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Abstract
Obsessive–compulsive disorder (OCD) is associated with multi-nodal abnormalities in brain networks, characterized by

recurrent intrusive thoughts (obsessions) and repetitive behaviours or mental acts (compulsions), which might manifest as

pathological low-frequency oscillations in the frontal EEG and low-frequency bursting firing patterns in the subthalamus

nucleus (STN). Abnormalities in the cortical-striatal-thalamic-cortical (CSTC) loop, including dysregulation of serotonin,

dopamine, and glutamate systems, are considered to contribute to certain types of OCD. Here, we extend a biophysical

computational model to investigate the effect of orbitofronto-subcortical loop abnormalities on network oscillations.

Particularly, the OCD lesion process is simulated by the loss of connectivity from striatal parvalbumin interneurons (PV) to

medium spiny neurons (MSNs), excessive activation to the hyperdirect pathway, and high dopamine concentrations. By

calculating low-frequency oscillation power in the STN, STN burst index, and average firing rates levels of the cortex and

thalamus, we demonstrate that the model can explain the pathology of glutamatergic and dopamine system dysregulation,

the effects of pathway imbalance, and neuropsychiatric treatment in OCD. In addition, results indicate the abnormal brain

rhythms caused by the dysregulation of orbitofronto-subcortical loop may serve as a biomarker of OCD. Our studies can

help to understand the cause of OCD, thereby facilitating the diagnosis of OCD and the development of new therapeutics.
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Introduction

Obsessive–compulsive disorder (OCD) is a chronic psy-

chiatric systemic disorder that mainly clinically manifests

intrusive obsessive thoughts and iterative compulsive

behaviours. In OCD, converging clinical, biochemical,

neuroimaging, and postmortem evidence indicate that

serotonergic, dopaminergic, or glutamatergic dysfunction

may contribute to the pathogenesis of the obsessive–com-

pulsive disorder, which leads to the emergence of patho-

logical hyperconnectivity in the ventromedial cortico-basal

ganglia-thalamo-cortical neural loop and increase of theta

synchronization in the ventral subthalamic nucleus (Welter

et al. 2011; Wojtecki et al. 2017). However, little is known

about the changes in the morphological properties in the

relevant circuit during OCD, which makes the pathology of

OCD unclear. It is currently thought to be the result of a

combination of genetic, environmental, and other factors.

Nowadays, the pathophysiology of OCD is considered to

be the altered brain structure and overactivity of the frontal

cortico-striatal-thalamocortical circuits (Menzies et al.

2008; Vaghi et al. 2017).

There is increased evidence that orbitofrontal cortex is a

critical substrate. The orbitofrontal cortex (OFC) is con-

sistently involved in reward learning, social tasks, and

emotional processes (Frank and Claus 2006). In early PET
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studies, the hypermetabolism in the orbitofrontal cortex has

repeatedly been present in patients with OCD compared to

healthy controls, which could lead to impaired action-

outcome monitoring (S. Saxena et al. 2002; van den Heuvel

et al. 2016). Structurally, smaller OFC volumes are also

reported in voxel-based morphometry (VBM) studies in

OCD (Nakao et al. 2014; Rotge et al. 2009). Further evi-

dence for OFC involvement in OCD comes from that

repetitive optogenetic stimulation activating the OFC-

ventromedial striatum pathway can produce repetitive

behaviours (Ahmari et al. 2013), which is one of the

symptoms of OCD patients (Burguière et al. 2013). These

results provide strong support that the OFC plays a crucial

role in the neuropathology of OCD and can cause OCD

symptoms.

Though much translational work has focused on the

abnormal structure and function of OFC, findings in basal

ganglia and thalamus, particularly within the striatum,

reveal that basal ganglia and thalamus dysfunction underlie

the obsessive–compulsive disorder. Onset symptoms of

OCD occur after injury to basal ganglia structures (Stein

2002). Imaging studies have demonstrated that the basal

ganglia serve a gating function, which is consistent with

the study that imbalanced basal ganglia activity can induce

repetitive routines (Graybiel and Rauch 2000). The reduced

striatal volumes and increased thalamic volumes have been

reported in OCD which showed significant recovery in

volumes after the successful treatment of serotonergic

medications selective serotonin-reuptake inhibitors (SSRI)

(van den Heuvel et al. 2016). The thalamus associated with

relay and integrative ability shows higher activation in

patients with OCD compared to healthy controls (Saxena

et al. 1998). Meanwhile, elevated dopamine concentration

in the striatum plays a vital role in the brain network

dynamics dysfunctions that point to obsessive–compulsive

disorder (De Haas et al. 2011; Denys et al. 2004b). Fur-

thermore, the increased striatal medial spiny neurons

activity and decreased number of the parvalbumin

interneurons were observed in SAPAP3 knockout

(SAPAP3-KO) grooming mice (the most widely used

preclinical model in OCD research, and SAPAP3 is a gene

candidate for OCD risks) (Monteiro and Feng 2016a, b; Xu

et al. 2016).

A convergence of research points to the involvement of

the cortical-striatal-thalamocortical circuit in OCD

pathology. Current views of loop connections are that

striatal output reaches the thalamus via a ‘‘direct’’ pathway

and an ‘‘indirect’’ pathway (Smith et al. 1998). In primates,

projections from the orbitofrontal cortex are concentrated

at the level of the ventral striatum, which then directly

projects to the dorsomedial part of the internal segment of

the globus pallidus (GPi), and the rostral region of the

substantia nigra pars reticulata (SNr), which is connected to

the mediodorsal nucleus of the thalamus (MD). The path-

way is known as the ‘‘direct’’ pathway. The ‘‘indirect’’

pathway involves subregions, such as the ventral pallidum

and subthalamic nuclei with bi-directional recurrent pro-

jections. Striatal MSNs in the ‘‘direct’’ pathway express

excitatory D1 dopamine receptors, and MSNs express D2

in the ‘‘indirect’’ pathway. Recent research concludes that

the fibres projecting from the orbitofrontal cortex to the

limbic STN are components of ‘‘hyperdirect’’ pathway

(Janssen et al. 2017). Abnormal striatal and STN activities

cause imbalances between the ‘‘direct’’ and ‘‘indirect’’

pathways in basal ganglia resulting in disruption of infor-

mation processing, responding with dysfunctions of the

cortex, especially the orbitofrontal cortex observed in OCD

patients (Saxena et al. 1998). For a long, scientists only

focused on the clinical aspects of OCD. However, the

alteration of pathway balance in OCD seems to reflect the

principle of the network rather than the lesion of a partic-

ular brain area. Based on lines of evidence mentioned

above, we hypothesize that the imbalance of the frontal

cortico-striatal-thalamocortical circuit results in obsession

and compulsion.

In line with this hypothesis, in addition to circuitry

abnormality, single-neuron and local field potential

recordings in patients are providing insight into the cellular

and synaptic dysfunction of OCD. Previous intraoperative

recordings of STN neurons have found burst and oscillation

occurred predominantly in the low-frequency band in OCD

patients (Welter et al. 2011). In that study, the severity and

clinical improvements of deep brain stimulation were

associated with the STN neuronal activity. Especially,

patients with higher intra-burst frequency had the best

clinical outcome. The same study also suggests that STN

neurons display less frequent but longer bursts, increased

burst activity in OCD, which possibly cause an inability in

decision making, finally result in obsession and compul-

sion. Compared to Parkinson’s patients, Rappel also

reported enhanced theta activity in ventromedial STN in

OCD patients, related to cognitive functions (Rappel et al.

2018).

Based on a recent consensus guideline on neurosurgery

in psychiatry, deep brain stimulation was proposed as a

therapeutic option to treat refractory obsessive–compulsive

disorder. Although less is known about the mechanisms in

the effect of DBS, potential explanations may include

neuronal effects and disruption of electrical pathological

oscillation and synaptic plasticity as well. The STN is a

well-known target for Parkinson’s disease, similarly as an

exciting target for patients of OCD. A considerable amount

of double-blind studies of STN-DBS performed that DBS

recovered the imbalance between the direct and indirect

pathways, marked reduction in theta synchronization and

alleviated symptoms of OCD patients, but its
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pathophysiological mechanism is limited (De Koning et al.

2011; Figee et al. 2014; Parolari et al. 2020; Schwabe et al.

2021; Welter et al. 2011).

The wealth of aggregated evidence indicates that com-

putational modelling can integrate various types of data

pointed to special mechanisms, test the dynamic hypothe-

sis, provide a new perspective on OCD pathogenesis based

on model-derived hypothesis. Here we present a biophys-

ical frontal cortico-striatal-thalamocortical computational

model based on realistic network connectivity and

dynamics and investigate the impact of striatal connectiv-

ity, hyperdirect pathway, and dopamine concentration, as

well as the treatment of deep brain stimulation. A combi-

nation of neurophysiological (DBS), animal models (ge-

netic technologies and optogenetics) and neuroimaging

(diffusion tensor imaging [DTI] and functional magnetic

resonance imaging [fMRI]) approaches may be capable of

distinguishing neural circuit abnormalities in OCD patients

that differ from normal individuals, contributing to the

diagnosis and treatment of OCD and the development of

new therapies.

Materials and methods

To test our hypothesis, we propose a simplified, deter-

ministic frontal cortico-striatal-thalamocortical model

(Fig. 1), which consists of the orbitofrontal cortex (OFC),

the ventral striatum D1 medium spiny neuron (STR-D1),

the ventral striatum D2 medium spiny neuron (STR-D2),

the ventral striatum parvalbumin fast-spiking interneuron

(PV-FSI), the substantia nigra pars reticulata (SNR), the

ventral pallidum (VP), the anterior subthalamic nucleus

(STN), and dorsomedial thalamus (MDTH) interconnected

with model synapses. Studies have shown that these nuclei

are connected and serve an essential role in OCD. To better

understand the biophysical firing patterns and connections,

a brief summary can be obtained in Table 1.

Each compartment contains 100 Izhikevich hybrid

neurons, and their membrane potentials are as follows:

dV

dt
¼ 0:04V2 þ 5V þ 140� uþ Isyn þ Iext ð1Þ

du

dt
¼ aðbV � uÞ ð2Þ

with the after-spike resetting equation being as:

if V � 30mV ;
V  c

u uþ d

�
ð3Þ

where V is the membrane voltage u is the recovery vari-

able, Isyn is the incoming synaptic currents, Iext is the

external input current; a is a recovery time constant, while

b, c and d represent the sensitivity of recovery variable u,

the voltage reset and the after-spike membrane recovery

variable reset, respectively; Different types of neurons

could be defined by different values of a, b, c and d

(Izhikevich 2004). Parameters for each nucleus were given

in Table 2.

Orbitofrontal cortex model neuron

The cortical network comprises reciprocally connected

pyramidal regular spiking excitatory neurons (Fig. 2g),

which we called OFC neurons in our study, and fast-

spiking inhibitory interneurons (Fig. 2h). The Ith!e denotes

the network connectivity between the thalamus and exci-

tatory neurons in the orbitofrontal cortex. Also, excitatory

neurons receive projections from adjacent OFC regular

spiking excitatory neurons Ie!e and fast-spiking inhibitory

interneurons Ii!e. The fast-spiking interneurons in the OFC

are not only excited by regular spiking neurons Ie!i, but

also inhibited by other OFC interneurons Ii!i (Humphries

et al. 2009; Konstantoudaki et al. 2014). Iext represents the

external input. Each neuron in two OFC populations obeys

the following equations:

dVe

dt
¼ 0:04V2

e þ 5Ve þ 140� ue þ Ith!e þ Ie!e þ Ii!e

þ Iext e

ð4Þ
dVi

dt
¼ 0:04V2

i þ 5Vi þ 140� ui þ Ie!i þ Ii!i þ Iext i ð5Þ

Fig. 1 A simplified architecture of the frontal cortico-striatal-thala-

mocortical model with OFC, PV-FSI, STR-D1, STR-D2, SNr, VP,

STN and MDTH. The inhibitory connections are represented by the

blue lines with rounds, the excitatory connections by red lines with

arrows. The black diamonds lines show the modulatory effect of

dopamine
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Striatum model neuron

The striatum is divided into three populations: D1-medium

spiny neurons (D1-MSNs), D2- medium spiny neurons

(D2-MSNs), parvalbumin fast-spiking interneurons (PV-

FSIs). MSN is split into two clusters modulated by dif-

ferent major dopamine receptor types, which express D1

receptors in the direct pathway and D2 receptors in the

indirect pathway (Gittis et al. 2010). In the model, we

distinguish between D1-MSNs and D2-MSNs by different

current coupling and dopamine modulation, which is con-

sistent with D2-MSNs being more excitable in the exper-

iment (Gruber et al. 2003; Humphries et al. 2009). In order

for the balance between the direct pathway and the indirect

pathway, D1-MSNs and cortical neurons should have

stronger coupling to receive higher excitatory inputs

(Bahuguna et al. 2015; Gertler et al. 2008). Besides, some

parvalbumin neurons in the striatum showed fast-firing

patterns based on data from several mammalian species

(Xu et al. 2016). The MSNs receive not only cortical

excitatory effects Ie!d1 but also inhibitory effects Ifsi!d1,

Id1!d1 from the PV-FSIs and other neurons in the same

cluster. As for PV-FSIs, they respond not only to cortical

excitability but also electrical synapses from other PV-FSIs

expressed in the equation as Ie!fsi, Ifsi!fsi (Wu et al. 2017).

The MSN increases the response under the depolarization

input (Fig. 2e). At the same time, PV-FSI exhibits rapid

firing (Fig. 2f). The membrane potentials Vd1, Vd2, Vfsi of

D1-MSNs, D2-MSNs and PV-FSIs are calculated as

follows:

dVd1

dt
¼ 0:04V2

d1 þ 5Vd1 þ 140� ud1 þ Id1!d1 þ Ie!d1

þ Ifsi!d1 þ Iext d1

ð6Þ
dVd2

dt
¼ 0:04V2

d2 þ 5Vd2 þ 140� ud2 þ Id2!d2 þ Ie!d2

þ Ifsi!d2 þ Iext d2

ð7Þ
dVfsi

dt
¼ 0:04V2

fsi þ 5Vfsi þ 140� ufsi þ Ie!fsi þ Ifsi!fsi

þ Iext fsi ð8Þ

Table 1 The biophysical firing rates and connections of nuclei of the network

Nucleus Firing rate (s-1) Biophysical connections References

TH 10–20 TH ? OFC Haber and Calzavara (2009)

STN 15–30 STN ? VP, STN ? SNr Parolari et al. (2020)

VP 40–70 VP ? SNr, VP ? STN Grabli et al. (2004), Wu et al. (2015)

SNr 50–70 SNr ? TH Smith et al. (1998)

D1MSN 4–7 STR-D1 ? SNr Bouchekioua et al. (2018)

D2MSN 4–7 STR-D2 ? VP Humphries and Prescott (2010)

PV-FSI 20–70 PV-FSI ? STR-D1

PV-FSI ? STR-D2

Monteiro and Feng (2016a, b), Pisansky et al. (2019)

Gittis et al. (2010), Pisansky et al. (2019), Wu et al. (2017)

PY 5–20 PY ? IN

PY ? STN

PY ? PV-FSI

PY ? STR-D1

PY ? STR-D2

Mccracken and Grace (2007)

Péron et al. (2013)

Burguière et al. (2013)

Ahmari et al. (2013)

Rauch (2013)

IN 20–60 IN ? PY Izhikevich and Edelman (2008), Mccracken and Grace (2007)

Table 2 Izhikevich parameters of network neurons

Nucleus a b c d Iext

TH 0.005 0.23 - 65 0.45 7

STN 0.005 0.265 - 65 2 7

VP 0.005 0.585 - 65 4 12

SNr 0.005 0.32 - 65 2 1

STR-D1 0.02 0.2 - 65 8 - 18

STR-D2 0.02 0.2 - 65 8 - 2

PV-FSI 0.1 0.2 - 65 8 4

PY 0.02 0.2 - 65 8 1

IN 0.1 0.2 - 65 2 4
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Ventral pallidum model neuron

The ventral pallidum neuron receives excitatory projec-

tions from the ventral STN Isn!vp and axonal lateral

branching inhibitory projections from other ventral pal-

lidum neurons Ivp!vp. Most inhibitory projections are from

striatal D2-MSNs Id2!vp, accounting for 80–90% of the

projections in the ventral pallidum. VP model is initially

active and has a reduced hyperpolarization response

(Fig. 2c). The membrane potential Vvp of ventral pallidum

neurons is calculated as:

dVvp

dt
¼ 0:04V2

vp þ 5Vvp þ 140� uvp þ Ivp!vp þ Id2!vp

þ Isn!vp þ Iext�vp

ð9Þ

Subthalamic nucleus model neuron

The subthalamic nucleus was modelled previously as an

irregular firing model with firing rates around 20 Hz,

consistent with what was observed in vivo (van Albada and

Robinson 2009; Yu et al. 2021). The STN received VP

inhibition Ivp!sn and STN excitation Isn!sn (Ebert et al.

2014; Gillies and Willshaw 1998; Shen and Johnson 2006).

It also receives excitatory projections from the orbito-

frontal cortex Ie!sn, often referred to as the hyperdirect

pathway. IDBS represented the input of deep brain stimu-

lation, in the form of an additional current, which will be

mentioned later in detail. The response of the STN model

after continuous depolarization is high-frequency tonic

firing and a rest period when a depolarization current is

applied. In addition, the model will trigger a rebound burst

with a sufficient hyperpolarization reaction (Fig. 2b). The

membrane potential Vsn of subthalamic nucleus neurons is

calculated as:

dVsn

dt
¼ 0:04V2

sn þ 5Vsn þ 140� usn þ Ivp!sn þ Ie!sn

þ Isn!sn þ Iext sn þ IDBS ð10Þ

Substantia nigra pars reticulata model neuron

Substantia nigra pars reticulata is the central output nucleus

of the limbic basal ganglia. Ivp!sr, Id1!sr , Isn!sr , Isr!sr are

the synaptic input from ventral pallidum, striatal D1-

MSNs, subthalamic nucleus, and substantia nigra pars

reticulata, respectively, where D1-MSNs to SNr is a strong

projection. Figure 2d shows the dynamics of a single

neuron of SNr, similar to VP neuron, but with a higher rate

of firing. The membrane potential Vsr of substantia nigra

pars reticulata neurons is calculated as:

dVsr

dt
¼ 0:04V2

sr þ 5Vsr þ 140� usr þ Ivp!sr þ Id1!sr

þ Isn!sr þ Isr!sr þ Iext sr

ð11Þ

Thalamus model neuron

Each thalamus neuron receives inhibitions from substantia

nigra pars reticulata and excitatory interactions from other

neurons in the thalamus population. In tonic mode, the

firing rate of the Thalamus neuron increases with the larger

depolarization current. In burst mode, when subjected to a

continuous hyperpolarization input, the response of the

model neurons is a bursting period, depending on the

intensity and duration of the current applied (Fig. 2a). The

Fig. 2 Single neuronal firing

characteristics of the model.

a Thalamus neuron.

b Subthalamic nucleus neuron.

c Ventral pallidum neuron.

d Substantia nigra pars

reticulata neuron. e Medium

spiny neuron in Striatum.

f Parvalbumin fast-spiking

interneuron in Striatum.

g Pyramidal neuron in the

orbitofrontal cortex.

h Interneuron in the

orbitofrontal cortex. The black

line represents the neuronal

membrane potential, and the red

line represents the applied input
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membrane potential Vth of thalamus neurons is calculated

as follows:

dVth

dt
¼ 0:04V2

th þ 5Vth þ 140� uth þ Isr!th þ Ith!th

þ Iext th ð12Þ

Loop model

The network has sparse and deterministic connectivity. As

shown in Fig. 3, each TH neuron receives inhibitory inputs

from five SNr neurons and excitatory inputs from the

nearest two TH neurons. Each STN neuron receives two

GPe inhibitory projections. At the same time, each GPe

neuron receives inhibitory inputs from two immediate

neighbouring GPe neurons and five D2-MSN neurons, in

addition to excitatory inputs from two STN neurons. Fur-

thermore, each SNr neuron receives inhibitory inputs from

not only two GPe neurons and five D1-MSN neurons but

also excitatory inputs from two STN neurons, in addition to

suppression inputs from the nearest two SNr neurons.

Actually, striatum PV fast-spiking neurons have greater

connectivity with D1-MSNs (Monteiro and Feng 2016a, b),

so in our model, each D1-MSN neuron receives two inhi-

bitory inputs from two striatal FSI neurons, with half of

them projecting to D2-MSN. Striatum neurons also per-

form inhibitory projections to the nearest two neurons.

Finally, OFC consists of regular spiking excitatory neurons

and fast-spiking inhibitory interneurons. Each OFC neuron

sends excitatory projects to two STN, D1-MSN, D2-MSN,

PV-FSI, OFC interneurons, and three OFC neurons, while

receiving the inhibitory signal from two OFC interneurons.

The closed-loop circuit is designed by setting up excitatory

projections from two TH neurons to each OFC neuron

(Table 3).

Synaptic inputs

In this network, the total synaptic currents Isyn are given by

three chemical synapses by using different exponents: fast

excitatory AMPA, slow excitatory NMDA, and fast inhi-

bitory GABA.

Isyn ¼ IAMPA þ BðVÞINMDA þ IGABA ð13Þ

BðVÞ ¼ 1

1þ ½Mg2þ�
3:57

expð�0:062VÞ
ð14Þ

where IAMPA, INMDA, IGABA are the current of AMPA-,

NMDA-, GABA-type synapses, and ½Mg2þ�0 is the equi-

librium concentration of magnesium ions.

The chemical synaptic current from the jth neuron to the

ith neuron could be expressed as:

Isynij ¼ gij
X

SjðEsyn � ViÞ ð15Þ

where gij describes the strength of synaptic connectivity

from jth neuron to ith neuron, and Esyn represents the

reversal potentials, with Esyn ¼ 0 mV for excitatory

synapses and Esyn ¼ �80 mV for inhibitory synapses. For

the sake of simplicity, we use
P

Sj to represent the sum of

synaptic activity of all presynaptic neurons. The variable Sj
is used to model the synaptic dynamics, which obeys the

equation:

Fig. 3 Structure of the frontal cortico-striatal-thalamocortical model

with sparse connections. The network comprises nine nuclei with 100

cells in each population, of which only five are shown in the figure.

Excitatory glutamate and inhibitory GABA synaptic connections

within the network are represented as red arrows and blue arrows. The

black curves show the modulatory effect of gap synapses

Table 3 Connections between nucleus

From ? to connections From ? to connections

1 PY ? 2 IN 1 PY ? 3 STR-D1

1 PY ? 2 FSI 1 PY ? 3 STR-D2

2 PY ? 1 STN 1 PY ? 2 PY

1 TH ? 1 PY 1 IN ? 2 PY

1 IN ? 2 IN 1 FSI ? 2 FSI

1 FSI ? 2 STR-D1 1 FSI ? 1 STR-D2

1 STR-D1 ? 2 STR-D1 1 STR-D2 ? 2 STR-D2

3 STR-D1 ? 1 SNr 5 STR-D2 ? 1 VP

1 SNr ? 2 SNr 5 SNr ? 1 TH

2 VP ? 1 SNr 2 STN ? 1 SNr

1 VP ? 2 VP 1 STN ? 2 VP

1 STN ? 1 STN 1 VP ? 2 STN

1 TH ? 2 TH

Neurons are connected to the nearest neuron according to the

topography
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dSj
dt
¼ �SjðtÞ

sj
; SjðtÞ  SjðtÞ þ SpikeðtÞ=sj ð16Þ

where sj is the synaptic time constant, and SpikeðtÞ is the

number of presynaptic peaks of all neurons at time t.

The electrical synaptic current from the jth neuron to the

ith neuron that only models the connections between striatal

PV-FSIs, could be expressed as:

Igapij ¼ ggapðV � VjÞ ð17Þ

where ggap is the connection strength and Vj represents the

membrane potential of the jth neuron. Phase lag is present

in the FSI model for each pair of gap connections, here we

use sGap to describe.

Dopamine effect

Dopamine receptors have different impacts on synaptic ion

channels. We expressed the relative levels of dopamine

receptor occupancy by parameters /1 (D1) and /2 (D2),

and added D1 receptor-dependent NMDA-induced excita-

tory postsynaptic potentials (EPSP) enhancement and D2

receptor-induced AMPA-dependent (Moyer et al. 2007)

attenuation by the following equations:

ID1
NMDA ¼ INMDAð1þ b1/1Þ ð18Þ

ID2
AMPA ¼ IAMPAð1� b2/2Þ ð19Þ

where b1 and b2 are scaling factors that determine the

relationship between dopamine receptor occupancy and

effect magnitude. The connection and dopamine parame-

ters for each nucleus are given in Table 4.

Deep brain stimulation

To explore the effect of deep brain stimulation, the DBS

was implemented by an exogenous intracellular control to

the STN neurons. The DBS current could be considered as

a series of periodic cathodic rectangular pulses, which can

be described by the following equation:

IDBS ¼ iDHðsinð2pt=qDÞÞ � ½1� Hðsinð2pðt þ dDÞ=qDÞ�
ð20Þ

where IDBS is the DBS current, H is the Heaviside function,

iD is the stimulation amplitude, qD is the stimulation per-

iod, dD is the duration of each impulse, with

iD ¼ 300 lA/cm2, qD ¼ 1000=130 ms, dD ¼ 0:3 ms.

Stimulation

All simulations are performed using the Euler method

using a 0.1 ms time step based on the MATLAB envi-

ronment. With the progressive nature of OCD, the

connectivity of PV-FSIs and MSNs are degenerating, with

striatum dopamine concentrations and the strength of

hyperdirect pathway changing. Thus, to simulate a pro-

gression in pathological OCD state, the synaptic conduc-

tance of the FSI-MSN is decreased in steps of 2% ranging

from 100 to 0%, in addition to an increase in the synaptic

conductance of hyperdirect pathway in steps of 2%. In the

dopamine experiment, the striatum dopamine input was

increased through dopaminergic currents by 2% per step. In

each case, only one-parameter variation is considered.

For each experiment, the network has the same initial

conditions so that the membrane potentials for all the

neurons are replicated. So, the baseline state is the same in

each experiment, and different initial conditions have the

same result pattern. The network is simulated for 5 s, and

the activity in the previous 3–4 s is analyzed.

Analysis methods

We characterize our model by (1) D1-MSNs average firing

rate, (2) thalamus average firing rate, (3) STN burst index,

(4) the relatively low-frequency (3–10 Hz) power of the

STN population. Excitability is measured by the average

firing rate of all cells for each population. Furthermore,

interspike intervals (ISI) are used to quantify the STN burst

index (BI), given as:

Table 4 Synaptic and dopamine parameters values in the proposed

model

Parameter Value Parameter Value

gsr!th 0.25 gsn!sr 0.05

gvp!sn 0.1429 gd1!sr 1

ge!sn 0.05 gd1!d1 0.982

gvp!vp 0.1429 gfsi!d1 0.982

gd2!vp 1 ge!d1 0.5

gsn!vp 0.05 gd2!d2 0.982

gvp!sr 0.1429 gfsi!d2 0.982

gth!e 0.5 ge!d2 0.225

ge!e 0.1 gfsi!fsi 0.982

gi!e 0.6 gth!th 2

ge!i 0.1 gsr!sr 0.1429

gi!i 0.1 gsn!sn 0.1

ge!fsi 0.125 sAMPA 6

sNMDA 160 sGABA 4

sGap 11 /1 0.5

b1 3.75 /2 0.5

b2 0.156
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BI¼mean ISI

mode ISI
ð21Þ

where ‘mode ISI’ is to calculate the most frequent ISI and a

smaller BI value means a more regular spiking pattern (Luo

et al. 2018). In the model, we define that there has no burst

if BI\ 1.2. To calculate oscillation power, we use a fast

Fourier transform through STN local field potentials (LFP)

to compute oscillation power. The STN LFP is estimated as

the summation of extracellular potential across the STN

population, representing the averaged synaptic activity

(Buzsáki 2004; Rubchinsky et al. 2012). The LFP is

described as:

LFP ¼ 1

N

XN
j¼1

Sj ð22Þ

where N represents the total number of STN population, Sj
is the STN synaptic dynamics.

Results

Baseline healthy state and OCD state

By degenerating the connectivity of PV-interneurons and

MSNs and increasing the strength of hyperdirect pathway,

we simulated situations of severe OCD state. The mem-

brane potentials of individual neurons in the normal and

OCD state are shown in Fig. 4, Vth, Vsn, Vvp, Vsr, Vd1, Vd2,

Vfsi, Ve, Vi are the membrane potentials of the dorsomedial

thalamus, the anterior subthalamic nucleus, the ventral

pallidum, the substantia nigra pars reticulata, the ventral

striatum D1 medium spiny neurons, the ventral striatum D2

medium spiny neurons, the ventral striatum fast-spiking

interneurons, orbitofrontal cortex regular spiking neurons

and interneurons respectively. It could be seen from Fig. 4

that, in the normal or ‘‘healthy’’ state, the loop displays

irregular firing patterns at nearly constant frequencies. A

key factor of normal state is no bursting pattern in STN and

the balance of ‘‘direct’’ and ‘‘indirect’’ pathways. Then we

test the hypothesis by deleting the connectivity from

striatum PV-FSIs to MSNs and increasing hyperdirect

pathway strength. In OCD state, D1-MSNs, OFC and

thalamus exhibit higher spiking rates, while the SNr dis-

plays a lower firing rate (Fig. 5). Furthermore, in addition

to the changes in firing rates, the STN and D1-MSN neu-

rons alter firing patterns where low-frequency bursting

occurs that visually we could get from spike raster maps of

D1-MSNs and STN in normal and OCD states (Fig. 6).

And by calculating the BI index, we find that the BI index

in OCD states is significantly higher than the normal state

and greater than the threshold we defined (BI = 1.2), which

indicates that the D1-MSNs and STN have bursting firing

patterns in OCD states. Each figure is a firing raster map of

100 neurons during the 3000–4000 ms analysis window. In

OCD states, both D1-MSNs and the STN evolve into

higher synchronized oscillations. Additionally, synchro-

nization in the low-frequency (3–10 Hz) range is elevated,

due to the fact that BI index increases from 1.16 to 3.24

and low frequency power increases from 11 to 56. The

progressive nature of OCD generates low-frequency

oscillation in STN, which is characterized by high syn-

chronization and burst proportion (Figs. 6, 7).

Loss of the connectivity from the striatum PV-
FSIs to MSNs

Multiple studies pointed at the frontal-striatum pathway as

the critical channel that drove the pathology of OCD.

Ablation of fast-spiking interneurons in the striatum pro-

duced anxiety and elevated grooming (Xu et al. 2016).

Moreover, NL3-KO mice studies reported impaired D1-

MSNs inhibitory inputs associated with boost repetitive

behaviours (Sheean 2013). Here we test the loss of con-

nectivity from the ventral striatal parvalbumin fast-spiking

interneurons to MSNs. Little change is found in STN low-

frequency power across all network models (Fig. 8a). As

shown in Fig. 9b, the indirect pathway has a slight over-

activity, which is negligible compared to the change of the

direct pathway (both D1-MSNs’ and D2-MSNs’ spikes

increases, but the increase is even greater for D1-MSNs).

Here we calculate the low-frequency power and the per-

centage of low-frequency power in total 1–50 Hz power.

As shown in Fig. 8a, the power remains approximately 10,

and the portion is about 2% (the percentage of low-fre-

quency power in total 1–50 Hz power). In this situation,

the PV-FSIs are insufficient to alter STN low-frequency

dynamics (Fig. 8b). In the experiment, the loss of con-

nectivity makes the cortex and thalamus more excited

(Fig. 8c, d), which leads to the firing pattern alteration in

the network and suppression of the excitability of the SNr.

Furthermore, the altered firing rate is higher for D1-MSNs

than for D2-MSNs (Fig. 9). This is also confirmed by

calculating the average firing rates of the D1-MSNs and

D2-MSNs population (DFRd1 ¼ 9:24Hz,

DFRd2 ¼ 2:11Hz). The cause of this difference is that D2-

MSNs receive less inhibition from striatal PV-FSIs than

D1-MSNs since PV-FSIs synapses connect both two MSN

subtypes but are more likely to target direct pathway MSNs

(Burguière et al. 2015). As illustrated in Fig. 9, the loss of

connectivity induces depolarization of D1-MSNs, thus

preventing normal activation of the SNr.

In summary, the progress of loss connectivity generates

hyperactivated frontal cortico-striatal-thalamocortical
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neuronal loop in different degrees, so that causes the

imbalance between ‘‘direct’’ and ‘‘indirect’’ pathways.

Strength of hyperdirect pathway

Hyperdirect pathway between the OFC and STN plays a

critical role in medial STN overactivity. Abnormal high

degree connectivity of orbitofrontal cortex and STN has

been reported in clinical OCD patients (Beucke et al.

2013). To gain further insight into the effects of the

hyperdirect pathway on low-frequency oscillation, we

stimulate the network with increasing hyperdirect pathway

strength (steps of 2%). As previously, we use the firing

rates, bursting index and the relatively low-frequency

power of the STN population to test the hyperdirect path-

way. We observe that the impact is not significant at firing

Fig. 4 Time evolutions of membrane voltages (mV) for individual

network neurons in a window of 3000–4000 ms. a In normal states,

all neurons of the network exhibit random irregular firing patterns

(BI = 1.16). b In OCD pathological states (decreasing the synaptic

conductance of the FSI-MSN by 50% and increasing hyperdirect

pathway strength by 50%, same in Fig. 5, 6, 7a, 15), firing patterns

change significantly (BI = 3.24). The firing rate of the D1-MSN

increases and burst patterns occur in STN, TC, and COR-E neurons

Fig. 5 The average firing rates

for each nucleus in normal and

the OCD states. Compared to

the normal state, the firing rates

of TH, STR-D1, STN and COR-

E increase in the OCD state, and

the firing rate of the SNr

decreases significantly. The

firing rate of STR-D2 increases

slightly
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rates of the cortex and thalamus, even though the infor-

mation flow from the cortex towards the STN strengthened

considerably (Fig. 8c, d). In fact, the alteration increases

the low-frequency band power by changing the irregular

firing pattern into a bursting pattern (Figs. 8b, 10). Fig-

ure 8a shows that the power of the STN low-frequency

band has increased from 20 to 100, with a low-frequency

power’s proportion changing from 2 to 8% as the

enhancement of the cortex-STN hyperdirect pathway. The

abnormal low-frequency bursting activity may reflect OCD

pathological action selection and highlight a dysfunction of

associative-limbic circuitry, which could be translated into

an over-stabilization of thoughts and behaviours as found

from human clinical experiments. A closer examination of

the effect of hyperdirect pathway reveals that by increasing

the strength of this channel, the existence of the low-fre-

quency band disappears (Fig. 11). The emergence of low-

frequency band oscillation is dependent on the cortical

input trains, confirming that this effect is unique to a par-

ticular cortical firing frequency.

Dopamine effects

We test the hypothesis that high dopamine in the ventral

striatum is a causal mediator of OCD symptoms. We

simulate the effect of dopamine on the normal network by

modelling the impact as a glutamic input to MSNs. D1

activation only enhances NMDA-induced excitatory post-

synaptic potentials, while D2 activation only attenuated

AMPA-induced excitatory post-synaptic potentials. The

alteration of dopamine concentration is implemented by

changing the relative level of dopamine receptor occu-

pancy. Compared to losing connectivity from the striatum

PV-FSIs to MSNs and increasing the strength of hyperdi-

rect pathway, changing the dopamine concentration results

in a different pattern of effects on the network activity. In

Fig. 6 Spatiotemporal patterns of STR-D1 and STN under normal and

OCD conditions. a Spike rasters of STR-D1 in normal states

(BI = 0.81). b Spike rasters of STN in normal states (BI = 1.16).

c Spike rasters of STR-D1 in OCD states (BI = 1.35). d Spike rasters

of STN in OCD states (BI = 3.24). From normal to OCD conditions,

random distributions of STR-D1 and STN change into bursting

synchrony
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the situation of 100% increased dopamine dose, D1-MSNs

maintain high aberrant activity when D2-MSNs are sup-

pressed (Fig. 12). The SNr became inhibited by D1-MSNs,

and it is unable to suppress the thalamus, resulting in

hyperactivity of the thalamus and OFC (Fig. 12). Then we

progressively increase the dose of dopamine to find out the

mechanism behind dopamine dysregulation. The low-fre-

quency power of the STN and the firing rate of the ventral

pallidum show a slight alteration, and the indirect pathway

still remains in the original state (Figs. 8a, b, 13). Inter-

estingly, the direct pathway synaptic imbalance induced by

D1-MSNs overactivity results in the thalamus and cortex

high-rate firing state (Fig. 8c, d). In contrast, the SNr is

suppressed as the dopamine increases, consistent with the

studies that reported striatonigral direct pathway activation

was sufficient to induce OCD-like behaviours and neuronal

activation in the ventral striatum correlated with obsession

(Bouchekioua et al. 2018).

Effect of DBS treatment

To model the response of the frontal cortico-striatal-tha-

lamocortical network to the deep brain stimulation in cel-

lular and circuit properties, we also simulate the acute

effects of DBS in OCD and high dopamine conditions,

respectively. With DBS ON, the STN will exhibit a high-

frequency firing pattern that synchronizes the DBS pulses,

thus losing the original low-frequency bursting activity

(Fig. 14). The cortical and thalamus firing rates match well

the observations of where the excitatory neuronal activity

of the orbitofrontal cortex and thalamus is suppressed by

high-frequency deep brain stimulation (Fig. 15). Thus,

DBS compensates for the imbalance between direct and

indirect pathways through the activation of the STN,

resulting in stronger excitatory input to the SNr, which

recovers hyperactivity of the cortex and thalamus in both

OCD and high dopamine conditions. In addition, to gain

additional insight into dynamical changes of STN neurons

caused by DBS, the firing patterns before and after DBS are

shown in Figs. 4b and 14. In summary, the results repre-

sented DBS treatment both disrupts abnormal bursting

Fig. 7 The STN response in low-frequency power of four conditions.

a–d represent the effect of OCD progress, the loss of connectivity

from PV-FSIs to MSNs, the strength of hyperdirect pathway and the

dopamine concentration. The degree of morbidity increases as a

percentage from left to right, while the left side of the axes indicates a

normal state
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Fig. 8 Effect of the OCD progress on STN low-frequency band power (a), the STN burst activity (b), the cortex (c) and thalamus firing rates (d).

A high STN burst index indicates more irregular spiking patterns

Fig. 9 Schematic diagram of the

altered structure and time

evolutions of membrane

voltages (mV) for individual

network neurons in loss

connectivity from PV-FSIs to

MSNs states (decreasing the

synaptic conductance of the

FSI-MSN by 50%). In this

condition, neurons in the

striatum show a high-frequency

discharge. TC, STN and Cortex

E neurons represent burst

patterns. Red cross indicates

reduced connections
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patterns in non-motor STN and elevates the activity of the

‘indirect’ pathway, which generates the activity of the SNr

and leads to the suppression of the OFC and thalamus.

Conclusion and discussion

In sum, we have proposed a biophysical model for frontal

cortico-striatal-thalamocortical dysfunction in obsessive–

compulsive disorder. The model articulated a vital role of

the orbitofrontal cortex and subcortex brain areas in

pathological activities mechanistically. The model could

explain how the loss of striatal FSI-MSN connectivity, the

enhancement of hyperdirect pathway, the elevated dopa-

mine concentration disrupted the synaptic balance, caused

the imbalance between ‘‘direct’’ and ‘‘indirect’’ pathway,

leading to hyperactivity of the orbitofrontal cortex and

thalamus, and generated the low-frequency bursting pattern

of the STN. All three causes could be related to the pro-

gressive nature of OCD in agreement with previous neu-

roimaging reports. Based on the results we inferred that the

phenomenon of OCD may be produced by a synergistic

effect of the three causes mentioned above. The deep brain

stimulation could also be simulated and turn off the

hypoactivity of the SNr, resulting in the normalization of

the orbitofrontal cortex and thalamus, which recovered the

network close to the normal state. The OCD-like dynamics

were distinguished by the elevated STN low-frequency

band power and cortex-thalamus firing rates.

The model integrated several lines of evidence in elec-

trophysiology, neuroimaging, post—mortem, neurochem-

istry, clinical trials of obsessive–compulsive disorder. The

model provides a theoretical explanation of the relationship

between abnormal neuronal firing and loops as well as

representations and symptoms, and the relationship

between possible biomarkers and treatments.

A picture of pathological microcircuitry abnormality in

OCD is emerging through the development of genetic

technologies and optogenetics. We portray the aberrant

connections in animal models by simulating the loss of

connectivity of striatal PV-FSIs with MSNs (Sheean 2013),

and the increase in the strength of the hyperdirect pathway

(Parolari et al. 2020), resulting in altered activity of specific

pathways that produce the physiological phenomenon

corresponding to OCD and obsessive–compulsive disorder.

Fig. 10 Schematic diagram of

the altered structure and time

evolutions of membrane

voltages (mV) for individual

neurons of the network in high

hyperdirect pathway states

(increasing hyperdirect pathway

strength by 50%). Increased

bursting occurred in the STN

and TC neurons. The thickened

red line indicates connection

enhancement

Fig. 11 Power spectral density of STN firing times in normal and high

hyperdirect pathway states (increasing hyperdirect pathway strength

by 50%). Higher low-frequency power was observed in the high

hyperdirect pathway pathological state, while the peak occurred at

18 Hz in normal conditions
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Simulating pathological microcircuit abnormalities in

computational models has broad implications for under-

standing the neural basis of OCD and elucidating the neural

circuitry of OCD.

We herein establish a hypothesis for the relationship

between dopamine and OCD pathology, which consists

with animal experiments (Aldridge 2008; Goodman et al.

1992; Manning et al. 2021) and clinical settings (Denys

et al. 2004a; Evans et al. 2006). But the mechanisms

involved have been unclear. The present model verifies the

hypothesis that a high dopamine state causes an imbalance

between direct and indirect pathways, resulting in cortico-

thalamic hyperactivity and an obsessive–compulsive con-

dition. This, in turn, provides a viable option for clinical

treatment: the use of dopamine antagonist drugs for OCD.

In addition, we have presented the excessive dopamine in

the ventral striatum, which occurs in schizophrenia as well

(Zinkstok et al. 2008). 20–30% of patients with

schizophrenia have co-morbidity with OCD, and such high

co-morbidity may be attributed to overlapping portions of

brain function and neurotransmitter dysfunction in both

disorders (Meier et al. 2014; Schirmbeck and Zink 2013;

Tibbo and Warneke 1999). The model has potential in

finding the pathogenesis of OCD and schizophrenia co-

morbidities.

The dynamics of DBS for OCD in the model are asso-

ciated with clinical treatment. We simulated the effect of

STN-DBS on the pathological network under different

aberrant conditions. Although scientists previously found

that decreased obsession and compulsion were related to

Fig. 12 Schematic diagram of

the altered structure and time

evolutions of membrane

voltages (mV) for individual

neurons of the network in high

dopamine states (increasing the

striatum dopamine input by

50%). There is a significant

burst firing pattern of TC and

COR-E. STR-D1 is discharging

quickly, while high dopamine is

suppressing STR-D2 entirely.

The thickened black line

indicates increased dopamine

Fig. 13 The average firing rates

for each nucleus in normal and

high dopamine states. In the

high dopamine state, TH, STR-

D1 and COR-E firing rates

increase significantly. The SNr

and STR-D2 are suppressed

considerably
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the normalization of the neural network after DBS, the

mechanism remains puzzling. DBS might affect the target

structure itself and work distally (Kohl and Baldermann

2018; Park et al. 2019), producing a network effect that

mediates clinical outcomes. STN-DBS may be achieved by

disrupting the burst state and activating indirect channels.

Patients with the best clinical outcome show STN neurons

exhibit higher average firing, bursts, and lower burst

intervals (Welter et al. 2011). According to our model,

DBS disrupts the bursting pattern of STN and causes a

regular high-frequency discharge with enhanced indirect

pathway activity, normalizing the imbalance between the

‘direct’ and ‘indirect’ pathways. Biomarkers with different

degrees of sensitivity are available for DBS with varying

mechanisms of action. For example, the conditions simu-

lated in this paper may suggest that the burst state of STN

may serve as a biomarker for both onset and amelioration.

More research is needed in this area to unravel the possible

electrophysiological biomarkers of DBS response in OCD.

This study is subject to several limitations as follows.

The model was not attempting to stimulate all heteroge-

neous types of OCD in terms of symptom clusters, medi-

cation use and comorbidities with environmental, genetic,

and psychological influences. Furthermore, we did not

account for the transmission delay of the signal between

model nuclei clusters. The dynamics of our model were

elementary and could not integrate all the elements while

we attempted to make the model as close as possible to

published observations. We simply pointed at the neu-

roanatomical, neurochemical, circuit functional and elec-

trophysical details that directly impacted our hypothesis.

Furthermore, it was essential to explore plasticity mecha-

nisms since the chronic treatment had different effects

compared to acute stimulation (Ahmari et al. 2013; Bourne

et al. 2012; Morris et al. 2017; Parolari et al. 2020). An

additional limitation was that pathological frontal cortico-

striatal-thalamocortical circuits involved multiple open

parallel and interconnected loops that connected cortex and

subcortex areas in the view of the fact that most of the

OCD patients have not limited to one class of symptoms

like emotional, cognitive, and motor symptoms (van den

Heuvel et al. 2016). Extension of this model should pay

more attention to symptom diversity and other brain areas

which involve the pathology of OCD. On account of the

fact that dopaminergic D2/3 receptors have an impact on

Fig. 15 Comparisons of the

average firing rates of the

thalamus and cortex of five

types of stimuli. a Effect of

DBS on the average firing rate

of the cortex. b Effect of DBS

on the average firing rate of the

thalamus. In the OCD and high

dopamine states, DBS

significantly reduces the

discharge rate of the cortex and

thalamus, bringing it closer to

normal

Fig. 14 Time evolutions of membrane voltages (mV) for a single

STN neuron with DBS added directly to the STN. The red curve

represents a pulse of deep brain stimulation, and the blue curve shows

a single STN neuronal membrane potential time series. As can be

seen in the figure, each spike of STN corresponds to a DBS pulse
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reinforcement learning and cognitive flexibility in obses-

sive compulsive disorder (Kanen et al. 2019), further work

should therefore include the reward/punishment-driven

learning through D2/3 receptors.

Few computational models have been used to study

psychiatric disorders, with some research on depression

(Ramirez-Mahaluf et al. 2017) and schizophrenia (Thurn-

ham 2007). Still, the OCD network developed in this paper

is the first spiking model, which pays attention to the

changes of firing patterns and highlights the potential of

computational models to study obsessive–compulsive dis-

orders. Computational modelling studies allow testing the

effects of different drugs and psychotherapies on OCD

pathologies, which are difficult to measure in human

experiments. Moreover, modelling can also help bridge the

gaps between the exact abnormal neuronal loop and animal

models of a certain aspect of OCD.

To test the effect of a particular neural circuit abnor-

mality and the treatment plays a significant part in com-

putational neuro-dynamics. This paper explored a frontal

cortico-striatal-thalamocortical network representing

altered dynamics from normal to pathological OCD, based

on an integrated broad range of evidence. We suggest that

low-frequency bursting activity at the non-motor STN and

elevated firing rates of the orbitofrontal cortex and thala-

mus might be used as a biomarker for OCD. Furthermore,

the exploration of dopamine and deep brain stimulation can

contribute to new drug development and support DBS’s

clinical potential in treating OCD.
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