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L'amygdale et les circuits de la peur A 1?
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Amygdale et conditionnement a la peur (8? A e
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Amygdale et reconnaissance des emotions

O Brain-damaged controls
—= Normal controls

4 Left Amygdala damage
» Right Amygdala damage
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Comment étudier les maladies du cerveau?

a Snake!
Daigneault 2013; 10.4256/mi0.2013.015




Les maladies et leur impact sur I'esperance de vie corrigee ~

Monde (2017)

Cardiovascular diseases | 5

Cancers |G °.:5:
Neonatal disorders || NG 7 45%

Musculoskeletal disorders 5.53%
Mental and substance use disorders 4.89%

Other NCDs 4.87%

ResEiratorE diseases - 4.5%

Unintentional injuries |GG 4.24%
Digestive diseases || G -41%
Transportinjuries |G 3.02%
Malaria & neglected tropical diseases | NG 247%
Nutritional deficiencies | NN 2.31%
Liver disease | 1.66%

Self-harm [N 1.36%
Interpersonal violence [ 1.04%

Maternal disorders [Jj 0.47%
Conflict & terrorism JJj 0.4%
Natural disasters | 0.05%

0% 2% 4% 6% 8%  10%

Europe de l'ouest (2017)

Cancers 18.89%

Cardiovascular diseases ||| | N NN -2
Musculoskeletal disorders 11.4%
Neurological disorders 9.23%
Mental and substance use disorders 7.36%

Respiratory diseases || NN 4 75%
Unintentional injuries NG 4.7%
Other NCDs | - 05%
Digestive diseases || NG 3.76%

Transport injuries [ 1.59%

Liver disease [l 1.56%

Self-harm [ 1.53%

Neonatal disorders [JJl| 1.47%
Nutritional deficiencies JJ] 0.37%
Interpersonal violence JJ 0.25%

Malaria & neglected tropical diseases | 0.05%
Maternal disorders | 0.02%
Conflict & terrorism | <0.01%

Natural disasters | <0.01%

0% 2% 4% 6% 8% 10% 12% 14% 16% 18%

https://ourworldindata.org/burden-of-disease

« L'espérance de vie corrigée de l'incapacité (EVCI) est un mode d'évaluation du colt des maladies mesurant
I'espérance de vie en bonne sant€, c'est-a-dire en soustrayant a I'espérance de vie le nombre d'années « perdues » a
cause de la maladie, du handicap ou d'une mort précoce (DALY en anglais). »

1 DALY = 1 année de vie en bonne santé perdue


https://fr.wikipedia.org/wiki/Esp%C3%A9rance_de_vie_humaine
https://fr.wikipedia.org/wiki/Sant%C3%A9
https://fr.wikipedia.org/wiki/Maladie
https://fr.wikipedia.org/wiki/Handicap
https://fr.wikipedia.org/wiki/Mort

Les maladies neurologiques

FEMME HOMME
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I Stroke

@ Alzheimer's disease and other dementias
Il Farkinson's disease

[ Idiopathic epilepsy

B Multiple sclerosis
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Lancet Neurol 2019; 18: 459-80; http://dx.doi.org/10.1016/ S1474-4422(18)30499-X



Les maladies neuropsychiatriques

Déficience
intellectuelle |ntejiectual disabilities
Autism spectrum disorder
Attention deficit hyperactivity disorder
Anxiety disorders
Schizophrenia
Substance abuse
Mood disorders
Huntington's disease
Parkinson's disease

Alzheimer’s disease

Adolescence

10

15

| |
20 25

Age of diagnosis (years)

Silbereis et al. 2016, Neuron



Les maladies neurologiques et psychiatriques
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Les maladies neurologiques et psychiatriques:
une genetique partiellement commune
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Les maladies neurologiques et psychiatriques:
une genetique partiellement commune
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Comment relier genes, cellules, circuits et phenotype?

A B N genes = N phenotypes C N genes > N phenotypes
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L'arsenal des techniques
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L'arsenal de modeles expéerimentaux p..

p N : i Human
2D cell culture D. melanogaster D. rerio M. musculus PDX organoids
Ease of establishing system /X v v
Ease of maintenance v/
Recapitulation of X v/ X
developmental biology
Duration of experiments Ve v v v v v
Genetic manipulation v X v
Genome-wide screening V4 X X
Physiological complexity X v 4 v
Relative cost v v v
Recapitulation of human o e
physiology
v/ Best Good Partly suitable X Not suitable MAIS

Impossibilité d’analyser
du comportement !



Repliquer le developpement in vitro en 3D avec les organoides

Subjects

Selective Somatic

cells

SOX2, OCT4,
KLF4

Stem Cells

1
J—

Organoid

Host-microbe interaction

Modeling human development and
evolution

Tissue engineering and organogenesis

B
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—— » —
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Application potentielles des organoides

Precision Regenerative
Medicine medicine

Disease
modelling

Development

Host-microbe
interactions

Phylogenetic
studies

OMICs - Gene editing



Les organoides permettent d’etudier des mecanismes
cellulaires de maladies




Du patient a la cellule, et retour!
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Exemples de pathologies du cerveau

Epilepsies

Schizophrénie
Spear!

Alzheimer et maladies dégénératives -

a .
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Epilepsie 1?

« Une crise d’'épilepsie est une manifestation clinique transitoire, liée a une activité
électrique anormale des cellules nerveuses. On peut distinguer schématiquement les crises
généralisées, lices a des décharges étendues a I'ensemble du cerveau et des crises
partielles ou focales qui trouvent leur origine dans une zone localisée du cerveau. »

https://www.ffn-neurologie.fr
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https://www.brightbraincentre.co.uk/electroencephalogram-eeg-brainwaves/ https://www.kaggle.com/c/seizure-detection



Differents types d’'epilepsies 1?

Common Epilepsies (~95%) Rare Epilepsy (~5%)
(prevalence 3.8-9.5in 1.000 patients) (prevalence 20-50in 10.000 patients)
(ILAE classification 2017, based on etiology) (ILAE classification 2017, based on etiology)

nternational League Against Epilepsy (ILAE)

Genetic Structural Unknown Genetic Structural Infectious Metabolic  Immune Unknown

GGE AEn Cryptogenic Dravet Gelastic Viral Cerebral Limbic Doose

CAE Focal epilepsy syndrome Epilepsy encephalitis folate encephaliis  syndrome
deficiency

JAE Lafora Sturge- Landau

IME Rett weber Pvrodoxine- Kleffner

syndrome syndrome dependent syndrome

epilepsy

I '\' Il
Ll W;m ‘U
ﬂ:u

sﬁlfq‘ t

GGE: Genetic generalized epilepsy

CAE: Childhood absence epilepsy

JAE: Juvenile absence epilepsy

JME: Juvenile myoclonic epilepsy Thakran et al. Int. J. Mol. Sci. 2020, 21(20), 7784; https://doi.org/10.3390/ijms21207784
TLE: Temporal lobe epilepsy.



Genes impligués dans les épilepsies

Early Gene Discovery

GABRA1 CACNATH
LGEGI1 ARX CDKLS

Microdeletions
+ 15q13.3
. 16p13.11
. 15p11.2
1995 2000 2005 2010 2015
Année

Helbig | et al. (2017) Epileptic Encephalopathies as Neurodegenerative Disorders. https://doi.org/10.1007/978-3-319-57193-5 11



Epilepsies: atteintes de divers mécanismes cellulaires

Neuron

(Glutamatergic, GABAergic,

serotonergic, etc.)
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Les synaptopathies

GABA Response
GABRA1, GABRAG,
GABRG2, GABBR2,
GABRB3

GABA Release
GRM4, LGI1,
SYN2, STX1B

Na+
Ca+

Ca+
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transmitter release \
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Pre-synapse

Post-synapse

Thakran et al. Int. J. Mol. Sci. 2020, 21(20), 7784; https://doi.org/10.3390/ijms21207784



Les synaptopathies (87 @ e

Developmental Presynaptic genes Postsynaptic genes
Presynaptic disorder (proteins) (proteins)
terminal Epilepsy STXBP1 (Munc18) DLG1 (SAP-97)
DNM1 (Dynamin 1) MAGI2 (S-SCAM)
SNAP-25 SHANK3

SYN1 (Synapsin 1)
SV2A
SYP (Synaptophysin)

Intellectual SNAP-25 NLGN4 (Neuroligin 4)
disability SYT1 (Synaptotagmin 1) DLG2 (PSD-93)
Déficience SV2A DLG3 (SAP-102)
intellectuelle Eﬁﬁy(n;fsgﬂrﬂ) S
Autism Spectrum  SYN1 (Synapsin 1) NLGN1 (Neuroligin 1)
Disorder SYN2 (Synapsin 2) NLGN3 (Neuroligin 3)
NRXN1 (Neurexin 1) NLGN4 (Neuroligin 4)

DLG1 (SAP-97)

DLG2 (PSD-93)

DLGAP2

SHANK1

SHANK2

SHANK3
Schizophrenia NRXN1 (Neurexin 1) NLGN2 (Neuroligin 2)

Postsynaptic
terminal

DLG2 (PSD-93)
MAGI2 (S-SCAM)

Luo et al. (2018); 10.1016/j.pnpbp.2017.12.001



https://doi.org/10.1016/j.pnpbp.2017.12.001

La schizophrénie ]?

« La schizophrénie est une pathologie psychiatrique chronique complexe qui se traduit par une perception
perturbée de la réalité, des manifestations productives, comme des idées délirantes ou des hallucinations, et
des manifestations passives, comme un isolement social et relationnel. »

Symptomes positifs . Délires’
» Hallucinations'
Excés ou distorsion des fonctions * Penséelparole désorganisée’

« Comportermnent trés désorganisé ou catatonique’

normales?

- - . « Alogie’ (pauvreté du discours)
Symptémes négatifs o RiioRiont (MAnGs a8 rotason)
« Anhédonia’ (incapacilé a ressentir du plaisir)
Déclin ou perte des fonctions - Asocialité’ (absence de désir de nouer des relations)
normales? - Réduction de l'expression des émotions’
- Attention’

» Mémoire épisodigue’

« Fonctions exécutives (dont la fonclion du langage)'
« Mémoire de travail'

« Vitesse de traitement’

Composante clé de la schizophrénie? - Affect inapproprié’

« Capacité d'inhibition’

Symptomes cognitifs

https://institute.progress.im/fr/content/evolution-histoire-naturelle-et-pronostic-1



La schizophrénie et le syndrome
de la deletion 22911.2

Genes shared
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*** <« Q 78X . 8
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e @ COMT :
ARVCF !
T
Modified from Gottesman (1991) Schizophrenia Genesis: The Origins of Madness. T |
HTFoC
* Incidence de la deletion (1/2000-4000) RANBPI
= () ZDHHC8
. . . . RTN4R
* Haploinsuffisance des genes de la deletion (entre 1.5 et 3 PRODHP !
DGCREL !



Modele murin de la deletion 22911.2

Population imaging

Control
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Marissal et al. (2018) Nature Neuroscience, 21:1412-1420









Les organoides dérives de patients schizophrenes revelent
des anomalies développementales précoces AN @ g
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Les maladies neuropsychiatriques

Adolescence
Intellectual disabilities

Autism spectrum disorder

Attention deficit hyperactivity disorder
Anxiety disorders

Schizophrenia

Substance abuse

Mood disorders

Huntington's disease

Parkinson's disease

Alzheimer’s disease

| |
0 5 10 15 20 25 30

Age of diagnosis (years)

Silbereis et al. 2016, Neuron



La Huntingtin a un

Ventricular
zone (VZ)

role dans le developpement cérebral é O
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Maladie d’Alzheimer: par ou commencer?

o
L ApoE4 ;
Mitochondrion
Guncated E4 Y
.
o..:.
Impaired 2
synapse ,
¢ Fd
Tau

Neurofibrillary
tangles
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Oligomers
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&

Signaling
molecules

Neurite

Fig. 1. Molecular and cellular processes presumed to
participate in AD pathogenesis. Ab peptides produced
by neurons and other brain cells aggregate into a
variety of assemblies, some of which impair synapses
and neuronal dendrites, either directly or through the
engagement of glial loops. Build-up of pathogenic Ab
assemblies could result from increased production or
aggregation or from deficient clearance mechanisms.
ApoE4 and tau promote Ab-induced neuronal injury
and also have independent adverse effects. Microglia
could be beneficial or harmful, depending on which of
their signaling cascades and functions are engaged.
This multifactorial scenario leads to progressive
disintegration of neural circuits, isolation and loss of
neurons, network failure, and neurological decline.

100 Years and Counting: Prospects for
Defeating Alzheimer's Disease

Robertson & Mucke, Science 2006




Importance des interactions cellulaires dans les maladies
neurodégeneratives -

ALS: Mutant SOD1—-expressing astrocytes are toxic for cultured motor neurons
SCA: Mutant ataxin—expressing Bergman glia can induce Purkinje cell degeneration
HD: Mutant huntingtin—expressing astrocytes are toxic for cultured striatal neurons

ALS: Microglial mutant SOD1 drives rapid disease progression
PD: Astrocytes are essential to convert MPTP to its neurotoxic MPP* form

PD: Microglia are involved in MPTP-induced neurodegeneration

*Microglia or macrophages
A Y
PRE— et

_;—-—"7\

Target
_____ Mye"na“ng g||a (neuron or mUSC|E)
_ CMT: Damage within Schwann cells can induce neurodegeneration
-" e Vulnerable neuron MS: Auto-immunity against myelin can induce neurodegeneration

MSA: Damage within oligodendrocytes can induce neurodegeneration
ALS (mutant SOD1): motor neurons

SCA (mutant ataxin): Purkinje cells — Intrinsic toxicity within vulnerable neurons

HD (mutant huntingtin): striatal neurons

',« PD (MPTP toxicity): dopaminergic neurons ~ _____. P> Affected vulnerable neurons produce toxic glial responses

Glutamate #
transporter j

T2p

———3» Non-cell-autonomous toxicity from damage within glia



a Mutant ataxin-7 only in neurons
(Pdgfb promoter)

Purkinje cell

Purkinje cell
degeneration
induced

|
Oligodendrocytes AH

s

Granule cell

Deep cerebellar and inferior

olivary nuclei neurons

Exemples de spécificite d’atteinte cellulaire

Atrophie spino-cerebelleuse

Mutant ataxin-7 in neurons and glia
(but not in Purkinje cells: Prnp promoter)

T S

7 e

I

degeneration
induced

f
Purkinje cell [
[
l

Mutant ataxin-7 in astrocytes
(including Bergmann glia: Gfa2 promoter)

> =1

\

'

Purkinje cell
degeneration

induced
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Exemples de spécificite d’atteinte cellulaire

a Ubiquitous mutant SOD1 expression
(induces motor neuron degeneration)

In cortical motor neurons
(unknown if toxic)

(toxic to motor
neurons in vitro)

\ ) nastiooytes Sclérose latérale amyotrophique

In microglia J \ ;/

(drives rapid disease progression)
In Schwann cells
(unknown if toxic)
In spinal cord motor neurons

(drives disease initiation) \4_\
[/ In muscle (not toxic

to motor neurons)
b c d

Mutant SOD1 only in neurons Mutant SOD1 only in microglia Mutant SOD1 only in astrocytes
(Thy1 or Nefl promoter) (transplanting the (Gfa2 promoter)
myeloid lineage)

\ 5/
~ s~
L -
i / ‘/f
~

v "
R N AL R e AN
™
7% (N N
N
No motor ne_uron \\\ No motor ne_uron \ \\ No motor ne_uron \\
degeneration degeneration degeneration

induced induced induced



Lesio 1t N Normal nerve

Damaged
myelin sheath

Numbness, |

tingling, pain| = |
(below lesion)|

2

MNerve affected by MS
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Mécanismes des maladies autoimmunes Iu‘

Sun, supplements
and diet

Teell

compmmigBBB

Maaophage

- FN-y \
— @)=
. .
=0 v ;fz T ]
L
..~ . ‘ o | S e Molecular mimicry . o'-[: .
8 .‘. II:-IO
~ B © 0 Anu-u.\ﬂammatory T l
Bacterial and 5 Inflammatory reg ¥Th
i . i = cytokines Viral o
viral infections (IFN-y, o/, aligan VDR ’ Ohgodendrocyte
TNF-q, IL-12)
M =
IZSDH),DJ

\
’
“1 Antibodies
CNS W |
Y
g3 1

Acosta-Ampudia et al., 2019



Environnement et maladies autoimmunes

Microorganisms Xenobiotics Apoptosis Microbiota

Nutrition
@:,— bacteria / tobacco smoke .= e gluten
> »
'«
;& viruses j ultra violet light T e jodine
&? parasites ? . pharmaceuticals respiratory mucosal barrier o wiksmin

—‘5\% fungi 4?{% heavy metals
: | : | | |
1
Molecular mimicry Autoantigens
| J
L
APC - Epitope spreading
A 4 *
Autoereactive lF o B cells
Organ-specific L Systemic
autoimmune |4 autoimmune
diseases diseases

Wang et al., 2015



Types de maladies neuroimmunes

Cardiovascular and
Haemopoetic system

e Erythema
elevatum diutinum

___® Microscopic

polyangiitis
il o ITP Inner ear
| ®ALPS .
S
e AIED
Heart

S!(in

e Psoriasis ~__/
e Vitiligo W
e Pemphigus ”

and other blistering

diseases Livar

e AlH
e PBC
e PSC

Pancreas

e T1D
e Autoimmune
pancreatitis

e Autoimmune orchitis

e Rheumatic fever

&

Reproductive system

4 o g

Neurological system

¢ ADEM
9L S e Batten disease
| K o CIDP
o EL
. o GBS
2 e HE
e Acquired neuromyotonia
e Miller Fisher syndrome
e MFC
e MS
o MG
. e Narcolepsy
" e Rasmussen's encephalitis
e SPS
e VKH syndrome

Thyroid and Parathyroid gland
A_A e Autoimmune
vﬁ) hypoparathyroidism

e GD
ﬁ e Hashimoto's
autoimmune thyroiditis
Adrenal gland

2... E&”

{ « CD
!x’: o Ulcerative colitis

Connective tissue diseases
e RA
e SLE
e MCTD
&’m% e SS
e Scleroderma
e Ankylosing spondylitis

e Atrophic gastritis

e others
e Autoimmune oophoritis

Cibles = myéline, neurones, récepteurs synaptiques ou

de la junction neuromusculaire

Neurological system

e ADEM

e Batten disease
e CIDP

e EL

e GBS

e HE

ARAAVAEE!

anta

-

e MFC

e Narcolepsy

e SPS
e VKH syndrome

g

e Acquired neuromyotonia
e Miller Fisher syndrome

e MS Sclérose en plaques
e MG Myasthénie grave

e Rasmussen's encephalitis

Wang et al., 2015
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