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Abstract

Parkinson's disease (PD) is a chronic neurodegenerative disease affecting the central
nervous system. The current pathological hypothesis suggests that the loss of
dopaminergic input from substantia nigra pars compacta (SNc) altered basal ganglia
neurons' firing pattern and eventually led to the emergence of a pathological beta band.
Here, we build a whole Hodgkin-Huxley (HH) neuron-based cortical-basal ganglia-
thalamic (CBT) loop model with twelve neuronal types as a library to simulate a
combination of states, including PD progression states and cross-consciousness states.
The simulation states include combinations of baseline (healthy)/three stages of PD and
wake/non-rapid eye movement sleep/anesthesia. We also compare how deep brain
stimulation (DBS) and visual stimulation affect the CBT loop dynamics in PD in silico.
Our model shows that 1) subthalamic nucleus DBS can block all signals to further
propagate from thalamic relay nuclei to other downstream circuitry. 2) optical stimulation
can overcome the pathological beta wave in resting, wake thalamus, and propagate the

desired signal to downstream circuitry.

Keywords: Parkinson’s disease (PD), cortical-basal ganglia-thalamic (CBT) loop,

circadian rhythm, non-rapid eye movement (NREM), propofol anesthesia, deep brain

stimulation (DBS), visual stimulation
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Chapter 1 Introduction

1.1 Parkinson’s disease

Parkinson’s disease (PD) is a chronic neurodegenerative disease affecting the central
nervous system [1]. The incidence cases of PD are around 10 million people worldwide
[2], about 1 million people in the U.S. [3] and 32000 in Taiwan [4]. The incidence rate of
PD in the U.S. is 1% for the population over the age of 60 and 5% for the population over
the age of 85 [5]. Besides, there are about 90000 people in the U.S. diagnosed with PD

each year [3].

The current pathological hypothesis suggests that the loss of dopaminergic input from
substantia nigra pars compacta (SNc) to basal ganglia altered basal ganglia neurons' firing
pattern and eventually led to the emergence of a pathological beta band (13 to 30 Hz) [6],
[7]. The impairment of dopamine production causes movement disorders, which include
tremors, rigidity, bradykinesia, and postural instability [8], [9]. Other symptoms may
include depression and other emotional changes, difficulty swallowing, chewing,

speaking, urinary problems or constipation;, skin problems, and sleep disruptions [9].

Although PD is incurable, medicines, surgical treatment, and other therapies can often
relieve and mitigate some symptoms. The most common medical treatment for PD is
levodopa (L-dopa, a dopamine precursor), which can cross the blood-brain barrier (BBB)
and be further converted into dopamine inside neurons to reverse declined dopamine
levels [10]. However, long-term levodopa administration can provoke motor
complications, such as levodopa-induced dyskinesia, tremors, and motor fluctuations. As

1
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disease progression deteriorates, levodopa efficacy declines, and thus needs to raise the
dosage, which causes severe adverse effects [10]. Therefore, high-frequency (>100 Hz)
deep brain stimulation (DBS), which has been shown to regulate the downstream of the
stimulated nucleus, is introduced in the late stage of PD. Aside from traditional therapies,
research suggests that rhythmic sensory stimulation (auditory and visual) can relieve PD
movement disorders [11]. Furthermore, a recent study shows that external photo-
modulation, e.g., 40 Hz visual stimulation, can help to raise gamma oscillations and might
be a potential noninvasive and neuroprotection therapy against Alzheimer disease [12].
Although visual stimulus does not directly project from visual cortex to motor cortex
(Figure 1) [13], the information might pass to the motor cortex through cortico-basal
ganglia-thalamic (CBT) loop according to the neural pathway studies done by Foster et

al. [14, Fig. 4].

Posterior
Parietal
Cortex

(e

Dorsal

Ventral
Stream
Occipitotemporal
Cortex
Figure 1: Visual stimulus from retina to posterior parietal cortex [13]
The visual information received in retina can be relayed to posterior parietal cortex (PPC)
through superior colliculus (SC) route or visual pathway. The visual pathway starts from

retina, lateral geniculate nucleus (LGN), primary visual cortex (V1) and finally to early
visual areas (V1+). The information from V 1+ then projects to PPC through dorsal stream

2
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(green). The other route from V1+ to occipitotemporal cortex is ventral stream (red).

The cortico-basal ganglia-thalamic (CBT) loop (Figure 2) has so far gained much
attention since it’s strongly related to many movement and neuropsychiatric disorders,
including PD [15]. Understanding CBT loop dynamics through mathematical simulation

could help us further explore PD pathological mechanisms and validate treatment efficacy.

Putamen

From
SNc
Thalamus

Hyp/erdirect/-\
STN

Figure 2: Cortico-basal ganglia-thalamic loop [16]

The loop contains two sub-loops: the thalamocortical loop and the basal-ganglia loop.
Striatum (caudate and putamen in primates), globus pallidus (GPe: externus; GPi:
internus), subthalamic nucleus (STN), and substantia nigra (SNr: pars reticulata; SNc:
pars compacta).
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1.2 Thalamocortical loop

The thalamocortical loop involves various activities, including consciousness [17],
learning (perceptual and associative) [18], short-term memory [19], circadian activities
[20], etc. Circadian activities are regulated by the sleep-wake cycle. During the wake
period, the Thalamocortical loop generates EEG waves containing nearly all frequency
bands, including delta (0-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 Hz), gamma
(30-80 Hz). While in the non-rapid eye movement (NREM) sleep period, neurons within
loop activity are highly synchronized, and its EEG wave falls to a slow wave range (~2

Hz) [21, Fig. 2].

The thalamocortical loop consists of the cortex and thalamus. Afferent/encoded
information (including perceptual information and preprocessed information from the
lower-level cortex) first converges into the thalamus. The thalamus then decides to
relay/decode the information back to cortical areas. Furthermore, recent studies raise the
hypothesis that the loop works as neuronal phase-locked loops, which can recode the

encoded information [22].

The cortex contains three dominant types of neurons: cortical pyramidal cells (PY),
cortical fast-spiking interneurons (cFS), and cortical low-threshold spiking interneurons
(LTS). The thalamus contains two dominant types of neurons: thalamic relay cells (TC)
and thalamic reticular cells (RE). For each cortical module, PY receives TC excitatory
pulses and receives local interneurons (cFS and LTS) inhibitory pulses; cFS or LTS
receives TC and PY excitatory pulses and receives other cFS or LTS inhibitory pulses.

TC gathers PY excitatory and RE inhibitory pulses and excites PY, TC, and RE. RE

doi:10.6342/NTU202400853



receives excitatory pulses from PY and TC, inhibiting TC and other RE [23].

During PD progression, the pathological beta wave is shown in PY regardless of wake
or NREM sleep. Although NREM sleep is disrupted in PD and causes pathological beta
wave emergence [21], no evidence exists that neurons within the loop have neuronal or
synaptic changes. Therefore, the pathological beta wave might have originated from outer

loop elements.

1.3 Basal ganglia loop

The striatum contains two major types of neurons: medium spiny neurons (MSN) and
striatal fast-spiking interneurons (sFS). MSN occupy 90-95% of total striatum neurons
[24]. MSN receives inputs from cortex (glutamatergic), thalamus (glutamatergic), other
MSN (GABAergic), and striatal interneurons (regardless of GABAergic and cholinergic).
MSN can be equally divided into two groups by the dopamine receptor types it contains.
MSN with D1 type dopamine receptor (AMSN) output to SNr/GPi, known as a direct
pathway. MSN with D2 type dopamine receptor (iIMSN) first output to GPe, then to
Subthalamic nucleus (STN), and finally to SNr/GPi, an indirect pathway. These two
pathways compete with each other and are known as “Go” and “Not Go” in action

selection [25].

sFS are the primary GABAergic striatal interneurons, making up 1% of total striatal
neurons [26], [27]. sFS receives input from the cortex and thalamus—sFS output equally
to nearby dMSN and iMSN, which forms feedforward inhibition circuitry. Aside from

Parvalbumin+ sFS, NPY+ interneurons are primary cholinergic striatal interneurons
5
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whose activities are correlated to behavior [28]. Therefore, to reduce the complexity of

the model, NPY+ interneurons-induced disinhibition on MSN is neglected.

During PD progression, the whole basal ganglia gradually lose dopamine input from
SNc. dMSN is depressed, and iMSN is potentiated after dopamine depletion, which
disturbs the balance between direct and indirect pathways (Figure 3) [29]. To maintain
the homeostasis between the pathways, the shrinkage of dendritic spines of iIMSN
happens earlier than of dMSN. As for sFS, dopamine depletion does not affect sFS
population size or responsiveness of cortical input. The change of synaptic strength of
sFS to dMSN and iMSN in early PD is controversial, probably due to multiple

mechanisms to suppress indirect pathways [29], [30].

Basal Ganglia Classic Model (Healthy) Classical Model (PD)
— > ot o] > [oor Gorex}— = [1olor Gorie]
W— v }
Striatum Striatum Striatum_
—| SNc SNc
AI& GPe [— GPe GPel

STN | <

T <-|— GPifSNr|<-L

STN |g— " 1
—— ' — ' v
Brainstem / _ Brainstem / _ Brainstem /

spinal cord spinal cord spinal cord

== Dopaminergic === Direct Pathway === |ndirect Pathway
— Inhibitory — Excitatory

Figure 3: Classical model of basal ganglia in PD [31]

Detailed connectivity (left) and simplified model (middle and right). Indirect pathway
surpasses direct pathway after dopamine depletion.
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1.4 Neuronal model and interconnection circuitry

The action potential is the process by which neurons change their membrane potential
in a rapid series of changes (hyperpolarization -> depolarization -> repolarization ->
hyperpolarization) [32]. This process is controlled by the influx and efflux of sodium
cation and potassium cation across the process, which is determined by the specific set of
ionic channels expressed on the neuron. The ionic channels can be classified as voltage-
gated, ligand-gated, and gap junction [33]. Voltage-gated ion channels open/close the gate
when reaching the reverse potential (Ena for sodium ionic channel and Ex for potassium
ionic channel). The ligand-gated ionic channel opens the plug when the specific ligand
binds to the ionic channel and closes the plug when the specific ligand detaches. The gap
junction is gated by voltage (Cx36 is weak related, while Cx45 is strong related) and can
allow ions to flow across neurons, which direction is determined by the paired connexons

channel [34].

Different ionic channels can have their conductance curves controlled by the gate
factors (or opening probabilities) provided by ionic channel subunits. To achieve the
maximum conductance of the ionic channel, all subunits must be in the opened state.
Hodgkin and Huxley use the Boltzmann distribution to fit individual ionic channel

subunit openness probability [35].

The conductance curve of a voltage-gated potassium ionic channel is best fitted with
four identical factors, which can be shown [35]:
Ik () = gk max * n*(t)
The voltage-gated sodium ionic channel has an additional inactivation state, which blocks

7
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ionic flow when the membrane potential V(t) reaches peak potential. The conductance

curve is fitted as follows [35]:

gNa(t) = Y9Na_max * m? () * h(t)

These gate factors m, h, n are within [0, 1]. The dynamics of gate factors can be shown
as follows [35]:

i (1-y)

= —_ * — *

It y)ra—yxf

Which a stands for the opening rate of individual plug subunits, and B stands for the

closing rate of unique plug subunits.

The current of potassium ionic channel can be shown as:
Ix () = g () * (V (&) — Ex) = (gk_max * n* () * (V(t) — Ex)
and the current of sodium ionic channel can be shown as:
Ina(®) = gna(®) * (V(t) = Eng) = (Gnamax * m> () * h(£)) * (V(£) — Ena)
However, leak channel does not need a gate factor. Therefore, the conductance is always

static. Thus, the leak current can be shown as [35]:

Ieak(t) = Jreak * (V(t) — Epeak)

Synaptic ionic channels like AMPA receptor (AMPAR), GABA receptor (GABAR),
and NMDA receptor (NMDAR) are ligand-gated ionic channels. However, the NMDA
receptor has a magnesium ion block, which is more complex to simulate. Thus, we do not
incorporate it into the model. The conductance curve of AMPAR and GABAR is fitted as
follows:

Isyn(t) = Gsyn_max * k(0)

8
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The gate factor dynamics of synaptic ionic channels can also be described as the same
formula in voltage-gated ionic channels. Finally, the synaptic current of AMPAR and

GABAR can be shown as:

Isyn(t) = gsyn(t) * (V () — Esyn) = (gsyn_max *k(t))* (V(t) — Esyn)

Finally, the neuronal membrane has membrane capacitance (Cm), contributing
additional charging/discharging current. Kirchhoff Circuit Laws imply that the net current

flow in neurons must be 0. Thus, the formula can be shown as:

—C

m * E = loxt = line = (Iinj + 153’”) ~ Una + I + Iear)

Iinj 1s the injection current, Iix is the internal current, and Lex is the external current.
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Chapter 2 Methodology

2.1 Implementation of neuronal model and interconnection

Circuitry

CBT loop consists of two smaller sub-loops: the thalamocortical loop and the basal
ganglia loop. Ching et al. [23] have built a single-compartment conductance-based HH
thalamocortical model simulating wake and anesthesia states. The thalamocortical model
consists of two brain areas and involves five neuronal types: PY, cFS, LTS, TC, and RE.
Yu et al. [36] have built a single-compartment conductance-based HH basal ganglia model
that simulates baseline healthy and PD states by adjusting synaptic weight. The basal
ganglia model consists of four (five with TC) brain areas and involves six (seven with TC)
neuronal types: dMSN, iMSN, sFS, GPe, SN1/GPi, and STN. Sasi et al. [37] introduce
retinal signal to the lateral geniculate nucleus (LGN) to drive the thalamocortical loop to
express steady state visually evoked potential (SSVEP). Static injection current is chosen
randomly from Gaussian distribution to avoid homogeneity issues. PY also introduced
additional low-amplitude randomized 10 Hz Poisson spike train as noise. Detailed CBT
loop model parameters are listed in Table 1. Each nucleus comprises 10 neurons for the
model structure, while PY consists of 40 neurons. Complex synaptic connectivity is

illustrated in Figure 4 and described in Table 2.

2.2 Recode previous work

The model that simulates PD firing patterns in GPe, GPi, STN, and TC in PD

10
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conditions has been implemented in our group previously [38]. We first recode this work
from the Python NumPy array-based style into the Python class-based style, which has
higher expandability and readability. After recoding, we further expand the striatum into

the model described as [36].

2.3 Synaptic weight fitting for thalamocortical-striatal

connection

TC and PY are the main striatum (dMSN, iMSN, and sFS) presynaptic neurons.
Therefore, we first replace the static injection current of striatum neurons with the
synaptic current provided by TC and PY. The delay range of inputs is finetuned first to
mimic static current. We then finetuned the synaptic weight to reach the desired baseline
striatal firing frequency range, with cFS set to 5 Hz and AIMSN/iMSN set to 2 Hz [39, Fig.

3b].

11
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PY  PY
LTS %gl%\%}‘{af bors
RO
iying :;MV’&&Q\‘ :
cFS )¢ })‘Q‘ZJ Q8¢ cFS
ey
PY
TC
SFS
dMSN
iMSN

Figure 4: Synaptic connection within the model

The model has two independent cortical regions (PY, LTS, and cFS) that share the same
thalamus (TC and RE).

(upper left): cortical interconnection; (upper right): thalamic interconnection and
thalamocortical connection; (lower left): PY/TC to striatum connection; (lower right):
basal ganglia interconnection

12
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Table 1: HH model formula

AMPAR (PY, TC, RET) gating variables:

i (5*(1+tanh(%))*(1—R)—0.5*R
GABAR (LTS, cFS, RE) gating variables:
Ccii_l;: (2*(1+tanh(£))*(1—R)—0.2*R
GABAR (sFS, dMSN, iMSN, GPe) gating variables:

1
1+e 2
STN AMPAR and GPi GABAR gating variables:
0.3

5xexp(—1)

GPi: u(t) = {T V(t—dt) <-10NnV(t) > —10
0, V(t—dt) = —10UV(t) < —10

0.43
sxexp(—1)

STN: u(t) = {T V(t—dt) <-10nV(t) > —-10
0, V(t—dt) = —10U V() < —10

az
—=u—04%x7Z—-0.04xR
dt
dR _,
dat
For oy and Bx:
dx

E=ax*(1_x)_ﬁx*x
For x» and 1«:
dx_xoo—x
at 1,

av
PY: Cn o= = lapp = Iva = I = lieakc = > Tapp = N(1.8,0.1)
av
LTS: Cm o> = lapp = Iva = Ik = lear = > Tapp = N(1.0,0.1)
av
CFS: Com > = lapp — Iva = Ik = lreat> lapp = N(0.55,0.1)

0.32 * —(V + 54)

amNa(V) = V+54
e 4+ —1
0.28 * (V + 27)
ﬁmNa(V) = V+27
e 5 —1

13
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V450
aAnna(V) =0.128 ¢~ 18

4
BhNa(V) =T Vv+27
1+e 5

0.032 % —(V + 52)
ang (V) = V+52
e 5 —1

V+57

Bnx(V) =0.5xe 40"

0.0003209 * —(V + 30)
ami (V) = V+30
e 9 —1

0.0003209 * (V + 30)
ﬁmK(V) = V+30

e 9 —1

Iyg(V,mNa,hNa) = 50 *x mNa3® *« hNa * (V — 100)

Ix(V,nK) = 80 * nK* * (V + 100)

Learr(V) = 0.1 % (V + 61)

Iy(V,mK) =2x+mK = (V + 100)

TC: ¢, <

a Lopp = Ina — Ik — lreak — It — I, lapp =0

0.32 % —(V + 22)

amNa(V) = V+22
e 4+ —1
0.28 % (V — 5)
.BmNa(V) = V-5
es5 —1
14
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Y-2
Annae(V) = 0128 % e 1

4
BhNa(V) = V-5
1+e 5
0.032 * —(V + 10)
anx (V) = V+10
e 5 —1
V+15

Bnx(V) =0.5xe 40"

mCaT, (V) = V+59
1+e 62
hCaT, (V) = U783
1+e 4
V+115.2
5
30.8 + 2114+ $+86
1+e32
Thear (V) = 3.73 ‘
hF, (V) = hSo, (V) = — 3¢50
1+e 65

V+183.6
ThF(V) = e 15.24

V+158.6
e 112

Ths(V) =~
e 55

Iya(V,mNa,hNa) = 90 * mNa® * hNa * (V — 50)

Ix(V,nK) = 80 * nK* * (V + 100)

Lear(V) = 0.01 % (V + 70) + 0.0172 = (V + 100)

Icqr(V,hCaT) = 2 * mCaT,(V)? x hCaT = (V — 120)

Iy(V,hF,hS) = 0.25 * hF * hS = (V + 40)

av
RE' Cma = Iapp —_ INa - IK - ILeak - I’]", Iapp = 0

0.32 * —(V + 42)
amNa(V) = V+42
e 4 —1

15
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0.28 * (V + 15)
.BmNa(V) = V+15

e 5 —1

V+38

Annag (V) =0.128 ¢ 18

4
Brna(V) = —— 1=
1+e 5
0.032 * —(V + 40)
anx (V) = V+40
e 5 —1
V+45

Bnxk(V) =05%e 40

mcCaT, (V) = 7V+i%z
14+e 74
0.15
Tmcar (V) = 0.44 + V+29 V+104
e 10 + ¢ 15
1
hCaToo(V) =—7V+s2
14+e 5
0.27
Thear (V) = 22.7 + V+50 V+409

e 4 +e 50

Iyng(V,mNa,hNa) = 200 * mNa> = hNa = (V — 50)

Ix(V,nK) = 20 * nK* * (V + 100)

Lear(V) = 0.05  (V + 90)

Icqr(V,mCaT,hCaT) = 3 * mCaT? * hCaT = (V — 120)

av
sFS: sz = lapp = Ina = Ik — Ipeak — Ip — Igaps lapp =0

mNae (V) =

V+24
1+e 115
hNas (V) = V1583
1+e 67
Thna(V) =05 + —VTeo
1+e 12

16
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nK, (V) =

_V+124
1+e 68

11.4
TnK(V) =|0.087 + — V+i46 x| 0.087 +
1+e 86 1+e

11.4 )
V-1.3
187

1

_V+50
1+e 20

mDq, (V) =

hDe, (V) =

V+70
1+e 6

Tmp = 2

Thp = 150

Ina(V,hNa) = 112.5 * mNa (V)3 * hNa x (V — 50)

Ix(V,nK) = 225 *nK? = (V 4+ 90)

lieax (V) = 0.1 % (V +70)

Ip(V,mD,hD) = 6 * mD3 x hD = (V + 90)

Igap V)=0.1x*(V - Vpresynaptic)

. av
dMSN/iMSN: sz = Iapp - INa - IK - ILeak - IM - ICaL - IKL"Y" Iapp =0

0.32 * —(V + 54)

amNa(V) = V+54
e 4+ —1
0.28 % (V + 27)
ﬁmNa(V) = V+27
e 5 —1

V450
Apna(V) = 0.128 x e~ 18

4
Brna(V) = — v+27
1+e 5
0.032 % —(V + 52)
ang (V) = V+52
e 5 —1
V+57

Bnk (V) = 0.5 e 40

17
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0.0003209 * —(V + 30)

_V+30
e 9 —1

I mk (V) =

0.0003209 * (V + 30)
B (V) = V+30
e 9 —1

mCaL, (V) = 733
1+e 67

hCaL. (V) = W)
14+ e 1109

1
Tmear (V) = v
0.1194 V +8.124

—Vvs2s—— 1t 2.97 x e314
e 9005 —1

Thear = 14.77

Ing(V,mNa,hNa) = 100 * mNa® = hNa = (V — 50)

Ix(V,nK) = 80 xnK* = (V + 100)

Loar(V) = 0.1 % (V + 67)

Iy(V,mk) =2 *mk * (V + 100)

Icq (V,mCalL, hCal)

= (0.000000425 * mCal? = hCal)

(2 * 96489 * 74.87 * V) * (0.002 — 0.000006 * e~ 7487*V)
i 1 — e~ 7487+V

V + 82
Ixir(V) = grir * V102
1+e 13
Ikir = 0.175 if AMSN; ggir = 0.14 if iMSN
GPe /GPi: Cpy o = lapp — Ina —

Ix = Ieak — Icar — Icar — lanps Iapp_GPe =
N(21,0.1), Iapp_GPl- = N(22,0.1)

mNag (V) = V+37
1+e 10
1
hNaoo(V) =~ 7Viss
1+e 12
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nK, (V) =

_V+50
1+e 14
1
aCaToo(V) = 7V+is7
1+e 2
T'CGTOO(V) =——7Vv+70
1+e 2
1
cCal,(V) = vT3E
1+e 2
0.27
ThNa(V) = TTLK(V) = 005 + ~ V+40
1+e 12

Trcar = 30

dhNa hNa, (V) — hNa
= 0.0

.05 %
dt Thna(V)
dnK nK, (V) — nkK
—_— . B —
dt Tk (V)

drCaT _ rCaTe, (V) —rCaT
dt Trcar

dCa
ar = 0.0001 * (=Icqr(V,rCaT) — I¢q, (V) — 15 % Ca)

Ing(V,mNa,hNa) = 120 * mNa, (V)3 * hNa * (V — 55)

Ix(V,nK) =30 «nK* * (V + 80)

Learr(V) = 0.1 % (V + 65)

Ieqr(V,7CaT) = 0.5 x aCaT, (V)3 * rCaT * (V — 120)

Icar (V) = 0.15 = cCaL, (V)% * (V — 120)

IAHP(V,Ca): 10* *(V+80)

Ca+ 10

av
STN: CmE = Iapp = Ing = Ix = lreak = Icar — Icar — lanps Iapp = N(33,0.1)

mNaoo (V) = m

1+e 15
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1
hNaoo (V) = 7V+39

1+e 31
1
nKo(V) = ——53
1+e 8
1
aCaToo(V) = 7V7te3
1+e 78
bCaT. (1) 1 !
Aleo(T) = T—04 7
1+e 01 171€
1
TCQTOO(V) = 7V+e7
1+e 2

CCClLOO(V) = 7Vi20
1+e 8

500
Tivng(V) =14+ ——7%
1+e 3

100
Twux(V)=1+ — V780
1+4+e 26

17.5

Trcar(V) =71+ —5¢5
1+e 22

Teca (V) =1+ T V+80

1+e 26

dhNa — 075 » hNa, (V) — hNa

dt . Tana (V)

dnkK nKy, (V) —nkK

Tl 0.75 = W
drCal rCaTy, (V) —rCaT

a7 Trcar (V)
dcCal cCal (V) — cCal

a7 Tecar (V)

dCa
= 0.0000375 * (—Igr(V, 7CaT) — Iq, (V) — 22.5 * Ca)

dt
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Ing(V,mNa,hNa) = 37 * mNa (V)3 * hNa = (V — 55)

Ix(V,nK) = 45 xnK* = (V + 80)

Loar (V) = 2.25 = (V + 60)

Icqr(V,7CaT) = 0.5 x aCaT, (V)3 * bCaT, (rCaT)? = (V — 140)

Icar(V,cCal) = 2 * cCal? = (V — 140)

IAHP(VJ Ca) = 20 = * (V + 80)

a
Ca+ 15
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Table 2: Synaptic connection parameters

PY LTS cFS TC RE sFS dMSN |iMSN | GPe GPi STN
PY 40 (0.01) | 40 (0.04) | 40%2 40%2 4% 4%2 4%2
(0.0125) | (0.001) | (0.399) |(0.08) | (0.08)
LTS 10 10
(0.032) | (0.015)
cFS 10 10 (0.01)
(0.032)
TC 10 (0.01) | 10 (0.01) | 10 (0.04) 10 3(0.056) | 3 (0.056)
(0.001)
RE 10 9
(0.003) | (0.0067)
sFS 2(0.1)  |3(0.08) |[3(0.11)
dMSN 2(0.02) | 2(0.05) 3(0.1)
iMSN 3(0.03) |2(0.05) |4(0.1)
GPe 2(0.5) |2(0.5) [2(0.5)
GPi 1 (0.003)
STN 2(0.15) | 2(0.15)
RET 1 1(1.5)
(0.01125)

Synaptic connection per type of neuron: presynaptic connections (synaptic maximum conductance per neuron)
Row: presynaptic neuron type; Column: postsynaptic neuron type
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2.4 Conditions for aroused state and PD state

The simulation states combine baseline (healthy)/PD and wake/sleep
(NREM)/anesthesia. When comparing PD state to baseline state, cortical-to-dMSN/iMSN
maximum synaptic conductance is decreasing/rising 10%, sFS-to-dMSN/iMSN
maximum synaptic conductance is dropping 30%, sFS M-type potassium channel
maximum conductance is changed from 2.0 nS to 1.2 nS, as well as shifting injection

current baseline of GPe, GPi and STN from 21/22/33 pA to 8/16/23 pA [40].

The wake/anesthesia state influences GABAergic neurons' synaptic conductance and
refractory time constant in the CBT loop [41]. Meanwhile, the wake/sleep state affects
the synaptic conductance of leak channels of neurons in the CBT loop [42], [43]. For a
simple simulation of NREM EEG recordings, we revised the shape of the injection current
in the sleep state from static to square wave. The frequency of square waves differs
between the baseline and PD states, with the former at 2 Hz and the latter at 3 Hz (roughly

estimated from [21, Fig. 2]). Summary is concluded in Table 3.

2.5 DBS and visual stimulation

For high-frequency DBS, 130 Hz DBS with 0.06 ms, 5 mA/cm? pulse is chosen. The
target of DBS can be the thalamus and nucleus in the basal ganglia. Here, we select STN
as the DBS site, the most common target in treating PD. For visual stimulation, although
a lower-order CBT loop preprocesses the visual stimulus, it can then be propagated to a
higher-order CBT loop that might receive sensual and motor information. Sasi et al. [37,

Figs. 2c¢ & 2d] shows that the firing frequency of the LGN is entrained as retinal input.
23
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Therefore, we can simplify the visual simulation with a retinal cell (RET) firing uniform
10 Hz or 40 Hz spike train, which is 0 mV at resting and 1 ms, 10 mV of firing period, to
represent a lower-order TC that receives visual stimulation and is input to every PY and
TC. Moreover, we hypothesized that the visual stimulation is strong enough to drive the
striatum to choose. In other words, the retinal input is able to increase the firing rate of

cFS from 5 Hz to 15 Hz, and dMSN/iMSN from 2 Hz to 8 Hz [39, Figs. 3b & 4b].

2.6 Model simulation

The code is written in Python 3.9, the compiler is Spyder, and the version control
application is Anaconda. The integration method used in the HH model is the Newton-
Raphson method. The simulation timestep is 0.01 ms, the total simulation time is 3 s, and

the results are averaged from 10 simulations.

2.7 Data analysis

The first 1000 ms is discarded for the model not yet stabilized. The processed data,
which includes membrane voltage and synaptic current, are used for EEG, firing pattern,
and firing rate analysis. For the EEG analysis, we first averaged all postsynaptic currents
of neurons in the targeted cell type. The power spectrum density (PSD) is derived from
the Fourier transform of the averaged current. Before averaging the PSD as a final result,
every PSD result from a single simulation is normalized by the total beta power, ranging
from 13 Hz to 30 Hz. For the firing pattern analysis, we plot each neuron's firing events.
The definition is the time that the neuron’s membrane voltage is at a rising period and just

passed 0 mV, which is much higher than the action potential threshold voltage. These
24
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criteria avoid multiple counting of the firing event. For the firing rate analysis, the
averaged firing frequency equals the summation of total firing events of neurons in the

targeted cell type, then divided by the size of the targeted cell type.

25
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Table 3: State-related parameters

Baseline, Baseline, Baseline, PD, wake PD, NREM PD,
wake NREM anesthesia anesthesia
Circadian Injection current static 50%, 2 Hz static static 50%, 3 Hz static
rhythm duty cycle and
[42], [43] frequency
Anesthesia | GABAR maximal | X1 X4 X1 X4
[23], [41] conductance
factor
GABAR X1 X4 X1 X4
refractory rate
factor
PD [40] Basal ganglia GPe: 21 GPe: 8
injection current GPi1: 22 GPi: 16
(Uapp) STN: 33 STN: 23
Striatum synaptic | X1 PY ->sFS: X0.7
maximal PY/TC -> dMSN/iMSN: X0.95/X1.05 (weak),
conductance X0.9/X1.1 (medium), X0.85/X1.15 (strong)
factor sFS -> dMSN/iMSN: X0.8
26
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Chapter 3 Results

3.1 Finetune synaptic connection from thalamocortical to

striatum

The striatum (dMSN, iMSN, and sFS) and TC should be connected through the
synapse to concatenate the thalamocortical and basal ganglia loop. Furthermore, these
connected nodes’ firing patterns must reference the pattern shown in the original model

or in vivo/vitro.

The Striatum neurons HH model from Yu et al. [36] is activated by static injection
current. Therefore, we replace the injection currents with shifting and stacking synaptic
currents from PY/TC to the striatum. Figure 5a shows that static injection current can be
approximated by going and stacking similar synaptic inputs. Whole loop simulation in
irregular firing also shows more intense peaks and lower summation current amplitude
(Figure Sb & 5¢). Though little previous research uses the shifting and stacking technique,
some in silico research shows that introducing synaptic latency will affect neuronal firing

patterns [44].
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(©)

15 MSND1 with 0 ms shifting

Current (mA)

600 800 1000 1200 1400
Time {ms)

MSND1 with 3.5 ms shifting

Current {mA)

600 800 1000 1200 1400
Time {ms)

Figure 5: Shifting and stacking of synaptic input can mimic static current

(@) Original synaptic pulse: uniformly distributed 40 Hz spike train.
(Upper): stacking ten pulses that are not shifting; (middle): stacking ten pulses that
are 12.5 ms uniform gradual shifting; (lower): stacking ten pulses that are 25 ms
uniform gradual shifting.

(b) Synaptic current of baseline/wake FSI under different shifting condition.

(Upper): stacking pulses that are not shifting; (lower): stacking pulses that are 3.5 ms
uniform gradual shifting.

(c) Synaptic current of baseline/wake dMSN under different shifting condition.

(Upper): stacking pulses that are not shifting; (lower): stacking pulses that are 3.5 ms
uniform gradual shifting.

3.2 Model reproduces arousal state and progressing PD state

After model bridging, the model is run with sets of state-related parameters mentioned
in Table 3. Figure 6a shows that a pathological beta wave emerges in a PD wake state.
PD influences the basal ganglia loop more than the thalamocortical loop, with

pathological beta power being most significant in STN (Figure 6a). Besides, when PD
29
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severity rises, both types of MSNs are excited due to decreased inhibition from sFS, while

dMSN is less excited and iMSN is more excited (Figure 6b).

3.3 Visual stimulation efficacy versus STN DBS efficacy

The model is run with inputs to compare how STN DBS and visual stimulation affect
PD, which is mentioned in Table 3. In biphasic 130 Hz STN DBS, the potentiated
thalamocortical loop is depressed by STN DBS (Figure 7a). Pathological beta power is
depressed after STN DBS as expected (Figure 7a). However, STN DBS does not recover
most neurons firing patterns under PD (Figure 7b). In visual stimulation, pathological
beta power in STN and TC is strongly depressed (Figure 8b). However, other neurons do

not show significant PSD or firing frequency changes compared to PD (Figure 8b, 8e).

Though 10 Hz and 40 Hz visual stimulation do not show the difference in firing
frequency, PSD, and regulating pathological beta power in PD (Figure 8b, 8e¢), 40 Hz
visual stimulation is chosen because it has little side effects like dizziness compared to 10
Hz visual stimulation. Figure 9a, 9b shows that visual stimulation does not depress
pathological beta power as strongly as STN DBS. Moreover, Figure 8c, 8f shows that the
PSD and firing range of TC with 40 Hz visual stimulation is similar to that of 40 Hz visual
stimulation in the baseline conditions, which indicates that visual stimulation might dilute

the pathological beta wave to other connected CBT loop.
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Figure 6: Model under different stages of PD

(@) PSD of neurons from top to down (PY, TC, dMSN, iMSN, STN) and from left to right
(baseline, weak PD, medium PD, and strong PD). The X-axis is fixed at (0, 160), and
the Y-axis is fixed at (1e-4, 1e+2).

(b) Firing frequency range of neurons from top to down (PY, TC, sFS, dMSN, iMSN) and
from left to right (baseline, weak PD, medium PD, and strong PD).
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Figure 7: Model under DBS
(@) PSD of neurons from top to down (STN, PY, TC, dMSN, iMSN) and from left to right

(baseline, weak PD, weak PD + DBS). The X-axis is fixed at (0, 160), and the Y-axis
is fixed at (1e-4, le+2).

(b) Firing frequency range of neurons from top to down (PY, TC, sFS, dMSN, iMSN) and
from left to right (baseline, weak PD, weak PD + DBS).
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Figure 8: Model under visual stimulation.

(@) PSD of neurons from top to down (STN, PY, TC, dMSN, iMSN) and from left to right
(baseline, baseline + 10 Hz visual stimulation, baseline + 40 Hz visual stimulation).
The X-axis is fixed at (0, 160), and the Y-axis is fixed at (1e-4, 1e+2).

(b) PSD of neurons from top to down (STN, PY, TC, dMSN, iMSN) and from left to right
(baseline, weak PD, weak PD + 10 Hz visual stimulation, weak PD + 40 Hz visual
stimulation). The X-axis is fixed at (0, 160), and the Y-axis is fixed at (1e-4, 1e+2).

(c) PSD of neurons from top to down (STN, PY, TC, dMSN, iMSN) and from left to right
(baseline, baseline + 40 Hz visual stimulation, weak PD + 40 Hz visual stimulation).
The X-axis is fixed at (0, 160), and the Y-axis is fixed at (1e-4, 1e+2).

(d) Firing frequency range of neurons from top to down (PY, TC, sFS, dMSN, iMSN) and
from left to right (baseline, baseline + 10 Hz visual stimulation, baseline + 40 Hz
visual stimulation).

(e) Firing frequency range of neurons from top to down (PY, TC, sFS, dMSN, iMSN) and
from left to right (baseline, weak PD, weak PD + 10 Hz visual stimulation, weak PD
+ 40 Hz visual stimulation).

(f) Firing frequency range of neurons from top to down (PY, TC, sFS, dMSN, iMSN) and
from left to right (baseline, baseline + 40 Hz visual stimulation, weak PD + 40 Hz
visual stimulation).
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Figure 9: DBS versus 40 Hz visual stimulation in PD

(@) PSD of neurons from top to down (STN, PY, TC, dMSN, iMSN) and from left to right
(baseline, weak PD, weak PD + 130 Hz DBS, weak PD + 40 Hz visual stimulation).
The X-axis is fixed at (0, 160) and the Y-axis at (1e-4, le+2).

(b) Firing frequency range of neurons from top to down (PY, TC, sFS, dMSN, iMSN) and
from left to right (baseline, weak PD, weak PD + 130 Hz DBS, weak PD + 40 Hz
visual stimulation).
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Chapter 4 Discussion

Here, we build a whole HH neuron-based CBT model to simulate a combination of
states, including PD progression state cross consciousness state. We have used a firing
raster plot and PSD to verify the bridging model behaves as in separate models. We also

compare how STN DBS and visual stimulation affect the CBT in PD in silico.

CBT loop can be affected by multiple anesthetic agents like propofol [45]. Propofol
is used to induce and maintain general anesthesia by positive modulating the inhibiting
GABAA receptor [46]. Jiang et al. [47] shows that the STN delta and theta power in DBS-
treated patient in propofol anesthesia state is higher than in wake state. Our model in PD
suggests elevated proportion of delta and theta power in propofol anesthesia state than in
wake state (data not shown). Reports show that propofol can induce dyskinetic and
dystonia [48], and our model might able to imply the side effects of propofol originate
inside/outside the CBT loop. Besides, our model might serve as a filter of candidate

anesthetic agents.

The therapeutic mechanism of DBS acts as a reversible lesion to block the
propagation of the pathological beta wave [49]. Our model shows that STN DBS can
block all signals, including pathological beta waves, to further propagate from TC to other
downstream circuitry. Although the therapeutic mechanism of visual stimulation has not
yet been cleared, Vanegas et al. [50] proposed that strong salient visual cues might
overcome surrounding suppression and alleviate the freezing of gait episodes. Our model
shows that visual stimulation can overcome the pathological beta wave in resting, wake

TC, and propagate the desired signal to downstream circuitry. Together, our model
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suggests the effects of DBS and visual stimulus in normalizing dynamics and provides a

validation model for future modification of therapeutic stimulation parameters.

This study has a few limitations. Firstly, Pathological beta wave reaches a plateau
within ten days of administering MPTP to the rats [7]. As PD severity rises, we do not
observe pathological beta power increases in our model. We expect that PD severity
parameters space should constraint under weak PD state in order to observe the early PD
CBT loop dynamics. Secondly, PY in all states has severely exaggerated high beta (20-
30 Hz) synchronized and propagated through the whole network. However, the abnormal
beta band does not disrupt the trend of pathological beta wave genesis in our model. While,
it might influence further quantitative analysis. Finally, we do not observe pathological
beta power in the PD/NREM state. NREM state is related to elevated maximum
conductance of potassium leakage channel and eventually starts slow wave sleep (or
NREM) [42], [43]. Therefore, the simulation of NREM cannot simply inject the duty

cycle into the model as representative of the model.
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