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Résumé de la these en Francais

PREFACE

Cette these a été réalisée au sein de I'INEM, une unité de recherche ayant deux grands
themes liés a la neuroscience et a l'immunologie, au sein de I'équipe "Neurotoxicité et
développement". Les études ont également été menées au sein du Centre de Recherche sur
les Maladie Dégénératives des neurones moteurs (MND Research center), au sein du groupe
de Neuro-inflammation, a I'Université Macquarie de Sydney. Historiquement, ces deux équipes
se sont intéressées a l'implication des polluants environnementaux dans les processus neuro-
inflammatoires ainsi que dans I'émergence de perturbations neuronales. Ainsi, la collaboration
est née d'un intérét commun pour deux polluants spécifiques présentant des effets
neurotoxiques : une cyanotoxine, la béta-Méthylamino-L-alanine (BMAA) et un herbicide, le
Glufosinate Ammonium. A travers cet intérét commun, |'objectif était de fournir des réponses
complémentaires concernant I'implication de I'exposition a ces molécules dans I'émergence de
troubles du comportement, notamment dans le contexte de la discussion actuelle sur

I'exposome.

Dans ce manuscrit, I'ensemble de mon travail est synthétisé en trois parties principales.
Tout d'abord, en introduction, j'ai choisi d'aborder les étapes majeures du
neurodéveloppement, y compris |'établissement du systeme nerveux central. Cela m'a permis
de souligner l'importance des périodes prénatale et postnatale, dont la perturbation est
particulierement impliquée dans le développement de divers troubles neurologiques. Ensuite,
les pathologies neuro-développementales, ainsi que certaines maladies neurodégénératives
telles que la sclérose latérale amyotrophique ou la maladie d'Alzheimer, ont été discutées en
termes de leurs signes cliniques et étiologiques, en se concentrant d'abord sur les facteurs
génétiques puis en explorant les influences environnementales. Cela me permet, dans la partie
suivante de cette introduction, de développer les facteurs environnementaux impliqués dans
ces pathologies neurologiques. Aprés avoir discuté des généralités concernant les pesticides et
les cyanobactéries, je décris leur implication dans le développement de troubles neurologiques.

Enfin, je me tourne vers le concept d'exposome, en considérant I'exposition combinée a ces

facteurs plutét qu'en les examinant séparément.



Dans un second temps, la deuxiéme partie majeure concerne la présentation des
principaux résultats obtenus au cours de cette thése. La premiére partie décrit I'importance de
la sensibilisation inflammatoire maternelle dans I'apparition de troubles moteurs chez la
descendance suite a une exposition postnatale a des xénobiotiques (Asma Oummadi et al.,
2023). La deuxieme partie explore I'importance de prendre en compte l'effet cocktail dans
I'émergence de troubles du comportement chez la descendance suite a I'exposition maternelle

a un mélange de polluants environnementaux (Asma Oummadi et al., en cours de préparation).

Enfin, ce manuscrit de thése se conclut par une discussion générale sur les succes et les
limites de ce travail. Ainsi, je reviens sur les principaux résultats obtenus, mettant en évidence
non seulement I'importance du concept de multi-exposition, mais aussi la vulnérabilité de la
période prénatale. Ces insights soulévent de nouvelles questions et présentent des

perspectives de recherche originales.



HYPOTHESE DE TRAVAIL ET PRINCIPAUX
OBJECTIFS DE THESE

Au cours des dernieres décennies, il a été observé un intérét croissant pour I'implication
des facteurs environnementaux dans I|'éthologie des pathologies neuro-développementales
et/ou neurodégénératives. Bien que la recherche ciblant la période périnatale soit courante
dans la littérature, notamment en ce qui concerne les effets de l'inflammation maternelle a
I'aide du modele d'Activation Immunitaire Maternelle (AIM), peu integrent la notion de faibles
doses. En effet, les effets observés sont souvent liés a |'utilisation de doses particulierement
élevées, ne représentant pas nécessairement celles auxquelles nous sommes exposés
quotidiennement. Les rares études utilisant des doses relativement faibles ne montrent pas
d'effets clairs et durables chez les descendants. De plus, la recherche sur ces pathologies s'est
principalement concentrée sur I'exposition a un seul facteur (pesticides, cyanotoxines ou
inflammation maternelle), en négligeant la notion d'exposome et d'expositions multiples, qui

revétent une importance capitale dans I'émergence de ces troubles.

Cette these vise a aborder les conditions d'exposition aussi prés que possible de la
réalité. Par conséquent, comme cela n'a jamais été évalué a notre connaissance, nous avons
émis I'hypothése qu'une exposition combinée au glyphosate, au glufosinate a d’ammonium et
a la BMAA, associée ou non a une sensibilisation inflammatoire, pourrait agir en synergie et
induire des effets neurobiologiques déléteres. Ainsi, afin de mieux répondre a cette hypothese,
les principaux objectifs de cette these étaient, tout d'abord, de déterminer le lien entre
I'exposition a des agents environnementaux et le développement tardif de troubles
neurologiques. Parallelement, l'autre objectif principal était de développer un protocole
expérimental, se rapprochant des "conditions réelles d'exposition", en placant notre étude
dans un contexte d'exposome. Cela consistait en une exposition chronique et a faible dose
concomitante a différents facteurs environnementaux, associée ou non a un épisode

inflammatoire léger.

Afin d'évaluer cet effet synergique, divers protocoles in vivo ont été mis en place. Dans

ce contexte, le premier protocole in vivo consistait a savoir si un épisode inflammatoire



sensibiliserait une exposition post-natale a de faibles doses de substances toxiques, afin
d'explorer I'hnypothese du « multiple-hits". Le deuxieme, axé sur ['évaluation de lI'effet
"cocktail", consistait en une exposition maternelle a de faibles doses de BMAA, de GLY ou de

GLA, soit séparément, soit en mélange.

Par la suite, une évaluation comportementale longitudinale a été réalisée chez les
descendants a différents moments, de la période post-natale au vieillissement, sur différentes
spheres comportementales, y compris le comportement moteur. L'ensemble de ce travail offre
une perspective innovante concernant I'implication des expositions multiples dans I'évaluation

toxicologique des effets a long terme.



RESUME DE LA PREMIERE ETUDE

Article 1: Les herbicides Glyphosate et Glufosinate ainsi que la cyanotoxine BMAA

induisent des troubles moteurs a long terme suite a une exposition postnatale :

importance d'une préalable sensibilisation inflammatoire maternelle

asymptomatique (accepté pour publication)

Contexte : L'Activation Immunitaire Maternelle (AIM) prénatale et/ou I'exposition périnatale a
divers xénobiotiques ont été identifiées comme des facteurs de risque de troubles
neurologiques, notamment de maladies neurodégénératives. Les données épidémiologiques
suggerent une association entre de multiples expositions précoces a diverses agressions et les
neuropathologies. L'hypothese des "multiple-hits " suppose que l'inflammation prénatale rend
le cerveau plus susceptible a une exposition ultérieure a plusieurs types de neurotoxines. Pour
explorer cette hypothese et ses conséquences pathologiques, une procédure
comportementale longitudinale a été réalisée apres une sensibilisation prénatale et une

exposition postnatale a de faibles doses de polluants.

Méthodes : Une exposition maternelle a un challenge immunitaire aigu (premier hit) a été
induite par une dose asymptomatique de LPS (0,008 mg/kg) chez les souris. Cette sensibilisation
a été suivie d'une exposition postnatale des descendants a des produits chimiques
environnementaux (deuxiéme hit) par voie orale. Les produits chimiques utilisés étaient de
faibles doses de la cyanotoxine B-N-Méthylamino-L-Alanine (BMAA ; 50 mg/kg), de I'herbicide
Glufosinate Ammonium (GLA ; 0,2 mg/kg) ou du pesticide Glyphosate (GLY ; 5 mg/kg). Apres
I'évaluation des parametres maternels, une évaluation comportementale longitudinale a été
réalisée sur la descendance afin d'évaluer les capacités motrices et émotionnelles a

I'adolescence et a |'age adulte.

Résultats : Tout d'abord, nous avons montré que la faible stimulation immunitaire au LPS était
une asymptomatique. Bien qu'une augmentation significative des cytokines pro-
inflammatoires systémiques ait été détectée chez les méres, aucun défaut comportemental
maternel n'a été observé. De plus, comme le montrent les tests de rotarod et le dispositif

Openfield, cette administration prénatale de LPS seule n'a pas montré de perturbation



comportementale chez la descendance. Fait intéressant, nos données ont montré que la
descendance soumise a la fois a I'AIM et a une exposition postnatale a la BMAA ou au GLA
présentait des altérations du comportement moteur et de 'anxiété a I'adolescence et a I'age
adulte. Cependant, cet effet synergique n'a pas été observé chez la descendance exposée au

GLY.

Conclusion : Ces données ont démontré que la sensibilisation immunitaire prénatale et
asymptomatique devrait étre un effet d'amorcage pour une exposition ultérieure a de faibles
doses de polluants. Ces doubles coups agissent en synergie pour induire des phénotypes liés
aux maladies des motoneurones chez la descendance. Ainsi, nos données mettent fortement
en lumiere la nécessité de prendre en compte les expositions multiples dans I'évaluation
réglementaire de la neurotoxicité du développement et ouvrent la voie a des études futures

visant a décrypter les voies cellulaires impliquées dans ces processus de sensibilisation.



RESUME DE LA DEUXIEME ETUDE

Article 2 : L'exposition maternelle a un mélange de polluants induit des altérations durables de

la coordination motrice et des perturbations émotionnelles chez la descendance : importance

de prendre en compte |'effet "cocktail" (en cours de préparation)

Contexte : Tout au long de sa vie, un individu est exposé a une multitude de facteurs sociaux et
environnementaux qui définissent leur exposome. Un nombre croissant d'études tentent
d'incorporer ce concept dans la compréhension des troubles neurologiques. Les données
épidémiologiques suggeérent une association entre de multiples expositions précoces a diverses
agressions et les neuropathologies. L'effet "cocktail" suppose que I'exposition simultanée a
plusieurs produits chimiques, méme a faible dose, peut avoir des effets encore plus néfastes
sur la santé humaine. Pour explorer cette hypothese et ses conséquences pathologiques, une
procédure comportementale longitudinale a été réalisée aprés une exposition maternelle a de

faibles doses de polluants, seuls ou sous forme de cocktail par voie intranasale.

Méthodes : Une exposition maternelle chronique a des produits chimiques environnementaux
a été réalisée par voie intranasale du quatrieme jour de gestation a la naissance. Les produits
chimiques utilisés étaient de faibles doses de la cyanotoxine B-N-Méthylamino-L-Alanine
(BMAA ; 50 mg/kg), de I'herbicide Glufosinate Ammonium (GLA ; 0,2 mg/kg) et du pesticide
Glyphosate (GLY ; 5 mg/kg), en cocktail ou séparément. Apres I'évaluation des parametres
maternels, une évaluation comportementale longitudinale a été réalisée chez la descendance
afin d'évaluer les capacités motrices et émotionnelles au stade post-natal, a I'adolescence et a

I'Age adulte.



CONCLUSION

L'objectif de ma thése était d'établir un modele multifactoriel prenant en compte
plusieurs dimensions, notamment les expositions multiples et précoces pendant la période
périnatale a faibles doses. De plus, la notion de sensibilisation inflammatoire a joué un réle
important dans ce projet, mettant en évidence le concept de "multiple-hits". Une autre
caractéristique majeure était I'évaluation du comportement avec un suivi longitudinal. En effet,
les effets d'une telle exposition ont été évalués pendant les périodes précoces (postnatales),

I'adolescence, I'age adulte et plus tard lors du vieillissement, lorsque cela était possible.

Pour étudier tous ces aspects, deux études complémentaires ont été menées. La
premiere approche a exploré le concept de sensibilisation inflammatoire pour déterminer si un
épisode inflammatoire asymptomatique pendant la période gestationnelle sensibilisait
l'individu a une exposition ultérieure a de faibles doses de xénobiotiques. La deuxiéme
approche a évalué |""effet cocktail" en exposant des femelles enceintes pendant la période
prénatale soit a un cocktail de substances toxiques environnementales, soit individuellement,

soit sous forme de mélange.

En ce qui concerne la premiere étude, nous avons démontré qu'une sensibilisation
immunitaire prénatale et asymptomatique devrait étre un effet d'amorgage pour une
exposition ultérieure a de faibles doses de polluants. Ces doubles coups agissent en synergie
pour induire des phénotypes liés aux maladies des motoneurones chez la descendance. Dans
la continuité de notre travail, nous avons montré qu'une exposition maternelle a de faibles
doses de xénobiotiques sous forme de cocktail induit des effets synergiques, précoces et
durables de ces composés sur les performances motrices chez la descendance, ce qui n'est pas

le cas avec les composés individuels.

Ces deux études démontrent donc que non seulement I'effet de la multi-exposition est
essentiel a prendre en compte, mais aussi que la période d'exposition I'est, et en particulier la
période gestationnelle, particulierement sensible a I'exposition a de telles combinaisons de
substances toxiques. Ces résultats soulévent un important enjeu de santé publique en termes
d'évaluation des effets toxicologiques de diverses molécules, nécessitant des investigations

cliniques, précliniques et épidémiologiques ultérieures tenant compte des expositions



multiples a plusieurs agressions. Par conséquent, cela souligne fortement la nécessité de
prendre en compte les expositions multiples pour la neurotoxicité du développement, faisant
référence a I""exposome maternel”, et ouvre la voie a des études futures visant a décrypter les
voies cellulaires impliquées dans ces phénomenes de sensibilisation, conduisant finalement a

la construction de nouvelles voies de résultats indésirables.

Malgré les limitations rencontrées dans la conception du paradigme de I'exposome, les
modeles animaux restent essentiels pour étudier I'impact des expositions environnementales
sur la santé. Ils completent souvent les approches in vitro et épidémiologiques, contribuant a

une compréhension globale de I'exposome et de ses effets.



PREFACE

This thesis was carried out within the INEM, a research unit with two major themes
related to neuroscience and immunology, in the “Neurotoxicity and development” team. The
studies were also conducted within the MND Research Center, in the Neuroinflammation
group, at Macquarie University in Sydney. Historically, these two teams have been interested
in the involvement of environmental pollutants in neuroinflammatory processes as well as in
the emergence of neuronal disturbances. Thus, the collaboration arose from a shared interest
in two specific pollutants that exhibit neurotoxic effects : a cyanotoxin, the beta-Methylamino-
L-alanine (BMAA) and an herbicide, the Glufosinate Ammonium. Through this common interest,
the objective was to provide complementary answers regarding the implication of exposure to
these molecules in the emergence of behavioral disorders, particularly in the context of the

current discussion surrounding the exposome.

In this manuscript, my entire work is synthesized into three main parts. Firstly, as an
introduction, | chose to first address the major steps of neurodevelopment, including the
establishment of the central nervous system. This allowed me to emphasize the importance of
the pre- and post-natal periods, whose disruption is particularly involved in the development
of various neurodisorders. Subsequently, neurodevelopmental pathologies, as well as certain
neurodegenerative diseases such as Amyotrophic Lateral Sclerosis or Alzheimer's disease, were
discussed in terms of their clinical signs and etiologies, initially focusing on genetic factors and
then exploring environmental influences. This allows me, in the subsequent part of this
introduction to develop the environmental factors involved in these neurological pathologies.
After discussing generalities regarding pesticides and cyanobacteria, | describe their
involvement in the development of neurological disturbances. Finally, | focus towards the
concept of exposome, considering the combined exposure to these factors rather than examining

them separately.

Secondly, the second major part concerns the presentation of the main results obtained
during this thesis. The first part describes the importance of maternal inflammatory
sensitization in the appearance of motor disturbances in offspring following postnatal exposure

to xenobiotics (Asma Oummadi et al., 2023). The second part explores the importance of




considering the cocktail effect in the emergence of behavioral disturbances in offspring

following maternal exposure to a mixture of environmental pollutants (Asma Oummadi et al.,

in preparation).

Finally, this thesis manuscript concludes with a general discussion on the successes and
limitations of this work. Thus, | returned to the main results obtained, highlighting not only the
importance of multi-exposure concept but also the vulnerability of the prenatal period. These

insights raise new inquiries and present original research perspectives.



Part 1: INTRODUCTION

Chapter 1: Pre and post-natal periods: the developmental brain
l. Establishment of the vertebrate nervous system

1. Embryonic and post-natal brain development

A. Neurogenesis: general definition

Neurogenesis is a well described and preserved mechanism preserved found in both
invertebrates and vertebrates. Neurogenesis describes all the processes of cell proliferation,
migration and differentiation that lead to the effective establishment of neural networks.
Neurogenesis results from the activity of Neural Stem Cells (NSCs)/Neural Progenitor Cells
(NCPs) which are multipotent cells capable of self-renewing and generating other cell types of
the nervous system. NSC/NCP proliferation allows direct and/or indirect generation of neurons
and glial cells (astrocytes and oligodendrocytes). NSC/NCP are therefore cells that can generate
neurons and glial cells. In mammalian development, there are two broad categories of neural
stem cells: (1) neuroepithelial cells (NE) which will rapidly yield and (2) radial glial cells (RGC).
Most neurogenesis occurs during embryogenesis. However, since the beginning of the 21
century and thanks to advances in research techniques, many scientists have demonstrated a
continuous neurogenesis throughout the life of the individual and have thus challenged a well-

established dogma in neuroscience.
a. Embryonic neurogenesis

During embryogenesis, the neurulation phase consists on the establishment of the
nervous system. Neurulation corresponds to the process by which a thickening of the ectoderm
in the dorsal part of the embryo delimits the future neural plate, from which the whole nervous
system derived, and under the influence of morphogenetic movements closes on it-even to
create the neural tube. The neural tube is at the origin of the Central Nervous System (CNS)

whose the anterior part will lead to the formation of five cephalic vesicles:

e The telencephalon (cortex, hippocampus, OlfactoryBulbs (OB))
e The diencephalic (optical vesicles, thalamus, hypothalamus)
e The mesencephalon (quadri-twin tubercles, cerebral peduncle)

e The metencephalon (cerebellum, Varole bridge)



e The myelencephal (spinal bulb).
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Figure 1 — Milestone of brain development in mice (left) and humans (right). In both species, brain

development stats with the formation of the neural tube (neurulation). (Schepanski et al., 2018)

Neurulation is complete around 28 days in the human embryo and around 9 embryonic
days (ED) in the rodent model (Figure 1). Neurogenesis begins at the end of neurulation when
stem cells in the neural tube proliferate massively and differentiate to form all glial cells and
neurons in the nervous system. The neural tube cavity, formed during the neurulation process,
constitutes the future brain’s ventricles and the spinal cord ependymal canal. It is within this
cavity the cerebrospinal fluid will flow. This cavity constitutes the internal base of the nervous
system. Initially, a single cell layer, called the neuroepithelium, forms the nervous tissue. This
neuroepithelium is composed by neuroepithelial cells (NECs) that will proliferate on the edges
of the ventricles and extend themselves outwards. Cell divisions occur near the neural tube
light and future neurons then migrate from the center to the periphery of the tube. These

proliferative cells from neuroepithelium are by definition NSCs/NCPs.
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In humans, embryonic neurogenesis occurs between the 10th and 20th week of pregnancy.
Within in vivo model, like the mouse, this phenomenon begins around ED 10 and finishes

around ED 17.
B. Gliogenesis

Gliogenesis is described as the generation of non-neuronal glial cells resulting from
Neural NCSs. Glial cells include astrocytes, oligodendrocytes, ependymocytes and microglia.
Within the nervous system, glial cells (from the Greek yAolog (gloios), «slime») constitute the
neuronal environment and are fundamental in the establishment and control of synaptic
activities. They are responsible for maintaining homeostasis, producing myelin, and playing a
key role in supporting and protecting nervous tissue. They provide nutrients and oxygen to
neurons, eliminate dead cells, and combat pathogens, ensuring the overall health and

functionality of the nervous system.

Oligodendrogenesis
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Figure 2 — Timeline of pre and post-natal cellular developmental processes in the developing mouse
brain. Rectangles indicate the estimated periods during which glial cells remain present in the brain.

Triangles indicate the onset and peaks of different developmental processes. (Reemst et al., 2016)

In rodents, gliogenesis begins during the embryonic period after the primary
neurogenesis and persists even when it ceased (Figure 2). Gliogenesis and neurogenesis have

in common neuro-epithelial cells of the neural tube, located in the ventricular zone.
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a. Microglia: the first glial cells of the brain

Microglia are the first glial cells invaded the embryonic brain, developing along with
neurons during the early embryonic brain development. A theory first proposed by Alliot et al,
in 1999 (Alliot et al., 1999), and then confirmed by several teams in the early 2010’s (Kierdorf

et al., 2013) states that microglia cells derived from yolk-sac primitive myeloid progenitor cells.

Microglial colonization and migration into CNS during mouse embryogenesis is believed to

occur in two phases:

e Thefirst wave take place between ED8.5 and ED14.5 during which microglia progenitors
start to invade brain tissue where it can be observed a steady increase of microglial
cells. This gradual increase in microglia cells is likely induced by a rapid proliferation
together with new microglia precursor’s invasion.

e Between ED14 and ED16, the second wave consists in a massive and rapid increase of
the number of microglial cells that could be explain by the invasion of new progenitors

from the periphery. This increase seems to slow down around ED17.5.

During embryogenesis, microglia proliferate and then in constantly renewing itself
throughout life to maintain their cell numbers without any contributions from bone marrow
derived macrophages. Microglia development starts relatively early within embryonic life
(between ED 10- ED12). Different stages have been identified depending by different sets of
genes expression at the time. During the course of embryonic brain development, microglial
cells disperse from the neuroepithelium to be re-distributed mainly in four specific “hotspots”

where they play different key-roles:

e Inthe Sub-Ventricular Zone (SVZ) to control and to regulate precursor cell size
e Around blood vessels to contribute to angiogenesis
e Inthe choroid plexus to be involved in the phagocytic activity

e Near to developing axons to control their development and guidance



b. Astrocytes: the second glial cells present in the brain

Astrocytes, like neurons, originate from neural stem cells (NSCs) in the sub-ventricular
zone (SVZ). Through the final stages of neurogenesis, pluripotent radial glia can lead to
astrocyte formation, which can then enter in division and proliferation phase. Astrocyte
production begins around GD18 in rodents and keep going to about PND7 (Figure 2). Thus,
during the perinatal period the astrocytes provide a physical scaffold for neuronal migration,
promote the synapse formation and regulate neuronal differentiation/proliferation. Astrocytes
representing the most abundant cell type in the adult brain play a fundamental role in the
functioning and survival of neurons by providing a wide range of essential functions. These cells
play a key-role in maintaining the blood-brain barrier, ensuring nutrients supply and the
energetic metabolism of the nervous system. Astrocytes participate also in neurotransmission,
detoxification of the extracellular medium, in particular by glutamate capture, and
maintenance of the ionic balance of the extracellular medium. In addition, they are active
players in cases of neuronal injury and/or under inflammatory conditions, contributing to the

repair system and to the neuroinflammatory responses.
C.  Synaptogenesis

Synaptogenesis is the formation of synapses between neurons in the nervous system.
Although it occurs throughout a healthy person's lifespan, an explosion of synapse formation
occurs during early brain development, known as exuberant synaptogenesis (Huttenlocher &
Dabholkar, 1997). This exuberant synaptic growth begins around twelve weeks after
conception and continues until the eighth month after birth. Similarly, in mice it starts around
ED 15 and continues until weaning (around PND20) (Figure 1). Synaptogenesis is particularly
important during an individual's critical period, during which there is a certain degree of
synaptic pruning due to competition for neural growth factors by neurons and synapses.
Processes that are not used, or inhibited during their critical period will fail to develop normally

later on in life (Comery et al., 1997).



D. Brain Growth Spurts

Brain growth spurt (BGS), refers to periods of rapid growth and development in the
brain that occur during specific periods in infancy, childhood, and adolescence. During these
periods, the brain undergoes significant changes in its structure and function, including the

formation of new neural connections and the pruning of unused connections.

The first major brain growth spurt occurs during the prenatal period, as the brain rapidly
develops and forms new neurons and neural pathways. After birth, there are several additional
growth spurts that occur during infancy and childhood, with one of the largest occurring during

the first two years of life.

In the mammalian brain, a massive wave of synaptogenesis occurs during the brain growth
spurt (Dobbing & Sands, 1979a) (Figure 3). Glial cells play a vital role in regulating
synaptogenesis during these critical periods. Once an immature synapse is formed, astrocytic
processes surround the synaptic cleft, creating a tripartite synapse that will allow effective
neurotransmission in mature synapses. Additionally, astrocytes release cholesterol, which
promotes the generation of spontaneous excitatory postsynaptic potentials (EPSCs) and
enhances the strength of immature synapses (Chung et al., 2015; Farhy-Tselnicker & Allen,
2018). It is important to note that there is an excessive generation of synaptic connections
during this embryonic period (Bourgeois et al., 1994; Huttenlocher & Dabholkar, 1997; Stiles &
Jernigan, 2010). Astrocytes, along with oligodendrocytes and microglia, are known to play an
indispensable role for proper synaptogenesis in the early development of neural circuits (Allen

& Barres, 2009; Chung et al., 2015; Simons & Nave, 2016).

Another significant period of brain growth occurs during adolescence, when the brain
undergoes significant changes in its structure and function, particularly in regions that are

involved in decision-making, impulse control, and social behavior.
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Figure 3 — Brain growth spurt in humans and rodents. (Dobbing & Sands, 1979b)

Research has shown that disruptions to these periods of brain growth and development,
such as from environmental toxins, malnutrition, or early childhood trauma, can have long-
lasting effects on cognitive and emotional functioning (Heyer & Meredith, 2017; Philippot et
al., 2016). Understanding brain growth spurts is therefore important for researchers and

clinicians working to promote healthy brain development in children and adolescents.

I. Neuro-inflammation

When it is about inflammation of the Central Nervous System (CNS), we refer to it as
"neuro-inflammation." It was long believed that the CNS was protected from external
aggressions by the blood-brain barrier (BBB). Today, there is no doubt about the existence of
inflammatory processes within the CNS. Neuro-inflammation is characterized by the production
of pro-inflammatory mediators within the CNS. These mediators are primarily generated and
released by so-called "immune-competent" cells. While neurons and oligodendrocytes play a
role in neuro-inflammation, the key players are microglial cells, previously mentioned, which
are the resident immune-competent cells, along with astrocytes. Interest in neuro-
inflammatory phenomena continues to grow due to their association with neurodegenerative
conditions such as Alzheimer's disease or Parkinson's disease. This phenomenon is also strongly
linked to the development of neurodevelopmental disorders such as Autism Spectrum
Disorders (ASD) or schizophrenia. Although neuro-inflammation is often associated with

damage to the CNS, it can also occur independently of pathological processes.



1. Neurogenesis and neuro-inflammation

Pro-inflammatory cytokines play a significant role in various processes involved in the
development of the nervous system, such as synaptogenesis (Ben Achour & Pascual, 2010) and
neurogenesis (Monje et al., 2003). The basal activity of pro-inflammatory cytokines contributes
to homeostasis within the central nervous system (Glezer et al., 2007). During an inflammatory
response, microglia and pro-inflammatory cytokines can have either a neuroprotective or
neurotoxic effect. Interestingly, the receptors for pro-inflammatory cytokines are concentrated

in areas implicated in learning and memory in the hippocampus (Parnet et al., 2002).

The quantity of activated microglia is negatively correlated with the survival rates of newly
generated hippocampal neurons (Ekdahl et al., 2009). A study from 2003 demonstrates that
certain pro-inflammatory cytokines are capable of reducing adult hippocampal neurogenesis

(Monje et al., 2003).
A IL-1B

IL-1B is an isomer of IL-1. In addition to the detrimental effects of activated microglia, pro-
inflammatory cytokines also have individual effects on neurogenesis. Studies have revealed
that IL-1B can lead to severe depletion of developing neuroblasts and alter the fate of neural
stem cells in the SVZ (Wu et al.,, 2012). Another study demonstrated that when inflammation
was reduced (via the anti-inflammatory properties of pioglitazone); IL-1B production was
reduced, correlated with an increase in BDNF levels, and an improvement in neurogenesis (Das
et al., 2019). BDNF is a growth factor involved in neuronal survival and also acts on the growth

and differentiation of new neurons.
B. IL-6

IL-6 is predominantly produced by astrocytes in the central nervous system (CNS) (Wagoner et
al., 1999). This important cytokine is involved in microglial activity and inflammatory responses.
Depending on the CNS microenvironment, IL-6 can exert either a neurotoxic effect or a
neuroprotective effect (Kummer et al., 2021). For example, overexpression of IL-6 inhibits
hippocampal neurogenesis (Monje et al., 2003). Similar data have been observed regarding the

effect of IL-6 on neurogenesis in the SVZ (Shigemoto-Mogami et al., 2014).



C. TNF-a

The role and consequences of an excess of TNF-a are debated within the literature. This
cytokine has been shown to be detrimental to hippocampal and SVZ progenitor cells
(Bernardino et al., 2008). However, TNF-a enhances the proliferation of adult neural stem cells
(Widera et al., 2006). Thus, depending on the receptors involved, the effect of TNF-a can be

either neuroprotective or neurotoxic.

TNF-a has two types of receptors: tumor necrosis factor receptor 1 (TNF-R1) and tumor
necrosis factor receptor 2 (TNF-R2). TNF-R1 induces a neurotoxic effect, while TNF-R2 induces
a neurotrophic effect (Policastro et al., 2020). The difference between these two receptors is
believed to stem from their molecular structure. TNF-R1 has a domain called the "death

domain," which is not found in TNF-R2 receptors (Wardhani, 2022).

2. Neurodevelopment and neuro-inflammation : Maternal Immune

Activation model

Prenatal environmental infections can be the root cause of neurodevelopmental and
neuropsychiatric disorders that, despite their diversity, share pathological mechanisms. A
growing body of evidence indicates that Maternal Immune Activation (MIA) during pregnancy
is a significant risk factor for offspring developing neuropsychiatric disorders, mostly Autism
Spectrum Disorders (ASD). Infections during pregnancy activate the mother's immune system,
leading to various alterations in the fetal environment that can negatively impact offspring
development (Sotgiu et al., 2020). Specifically, inducing MIA during critical periods of fetal
neurogenesis can result in irreversible changes in brain structures and associated functions in
the offspring. The relevance of inflammation in these disorders suggests a correlation between
brain dysfunction and alterations in pro-inflammatory cytokines, as well as in the number
and/or morphology of microglial cells (Cieslik et al., 2020). Throughout prenatal inflammation,
there are apparent links between ASD and the penetration of pro-inflammatory agents into the
developing brain (Eissa et al., 2020). In vivo experimental data have indicated that male
offspring from rats treated with lipopolysaccharide (LPS), which mimics a bacterial infection,
exhibited communication deficits and repetitive behaviors reminiscent of autism-like behaviors
(G. A. Lee et al,, 2021). Furthermore, preclinical studies on prenatal infection and MIA animal

models have shown abnormalities in the neuronal development of offspring, along with an



increase in microglial cells, as observed in schizophrenic patients (Purves-Tyson et al., 2021). It
should be noted that the activation and increased number of microglial cells have also been
demonstrated post-mortem in the cerebral cortex of patients with autism and schizophrenia
(Edmonson et al., 2014). However, the cellular and molecular links between AIM-mediated
disruptions in fetal brain development, brain dysfunction, and the onset of neuropsychiatric
disorders are still unclear. Current knowledge suggests a combination of genetic, epigenetic,
and environmental factors, along with their involvement in the dysregulation of

neurotransmission (Masini et al., 2020).

lll.  Developmental Origin of Health and Disease (DoHAD)

1. General concept

The early postnatal environment includes several essential elements, many of which are
largely transmitted through mother-child interaction. The study on different animal models has
shown that maternal bioactive agents can be transferred from the mother to her child via the
placenta. They can influence brain development in children, potentially predisposing them to
the development of certain pathologies in adulthood. These elements are the basis of Barker’s
theory of developmental origins of health and pathology, which advanced that the early life
environment determines brain function and the development of pathologies in adulthood
through programming early brain structure and function (Silveira et al., 2007). In addition, the
consequences of early adversity on cognitive functions are also confirmed by preclinical studies

in rodents (Loi et al., 2017).

The concept of developmental origins (Developmental Origins of Health and Disease) is based
on the observation that the early environment (maternal and even paternal nutrition, chemical
compounds, pollution, drugs, infections, lifestyle, etc.) has long-term effects on the phenotype
of the individual. Epidemiological and experimental studies show the impact of an intrauterine
growth retardation, but also of excess fetal weight, on the susceptibility to later develop
metabolic syndrome, but also other pathologies (mental illnesses, osteoporosis, infertility,
etc.). Epigenetic processes, which are involved in the regulation of gene expression profiles
during development, serve as the molecular basis for these effects. These include DNA
methylation, post-translational histone changes, and chromatin remodeling. By its plasticity,

the epigenome integrates the impact of the environment and generates structural and/or



functional modifications of tissues during the inducing development, in adults, variability in
response and adaptation to new environmental stimuli and susceptibility/resistance to
developing certain diseases (Chavatte-Palmer et al., 2012). The term developmental plasticity
proposed by some authors is defined as the ability of a single genotype to produce several
different phenotypes in response to changes in environmental circumstances (Bateson et al.,

2014), a process intimately involved in the development of various neuropathologies.
2. Neurodevelopmental pathologies

Neurodevelopmental disorders are a public health challenge due to complexity and
heterogeneity of the etiology in conjugation with the high prevalence attained. In accordance
with the Diagnostic and Statistical Manual of Mental Disorders, 5th Edition (DSM-5; American
Psychiatric Association, 2013), neurodevelopmental disorders (NDDs) are a collection of
conditions that typically manifest in childhood and persist throughout life. NDDs encompass a
variety of disorders characterized by atypical brain development, resulting in a wide range of
symptoms that can affect cognition, communication, adaptive behavior, and psychomotor
skills. Examples of NDDs include epilepsy, common monogenic neurological disorders (such as
Fragile X and Rett syndrome), rare genetic disorders, intellectual disability, bipolar disorder,
autism spectrum disorder (ASD), motor disorders (such as Tourette syndrome and obsessive-
compulsive disorder), attention-deficit/hyperactivity disorder, and specific learning disorders
(involving difficulties in reading, writing, and mathematics). Given the vast array of symptoms
associated with NDDs, multiple factors have been implicated as potential causes, including
genetic, environmental, infectious, and traumatic influences. These factors often interact with

one another rather than acting independently.

Presently, a considerable number of genes associated with neurodevelopmental processes,
including synaptic function and neuronal regulation at the transcriptional and translational
levels, have been discovered (Widagdo & Anggono, 2018; Zoghbi & Bear, 2012). In fact,
disruptions in over 1000 different genes that contribute to brain development and function
have been observed in relation to neurodevelopmental disorders. This number continues to
rise, indicating an incomplete penetrance of genetic risk factors. For instance, while it is

estimated that monogenic situations account for approximately 25% of the disease, the



remaining 75% of autism spectrum disorder (ASD) cases present challenges in understanding

their causes (Sarovic, 2021).

Throughout development, environmental factors can influence gene activity through
epigenetic mechanisms like DNA methylation or histone modification (Roth & David Sweatt,
2011). Consequently, various maternal factors during pregnancy statistically elevate the risk of
neurodevelopmental disorders in offspring. These factors include maternal obesity, diabetes,
smoking, anxiety/depression, psychosocial stress, autoimmune disease, asthma, and infection.
Each of these factors individually increases the risk of neurodevelopmental disorders in
offspring by 30% to 80% (Maher et al., 2018). Furthermore, these factors are not specific to
particular neurodevelopmental disorders; they exert comparable effects on conditions such as
ASD, attention-deficit/hyperactivity disorder, Tourette syndrome, and others. It is likely that

the risk of these disorders accumulates as multiple risk factors interact.

Therefore, it is plausible that the complex interaction between genetic and environmental
factors, encompassing inflammatory and psychosocial pathways, particularly during the
gestational period, influences the phenotypic manifestation of neurodevelopmental disorders

(Woolfenden et al., 2022).

3. Neurodegenerative diseases

A. Parkinson’s disease (PD)

Parkinson's disease (PD) is a neurodegenerative condition characterized by chronic,
progressive, and multisystemic effects. It is influenced by various factors and has multiple
possible causes. PD primarily affects individuals in the later stages of life. The likelihood of
developing PD increases with age and reaches its highest point between 70 and 79 years old

(Hirsch et al., 2016).

The primary cause of motor impairments in Parkinson's disease (PD) is the degeneration of
dopaminergic (DA) neurons in the nigrostriatal system. It is estimated that up to 70% of DA cells
in this system are lost before the cardinal motor symptoms of PD become apparent (Giguere
et al., 2018). Neurogenesis, the process of generating new neurons, predominantly occurs
during early nervous system development. In humans, DA neurons in the substantia nigra (SN)
are formed between weeks 5 and 7 after fertilization, coinciding with the development of the

enteric and olfactory nervous systems (Goldstein et al., 2013).



The concept of Developmental Origins of Parkinson's Disease (DOPD) suggests that early factors
may contribute to the damage or disruption of DA neurons and their precursors. These factors
could result in an acute reduction in the number of DA neurons. Consequently, as individuals
age, the progressive loss of neurons, combined with this initial reduction, would lead to an
insufficient number of neurons to maintain normal function (von Linstow et al., 2020).
Alternatively, a prenatal factor could interfere with the normal developmental process, causing
an accelerated loss of neurons throughout life and leading to subclinical alterations. In this
scenario, some permanent cellular changes would occur. The DOPD hypothesis has been
previously proposed by several authors (B. Barlow et al., 2007; Grova et al., 2019; Landrigan et

al., 2005; Schwamborn, 2018; Tartaglione et al., 2015a).
B. Amyotrophic lateral sclerosis (ALS)

Amyotrophic Lateral Sclerosis (ALS), also known as Charcot's disease or Lou Gehrig's
disease, is a chronic progressive disease of the central nervous system. According to Orphanet,
the incidence (approximately 1/50,000 per year) and prevalence (approximately 1/20,000) are
relatively uniform in Western countries. These parameters are higher in certain islands in the
Pacific. This disease has a slight male predominance with a male-to-female ratio of

approximately 1.5:1.

ALS is characterized by involvement of motor neurons in both the central (brain) and
peripheral (spinal cord) nervous system, affecting the part of the nervous system that controls
voluntary movement. The disease is characterized by a weakening of skeletal muscles, gradually
leading to paralysis of the limbs, respiratory muscles, and those responsible for speech and

swallowing.

While the majority of cases are of environmental origin (sporadic forms), 5-10% are of genetic
origin (familial forms). For a long time, only one gene whose mutation is responsible for the
disease was known: the SOD1 gene. In its non-mutated form, the enzyme coded by this gene
neutralizes oxygen-free radicals that are deleterious to cells. Mutations in SOD1 found in ALS
patients result in a modification of the enzyme's structure, which then becomes toxic. Since
then, about thirty other implicated genes have been identified. Among them, the TARDBP gene
contributes to about 4% of familial cases and 1% of sporadic cases. This gene codes for the TAR

DNA-binding protein 43 (TDP-43). This protein is involved in regulating the transcription of DNA



into messenger RNA and is normally located in the nucleus of cells (Suk & Rousseaux, 2020).
But in ALS, it is sometimes found only in the cytoplasm. This phenomenon is even a marker of
the disease in the majority of patients, especially those with sporadic ALS or associated with
frontotemporal dementia (Tiloca et al., 2013). Numerous studies are therefore aimed at
understanding the influence of the loss of TDP-43 function in the nucleus and/or its toxic

function in the cytoplasm.

Finally, even though motor neurons are the cells that degenerate in ALS, glial cells and also
immune cells from the systemic contribute to the disease. Indeed, studies conducted in animal
models of ALS have highlighted a chronic inflammatory state in which astrocytes, microglial
cells, and macrophages present in the environment of motor neurons play a deleterious role

and contribute to the progression of the disease (Gerber et al., 2012; Gomes et al., 2019).
4. Environmental Origins

There is growing evidence that environmental factors can play a significant role in the
development of neurodevelopmental and neurodegenerative diseases. These factors include
exposure to toxins, such as lead and mercury, as well as pesticides, air pollution, and certain

infections (Nabi & Tabassum, 2022).

In the case of neurodevelopmental disorders, such as autism spectrum disorder (ASD)
and attention-deficit/hyperactivity disorder (ADHD), studies have suggested that exposure to
certain toxins during pregnancy or early childhood can contribute to their development
(Pugsley et al., 2022). For example, maternal exposure to air pollution has been associated with
an increased risk of ASD in offspring (Chun et al., 2020). Additionally, prenatal exposure to

pesticides has been linked to a higher likelihood of developing ADHD (Manley et al., 2022).

In terms of neurodegenerative diseases, such as Alzheimer's and Parkinson's disease,
there is evidence to suggest that exposure to environmental toxins may play a role in their
development. For example, exposure to heavy metals, such as lead and mercury, has been
linked to an increased risk of developing Alzheimer's disease (M. El-Sewify et al., 2022).
Additionally, exposure to pesticides has been associated with an increased risk of developing
Parkinson's disease (Gamache et al., 2019). Concerning ALS, this neurodegenerative diseaseis
more and more considered as a multifactorial disease, subject to the influence of genetics and

the environment. Regarding environmental factors, several factors are suspected of



contributing to the onset of the disease or accelerating its progression. Among them, exposure
to pesticides (Guardia-Escote et al., 2021; Sanchez-Santed et al., 2016), consumption of
mushrooms (Lagrange et al., 2021), or exposure to cyanotoxins such as BMAA (Newell et al.,

2022a) are suggested.

So, in the following sections of this manuscript, certain environmental factors will be
addressed, starting with pesticides and herbicides, followed by toxins naturally produced by

our environment, particularly by cyanobacteria.



Chapter 2: Environmental Origin Factors in neurological disorders
l. Pesticides

1. Definition and classification

The word pesticide comes from the prefix “pest” meaning harmful (animal or plant
origin) and the suffix “-cide”, from the Latin meaning “slaughter, kill”. A pesticide is therefore a
substance used to control organisms considered harmful. This includes, among others,

herbicides, insecticides and fungicides (Figure 4).
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Figure 4 - Pesticides classification based on their targets and the chemical structure. (Nandhini et al.,
2021)

Considering the definition given by the Food and Agriculture Organization (FAQ),
pesticides are “any substance or mixture of substances (synthetic or natural) intended for
preventing, destroying or controlling any pest, including vectors of human and animal disease,
and unwanted species of plants or animals causing harm” (Hernandez, 2023).

Conventional agriculture currently relies on the widespread use of pesticides to control various
pests (like insect, fungi, and “weeds”) and thus ensure crop yields to meet the needs of the
constantly growing population.

The widespread and intensive use of pesticides in agriculture leads to contamination of soils

and other environmental resources through different ways including, root uptake, microbial



degradation or runoff. In Europe, soil analyses revealed that more than 80 percent of 317
agricultural topsoils tested contained pesticide residues. The persistence of pesticide residues
in soils is a major threat to soil living organisms that are important to the right ecological

balance (Figure 5).
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Recently, the European Food Safety Authority (EFSA) has highlighted the lack of
standardized methods for evaluating the eco-toxicological effects of pesticides on sail
microorganisms. In addition, some parameters are rarely assessed, such as chronic effects,
medium- and long-term effects, but also use of lower concentrations/doses.

The Herbicide Resistance Action Committee (HRAC) classifies herbicides into 23 groups and
subgroups according to their specific biochemical modes of action, with a specific designation
for each group. This classification enables the establishment of strategies for preventing the
development of specific resistances to each mode of action. In 2020 this classification was
revised, and is currently based on a numerical system. It can be defined three major groups of
herbicides:

e Herbicides affecting cell metabolism

e Herbicides affecting photosynthesis
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