Numerical modelling and simulation as a tool to study
the Parkinsonian disease
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Parkinsonism, Models, Neurons and Brains Parkinson’s disease

Parkinson disease

~ 2% of > 60 years old
Degeneration of dopaminergic and other structures
Debilitating motor and psychological symptoms

No cure

vVvyVvyyvyy

Some treatments (Levodopa, deep brain stimulation) with heavy side
effects
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Parkinsonism, Models, Neurons and Brains Models in neuroscience

Animal models

» Similarity with human
depending on species

» Requires understanding of which
aspects translate to human

» Ethical challenges

» Measurement challenges
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Parkinsonism, Models, Neurons and Brains Models in neuroscience

Computational models

Limited data

Noisy data

Computational complexity
Need validation of predictions
Guide experimental studies

Individualized treatments!
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Parkinsonism, Models, Neurons and Brains Anatomy and modelling approaches

Neurons and the brain

Presynaptic Synapse
cell

Postsynaptic
cells

synaptic
dendrite

V4

rver. Node of Ranvier

Cell body

» 85 billions neurons » 10 000 dendrites each
» 85 billions non-neuronal cells » 100 000 synapses each
» 100s of different neuron types » 100s of different synapse types
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Parkinsonism, Models, Neurons and Brains Anatomy and modelling approaches

Electrical /chemical behaviour: bottom up approach

Action
40 potential
g .
g ° 2
ss|Treshold [, Lo\ ‘ » Integrate and fire models
70 o Resting state
simulst Refractoy » Spiking neurons models
» Electrical, chemical, physical
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Parkinsonism, Models, Neurons and Brains Anatomy and modelling approaches

Brain areas behaviour: middle up approach

Dorsal Striatum

Putamen

Nucleus

Mesocortical accumbens

Nigrostriatal
pathway
Tubero-

infundibular
pathway

Substantia
Nigra
Venual
Mesolimbic

pathway

» Distinct areas: similar neurons and pathways

» Area circuits defined by projections strength and effect
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Numerical model of a basal ganglia circuit ~ Background, methodology, available data

Background
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Numerical model of a basal ganglia circuit ~ Background, methodology, available data

Background
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Numerical model of a basal ganglia circuit ~ Background, methodology, available data

Methodology

» Understand and aggregate data
» Generate synthetic targets

» Model study loop:

» Formulate model hypothesis
» Optimize model
> Validate model

» Predictions
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Numerical model of a basal ganglia circuit ~ Background, methodology, available data

Available data

> Average activation values of some areas in different conditions

» GP and lesions from common study
P Other areas from aggregated data

Al
SHAM 60DHA
(DA SNc)

SHAM PCPA DSP4 ~ 60DHA pCPA  DSP4

( DRN) (NE LC)
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Numerical model of a basal ganglia circuit

Generated data

average frequency (Hz)

25

20

Background, methodology, available data

SNc: DA (60HDA)  DRN: 5HT(pCPA)  LC: NE (DSP4)

Population target values

Population target values
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Numerical model of a basal ganglia circuit Model overview

Simplified Model schema

StrD1

StrD2
-
GP
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Numerical model of a basal ganglia circuit Model overview

Model equations

GP = —TGlpGP aZEP1StrD1 — aEP2StrD2 4 a2RNDRN + oS
StrD1 = — E— StrD1 + asl$), SNc + ab R DRN + oy,
StrD2 = — — StrD2 — asl$,SNe + ab RS DRN + oy,
SNc = _Tst\lc SNc — agy RNDRN — OCSIE%CLC + 5§§CLC2 + a8,
DRN = — — DRN — oS SNe + abGyLC + oty
LC = TLch + aPSNe — aPENDRN + off
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Numerical model of a basal ganglia circuit Model overview

Modelling lesions (schema)
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Numerical model of a basal ganglia circuit Model overview

Modelling lesions (equations)

, 1
GP = ——GP - a28PIStrD1 — adEP2StrD2 + aPENDRN + &
GP
StrD1 = R— StrD1 + asl$), SNc + ab R DRN + oy,
T
StrD2 = — — StrD2 — asl$,SNe + ab RS DRN + oy,
SNc = ————SNe—agy PDENDRN — oL( LC + L(.LC% 4+ oS,
SNc
DRN = — DRN — SNc + LC +
TDRN
: 1
LC = ———LC + a;¥°SNe — aPENDRN + o
TLC
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Numerical model of a basal ganglia circuit Model overview

Matrix representation and subjects

y(t) = Ay(t) + C(y(t) oy(t)) + b

Si={(A,C,b),(A C,b), (A C,b),(AC,b),..} =

HAM HDA DSP4
{SSHAM G6OHDA GPCPA gDSP4 3
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Numerical model of a basal ganglia circuit

Free parameters

30 free parameters (20 + 4 + 3 + 3)

Model overview

6 constants

v

5_000 Const
S _000 Params v
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Numerical model of a basal ganglia circuit Model overview

Stability conditions

y(t) = Ay(t) + C(y(t) o y(t)) + b

When linearized in first approximation:

y(t) = Ay(t) + &(y(1))
can be proved exponentially asymptotically stable if:
o(A) c C-

» A depends on y
» Must be approximated
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Numerical model of a basal ganglia circuit Fitness and optimization

Fitness Measures

Fitness measure

Single figure of merit, normalized to [0, 1].
Distance (MSE)

Barrier / limit

Stability

>

>

» Simulation end time
>

» Parameter constraints
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Numerical model of a basal ganglia circuit Fitness and optimization

Combining fitness measures

= atb)-
f=(1+23b) r=lth f=/ B E P min(s,, )
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Numerical model of a basal ganglia circuit Fitness and optimization

Simulation time

Basic area behaviour:
1
y(6) = ——y(t) + k

— y(t) = —kre T + kT

0.99kT = —k7e 7 + kT => t = log(0.01)7 ~ 57

max(7) < 20ms = 0.1s simulation
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Numerical model of a basal ganglia circuit Fitness and optimization

Optimization algorithm: Differential Evolution

Initial Population

Mut

ation

Recombination

y

Selection
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Results and predictions Reproduced data and model validation

Population fitness distribution

Population fitness distribution (240)
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Results and predictions Reproduced data and model validation

Optimization performance

Combined Fitness (blue) = 1 —107Y (red) [over generations] Combined Fitness (blue) = 1 —107Y (red) [over time]
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» ~ 2 hours per subject (6h
arithmetic avg.)

» 16 4Ghz cores (32 threads)
» ~ 15 days
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> ~ 15K generations average
» 90 competitors
> 240 subjects



Results and predictions Reproduced data and model validation

Outer optimization cycles: numerical anomaly?

Fitness (blue) = 1 —107Y (red) [over generations]
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Reproduced data and model validation

Results and predictions

Parameters space distribution

[1 Parameters distribution
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Results and predictions Reproduced data and model validation

Solutions dynamic behaviour example 1

+60HDAT=0.2 +pCPAT=02 +DSP4 T=0.2
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Results and predictions Reproduced data and model validation

Solutions dynamic behaviour example 2

+60HDA+pCPA T=0.3 +60HDA+DSP4 T=0.3
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Results and predictions

Fitted data and predictions by lesion 1

average frequency (Hz)

25

20

['+SHAM'] Values at T=0.5 (240 OK, 0 NF)

Reproduced data and model validation

['+60HDA'] Values at T=0.5 (240 OK, 0 NF)
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Results and predictions Reproduced data and model validation

Fitted data and predictions by lesion 2

['+pCPA'] Values at T=0.5 (240 OK, 0 NF) ['+DSP4'] Values at T=0.5 (240 OK, 0 NF)
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Results and predictions

Reproduced data and model validation

Fitted data and predictions by lesion 3
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Fitted data and predictions by area 1

average frequency (Hz)

25

20

GP at T=0.5 (=40 OK) [40, 40, 40, 40, 40, 40]

Results and predictions
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Reproduced data and model validation

StrD1 at T=0.5 (=40 OK) [40, 40, 40, 40, 40, 40]
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Results and predictions Reproduced data and model validation

Fitted data and predictions by area 2

StrD2 at T=0.5 (=40 OK) [40, 40, 40, 40, 40, 40] SNc at T=0.5 (=40 OK) [40, 40, 40, 40, 40, 40]
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Results and predictions Reproduced data and model validation

Fitted data and predictions by area 3

DRN at T=0.5 (=40 OK) [40, 40, 40, 40, 40, 40] LC at T=0.5 (=40 OK) [40, 40, 40, 40, 40, 40]
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Parameter sensitivity analysis

a_DRN_GP | 0.47

a_DRN_LC- 0.037
a_DRN_SNc- 0.023
a_DRN_StrD1- 0.15
a_DRN_StrD2 | 0.46
a_EXT_DRN - 0.46

a_EXT_GP - 0.53

a_EXT_LC- 0.17
a_EXT_SNc- 0.12
a_EXT_StrD1- 0.19
a_EXT_StrD2 - 0.49
a_LC_DRN- 0.079
a_LC_SNc- 0.049
a SNc_DRN- 0.1
a_SNc_LC- 0.28
a_SNc_StrD1- 0.08
a_SNc_StrD2- 0.14
a_StrD1_GP- 0.2
a_StrD2_GP 1 0.53

b_LC_SNc- 0.073
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SHAM
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0.11
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0.098
0.19
strD2
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0.086 0.11
0.072  0.05
0.04 0.034
0.075 0.093
012 015
0.55 1
0.099 0.12
0.79 [UEE]
6 0.41
0.085 0.11
012 015
0.082 0.1
021 013
0.093 0.19
041 041
0.054  0.067
0.067 0.084
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029 018
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0.024
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Parameter sensitivty analysis

results

a_DRN_GP - 0.038
a_DRN_LC- 0.0021
a_DRN_SNc - 0.0024
a_DRN_StrD1- 0.012
a_DRN_StrD2- 0.04
a_EXT_DRN- 0.028
a_EXT_GP- 0.031
a_EXT_LC- 0.0093
a_EXT_SNc - 0.0067
a_EXT_StrD1- 0.011
a_EXT_StrD2 - 0.029
a_LC_DRN - 0.0046
a_LC_SNc- 0.0046
a_SNC_DRN - 0.0041
a_SNc_LC- 0.017
a_SNc_StrD1 - 0.0031
a_SNc_StrD2 - 0.0038
a_StrD1_GP- 0.012
a_StrD2_GP- 0.044
b_LC_SNc - 0.0032
P
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60HDA
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Results and predictions Prediction: road to a treatment?

Treatment Hypothesis

SPOMPA = y(t) = Ay(t) + C(y(t) o (1)) +b

External stimulation of or LC:

SGOHDA+CLC (A C bcLC)
S6OHDA+CDRN (A C )

560HDA+cCOMB (A, C, becoms)

Samuele Carli (UniFl) Modelling PD brain circuits 41/49



Results and predictions Prediction: road to a treatment?

Treatment fitness results

cure_LC Population fitness distribution (240) cure_DRN Population fitness distribution (240) cure_combined Population fitness distribution (240)
20
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0
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Treatment Combined Relative Aa_EXT_LC vs Aa_EXT_DRN (197)
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Results and predictions Prediction: road to a treatment?

Treatment by area 1

GP at T=0.5 (=48 OK) [48, 48, 48, 48, 48] StrD1 at T=0.5 (=48 OK) [48, 48, 48, 48, 48]
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Results and predictions Prediction: road to a treatment?

Treatment by area 2

StrD2 at T=0.5 (=48 OK) [48, 48, 48, 48, 48] SNc at T=0.5 (=48 OK) [48, 48, 48, 48, 48]
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Results and predictions Prediction: road to a treatment?
Treatment by area 3

DRN at T=0.5 (=48 OK) [48, 48, 48, 48, 48] LC at T=0.5 (=48 OK) [48, 48, 48, 48, 48]
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Prediction: road to a treatment?

Results and predictions

Curable vs Non-Curable

Cured vs Not-Cured (197 - 43)

SHAM vs 60HDA (240 - 240)
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Results and predictions Prediction: road to a treatment?

Conclusions

» Identified structures involved in Parkinson disease
» Collected and aggregated data about plausible circuit

» Identified a model able to reproduce bio-compatible synthetic data
» Predicted a potential treatment direction
» In agreement with articles recently published!
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The end

Thanks for your attention!

Questions?

Samuele Carli
carlisamuele@csspace.net
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