modulation of STN activity as described in Methods Section 1.6. Coher-
ently with [49], in our model the intensity of 3 oscillations decreased when STN activity
moved away from its reference value (~ 18 Hz), but remained one order of magnitude stron-
ger than the values observed for low D even for relatively large variations of the STN discharge
rate (Fig 11B). Crucially, in [49] opto-inhibition of GPe induced an increase in STN activity
but at the same time a complete suppression of pathological  oscillations. We simulated the
inhibition of GPe as described in Methods Section 1.6. In this condition, the model displayed a
significant increase in STN activity (~ +85%) and the complete suppression of pathological
oscillations (Fig 11C), coherently with what observed in [49] (see Figs 4i-j and 4k-1
respectively).

Opverall, these results shows that the model is capable of reproducing the main results about
the role of the different nuclei in the generation of pathological § oscillations displayed in [49].

Discussion

We characterized the interplay between two loops generating f oscillations within the BG: one
between GPe and striatal populations FSN and D2 and one between GPe and STN. While for
high values of dopamine the two loops are both weak and act largely as independent, when
dopamine is depleted the striatopallidal loop increases its strength, and this leads to the syn-
chronization and mutual reinforcement between the two loops and eventually to strong oscil-
lations in the whole BG network. We suggest that this mechanism plays a key role in the
generation of abnormal f oscillations in PD. D2 neurons are known to increase their firing
activity due to the loss of inhibitory effect of dopamine and to strongly synchronize in the 8
range in dopamine-depleted conditions [14]. Our modeling work highlights a mechanism in
which the former phenomena leads to the latter due to the internal resonances of the BG
network.

As a strong evidence of our hypothesis, we showed that our model is able to account for
main results in [49], and to shed light on the underlying mechanisms. To date, no computa-
tional model was able to comprehensively explain the observed dynamics: first of all, such
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Fig 11. Effects of activity manipulations on network dynamics. All manipulations are based on the opto-genetic stimulations
discussed in [49]. OFF values are measured in pathologic conditions (Complete Model with D, = 1.03) while ON values are
measured when the opto-genetic perturbations are applied. (A) Simulated effects of motor cortex opto-inhibition on STN
discharge rate (left) and intensity of § oscillations (right) (see also Figs 1k-1and 1i-j in [49]). (B) Predictions of the model on the
intensity of B activity as a consequence of large variations of the STN discharge rate (see also Figs 2e-f-g and 5i-k in [49]). (C)
Consequences of GPe opto-inhibition on GPe-TI and GPe-TA nuclei (first panels on the right) and predictions of the model on
the effects of GPe opto-inhibition on STN discharge rate and intensity of 3 oscillations (right panels) (see also Figs 4k-1 and 4i-j
in [49]). Shaded areas in the plots reporting f intensity correspond to the values of STN-PSD} observed for low D, in the
Complete Model (see Fig C in S1 Text).

https:/doi.org/10.1371/journal.pcbi.1010645.9011
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results can not be accounted for by models based on a cortical origin of § oscillations; further,
in the Discussion of [49] the authors mention two computational models suggesting the
importance of increased striatal inhibition to induce abnormal oscillations in the GPe-STN
network [35, 83], but stress that these models did not clarify the mechanism through which
this increase leads to the onset of synchronization at 3-frequency. In contrast, the computa-
tional model that is proposed in this study succeeds in giving a causal reason for the generation
of pathological oscillations by considering the interaction between the STR and STN loops
under dopamine depleted condition.

Our results are coherent with classic results highlighting the role of the STN-GPe loop in
generating S oscillations [27] as this loop indeed exists and does play an important role. The
key difference is that in our view this loop is not simply modulated by the intensity of the stria-
tal inhibition to GPe, but rather by the intensity of the j oscillations of the striatopallidal loop.
In a relevant work, Corbit and colleagues introduced a detailed small scale, closed-loop model
of the striatopallidal loop [57] and showed how it generated 3 oscillations. Later models,
including [58] which was the model laying the ground for this work, implemented then this
loop in their network descriptions ([84, 85]), but did not explicitly address how the two loops
interacted in originating f oscillations, rather focusing on action selection. Interestingly, a
recent study by the same group focusing on transient responses of the BG network [86] also
captured S activity, but did not address the question of its origins. A key paper, [87] proposes
that 3 oscillations rely on both the STN-GPe loop and the cortex (rather than exclusively on
the STN-GPe loop). One limitation of our model is indeed that it neglects the effect of tempo-
ral evolution of cortical inputs, as the presence of cortical 8 bursts or input correlations, which
might contribute to the development of f oscillations [15]. Moreover, our model is currently
focused on account for experimental findings on rats, hence translation to primates and
humans is nontrivial. A third limitation is that we only considered effects of dopamine in D1
and D2 activity, while connectivity changes might play a role in 5 power modulation (see
Fig. S5E and the interesting pre-print [88]). Further limitations of our model include the lack
of dynamics to account for plasticity effects, and the fact that selecting an adaptive integrate
and fire neuron model we did not take into account specific currents that are included in
Hodgkin and Huxley models of basal ganglia (e.g. [89]).

As a final remark, the presented size analyses highlight that the intensity of 3 activity is pre-
served when the two oscillators are in the synchronous regime. On the one hand this confirms
that our model is capable of reproducing f activity also in the limit of large populations; on the
other hand it suggests that single loop models (e.g. [35, 39, 57]) may not be capable of explain-
ing prominent f activity.

In future works we will investigate how our model of the mechanisms underlying the path-
ological oscillations in PD can help in the understanding of the interplay between therapies for
PD and S activity. Dopamine agonists are known to alter  activity in the BG [90, 91]. In our
model, D, values could both increase due to the progression of PD and decrease due to the
action of dopamine agonists, which would be coherent with the decrease in § activity induced
by drugs [92]. However, to proper model this aspect we would have to take into account other
pathophysiological aspects [93, 94].

Moreover, it would be interesting to simulate the action of DBS as in [95-98] also in our
model to evaluate its effects on suppressing S oscillations and compare these to experimental
results [99-101]. Recent studies highlighted a dynamical and functional distinction between a
low S range [12-20] Hz and a high f range [20-30] Hz [102-104]. Even if the § activity dis-
cussed in the present work is within the low range, we do not claim to have specifically cap-
tured the dynamics of this band. Understanding the different mechanisms underlying low and
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high 8 could also shed light on the underpinnings of PD therapies, as both dopamine agonist
[105] and DBS [106] seem to have a specific effect on the low 3 range.

Supporting information

S1 Text. Supporting information. This file collects the following supporting tables and fig-
ures: Table A. Parameter changes from the Complete to the Simplified Model. Fig A. Effects
of the coupling strength £ on the Simplified Model: plots for the D2 nucleus. Fig B. Effects of
Dopamine Depletion D, on the Simplified Model (€ =0.75): plots for the STN nucleus. Fig C.
Effects of Dopamine Depletion D,; on the Complete Model: plot for the STN nucleus. Fig D.
Effects of the connectivity alterations due to Dopamine Depletion on the intensity of § activity.
Fig E. Robustness of the results to alterations of the connectivity parameters and neuron and
population parameters. Fig F. Probability distribution of the instantaneous intensity of STN
activity for different degrees of Dopamine Depletion.
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